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ABSTRACT

This thesis is an investigation into the production of laccases by the phytopathogenic soil
fungus Rhizoctonia solani.

The fungus causes maceration of plant tissue by the

production of a variety of plant cell wall degrading enzymes. Whilst most attention has
focused on the role of pectinases in maceration, the laccases which degrade lignin are
likely to be important in this process.

The production of laccase by the AG-11 isolate VR20 in V8 medium reached a maximum
after 6 days incubation. Laccase activity was unaffected by variation in temperatures
over the range 4-15°C, but as the temperature increased the activity increased to a
maximum at 25°C. This high level activity was maintained as the temperature was
increased to 37°C. The effects of pH on laccase activity was also determined. Activity
was stable over the pH range 4.5-6.

Outside this range the activity decreased

significantly.

The composition of the growth medium also had a significant effect on laccase
production. Similar levels of activity were observed during growth in V8, apple pectin
media, or in media containing ground up lupin hypocotyls as a carbon source. However,
approx 20 fold higher levels were obtained after growth in Czapek-Dox medium.
Different laccase activity band patterns were obtained by zymogram analysis of culture
supernatants.

The production of the other cell wall degrading enzymes pectinase,
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xylanase and cellulase in these media was assessed for comparison. Whilst all three were
produced in V8 and apple pectin media, cellulase was not produced in lupin medium, and
none of these were produced in Czapek-Dox medium.

Attempts to increase laccase production by the addition of the reported laccase inducers
CuSO4.5H2O, p-anisidine, ethanol, MnSO4.7H2O, resveratrol, and tannic acid to the
growth medium showed mixed results. The only case where enhancement of synthesis
was observed was with the addition of MnSO4 to Czapek-Dox medium. This compound
did not enhance production in the other media tested. With the exception of p-anisidine,
the other inducers had minimal effect in V8, apple pectin or lupin media. Para anisidine
completely inhibited production in lupin medium. With the exception of MnSO4, all
inducers inhibited laccase production in Czapek-Dox medium, with p-anisidine causing
complete inhibition.

The production of xylanase and cellulase was also inhibited by these inducers but in a
growth medium dependent manner. Cellulase production in V8 medium was inhibited by
ethanol, MnSO4, resveratrol, and tannic acid whilst only the latter two inhibited xylanase
production and none of these inhibited pectinase production. In contrast, p-anisidine had
a greater inhibitory effect on pectinase and xylanase production in V8 medium than on
cellulase production.

Para-anisidine also inhibited xylanase (and laccase ) but not

pectinase production in lupin medium but not in apple pectin medium. Resveratrol and
tannic acid also inhibited xylanase production in lupin medium.
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The effects of the inhibitory compounds EDTA and SDS on laccase activity was
determined. With SDS the % inhibition increased as the concentration of inhibitor
decreased from 5% to 0.5%. With EDTA the opposite trend was observed. The effects
of arginine on laccase activity was also tested. At concentrations of 0.5 to 5% arginine,
laccase activity was completely inhibited.

Laccase activity was purified from the culture supernatant by anion exchange
chromatography, and by electroelution from a native-PAGE gel.

The degree of

purification by each method was greater than 50 fold. Electrophoresis of the purified
protein on an SDS-PAGE gel followed by staining with Coomassie blue showed two
protein bands of 66 and 38 KDa. Measurement of the absorption spectrum of the purified
protein showed two absorbance maxima, at 240 and 340nm.

Laccases produced by isolates from different anastomosis groups were analysed by
staining gels for laccase activity. Variations in the band pattern were observed both
between and within anastomosis groups. Analysis of single spore isolates from AG-8 and
AG-11 showed segregation of band patterns. However the sample sizes were too small to
make conclusions about the numbers of laccase enzymes produced by or the number of
genes in the parent field isolates.

The role of laccases in maceration of lupin radicle tissue was investigated. Microscopic
staining showed the presence of lignin in radicle tissue, and when incubated in the fungal
enzymes the tissue lost integrity, characteristic symptoms of maceration. Maceration was
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readily observed as discolouring when the radicle was incubated in a solution of fungal
enzyme.

The degree of maceration was quantified by measuring the length of the

discoloured region. Enzymes from all of the isolates tested caused maceration of lupin
radicle. The degree of maceration ranged from 80-100%. No maceration was observed
when agrinine was included in the reaction mixture. Arginine does not inhibit the activity
of pectinases, xylanases, or cellulases. In maceration assays with potato tuber tissue
which does not contain lignin, the addition of arginine to the reaction did not inhibit
maceration. The results show that laccases are required for maceration of lignified tissue,
but not for non-lignified tissue.

Laccase gene sequences were cloned from three isolates, SCR122 (AG-6), 11034 (AG-8),
and VR20 (AG-11) using degenerate primers to conserved sequences to amplify the gene
sequences. The amplicons were cloned and sequenced. A BLAST search of the NCBI
database with the derived amino acid sequences confirmed that the sequences were from
laccase genes.
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ABSTRACT

This thesis is an investigation into the production of laccases by the phytopathogenic soil
fungus Rhizoctonia solani.

The fungus causes maceration of plant tissue by the

production of a variety of plant cell wall degrading enzymes. Whilst most attention has
focused on the role of pectinases in maceration, the laccases which degrade lignin are
likely to be important in this process.

The production of laccase by the AG-11 isolate VR20 in V8 medium reached a maximum
after 6 days incubation. Laccase activity was unaffected by variation in temperatures
over the range 4-15°C, but as the temperature increased the activity increased to a
maximum at 25°C. This high level activity was maintained as the temperature was
increased to 37°C. The effects of pH on laccase activity was also determined. Activity
was stable over the pH range 4.5-6.

Outside this range the activity decreased

significantly.

The composition of the growth medium also had a significant effect on laccase
production. Similar levels of activity were observed during growth in V8, apple pectin
media, or in media containing ground up lupin hypocotyls as a carbon source. However,
approx 20 fold higher levels were obtained after growth in Czapek-Dox medium.
Different laccase activity band patterns were obtained by zymogram analysis of culture
supernatants.

The production of the other cell wall degrading enzymes pectinase,
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xylanase and cellulase in these media was assessed for comparison. Whilst all three were
produced in V8 and apple pectin media, cellulase was not produced in lupin medium, and
none of these were produced in Czapek-Dox medium.

Attempts to increase laccase production by the addition of the reported laccase inducers
CuSO4.5H2O, p-anisidine, ethanol, MnSO4.7H2O, resveratrol, and tannic acid to the
growth medium showed mixed results. The only case where enhancement of synthesis
was observed was with the addition of MnSO4 to Czapek-Dox medium. This compound
did not enhance production in the other media tested. With the exception of p-anisidine,
the other inducers had minimal effect in V8, apple pectin or lupin media. Para anisidine
completely inhibited production in lupin medium. With the exception of MnSO4, all
inducers inhibited laccase production in Czapek-Dox medium, with p-anisidine causing
complete inhibition.

The production of xylanase and cellulase was also inhibited by these inducers but in a
growth medium dependent manner. Cellulase production in V8 medium was inhibited by
ethanol, MnSO4, resveratrol, and tannic acid whilst only the latter two inhibited xylanase
production and none of these inhibited pectinase production. In contrast, p-anisidine had
a greater inhibitory effect on pectinase and xylanase production in V8 medium than on
cellulase production.

Para-anisidine also inhibited xylanase (and laccase ) but not

pectinase production in lupin medium but not in apple pectin medium. Resveratrol and
tannic acid also inhibited xylanase production in lupin medium.
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The effects of the inhibitory compounds EDTA and SDS on laccase activity was
determined. With SDS the % inhibition increased as the concentration of inhibitor
decreased from 5% to 0.5%. With EDTA the opposite trend was observed. The effects
of arginine on laccase activity was also tested. At concentrations of 0.5 to 5% arginine,
laccase activity was completely inhibited.

Laccase activity was purified from the culture supernatant by anion exchange
chromatography, and by electroelution from a native-PAGE gel.

The degree of

purification by each method was greater than 50 fold. Electrophoresis of the purified
protein on an SDS-PAGE gel followed by staining with Coomassie blue showed two
protein bands of 66 and 38 KDa. Measurement of the absorption spectrum of the purified
protein showed two absorbance maxima, at 240 and 340nm.

Laccases produced by isolates from different anastomosis groups were analysed by
staining gels for laccase activity. Variations in the band pattern were observed both
between and within anastomosis groups. Analysis of single spore isolates from AG-8 and
AG-11 showed segregation of band patterns. However the sample sizes were too small to
make conclusions about the numbers of laccase enzymes produced by or the number of
genes in the parent field isolates.

The role of laccases in maceration of lupin radicle tissue was investigated. Microscopic
staining showed the presence of lignin in radicle tissue, and when incubated in the fungal
enzymes the tissue lost integrity, characteristic symptoms of maceration. Maceration was
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readily observed as discolouring when the radicle was incubated in a solution of fungal
enzyme.

The degree of maceration was quantified by measuring the length of the

discoloured region. Enzymes from all of the isolates tested caused maceration of lupin
radicle. The degree of maceration ranged from 80-100%. No maceration was observed
when agrinine was included in the reaction mixture. Arginine does not inhibit the activity
of pectinases, xylanases, or cellulases. In maceration assays with potato tuber tissue
which does not contain lignin, the addition of arginine to the reaction did not inhibit
maceration. The results show that laccases are required for maceration of lignified tissue,
but not for non-lignified tissue.

Laccase gene sequences were cloned from three isolates, SCR122 (AG-6), 11034 (AG-8),
and VR20 (AG-11) using degenerate primers to conserved sequences to amplify the gene
sequences. The amplicons were cloned and sequenced. A BLAST search of the NCBI
database with the derived amino acid sequences confirmed that the sequences were from
laccase genes.
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CHAPTER 1
Literature Survey

1 Rhizoctonia solani (Introduction)

Rhizoctonia is the name given to a collective of basidiomycete fungal species that include
plant pathogenic and mycorrhizal species. The genus Rhizoctonia which was erected by
deCandolle in 1815 to accomodate the non-sporulating root pathogens contains over 100
species (Parmeter and Whitney, 1970). The genus has a geographical spread from the
sub-arctic through to the tropics. As a pathogen it attacks all known crop, pasture and
horticultural species.

Rhizoctonia solani [teleomorph Thanetophorus cucumeris (Frank) Donk], the most
widely recognized species of Rhizoctonia was originally described by Julius Kühn on
potato in 1858. It is a common necrotrophic soil fungus which causes root rot and
damping-off diseases in a wide range of plant species over a large part of the world.

Rhizoctonia solani does not produce any asexual spores (conidia) and only occasionally
will it produce sexual spores (basidiospores) (Fig.1.1). Unlike many basidiomycete
fungi, the basidiospores are not enclosed in a fleshy, fruiting body or mushroom. The
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sexual stage of R. solani has undergone several name changes since 1891, but is now
accepted as Thanetophorus cucumeris.

Figure 1.1 Mycelium of Rhizoctonia. solani (asexual stage) and basidiospores of
Thanetophorus. cucumeris (sexual stage).

R. solani is called a species complex because it contains many related but genetically
isolated subspecific groups (Adams and Butler, 1979; Anderson, 1982; Ogoshi, 1987).
Major subspecific groups of R. solani traditionally have been identified on the basis of
hyphal anastomosis reactions and are called anastomosis groups (AG) (Carling 1996;
Carling et al., 1999). Anastomosis in R. solani is a complex process (Parmeter and
Whitney, 1970). The process of perfect hyphal fusion can be summarised as follows:
hyphal growth, secretion of attracting substances, contact of hyphae, cessation of hyphal
growth, formation of branch-like projections, dissolution of cell walls, and connections of
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protoplasms (Ogoshi, 1987). Anastomosis occurs between isolates of the same group but
not between isolates of different groups. Therefore, Anderson (1982) proposed that
anastomosis groups (AG) are genetically isolated groups and incapable of nuclear
exchange. Currently, there are 13 AGs described in the literature (AG-1, -2, -3, -4, -5, -6,
-7, -8, -9, -10, -11, -12 and –B1). Recently, Carling et al., (2002) described another
anastomosis group (AG-13). Some AG can be further subdivided into intra specific
group (ISG) on the basis of anastomosis frequency (Carling, 1996), eg., there are now
four recognised subgroups in AG-2. Within AG-8 there are five recognised subgroups
which can be differentiated by pectic zymograms analysis (Sweetingham et al., 1986).
This division into pectic zymogram groups is supported by RAPD-PCR (Duncan et al.,
1993; MacNish and O’Brien, in preparation) and genetic analysis (Yang, 1993).

1.1 Rhizoctonia solani- A major plant pathogen in Australia

Rhizoctonia solani is a major pathogen of cereal and pasture crops in Australia, the most
serious of which is the bare patch disease. This is characterised by patches of stunted
growth, yellowing of the leaves and reduced root systems (Weller et al., 1986). Many
plants besides bean (Phaseolus vulgaris) are attacked by this pathogen. These include
alfalfa, peanut, soybean, lima bean, cucumber, papaya, eggplant, corn and many more
(Anderson, 1982). This fungus exists in different pathogenic forms that are capable of
causing diseases on an unlimited number of host plants. It causes “damping-off” in
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cotton, radish and wheat seedlings (Ichielevich-Auster et al., 1985). This disease has
been reported on longleaf pine, soyabean, and peas (English et al., 1986; Liu and Sinclair,
1991; Shehata et al., 1981). R. solani (AG-1) causes sheath and web blight diseases of
rice in most rice growing countries (Zuber and Manibhusanrao, 1982; Ogoshi, 1987).
Isolates of AG-2 cause root canker in crucifers (Anderson, 1982). Liu and Sinclair
(1991) reported that a number of isolates from AG2-2 are able to cause crown and root
rot in soyabean. Seed and hypocotyl rot diseases caused by R. solani (AG-4) isolates are
serious diseases among leguminous plants (Anderson, 1982). Hypocotyl root rot of lupin
in Western Australia is caused by strains of R. solani ZG-3 and ZG-4. These strains also
attack peas, beans, clovers and medics (Sweetingham et al., 1993).

R. solani may attack the main and fine roots of alfalfa, sweet pea, lettuce and cereals.
Cereals legumes in some areas sustain serious losses from root rot caused by R. solani
(Baker, 1970; Sweetingham et al., 1993). Root rot of wheat and barley is caused by R.
solani AG8 isolates and limits the yield of these crops in Australia (Rovira, 1986). R.
solani was isolated from diseased roots of wheat in South Australia and from both wheat
and lupins sampled from a wide range of locations throughout the Western Australian
grain-belt (Sweetingham et al., 1986). The disease symptoms appear as patches of
stunted plants resulting from root rot (Lucas et al., 1993).

R. solani primarily attacks below ground plant parts such as the seeds, hypocotyls and
roots, but is also capable of infecting above ground plant parts (Petkowski and deBoer,
2001) Fig.1.2 shows some of the disease symptoms caused by Rhizoctonia solani.
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1.1.1 The infection process

R. solani is a soil borne pathogen which infects roots and degrades the tissues. This
effectively destroys the root and kills the plant. It has been demonstrated that the hyphae
of R. solani can densely colonise the outer surface of the roots and hypocotyls of radish
and cotton, but penetration through the root and hypocotyl tissues can be achieved only
by virulent isolates of the fungus (Sneh et al., 1991). The initial stage of infection is the
germination of sclerotia or resting hyphae in soil and then the hyphae grows through the
soil to the plant surface before penetration (Dodman and Flentje, 1970). Colonization of
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debris enables the pathogen to survive for longer periods and enables the production of
sclerotia (Neate, 1987). Basidiospores can also be a source of inoculum (Naito and
Sugimoto, 1978; Kodama et al., 1982; Date et al., 1984). Stimulation of hyphal growth
in the soil occurs by plant exudates (Ride, 1983). Brookhouser and Weinhold (1978)
suggested that host exudates in addition to providing nutrients for the growth and the
formation of infection structures play an important role in the infection process by
inducing R. solani to produce endo-polygalacturonases.

Penetration occurs through

natural openings such as stomata, and through wounds and infection cushions (complex
organised infection structures) (Dodman and Flentje, 1970).

The complex chemical compostition and physical structure of plant cell walls make them
difficult to penetrate and degrade. Thus cell wall degrading enzymes produced by the
fungus before penetration may aid the infection process. Bateman (1964) reported that R.
solani produces cellulase which may assist the penetration of the fungus into host cells.
Van Etten et al., (1967) detected endopolygalacturonase activity in Rhizoctonia-infected
bean hypocotyls tissue 32 hours after inoculation.

1.2 Control of Rhizoctonia solani

The control of Rhizoctonia solani is complicated by the lack of useful sources of
resistance, and the ineffectiveness of fungicides in field trials (Cotterill, 1991). The most

25

successful way to manage the disease symptoms is to cultivate the soil, however this does
not eliminate the pathogen (MacNish, 1996). Moreover, this leads to reduced yields and
soil erosion.

One option is to engineer host plants for disease resistance (Garcia-Olmedo et al., 1996).
This is achieved by transforming plants with genes for antifungal proteins from plants or
microorganisms (Broglie et al., 1991).

A number of studies have successfully

demonstrated that chimeric genes derived from plant chitinases can protect plants against
infection by fungal pathogens (Jach et al., 1992; Nehaus et al., 1991; Vierheilig et al.,
1993; Zhu et al., 1994). Genes based on microbial chitinases were also found to be
effective, in some cases even more so than plant chitinases (Bolar et al., 2001; Jach et al.,
1992; Mora and Earle, 2001; Suslow et al., 1988). A number of other antifungal genes
have been used to engineer resistance to fungal diseases in plants (Table 1). In a number
of cases these act by inducing localized death of the host tissue which then activates the
expression of the host defence response. Although none of these chimeric genes gave
total resistance, greater levels of resistance can be achieved using combinations of genes
(Jach et al., 1995; Zhu et al., 1994). The use of gene combinations also decreases the
possibility of resistance emerging in the pathogen population.
One strategy to engineer resistance would be to inhibit virulence factors of the pathogen.
There is considerable evidence to suggest that fungal cell wall degrading enzymes are
determinants of virulence, and therefore represent potential targets for engineering
resistance.
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Table 1 Strategies used to engineer resistance to fungal diseases in plants.
Strategy

Gene

Reference

Induction of host defence by
expression of a pathogen elicitor
gene.

Elicitor gene with an infection
inducible promoter.

(Belbahri et al., 2001).

Induction of host defence by
peroxidase induced host cell
necrosis.

Infection inducible glucose
oxidase.

(Kazan et al., 1998).

Barnase RNAase under control
of an infection inducible
promoter.
Toxin gene under control of an
infection inducible promoter.

(Scott, 1994).

Osmotin.
Plant protease inhibitors.
Hevein.
Thionins.
Pea defence gene DRR206.

(Liu et al., 1994; Zhu et al.,
1996).
(Lorito et al., 1994).
(Van Parijs et al., 1991)
(Terras et al., 1993).
(Wang and Fristensky, 2001).

Stilbene synthase.

(Hain et al., 1993).

Plant chitinase and glucanase
genes.

(Jach et al., 1995; Neuhaus et
al., 1991; Scott, 1994; Zhu et
al.,1994).

Plant Ribosome inhibiting
Protein genes.

(Logemann et al., 1992).

Viral antifungal toxin.
Mechanism of antifungal action
unknown.
Inhibition of fungal growth by
plant antifungal proteins.
Expression of plant defence
genes.
Modifying the types of
phytoalexins produced by the
host
Degradation of the fungal cell
wall leading to the lysis of the
pathogen.
Inhibition of translation in the
pathogen.

(Kinai et al., 1995).
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1.3 Cell wall degrading enzymes

A major barrier to host penetration and colonization by pathogenic organisms is the plant
cell wall, and all of the major groups of cellular plant pathogens are known to make
extracellular enzymes that can degrade cell wall polymers (Bateman and Basham, 1976).
Although the involvement of wall-degrading enzymes and their genes in penetration,
pathogen ramification, plant defense induction, and symptom expression has been studied
extensively, conclusive evidence for or against a role for any particular enzyme activity in
any aspect of pathogenesis has been difficult to obtain (Walton, 1994). These enzymes
are usually extracellular, low molecular weight and highly stable and may be produced in
multiple forms (isozymes) which differ in charge, size, regulation, stability and ability to
degrade cell walls (Cooper, 1983). It has been suggested that the greatest significance in
pathogenesis is the degradation of polysaccharides in the primary cell wall by cell wall
degrading enzymes (Cooper, 1983). The enzymes produced by different organisms are
not always identical, and within a single species of a pathogen, several enzymes and their
isoenzymes may be present (Collmer and Keen, 1986).

The major obstacle to addressing the function of wall-degrading enzymes has been
redundancy: all of the pathogens that have been studied in detail have multiple genes for
any particular enzyme activity. Thus, most fungal strains mutated in wall-degrading
enzyme genes-by either conventional (Cooper et al., 1988) or molecular (Scott-Craig et
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al., 1998) methods retain at least some residual enzyme activity. For example, the pea
pathogen Nectria haematococca (Fusarium solani f. sp. pisi) has four functional pectate
lyase genes, the maize pathogen Cochliobolus carbonum and the rice pathogen
Magnaporthe grisea each have at least four xylanase genes, and the cosmopolitan
pathogen Botrytis cinerea has as many as five endopolygalacturonase genes (ApelBirkhold and Walton 1996; Guo et al., 1996; Wu et al., 1997; ten Have et al., 1998).
Even strains of fungi that carry multiple mutations retain residual enzyme activity and are
still pathogenic (Apel-Birkhold and Walton 1996; Scott-Craig et al., 1998). Despite this
redundancy, single genes of a particular class have been shown, in two cases, to
contribute to the virulence of pathogenic fungi. Constitutive pectinases are shown to be
virulence factors for Aspergillus flavus on cotton bolls and for B. cinerea on tomato
(Shieh et al., 1997; tenHave et al., 1998). An alternative approach to the isolation and
disruption of individual genes encoding wall-degrading enzymes would be to identify the
genetic regulatory elements for which mutation results in the simultaneous loss or
downregulation of multiple enzymes. If a mutant that had been globally impaired in its
ability to make wall-degrading enzymes was still pathogenic, this would bring into serious
doubt a significant role for such enzymes in pathogenesis (Walton, 1994).
Apel et al., (1993) showed by cloning and targeted gene disruption of xyl1, a beta-1,4xylanase gene from the maize pathogen Cochliobolus carbonum. The XYL1 mutant
grew as well as the wild type on sucrose, on corn cell walls, and on xylan.

The

pathogenicity of the mutant was indistinguishable from the wild type, indicating that
XYL1 is not required for pathogenicity. Wegener et al., (1999) showed that mutation of
a beta-xylosidase gene of Cochliobolus carbonum by targeted gene replacement resulted

29

in the loss of the major beta-xylosidase activity but a significant amount of secreted betaxylosidase activity remained in the culture filtrates. The mutant was still fully pathogenic
on maize. In culture, the expression of most wall-degrading enzymes by most fungi,
including plant pathogens, is inhibited by glucose or other simple sugars in a well-studied
metabolic process known as catabolite or glucose repression (Ruijter and Visser, 1997).

1.3.1 Pectinases

The pectic substances of plant cell wall are susceptible to enzymatic degradation as they
are located mainly in the outer wall regions of the middle lamella (McNeil et al., 1984).
Necrotrophic fungi produce pectinases that digest the pectic polymers in plant cell walls polygalacturonases (Riou et al., 1991; Di Pietro and Roncero, 1996 and Cook et al.,
1999), pectin methyl esterases (Morvan et al., 1998, Liberman et al., 1999), pectic lyases
(Di Pietro et al.,1998), and pectate lyases (Lecam et al.,1997). Pectin degrading enzymes
are the first extracellular enzymes produced during infection (Mankarios and Friend,
1980).

Pectate lyase and pectin lyase splits the 1-4 glycosidic bond between adjacent uronic
acids by α-elimination and generates products with 4,5-unsaturated residue at the
reducing end (Collmer et al., 1988) (Fig. 1.3).

Polygalacturonase cleaves

polygalacturonic acid to yield monomers and oligomers by hydrolysis (Nasuno and Starr,
1966). On the basis of the type of enzymatic reaction with the substrate, pectate lyase,
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pectin lyase and polygalacturonase are either classified as endo (random cleavage of the
glycosidic bond) or exo (terminal cleavage types). Exopolygalacturonase attacks chain
termini releasing only digalacturonates and reducing the viscosity of solutions containing
pectic polymers more slowly than do the endoattacking enzymes (Collmer et al., 1988).
Pectin methyl esterases deesterify the pectin molecule by removing the methoxy groups
(Bateman and Basham, 1976).

There is a considerable body of evidence showing that pectic enzymes contribute to
virulence in soft rot bacteria and necrotrophic fungi (DeLorenzo et al., 1997). Disruption
of a polygalacturonase genes in Botrytis cinerea (ten Have et al., 1998), mutation of
specific amino acids in the polygalacturonase of Fusarium moniliforme (Caprari et al.,
1993) and transfer of a Colletotrichum gloeosporoides pectin lyase gene to
Colletotrichum magna (Yakoby et al., 2000) all had significant effects on virulence.
Isshiki et al., (2001) showed that pectinase is required for virulence of Alternaria citri
that macerates the host tissue. Studies on R. solani have revealed differences in the
enzymes produced suggesting a role for these enzymes in virulence (Marcus et al., 1986).
This is supported by the results of Scala et al., (1980) who compared enzymes produced
by isolates from different hosts and Marcus et al., (1986) who compared pectic enzymes
from virulent and hypovirulent isolates of R. solani.
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Figure 1.3 Cleavage of pectin by pectinases (adapted from Manatunga, 2001)

1.3.2 Cellulases and hemicellulases

Glucanases, cellobiohydrolases and glucosidases are the three main enzymes found in
cellulase system that can degrade cellulose (Riou et al., 1991; Busto et al., 1996). The
chains of glucose units within the fibrils are randomly cleaved by endoglucanases and
releases a mixture of glucose, cellobiose and other soluble celloligosaccharides.
Exoglucanases removes glucose or cellobiose residues from the non reducing end of the
chain. Cellobiohydrolases cleaves cellulose chains stepwise from the non reducing end.
Glucosidase hydrolyses the cellobiose and other short chains to glucose (Wood et al.,
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1988). The cellulase enzymes appear to exist in multiple forms, which differ in their
relative activities on a variety of substrates. Bateman (1964) reported that R. solani
produces cellulase which may assist the penetration of the fungus into host cells. In a
recent study, it has been shown that mitogen activated protein kinase pathway modulates
the expression of two cellulase genes in Cochliobolus heterostrophus during infection in
maize and the induction of both genes began at the onset of invasive growth and reached
its maximal extent during leaf necrosis (Lev and Horwitz, 2003).

Enzymes that are capable of degrading components of hemicellulose have been reported
(Anderson, 1978; Cooper et al., 1988). Some cereal pathogens like Fusarium culmorum
and Pseudoicercosporella herpotrichoides produce a variety of hemicellulases like βarabinosidase, β -1,3 glucanase and xylanase (Cooper et al.,1988; Degefu et al., 2001).
Such pathogens in the presence of cereal cell walls produce β-arabinosidase and xylanase
first and subsequently β -1,3 glucanase (Cooper et al., 1988; Degefu et al., 1995). Xylan
which is the major hemicellulose makes up about 40% of primary cell wall of monocots
(McNeil et al., 1984).

The backbone consists of β-1,4-linked D-xylanaopyaranose

monomers, whereas the lateral branches contain α-1,3-linked L-arabinofuranosyl residues
and α-1,2-linked D-glucopyranosyl residues.

Microorganisms secrete an array of

enzymes able to cleave different bonds in the xylan molecule. Among these, endo β-1,4xylanases have been shown to play a crucial role in xylan depolymerisation since they
break down the xylan backbone (Wong et al., 1988). Endo β -1,4-xylanases are grouped
into two families: family 10 is composed of high molecular mass xylanases generally
with acidic pIs, whereas family 11 comprises xylanases with lower molecular masses and
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basic pIs (Biely et al., 1997).

Xylanase degrades xylan to a variety of xylan

oligosaccharides and it has been reported that an increasing level of xylanase activity is
associated with developing lesions in fungus infected cereal plants (Cooper et al., 1988;
Southerton et al., 1993).

Morever, xylanase from a commercial preparation of

Trichderma viride is toxic to rice cell cultures (Ishii, 1988). Hemicellulases are also
found in the pathogens of dicotyledons (Strobel, 1963).

Endo β-1,4-xylanases are

produced by a number of plant pathogenic fungi and it has been suggested that they may
contribute to infection (Walton, 1994). Gene knockouts experiments in Cochliobolus
carbonum and Magnaporthe grisea do not support an essential role of individual endo-β1,4-xylanases in fungal pathogenesis, although these studies are limited to a particular
class of plant pathogens, those attacking the leaves of cereals (Apel et al., 1993; ApelBirkhold and Walton, 1996; Wu et al., 1997). No information is available on the role of
xylanolytic enzymes in fungal pathogens of non cereal plants.

In a recent study,

Murashima et al., (2002) showed the synergistic effects of cellulosomal xylanase and
cellulases from Clostridium cellulovorans on corn cell wall degradation.

1.3.3 Lignolytic enzymes

Many microorganisms are capable of degrading lignin. White rot fungi degrade lignin
more rapidly and extensively than other microbial groups and are capable of completely
degrading lignin to carbon dioxide and water (Kirk and Farrel, 1987).

The most

extensively characterized white rot fungus is Phanerochaete chrysosporium, previously
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known as Chrysoporium lignorum and Sporotrichum pulverulentum (Burdsall and Eslyn,
1974; Raeder and Broda, 1984). The lignin degrading enzymes include ligninases, Mn
peroxidases, phenol-oxidising enzymes, and H2O2-producing enzymes (Kirk and Farrell,
1987). The key reaction of ligninase with lignin is one electron oxidation. The one
electron oxidised form contains an unpaired electron, which undergoes a variey of nonenzymatic reactions (Kersten et al., 1990). Manganese peroxidases oxidizes Mn(II) to
Mn(III), which in turn oxidize the phenolic lignin structure (Warishii et al., 1992).
Phenol oxidizing enzymes oxidize phenyl radicals to phenoxy radicals (Kawai et al.,
1989).

It has been suggested that two classes of extracellular oxidative enzymes-

peroxidases and laccases- are involved in lignolysis owing to their ability to catalyze the
cleavage of carbon-carbon or carbon-oxygen bonds in complex lignin polymer or lignin
model compounds (Hammel et al., 1993; Marzullo et al., 1995). With regard to the
typical production patterns of extracellular lignolytic enzymes, white-rot fungi can be
divided into three main groups; (i) LiP-MnP group, (ii) MnP-laccase group, and (iii) LiPlaccase group (Hatakka, 1994).

1.3.3.1 Laccases

Laccase (p-diphenol:oxygen oxidoreductase; EC

1.110.3.2) is a copper containing

enzyme that catalyzes the oxidation of a phenolic substrate by coupling it to the reduction
of oxygen to water (Messerschimdt and Huber, 1990). Laccases are found in both plants
and filamentous fungi but differ in their active copper centres, redox potentials, and
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substrate specificity (Mayer, 1987) and may be involved in various biosyntheses and
cellular detoxifications in which the oxidation of phenolic compounds occurs but its
precise role is unknown. Mature laccases have a primary structure of approximately 500
amino acids that are predicted to fold into a three-domain barrel capable of binding four
copper atoms (Mayer, 1987; Messerschmidt and Huber, 1990).

Fungal laccase

(benzenediol:oxygen oxidoreductase, EC1.10.3.2) is an enzyme secreted into the medium
by the mycelia of Basidiomycetes, Ascomycetes and Deuteromycetes (Bollag and
Leonowicz, 1984). In some fungal strains laccase can be induced by anilines (Bollag and
Leonowicz, 1984), methoxyphenolic acids (Rogalski and Leonowicz, 1992), lignin
preparations (Rogalski et al., 1991) or heat shock (Fink-Boots et al., 1999). However,
the most effective inducer of laccase in fungi is 2,5-xylidine an aniline derivative
(Fahreanus et al., 1958). Also, certain phenolic compounds were found to stimulate
laccase production, e.g., ferulic acid in the cultures of Pholiota mutabilis, Pleurotus
ostreatus and Trametes versicolor (Leonowicz and Trojanwoski, 1978). The highest
amounts of laccase are produced by white-rot fungi wood decaying basidiomycetes
(Leonowicz et al., 1999a).

Fungal laccases display a wide substrate range, are known to catalyze the polymerization,
depolymerization, and methylation and/or demethylation of phenolic compounds
(Leonowichz et al., 1979; Leonowichz et al., 1999a), and could play a possible role in
plant pathogenicity (Van Etten et al., 1995) or lignin degradation (Huber and Odonoghue,
1993). There is little evidence that laccases by themselves can catalyze ligninolysis, but
they are able to depolymerize synthetic lignin (Kawai et al., 1999) and delignify wood
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pulps (Bourbonnais et al., 1997; Call and Mucke, 1997) when they are combined with
various low molecular weight electron transfer agents. The lignin degrading enzymes
include ligninases, Mn peroxidases, phenol-oxidising enzymes and H2O2-producing
enzymes (Kirk and Farrell, 1987). The key reaction of ligninase with lignin compounds
is one electron oxidation. The one electron oxidised form contains an unpaired electron,
which undergoes a variety of non-enzymatic reactions (Kersten et al., 1990).

It has been firmly stated that lignin degradation is accelerated in the presence of cellulose
or its oligomers (Ander and Eriksson, 1976; Hattaka and Uusi-Rauva, 1983). The idea of
feedback-type interdependence of delignification and the cellulose degradation process
was postulated for the first time by Westermark and Eriksson (1974) and according to
them depolymerisation of cellulose and of lignin accelerated each other. They discovered
the enzyme cellobiose:quinone oxidoreductase (CBQ) which cooperates in a feedback
fashion with laccase and cellulose in the process of depolymerisation of both components
of the lignocellulose complex by removing decomposition products of cellulose and
laccase which might function as a link to an extracellular “electron transport chain”.
Enzymes are secreted from the fungal hyphae close to the hyphal environment where they
cooperate with each other and with mediating factors and the produced chelators and
mediating radicals are exported further into the wood where they work as enzyme
“messengers” in lignocellulose degradation (Ander and Marzulo, 1997) (Fig. 1.4). It
seems that in this system, laccase oxidises lignin-derived radicals to quinones which
served as the oxygen source for glucose-1-oxidase (Szklarz and Leonowicz, 1986;
Rogalski, 1986; Leonowicz et al., 2001) and / or veratric alcohol oxidase (Marzullo et al.,
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1995) which produces H2O2 and prevents the polymerising activity of laccase, with
formed H2O2 as the cosubstrate for the lignolytic activity of LiP and MnP. The products
of laccase and glucose-I-oxididase form phenols and the phenols in turn become substrate
for dioxygenases which catalyze cleavage reactions of the aromatic rings resulting in the
formation of keto acids that enters the Krebs cycle (Leonowicz et al., 1999). These
mediating radicals possess high redox potentials (>900mV) to attack lignin and can
migrate from the enzymes into the tight lignocellulose complex. Examples of such
substances are veratryl alcohol (Lundquist and Kirk, 1978), oxalate (Takao, 1965), 3hydroxyanthralic acid (Eggert et al., 1997) and Gt-chelators (Goodell et al., 1996). They
are produced as a result of fungal metabolism and their secretion enables fungi to
colonise and degrade cell walls more effectively than other organisms. Four groups of
benzene derivatives were identified as the components of the Gt-chelator from
Gleophylum trabeum (Fig. 1.5). The presence of the chelators allows for the reduction of
iron which results in the generation of oxygen radicals and subsequently the degradation
of the cellulosic and phenolic compounds. Temp and Eggert (1999) have demonstrated
that Pycnocorpus cinnabarinus in the presence of a suitable cellulose-derieved electron
donor, cellulose dehydrogenase (CDH) can regenerate the fungal mediator 3-HAA from
cinnabarinic acid (Fig. 1.6).
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Figure

1.4

Interaction

of

the

cellobiose

dehydrogenase/cellobiose:quinine

oxidoreductase system (CDH/CBQ) with other enzymes, quinines and phenoxy
radicals produced by these enzymes (adapted from Ander and Marzullo, 1997)
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Figure 1.5 Structures of the selected phenolic compounds identified in the Gtchelator mixture of Gleophylum trabeum (adapted from Goodell et al., 1996)
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Figure 1.6 Model of interaction of CDHs and laccase during CA formation in
Pycnocorpus cinnabarinus (adapted from Temp and Eggert, 1999)

1.3.3.2 Laccase genes

Fungal laccase may vary in electrophoretic mobility. These different forms can be
produced by post-translational processing or be the products of different genes. Four
different laccases have been detected in Rhizoctonia solani (Wahleithner et al., 1996) and
Fusarium proliferatum (Kwon et al., 2001), and there appears to be at least three laccases
in Botrytis cinerea (Marbach et al., 1984; Viterbo et al., 1994; Pezet 1998).

The

regulation of laccase expression differs substantially among species (Cullen, 1997).
Individual species may express several laccase isozymes which can differ with regard to
pH optimum, substrate specificity, molecular weight and cellular location (Leonowicz
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and Trojawonski, 1978; Bollag and Leonowicz, 1984; Mayer, 1987). In Botrytis cinerea
three different laccases can be distinguished by their differential expression under
induction by various substrates, as well as by their different isoelectric points (pI), pH
optima and molecular weights (Marbach et al., 1983, 1984).

Armillaria mellea

produces two laccases that do not cross react immunologically and have different pIs
(Rehman and Thurston, 1992). Whether these isoenzymes are the products of separate
laccase genes or originate from differential post-translational modification of a single
gene product is unknown. Laccase genes have also been isolated, characterised and
reported from Neurospora crassa (Germann and Lerch 1986; Germann et al., 1988),
Coriolus hirsutus (Kojima et al., 1990), Coriolus versicolor (Iimura et al., 1992),
Pleurotus ostreatus (Giardina et al., 1995), Trametes versicolor (Jöhnsson et al., 1995),
Trametes villosa (Yaver and Golightly, 1996), Pycnocarpus cinnabarinus (Eggert et al.,
1998), Cryphonectria parasitica (Choi et al., 1992), Agaricus bisporus (Perry et al.,
1993), Aspergillus nidulans (Aramayo and Timberlake, 1990), Phlebia radiata
(Saloheimo et al., 1991) and the basidiomycete PM1 (Coll et al., 1993a; Coll et al.,
1993b). In Rhizoctonia solani RS22 (AG-6) four laccase genes have been identified
(Wahleithner et al., 1996). They have shown by hybridization analysis that each of the
four laccase genes is present as a single copy in the genome.

42

1.4 Thesis Aims

Cell wall degrading enzymes are important for determining the ability of a pathogen to
colonise a host plant. There is considerable evidence implicating pectinases (DeLorenzo
et al., 1997) and to a lesser extent cellulases (Lev and Horwitz, 2003) and xylanases as
virulence factors (Walton, 1994). However, relatively little work has been done on
laccases. The aim of this thesis was to investigate the role of laccases in host infection by
R. solani.

Chapter 2 describes the general materials and methods.

Chapter 3 describes the production of laccase by this pathogen and the purification of the
enzyme from a single spore isolate of R. solani.

Chapter 4 describes the analysis of laccase produced by isolates from the same and from
different anastomosis groups.

Chapter 5 describes the role of laccase in tissue maceration.

Chapter 6 describes the cloning and characterisation of the laccase genes from an AG-8,
AG-6 and an AG-11 isolates.

Chapter 7 describes the final discussion of the research.
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CHAPTER 2.
Materials and general methods

2.1 Fungal strains, growth media and culture conditions

Rhizoctonia solani strains used for the study are shown in Table-2.1.

They were

maintained on potato dextrose agar (PDA) (Difco) supplemented with ampicillin
(50mg/L) at 4ºC. The isolates were subcultured regularly. Four growth media were used.
Apple pectin medium [Apple pectin 2.64g/l, (NH4)2SO4 0.34g/l, MgSO4.7H2O 0.14g/l,
pH 5.5 (Sweetingham et al., 1986)]. Lupin medium which has the same constituents as
the apple pectin medium except that 1% ground lupin seeds were used as the carbon
source; V8 vegetable juice (Campbell’s Juice Co. NSW, Australia), the V8 juice was
diluted five times and pH adjusted to 5.5 with 5M NaOH. Czapek Dox liquid medium
(CDOX) (Oxoid, Hampshire, England) was made according to the manufacturer’s
instructions and the pH adjusted to 5.5 with 9M HCl. The pH of the media were adjusted
to 5.5. The media were autoclaved at 120°C for 30 minutes prior to use.

For production of laccase an agar plug (1cm2) from a 7-day-old R. solani agar plate was
transferred to 10ml of V8 medium in 50ml Erlenmeyer flasks. For testing induction a
filter sterilised aqueous solution of the following inducers were added at the indicated
final concentration. 0.0005M CuSO4.5H2O, 0.0005M MnSO4.7H2O, 0.04% Ethanol,
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0.0008M p-Anisidine in 20% Ethanol (Wahleithner et al., 1996), 0.0008M Resveratrol in
20% Ethanol and 0.0002M Tannic acid in deionised water were added. The cultures
were maintained in the dark at 28°C for 7 days without agitation.
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Table 2.1 Isolates of Rhizoctonia solani used in experiments

___________________________________________________________________________________________________________________________________________
Culture
AG Sub- ZG
ATCC # Virulence Isolate Parent
Laccase
Origin
Host
Collector/provider
number
group
type
bands*
___________________________________________________________________________________________________________________________________________
M43
1
1C
44661
EFGHI
Minnesota, USA?
Unknnown
N Anderson?
F56L
2
1
62805
FI
BCDEFGH Alaska, USA
Solanum tuberosum
D. Carling
V99
2
1
EFGHI
Unknown
Unknown
Unknown
87.36.4
2
1
ABCDEFGH Minnesota, USA
Unknown
C. Windels?/D. Carling
88.40.1
2
2
ABC
Minnesota, USA
Unknown
C. Windels?/D. Carling
I0019
2
2
4
B
Myalup, WA
S. tuberosum
N. Burgess
I0010
C
I0731
3
AB
I0740
2
2
4
FI
C
Nanup, WA
I0751
2
2
4
FI
Porongarups, WA
S. tuberosum
N. Burgess
I0099
3
1
FI
B
Myalup, WA
S. tuberosum
N. Burgess
I0196
3
1
BC
I0746
3
1
FI
ABC
Manjimup, WA
S. tuberosum
N. Burgess
I0478
3
2
FI
B
Myalup, WA
S. tuberosum
N. Burgess
I0489
3
2
FI
AB
Myalup, WA
S. tuberosum
N. Burgess
I0010
3
1
C
I0731
BC
ST116
3
7
ABCDE
Japan
A. Ogoshi
SCR 117
4
8
ABCDEF
WA
Trifolium subterraneum M. Barbetti
I0427
4
X
A
Myalup, WA
S. tuberosum
N. Burgess
SCR 122
6
WA
T. subterraneum
M. Barbetti
OT2-1
6
ABCDEFG SA
Unknown
J. Harris
11034
8
1-1
HV
FI
Newdegate, WA
Triticum aestivum
H. Yang
S20
8
HV
SSI
11034
H. Yang
S31
8
HV
SSI
11034
H. Yang
S3
8
WV
SSI
11034
H. Yang
S13
8
WV
SSI
11034
H. Yang
S38
8
WV
SSI
11034
H. Yang
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S49
8
WV
SSI
11034
H. Yang
S2
8
SSI
11034
H. Yang
S5
8
SSI
11034
H. Yang
S6
8
SSI
11034
H. Yang
S11
8
SSI
11034
H. Yang
S15
8
SSI
11034
H. Yang
S21
8
SSI
11034
H. Yang
BS 24
9
ABCDE
Alaska, USA
Unknown
D Carling
R 329
10
9
FI
ABCDE
Narrogin, WA
Lupinus angustifolius
M. Sweetingham
ROTH 26
11
3
90859
FI
ABCDEFGH Arkansas, USA
Oryza sativa
C. Rothrock
ZN 56
11
3
90860
FI
ABCDEF
East Chapman
L. angustifolius
W. MacLeod
VR03
11
SSI
ZN 1716 C
V. Reck
VR06
11
SSI
ZN 1716 B
V. Reck
VR09
11
SSI
ZN 1716 D
V. Reck
VR13
11
SSI
ZN 1716 AB
V. Reck
VR16
11
SSI
ZN 1716
V. Reck
VR17
11
SSI
ZN 1716 ABC
V. Reck
VR20
11
SSI
ZN 1716 ABC
V. Reck
___________________________________________________________________________________________________________________________________________

HV-highly virulent; WV-weakly virulent; FI-field isolate; SSI-single spore isolate from basidiospores identified by Yang (1993) and
Reck (1997).

* Results

obtained from this study.
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2.2 Measurement of protein concentration (protein assay)

Protein assay was performed by using the Bio-Rad protein assay kit and Bovine Serum
Albumin (Sigma) as the standard. The reaction mixture contained 200µl supernatant and
800µl dye reagent, incubated for 15 minutes and OD595 was measured. Concentrated
samples were diluted with Phosphate Buffered Saline (PBS) pH 7.2 and the same buffer
was used to prepare the standards.

Protein concentration was also determined spectrophotometrically (Karlsson et al., 1998)
by using the formula. Concentration (mg/ml) = (A235-A280)/2.51

2.2.1 Concentration of proteins

2.2.2 Acetone precipitation

Proteins were concentrated from the culture supernatant. The culture supernatant was
mixed with an equal volume of cold acetone (-20ºC) and incubated at -20ºC for two hours
or overnight. The precipitate was collected by centrifugation at 23,000g at 4ºC for 30
minutes, dried under vacuum at room temperature for 10 minutes and dissolved in
deionised water.
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2.2.3 Ammonium sulphate precipitation of supernatant proteins

Solid ammonium sulphate was added to the culture supernatant at 80% saturation of
ammonium sulphate and left overnight at 4ºC.

The precipitate was collected by

centrifugation at 23000g at 4ºC for 30 minutes and mixed with deionised water and
dialysed against deionised water at 4°C using a dialysis membrane with 10kDa cut-off
(Sigma).

2.3 Polyacrylamide gel electrophoresis (PAGE)

2.3.1 Native PAGE

Native PAGE was carried out according to the method of Laemmli (1970) with some
modifications. 5% stacking gel [6.8ml H2O, 1.7ml 30% acrylamide (Bio-Rad), 1.25ml
1M Tris (pH 6.8), 0.1 ml APS (freshly prepared), 0.01ml TEMED] and 10% resolving gel
[4.01ml H2O, 3.34ml 30% acrylamide (Bio-Rad), 2.5 ml 1.5M Tris (pH 8.8), 0.4ml
10%APS (freshly prepared)]. Freshly prepared running buffer [25mM Tris, 192mM
glycine (ph8.3)] was used.

Samples (~30µg protein/well) were loaded and

electrophoresed at a constant voltage of 200V for thirty minutes in a Bio-Rad mini
protean electrophoresis apparatus. After electrophoresis the gel was activity stained for
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laccase with 5mM ABTS in 50ml of 25mM sodium succinate buffer pH 5 at room
temperature.

2.3.2 SDS-PAGE

SDS-PAGE was carried out according to the method of Laemmli (1970) with some
modifications. 5% stacking gel [3.4 ml H2O, 0.85 ml 30% acrylamide (Bio-Rad), 0.32ml
1M Tris (pH 6.8), 0.05ml 10%SDS and 0.05ml APS (freshly prepared), 0.025ml
TEMED] and 12% resolving gel [3.2 ml H2O, 4 ml 30% acrylamide (Bio-Rad), 2.5ml
1.5M Tris (pH 8.8), 0.1ml 10% SDS and 0.1ml 10%APS (freshly prepared)]. Freshly
prepared running buffer [25mM Tris, 192mM glycine and 0.1% SDS (pH 8.3)] was used.
Samples (~10-50 µg protein) was mixed with sample loading buffer (6x) final
concentration (120mM Tris, (pH 6.8), 30% (v/v) glycerol, 4% SDS, 4% mercaptoethanol
and 0.02% bromophenol blue) and boiled for 3 minutes and electrophoresed at a constant
200V for thirty minutes in a Bio-Rad mini protean electrophoresis apparatus.

For

molecular weight calibration, broad range molecular weight marker (Bio-Rad) [Myosin
200 kDA, ß-galactosidase 116.25 kDa, phosphorylase b 97.4 kDA, bovine serum albumin
66.2 kDA, Ovalbumin 45kDa, carbonic anhydrase 31 kDa, Soyabean trypsin inhibitor
21.5 kDa, lysozyme 14.1 kDa, and aprotinin 6.5 kDA] was used as the protein standard
and prepared according to the manufacturer’s instructions.
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2.3.3 Coomassie staining

The gel was stained with coomassie blue R-250 (Sigma) [2g coomassie blue, 300ml
methanol, 100ml glacial acetic acid and 400ml water] for 2 hours and destained overnight
in half strength destaining solution [150ml methanol, 50ml glacial acetic acid and 600ml
water]. Further destaining was carried out with several changes of deionised water

2.4 Enzyme activity assays

2.4.1 Laccase assay

Laccase

activity

was

determined

by

the

oxidation

of

2,2′-azino-bis

(3-

ethylbenzthiozoline-6-sulfonic acid) (ABTS) (Sigma) at 420 nm (Roy-Arcand and
Archibald, 1991). The reaction mixture contained 50µl crude supernatant, 50µl of 5mM
ABTS in 25 mM sodium succinate buffer pH 5 and 900µl deionised water. The enzyme
blank consisted of 50µl crude supernatant, 50µl 25mM sodium succinate buffer pH 5 and
900µl deionised water and the substrate blank consisted of 50µl ABTS in 25mM sodium
succinate buffer pH 5 and 950µl deionised water. Oxidation of ABTS was monitored by
determining the increase in absorbance at 420 nm (ε: 3.6×104M-1cm-1) after thirty minutes
incubation at 25°C (Barbosa and Dekker, 1996). Absorbance was read in 1cm plastic
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cuvettes using a Hitachi U-1100 spectrophotometer. Laccase activity was expressed in
terms of units/ml. One unit of laccase activity was defined as the amount of enzyme
required to oxidise 1 µmol ABTS per minute. All measurements were in triplicate.

For pH studies the reaction mixture contained 50µl crude supernatant, 50µl of 5mM
ABTS in deionised water and 900µl sodium acetate buffer and adjusted to different pH
values of 4, 4.5, 5, 5.5, 6 and 900µl 100mM Tris buffer and adjusted to pH 7 and 8. The
enzyme blank consisted of 50µl crude supernatant, and 950µl of appropriate buffer and
the substrate blank consisted of 50µl 5mM ABTS in deionised water and 950µl of
appropriate buffer.

For inhibitor studies the reaction mixture contained 50µl crude supernatant, 50µl of 5mM
ABTS in 25mM sodium succinate buffer pH5, 400µl deionised water and 500µl of
appropriate inhibitor solution [10%, 5% and 1% of SDS (BDH), EDTA and arginine
(Sigma)].

The enzyme blank consisted of 50µl crude supernatant, and 950µl of

appropriate buffer and substrate blank consisted of 50µl 5mM ABTS in deionised water
and 950µl of appropriate buffer.

2.4.2 Pectinase, xylanase and cellulase assays

Pectinase, xylanase and cellulase activities were measured by the DNS reducing sugar
method of Miller (1959) with some modifications. The reaction mixture contained 500µl
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crude supernatant, 1ml 1% substrate solution [PGA (Sigma) for pectinase, CMC (Sigma)
for cellulase and xylan (Sigma) for xylanase] and 500µl 100mM sodium acetate buffer
pH 5. The enzyme blank consisted of 500µl crude supernatant and 1.5ml 100mM sodium
acetate buffer pH 5 and substrate blank consisted of 1ml 1% substrate solution and 1ml
100mM sodium acetate buffer pH 5. Prior to adding the supernatant the tubes were
preincubated for five minutes at the reaction temperature. After thirty minutes incubation
at 25°C the reaction was stopped by adding 1 ml of DNS (40g DNS, 8g phenol, 2g
sodium sulphite, 800g sodium potassium tartrate and 1% (w/v) NaOH in 4L of distilled
water, filtered before use) and the tubes boiled for 10 minutes and let to cool to room
temperature. The reducing sugar was measured using 6mM D-glucose as the standard at
550nm. One unit of pectinase, xylanase and cellulase activity was defined as the amount
of enzyme required to produce 1 µmol of reducing sugar (measured as glucose) per
minute. All measurements were in triplicate.
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CHAPTER 3
Laccase, pectinase, xylanase and cellulase production in
Rhizoctonia solani

3.1 Introduction

Pathogenic fungi produce extracellular cell wall degrading enzymes such as laccases,
pectinases, xylanases and cellulases. The production of these is regulated by components
of the media. The regulation of laccase expression varies substantially among species
(Cullen, 1997), as does the regulation of pectinase, xylanase and cellulase. Many fungal
species contain multiple laccase genes some of which may be expressed only under quite
specific conditions (Crowe and Olsson, 2001).

A prerequisite for studying laccase

production in R. solani isolates is to determine the conditions under which they are
produced. Wahleithner et al., (1996) have already established conditions for production
of laccase in an AG-6 isolate. However, since each AG group is substantially different in
important characteristics such as pathogenicity, morphology and genetics (Adams, 1996;
Carling, 1996; Duncan et al., 1993; Gonzalez et al., 2001; Kuninaga et al., 1997; Liu et
al., 1993; Matthew, 1992; Ogoshi, 1987; Sneh et al., 1991), it is necessary to define the
substrate conditions for AG-11. The aim of the work in this chapter was to investigate
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the production of laccases in AG-11. Studies were also carried out on the purification and
partial characterisation of a laccase from a single spore isolate of R. solani (AG-11).

3.2 Materials and methods

3.2.1 Organism and culture conditions

A single spore isolate of Rhizoctonia solani AG-11 (VR20) was used as described in
Section 2.1.

3.2.2 Growth media

Four growth media were used as described in Section 2.1.

3.2.2.1 Growth of mycelium for laccase production

Growth of mycelium for laccase production were used as described in Section 2.1.
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3.2.3 Protein assay

Protein assay was performed as described in Section 2.2.

3.2.4 Enzyme activity assays

The activity of laccase, pectinase, xylanase and cellulase were determined as described in
Sections 2.2.4.1. and 2.2.4.2.

3.2.5 Native PAGE and activity staining

Native PAGE and activity staining was carried out as described Section 2.2.3.1.

3.2.6 Laccase purification

Laccase was purified from the culture supernatant of Rhizoctonia solani AG 11(VR20)
using two different methods – (i) anion exchange chromatography, (ii) electroelution and
SDS-PAGE.
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3.2.7 Purification by anion exchange chromatography

3.2.7.1 Sample preparation

The fungus was grown in V8 medium for seven days. The culture supernatant from 150ml
of culture was filtered through Whatman No.1 filter paper. Solid ammonium sulphate
(16.8g/30ml) was added to the supernatant to 80% saturation and vortexed at room
temperature for 5 minutes and kept at 4°C overnight. The precipitate was collected by
centrifugation at 23000g for 30 minutes in a Beckman centrifuge at 4°C. The supernatant
was discarded and the pellets dissolved in deionised water and combined to get a protein
concentration of 2µg/mL. The extract was dialysed against 5L deionised water overnight
at 4°C using dialysis membrane with 10kDa-cut off (Sigma). The dialysate (1ml) was
mixed with 1ml sodium acetate pH 5 and 8ml deionised water.

3.2.7.2 Column preparation

A Bio-Rad econo column was extensively washed with 70% ethanol and deionised water.
DE 52 (Whatman) was used as the ion exchange medium. A 20% slurry was made in
100mM sodium acetate buffer pH 5 was loaded into the column at a total volume of 8ml.
The column was washed extensively with several changes of 100mM sodium acetate
buffer pH 5.
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3.2.7.3 Chromatography

All the chromatography steps were conducted at room temperature. The dialysate was
loaded into the column. Proteins were eluted out with a linear gradient of NaCl (0250mM) in 100mM sodium acetate pH 5. 1.5ml fractions were collected and assayed for
laccase activity. Fractions containing laccase activity were pooled and dialysed against
deionised water at 4°C using a dialysis membrane with 10kDa cut-off (Sigma). The
dialysate was concentrated by using a Centricon 30 microconcentrator (Amicon
corporation) with a 30kDa cut off membrane at 6000g for 30 minutes in room temperature.

3.2.8 Purification by electroelution from a native polyacrylamide gel

3.2.8.1 Sample preparation

The culture supernatant was mixed in an equal volume of cold acetone (-20°C) in ten
1.5mL centrifuge tubes and kept at -20°C for two hours. The precipitate was collected at
13000 g for 30 minutes at 4°C. The supernatant was discarded and the pellet was dried in
vacuo for 10 minutes. Fifty microlitres of deionised water was added to the pellets (~5U)
and mixed with 10µL of 6x Native-PAGE gel loading buffer.
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3.2.8.2 Native PAGE

Native PAGE was carried out as described in Section 2.2.3.1. After electrophoresis one
lane was cut off from the gel and activity stained for laccase with 5mM ABTS in 50ml of
25mM sodium succinate buffer pH5 at room temperature after green bands began to
appear. Corresponding to the activity stained band, gel slices were cut off and placed in an
eppendorf tube and mixed with 1.5ml of Tris Glycine SDS running buffer pH 8.3 or Tris
Glycine nondenaturing running buffer pH 8.3. A dialysis membrane (Sigma) with a 10kDa
cut off was fitted in the mouth of the eppendorf tube.

3.2.8.3 Elution

A MINI SUB DNATM CELL (Bio-Rad) electrophoresis apparatus was filled with Tris
Glycine SDS running buffer pH 8.3 or Tris Glycine non-denaturing running buffer pH 8.3
and placed in the cold room (4°C). The eppendorf tube containing the gel slices was
placed in the chamber next to the cathode. The apparatus was connected to the power
supply and run at a constant 50V overnight. The eppendorf tube was then dialysed
against 5L deionised water in the cold room (4ºC) for 5 hours. After dialysis, the tube
was centrifuged briefly for 1 minute at 12000g. The supernatant was concentrated by
using a Centricon 30 microconcentrator (Amicon corporation) with a 30kDa cut off
membrane at 6000g for 30 minutes at room temperature.
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3.2.8.4 Absorption spectra

The UV-VIS spectrum of the laccase obtained after electroelution was recorded at room
temperature between 900 and 200nm with a Hitachi U-1100 spectrophotometer in quartz
cuvettes. Electroeluting buffer (Tris-Glycine pH 8.3) was used as the blank.

3.2.8.5 SDS-PAGE

SDS-PAGE was done as described in Section 2.2.3.2 and stained as described in Section
2.2.3.3. The gel was photographed by a Kodak digital camera and molecular weight
calibration was done by using the Kodak image analysis software.
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3.3 Results

3.3.1 Laccase production

3.3.1.1 Time course of laccase production

Laccase production of R. solani VR20 in V8 medium was analysed regularly for fifteen
days. The highest laccase production was found between day 6 and 7 and decreased
thereafter (Fig. 3.1). There was a sharp rise in laccase production from day 3 to 6. After
day 7 the laccase activity decreased slightly.

2.5

U/mL

2
1.5
1
0.5
0
0

3

6

10

15

Time (day)

Figure 3.1 Time course of laccase production in V8 medium. The bars represent
standard error of the mean of three replications
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3.3.1.2 Effect of temperature on the laccase, pectinase, xylanase and
cellulase activity

The laccase activity showed a (broad) temperature range from 4°C to 37°C (Fig. 3.2a)
with an optimum around 25°C. All subsequent laccase assays were conducted at 25°C.
The assay temperature for pectinase, xylanase and cellulase showed a broad range from
4°C to 37°C and showed an optimum between 25°C to 37°C (Fig. 3.2b-d). Pectinase
activity declined slightly at 37°C (Fig. 3.2b).
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Figure 3.2(a-d) Effect of temperature on (a) laccase, (b) pectinase, (c) xylanase and
(d) cellulase activity. The bars represent standard error of the mean of three
replications
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3.3.1.3 Effect of pH on laccase activity

Laccase activity assays were conducted within a broad pH range from pH 4 to 8.
Maximum activity was found between pH 4.5 and 6. The activity declined from pH 6
(Fig. 3.3).
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Figure 3.3 Effect of pH on laccase activity. The bars represent standard error of the
mean of three replications
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3.3.1.4 Effect of different growth media and inducers on laccase,
pectinase, xylanase and cellulase production

In the absence of inducers, laccase production was detected in all four growth media.
The CDOX medium proved best for laccase production with a specific activity of
1031.25±0.01 u/ml. Laccase production in the remaining growth media without inducers
was significantly lower than the CDOX medium (Table-3.1). The culture supernatants
were analysed by laccase zymogram analysis to see if different enzymes were produced
in different media. In this case, an isolate of AG-11 (VR20) was grown in four different
media and activity stained. Supernatants from the CDOX and lupin media showed
different activity staining patterns. Proteins from the V8 and apple pectin media showed
similar banding patterns from the CDOX and lupin media supernatants (Fig. 3.4).

1

2

CDOX

V8

3

4

PECTIN LUPIN

Figure 3.4 Zymogram of AG-11 (VR20) showing the effect of growth medium on
laccase production
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The growth media were supplemented with seven different compounds previously
reported to increase laccase activity and tested for laccase production (Table-3.1).
Copper sulphate increased laccase production only in the lupin medium but lowered
laccase production in the apple pectin and V8 media. It also significantly lowered laccase
production in the CDOX medium. p-Anisidine totally inhibited laccase production in the
lupin and CDOX media and significantly lowered laccase production in the apple pectin
and V8 media. Ethanol slightly increased laccase production in the lupin medium but
significantly lowered laccase production in the other three media. Manganese sulphate
increased laccase six-fold in the CDOX medium and it showed a significant increase in
the lupin medium and a slight increase in the V8 medium. It also lowered laccase
production in the apple pectin medium.

Resveratrol significantly increased laccase

production in the V8 medium but lowered laccase production in the other three media.
Tannic acid lowered laccase production in all the growth media.
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Table 3.1 Effect of growth media and inducers on laccase, pectinase, xylanase and
cellulase production. The values represent standard error of the mean of three
replications.

Growth
Media with
treatments

Laccase
(U/mg
protein)

Pectinase
(U/mg protein)

Xylanase
(U/mg protein)

Cellulase
(U/mg protein)

Lupin
CuSO45H2O
p-Anisidine
0.04%Ethanol
MnSO47H2O
Resveratrol
Tannic Acid

50.29±0.26
68.67±0.07
0.00
52.13±0.13
73.78±0.01
3.41±0.01
10.77±0.04

7.26±0.05
5.97±0.02
3.39±0.01
4.68±0.01
5.33±0.01
4.50±0.01
0.00

2.33±0.01
1.89±0.01
0.00
2.11±0.01
2.07±0.01
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00

Apple Pectin
CuSO45H2O
p-Anisidine
0.04%Ethanol
MnSO47H2O
Resveratrol
Tannic Acid

72.71±0.0
66.11±0.04
43.04±0.01
52.40±0.03
66.79±0.13
44.97±0.04
35.24±0.02

6.56±0.01
6.09±0.01
4.23±0.01
6.39±0.01
5.32±0.04
5.00±0.02
4.50±0.01

1.64±0.01
1.11±0.01
2.11±0.01
1.70±0.01
1.69±0.01
0.50±0.02
0.75±0.01

2.46±0.01
1.11±0.01
1.41±0.01
1.07±0.01
0.73±0.01
1.50±0.04
0.05±0.01

V8
CuSO45H2O
p-Anisidine
0.04%Ethanol
MnSO47H2O
Resveratrol
Tannic Acid

58.47±0.03
57.03±0.03
49.87±0.01
56.12±0.12
59.07±0.02
84.54±0.02
56.25±0.05

3.91±0.02
4.33±0.01
0.00
3.18±0.02
2.69±0.01
2.50±0.01
2.01±0.01

1.52±0.02
1.14±0.01
0.00
1.27±0.02
1.57±0.01
0.00
0.00

0.43±0.01
0.00
0.22±0.01
0.00
0.00
0.00
0.00

CDOX
CuSO45H2O
p-Anisidine
0.04%Ethanol
MnSO47H2O
Resveratrol
Tannic Acid

1031.25±0.01
129.83±0.01
0.00
38.7±0.01
6820.25±0.09
355.01±0.05
419.62±0.10

0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.00
0.00
0.00
0.00
0.00
0.00
0.00

The effect of growth medium on production of pectinase, xylanase and cellulase activity
was less marked than on laccase production (Table 3.1). Pectinase and xylanase activities
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showed an approximate two-fold difference in specific activity between the lupin, pectin
and V8 media. This compares to the approximate 20-fold variation seen in laccase
production seen in the CDOX medium. Cellulase activity was observed only in the V8
and apple pectin media. In the V8 medium cellulase production was suppressed by
inducers of laccase activity.

There was no production of pectinase, xylanase and

cellulase in the CDOX medium.

3.3.1.5 Effect of inhibitors on laccase activity

The effect of three different inhibitors, SDS, EDTA and arginine were tested on laccase
activity. All three inhibitors effectively inhibited laccase activity. The most effective
inhibitor was arginine with 100% inhibition of laccase activity in the three different
concentrations (Fig. 3.4). One interesting observation was that there was more inhibition
at the lower concentration of SDS. Inhibition by EDTA was higher at the concentration of
2.5% and gradually the percentage inhibition decreased when lower concentrations of
EDTA was used.
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Figure 3.4 Mean percentage inhibition of laccase activity in the presence of three
laccase inhibitors. Bars represent the mean standard error of three replicates

3.3.2 Laccase purification

Laccase activity was purified from the culture supernatant by anion exchange
chromatography. During the anion chromatography most of the laccase activity was
separated from the other proteins (Fig. 3.5). The proteins eluted out as a broad band
between fractions 2 and 28. The broad pH and temperature optimum peak suggests that
there are multiple laccase isozymes. The purification steps are shown in Table-3.2 and
3.3. In the anion exchange chromatography, the specific activity increased from 0.92
U/mg protein to 49 U/mg protein during step 4 (pooled fractions after dialysis) but
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decreased to 4.54 U/mg protein in the final step and the purification fold from 49 (step 4)
to 4.9 in the final step (Centricon 30). In the electroelution method the specific activity
increased from 30 to 1500 U/mg protein representing a 50-fold increase in purification.
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Figure 3.5 Purification of laccase from Rhizoctonia solani VR20 by anion exchange
chromatography. NaCl gradient (black line) 0-250mM was used.

The arrows

represent the multiple laccase peaks
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Table 3.2 Purification of laccase from R. solani AG-11 (VR20) by anion exchange
chromatography.
Purification Step

Total Protein Specific Activity
(mg)
(U/mg)

Total Activity
(Units)

Yield
(%)

Purification
(fold)

Culture filtrate

207

0.92

190.44

100

1

(NH4)2SO4 precipitation

2.7

2

5.4

2.8

2.2

Pooled fractions

3.42

26.5

90.63

47.5

28.8

Pooled fractions after dialysis

3.42

49

167.58

87.8

53.3

Centricon-30

13.68

4.54

62.1

32.6

4.9

Table 3.3 Purification of laccase from R. solani AG-11 (VR20) by electroelution.
Purification Step

Total Protein Specific Activity
(mg)
(U/mg)

Total Activity
(Units)

Yield
(%)

Purification
(fold)

Culture filtrate

8.1

30

240

100

1

(NH4)2SO4 precipitation

1.08

208.3

225

93.75

6.94

Electroelution

0.06

1500

90

37.5

50

The concentrated proteins from the electroeluted gel slices (using SDS) resolved into one
strong band of 38kDa and one weak band around 200kDa (lane 2) and the pooled
fractions (2-40) from the chromatography resolved into two bands of 66kDa and 38kDa
when separated by SDS-PAGE (Fig. 3.6, lane 3). The electroeluted proteins (without
SDS) resolved into a single strong band of about 66 kDa (Fig. 3.6, lane 5).
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Figure 3.6 Coomassie stained SDS-PAGE gel. Estimation of molecular mass of
purified laccase. Lane 1- Molecular weight markers; Lane 2- Purified laccase by
electroelution using SDS. The arrows indicate different protein bands; Lane 3Purified laccase by anion exchange chromatography. The arrows indicate the
laccase bands; Lane 4- Ammonium sulphate precipitated protein. The arrows
indicate different protein bands; 5- Purified laccase by electroelution. The arrow
indicates the 66kDa laccase band.
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The absorption spectra of the purified laccase is shown in Fig. 3.7. Absorbance maxima
were recorded at 240nm and 340nm. There was strong absorbance between 330 and
350nm.

The absorption between 340 nm could be a type 3 binuclear copper site

(Thurston, 1994). The peak at 240nm is due to the absorbance by the peptide bond
(Karlsson, 1998).
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Figure 3.7 Absorption spectrum of laccase obtained after electroelution using nondenaturing conditions
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3.4 Discussion

In some media the addition of some inducers produced an increase in laccase production
whilst in other media they did not. Addition of copper sulphate induced higher laccase
production in the lupin and CDOX media. Galhaup and Haltrich, (2001) added copper
sulphate during the exponential phase of growth for maximum effect but in the present
study copper sulphate was added prior to inoculation of the growth medium. The effect
of copper is observed only in the media and during log phase (Salas et al., 1995). Copper
is also used to enhance the production of secondary metabolites in plant tissue cultures
(Christen et al., 1992; Ermayanti et al., 1994). This may be related to its effect on
laccase which can be involved in the production of melanin during sclerotia formation
(Crowe and Olsson, 2001).

In an attempt to increase laccase production inducers previously reported to stimulate
laccase production in fungi were tested in the current study. In most cases these inducers
had a negative effect on laccase production. The only inducers that did stimulate laccase
production were CuSO4 (lupin medium), MnSO4 (lupin and CDOX media) and
resveratrol (V8 medium). p-anisidine inhibited the production of laccase in the current
study. This contrasts with previous results showing that p-anisidine increases laccase
production in R. solani (Wahleithner et al., 1996; Crowe and Olsson, 2001). The results
of Crowe and Olsson (2001) suggest that the induction is due to heat shock signalling.
This is part of the stress response of the host. In this study p-anisidine supplemented
media caused deep pigmentation of the mycelia and the culture media. However, p-
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anisidine has been shown to reduce laccase activity in Trametes pubescens (Galhaup and
Haltrich, (2001).

Wahleithner et al., (1996) showed by northern-blot analysis that

induction of the lcc4 gene in R. solani is increased by the addition of p-anisidine but in
the present study p-anisidine caused a decrease in laccase activity in the apple pectin and
V8 media. In R. solani, lcc1, lcc2 and lcc3 are clustered but are separated from lcc4
suggesting a relationship between genomic organization and transcriptional regulation
(Wahleithner et al., 1996).

Ethanol induced laccase production only in the lupin medium but the increase in activity
was not very high.

Previous studies have shown that fungal laccases are generally active at low pH (Mediros
et al., 1999) but in the present study the laccase activity in the crude supernatant showed
activity over a wide pH and temperature range. This could be due to the involvement of
multiple laccase isozymes.

R. solani produced laccase on all the carbon sources tested without addition of inducers,
and the CDOX medium showed the highest specific activity of the media tested. R.
solani in the apple pectin medium with or without inducers was able to produce both
laccase, pectinase, xylanase and cellulase activity, which agree with the results of Mayer
(1987). The effect of growth media also showed difference in activity staining (Fig. 3.4).
Difference in activity staining suggests that the laccase genes are induced differently by
different media conditions. In the current study, the specific activity of laccase was
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highest in the CDOX medium. The CDOX medium protein also showed a difference in
migration pattern and activity staining when compared to V8, apple pectin and lupin
media protein.

All three inhibitors (SDS, EDTA and arginine) tested showed inhibition of laccase
activity. One interesting finding was that the lower concentration of SDS showed more
inhibition than the higher concentration. Recently, Diamantidis et al., (2000) reported the
purification and characterisation of laccase from Azospirillum lipoferum 4T.

They

described a multimeric enzyme that could be activated by SDS. Castro-Sowinski et al.,
(2002) also reported that the higher reactivating concentration of SDS is due to limited
conformational changes that induce the activation of a latent enzymatic form.

Arginine totally inhibited laccase activity. Cullen (1997) did multiple alignment of lignin
peroxidase genes from 21 fungi and shown that pairwise amino acid sequence
comparison ranges from 53 to 98%.

He stated that residues believed essential to

peroxidase activity are conserved i.e., the proximal heme ligand and the distal histidine
and arginine are conserved at the distal side of all peroxidases and are directly involved in
the reaction with hydrogen peroxide and the stabilization of the oxidised stages of the
enzyme. These residues form a conserved H-bond network with arginine stabilising the
complex by electrostatic interactions. The crystal structure of manganese peroxidase
shows similarities with lignin peroxidase. Its active site has a proximal histidine ligand
H- bonded to an aspartic acid residue and a distal side peroxide binding pocket consisting
of a catalytic histidine and arginine (Sundaramoorthy et al., 1994). Since peroxidases
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and phenoloxidases have similar structures, it is possible that the addition of arginine
disrupts the electrostatic interactions of the complex rendering it inactive. Deduced
polypeptides of 11034 (AG-8), VR20 (AG-11) and SCR122 (AG-6) showed conserved
regions of histidine and arginine resdiues (Chapter 6, Fig. 6.5)

Multiple peaks of laccase by anion exchange chromatography were observed. Similar
results have been obtained in the production of multiple laccase isoforms by
Phanerochaete chrysosporium was reported by Dittmer et al., (1997). They found four
peaks during high performance liquid chromatography on a MonoQ column and
suggested that the four peaks correspond to four laccase isoforms. In the current study,
the multiple peaks observed in the chromatogram displayed significant absorbance at 280
nm and eluted away from other proteins and could be due to different isoforms of laccase.
More investigation is required to determine whether the multiple peaks are isozymes or
are allozymes.

SDS-PAGE analysis of the electroeluted protein showed a single band of 66kDa which is
the reported molecular weight of lcc4 of the AG-6 isolate of R. solani RS22 (Wahleithner
et al., 1996) and consistent with most fungal laccases which have molecular masses
between 50 and 80kDa (Saloheimo et al., 1991, Coll et al., 1993, Eggert, et al.,1996 and
Périé, et al., 1998).

The VR20 total proteins when subjected to Native-PAGE and activity staining showed a
single band (Chapter 4). This band when electroeluted and subjected to SDS-PAGE
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showed a single band of 66kDa. Edens et al., (1999) reported that purified laccase from
Gaeumannomyces graminis var tritici showed a single band by activity staining.

Laccases commonly contain 4 Cu atoms in three different types of copper binding sites (a
type 1, a type 2, and a type 3 binuclear site) (Edens et al., 1999). The spectral analysis
showed the typical peaks as expected from a pure form of laccase but did not reveal the
characteristic peak near the 600nm expected for the type 1 copper site found in most
laccases (Fig.3.10). Laccase-like enzymes which lack the typical absorption around
600nm have been reported (Palmieri et al., 1997, Leontievsky et al., 1997 and Edens et
al., 1999) where copper appears in the reduced form (Mayer and Staples, 2002). The
absorption at 340nm could be a type 3 binuclear copper site (Thurston, 1994). The
absorbance at 240nm is due to the presence of the peptide bond (Karlsson et al., 1998).

In this chapter, the production, purification and some properties of laccase from a single
spore isolate of R. solani VR20 have been discussed. The pH and temperature studies
indicate a broad range of laccase activity suggesting the existence of multiple isozymes.
Laccase induction by copper and manganese suggest the existance of metal binding sites.
Laccase inducers were observed to inhibit the production of pectinase, xylanase and
cellulase. Laccase activity was shown to be reactivated by a higher concentration of
SDS. Laccase was also purified to homogeneity by SDS-PAGE and its molecular mass
was determined.
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CHAPTER 4
Zymogram analysis of laccase

4.1 Introduction

Isolates of R. solani show considerable variation in morphological and pathogenic
characteristics but can be usefully divided into anastomosis groups (AG) that show some
correlation with pathogenicity (Carling et al., 1996).

Sweetingham et al., (1986)

subdivided AG-8 into five pectic zymogram groups (ZG) on the basis of the pectic
enzymes they produce. Studies on R. solani have shown that isolates produce multiple
forms of pectic enzymes (Marcus et al., 1986; Scala et al., 1980). However, R. solani is a
complex species containing a tremendous variety of isolates. Even within an AG, there is
still considerable variation so that comparisons between isolates can be meaningless
unless there are shown to be isogenic in other characters. Yang et al., (1994) have shown
that isolates belonging to a single pectic zymogram group (ZG), ZG1-1 are
indistinguishable by RAPD-PCR but show difference in virulence. O’Brien and Zamani
(2003) have shown by activity staining of pectic enzymes the segregation of pectic
enzyme bands in single spore isolates and suggested that the enzyme patterns represent
alternative sets of alleles at the same locus and segregation appeared to show a degree of
correlation with virulence. They have also shown that there are no differences in the
pectic enzymes produced by highly virulent and weakly virulent strains but found
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differences in the proteins produced by the two types of isolates as detected by SDSPAGE. They suggested that there may be factors other than pectic enymes associated
with virulence. There is also experimental evidence obtained from other species that
laccases are virulence factors for phytopathogenic fungi (Rigling and VanAlfen, 1991 &
1993; Ahn and Lee, 2001). Investigation of laccases as virulence determinants would
provide an unique opportunity to investigate factors determining pathogen–host
interactions.

Biochemical analysis of fungal culture media has shown that individual species may
express several laccase isozymes which can differ in regard to pH optimum, substrate
specificity, molecular weight and cellular location (Blaich and Esser, 1975; Leonowicz et
al., 1978; Bollag and Leonowicz, 1984; Mayer, 1987). Whether these isozymes are the
products of separate laccase genes or originate from differential post–translational
modification of a single gene product is unknown.

This chapter deals with the activity staining of laccases from different anastomosis
groups (AGs) and isolates of R. solani using zymograms with the aim of discerning
various isoenzymes within isolates from the same anastomosis group isolates or
differences between the different anastomosis groups.

The overall aim of the study was to see if the laccase zymogram pattern correlated to
virulence.
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4.2 Materials and methods

4.2.1 Organism

Rhizoctonia solani isolates are used as described in Section 2.2 (Table-1).

4.2.2 Growth medium and culture conditions

Growth medium and culture conditions were as described in Sections 2.1 and 3.1.1.2

4.2.3 Protein assay

Protein assay was performed as described in Section 2.2.1.

4.2.4 Laccase assay

Laccase activity was determined as described in Section 2.2.5.1.
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4.2.5 Protein precipitation

Protein precipitation was done as described in Section 2.2.2.1.

Fifty microlitres of

deionised water was added to the protein pellets and vortexed at room temperature.

4.2.6 Native PAGE and activity staining

Native PAGE and activity staining was carried out as described under Section 2.2.3.1.

4.3 Results

4.3.1 Zymogram analysis between different anastomosis groups

In order to determine if there was a correlation between pathogenicity and laccase
banding patterns, a comparision between the banding pattern of isolates from different
AGs was made. There were differences in the banding patterns between isolates (Fig.
4.1). A number of bands were observed in the zymogram. These are indicated by letters
(Fig. 4.1; Table 1). The patterns reveal that there is variation between AGs, however
there is also variation within an AG. There are no bands specific to an AG or subgroup.
The most common band “B” was observed in the isolates from AG-2 (lane 3, 4 & 6)),
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AG-3 (lane 5), AG-4 (lane 7), AG-6 (lane 8), AG-9 (lane 9), AG-10 (lane 10), AG-11
(lane 11) and AG-11 (lane 12). There was also variability within AGs. In the AG-2
isolates (lane 2, 3, 4 and 6) different banding pattern were seen. In lane 2 laccase bands
“EFGHIJ”, lane 3 laccase bands “BCDEFGH”, lane 4 laccase bands “ABCDEFGH” and
in lane 6 laccase bands “ABC” were seen. The band “J” was seen only in the isolate in
lane 2. Difference in laccase banding pattern was also seen between the two AG-11
isolates (lane 11 & 12). In lane 11 laccase bands “ABCDEF” and in lane 12 laccase
bands “ABCDEFGH” were seen. The laccase bands “ABCDEFGH” were found in AG-2
(lane 4) and AG-11 (lane 12).
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Figure 4.1 Zymogram analysis of different anastomosis groups of Rhizoctonia solani.
The letters “A, B, C, D, E, F, G, H, I and J” represents laccase activity bands in the
zymogram
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4.3.2 Zymogram analysis within the same anastomosis groups

The data in Fig. 4.1 show that there is variation in zymogram patterns between AGs.
However, it was necessary to determine wheather there is also variability within AGs.
Differences in banding patterns were found between the isolates of the same anastomosis
groups (Fig. 4.2). Band A was found only in lane 2 (AG-3), lane 6 (AG-3) and lane 7
(AG-4). Band B was found in lane 1 (AG-3), lane 2 (AG-3), lane 3 (AG-3), lane 4 (AG3), lane 5 (AG-3), lane 6 (AG-3) lane 7 (AG-4) and lane 8 (unknown AG) and band C
was seen only in lane 9 (AG-9) and in lane 1 (Fig. 4.2). The AG-2 isolate (lane 9) also
shows tremendous variability in the laccase banding pattern from the four AG-2 isolates
shown in Fig. 4.1 (lanes 2, 3, 4 and 6). The AG-4 isolate (lane 7) has laccase bands “AB”
whereas the AG-4 isolate in Fig. 4.1 (lane 7) has the laccase bands “ABCDEF”. The
unknown isolate (lane 8) with the band “B” showed banding pattern similar to most of the
AG-3 isolates (Fig. 4.2).
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Figure 4.2 Zymogram analysis within the same anastomosis groups of Rhizoctonia
solani. The letters “A, B and C” represents laccase activity bands in the zymogram
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4.3.3 Zymogram analysis of single spore isolates of the same
anastomosis groups

To see if segregation of laccase is associated with virulence, an analysis of laccase
zymogram patterns from some of the HV and WV SSI was done. Therefore, analysis of
single spore progeny may indicate how many laccase genes there are in the single spore
isolates of AG8. The parent isolate (lane 1) differed from the other isolates in having two
bands A and B whereas the progenies only have band B (Fig. 4.3).
1

2

AG-8
11034
HV

AG-8
S2

3
AG-8
S6

4
AG-8
S13
WV

5

6

AG-8 AG-8
S15
S20
HV

7
AG-8
S31
HV

A
B

Figure 4.3 Zymogram of AG 8 Rhizoctonia solani single spore isolates. The letters
“A and B” represents laccase activity bands in the zymogram

However, in contrast to the AG-8 isolates there was a difference in the migration pattern
of the bands in the single spore isolates of AG-11 (Fig. 4.4). The bands A and B were
seen in lane 1 (VR20), lane 5 ((VR13) and lane 6 (VR06). Band A was seen in lane 1
(VR20), lane 5 (VR13) and lane 6 (VR17). Band C was found only in lane 2 (VR03).
Band D was found only in lane 4 (VR09), but interestingly not in the parent.
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Figure 4.4 Zymogram of AG11 single spore isolates of Rhizoctonia solani. The
letters “A, B and C” represents laccase activity bands in the zymogram

4.4 Discussion

Laccase zymograms revealed differences between isolates from different anastomosis
groups. The aim of the experiments in this chapter was to see if differences in laccase
zymogram patterns correlated with differences in pathogenicity. R. solani is a complex
species divided into a number of anastomosis groups which correlate with pathogenicity
and/or type of disease (Carling et al., 2002).

The zymogram analysis showed very strong activity stained bands in all the gels.
Although no purified enzyme preparation was used for activity staining for laccases, all
the isolates tested showed strong banding patterns. Isolates SCR117 (Fig. 4.1, lane 7),
BS24 (Fig. 4.1, lane 9) and 11034 (Fig. 4.3, lane 1), showed two activity bands with one
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intense band suggesting that two types of laccases are possibly produced by these
isolates. Muñoz et al., (1997) reported two laccase isoenzymes of Pleurotus eryngii by
activity staining.

The single spore isolates of AG-11 (VR20, VR03, VR06, VR09, VR12, VR17) showed
different banding patterns (Fig. 4.4) suggesting that these isolates are producing different
isoenzymes within the same anastomosis group and the differences in the banding pattern
might correspond to the segregation of different alleles between the isolates. In the AG-2
and AG-11 isolates (Fig. 4.1), the differences in the migration of the activity stained
bands raises the possibility of different alleles within the different anastomosis groups.
These differences in the laccase banding pattern may also be due to region specificity.
For example, the AG-2 isolate F56L (Fig. 4.1, lane 3) from Alaska, USA showed
differences in the laccase banding pattern to the other AG-2 isolate 88.40.1 (Fig. 4.1, lane
6) from Minnesota, USA. Regional differences were also found between AG-11 isolates
ZN56 (Fig. 4.1, lane 11, East Chapman, Western Australia) and ROTH26 (Fig. 4.1, lane
12, Arkansas, USA). There was also a difference in the banding pattern between isolates
from the same region. Differences were found between the two AG-3 isolates I0478
(Fig. 4.2, lane 5, Myalup, Western Australia) and I0489 (Fig. 4.2, lane 6, Myalup,
Western Australia).

Although there were no differences in the laccase banding pattern between the SSI of
AG-8 (Fig. 4.3) there were differences in the banding pattern compared to the parent
isolate 11034 (Fig. 4.3, lane 1). There were also no differences between HV and WV
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SSI. Similar results were obtained during the pectic enzyme production between AG-8
HV and WV field isolates (O’Brien and Zamani, 2003). Similar results have been
obtained in the segregation of banding pattern in the SSI of AG-11 (Fig. 4.4). This clear
segregation in such a small sample size suggests that the patterns represent alternative set
of alleles in the same locus. The segregation of laccase banding patterns among HV and
WW SSI of AG-8 (Fig. 4.3) could not be correlated to virulence. Although there was
clear segregation of the laccase genes in the AG-11 SSI (Fig. 4.4) the pathogenicity and
virulence of these isolates need to be tested.

Most of the isolates show at least two laccase activity bands migrating close together,
whilst in three cases (AG-4, AG-8 and AG-9) the bands were well separated. Would we
expect more than one band or should there be only a single isozyme? A single band may
be

multiple

isozymes.

Postranslational

processing

e.g.,

glycosylation

and

phosphorylation may create multiple forms from a single protein.
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CHAPTER 5
Role of laccase in cell wall degradation

5.1 Introduction

Tissue maceration is a symptom of infection associated with necrotrophic plant
pathogenic bacteria and fungi. Many pathogenic fungi have evolved enzymes capable of
degrading the various host cell wall components. Maceration is brought about by the
degradation of the cell wall and lysis of the cells at the site of infection (Bateman and
Basham, 1976). Cell wall degrading enzymes and their genes have been studied for their
possible role in pathogenicity, including penetration, maceration, nutrient acquisition,
plant defence induction, and symptom expression (Walton, 1994). Most investigations
into maceration have focussed on the role of pectinases and cellulases in cell wall
degradation and there is now an established body of evidence that pectinases are
important virulence determinants (Hahn et al., 1989; Barras et al., 1994; Walton 1994;
Isshiki et al., 2001).

In the cell wall, cellulose and pectin are often complexed with lignin (Kirk and Farrell,
1987). Laccases can assist in the degradation of cellulose and pectin by degrading the
lignin component (Ander and Marzullo, 1997; Eriksson et al., 1993; Eriksson et al.,
1990; Leonowicz et al., 1986; Rogalski, 1986). There is also experimental evidence that
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laccases are virulence factors for phytopathogenic fungi (Rigling and VanAlfen, 1991 &
1993; Ahn and Lee, 2001). Rigling and VanAlfen (1991) have shown that a doublestranded RNA virus of the chestnut blight pathogen, Cryphonectria parasitica, reduced
the accumulation of mRNAs of extracellular laccase produced by this fungus. Rigling
and VanAlfen (1993) also found that laccase activities were significantly reduced in the
hypovirulent (double-stranded RNA-infected) strain compared with the isogenic virulent
(double-stranded RNA-free) strain. Ahn and Lee (2001) have shown that a viral doublestranded RNA up regulates the fungal virulence of Nectria radicicola and the dsRNA
was associated with high levels of virulence, sporulation, laccase activity, and
pigmentation in this fungus.

The aim of this chapter was to investigate the role of laccase in tissue maceration.
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5.2 Materials and methods

5.2.1 Organisms and culture conditions

R. solani isolates 11034 (AG-8), BS24 (AG-9), I0019 (AG-2), ROTH26 (AG-11) and
VR20 (AG-11) were used and were maintained on PDA and grown in V8 medium as
described in Section 2.1.

5.2.2 Enzyme activity assays

Pectinase, xylanse, cellulase and laccase activities were assayed as described in Sections
2.2.4.2. and 2.2.4.3.

5.2.3 Tissue maceration assay

5.2.3.1 Preparation of potato cubes

A potato was peeled and washed extensively in sterile water. Potato cubes (approx. 1cm3)
were then cut with a flame sterilised razor blade.
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5.2.3.2 Preparation of lupin radicles

Lupin (Lupinus angustifolia) seeds were surface sterilized with 2.5% sodium
hypochlorite solution for 15 minutes followed by 1 minute in 70% ethanol and three
rinses of sterile deionised water, then placed on sterile filter paper (Whatman No.1) with
sterile deionised water, in a sterile petri plate. The seeds were germinated at room
temperature in the dark. After approximately 6 days the radicle was excised from the
base of the seed with a sterile blade.

5.2.3.3 Tissue maceration assay

The assay was carried out in a 30ml screw capped sterile McCartney bottle. The assay
mixture in a total volume of 2ml contained 25mM sodium acetate buffer pH5, 300µl
supernatant, and 0.5% arginine. The mixture was incubated at 25ºC for 16 hours. The
length of the radicle (whole length) and discoloured length was measured with a
centimeter ruler after the assay. The weight of each potato cube was taken before (in a
sterile bottle without reaction mix) and after the assay (by drying the cubes in tissue
paper). Eight replicates each were used for the control, the test and the blanks. The
maceration extent was determined as the percentage decrease in weight of the potato
cubes or the length of the discoloured radicle or degree of maceration in the transverse
sections.
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5.2.3.4 Staining lupin radicles for lignin

To determine the extent of lignification, tissue sections were stained with a modified
method of Conn (1953). Thin freehand transverse sections of the lupin radicles were
made with a razor blade. The sections were mounted on a slide and stained with 1%
aqueous safranin O for 30 minutes, rinsed in distilled water, counterstained with 0.2%
fast green FCF in alcohol for 5 minutes and rinsed with absolute alcohol. The sections
were then rinsed with water and covered with a coverslip. The transverse sections were
observed under a light microscope at 40X magnification and the photographs were taken
by a digital camera.
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5.3 Results

5.3.1 Effect of arginine on pectinase, xylanase, cellulase and laccase
activities

The laccase activity was totally inhibited by 0.5% arginine. However, there was no
inhibition of pectinase, xylanase or cellulase activity when arginine was present in the
reaction mixture (Fig. 5.1). Therefore, laccase can be selectively inhibited in order to
assess its role in tissue maceration.
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0.15
0.10
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Laccase+Arginine

Laccase

Cellulase+Arginine

Cellulase

Xylanase+Arginine

Xylanase

Pectinase+Arginine

-0.05

Pectinase

0.00

Enzymes
Figure 5.1 Effect of arginine on pectinase, xylanase, cellulase and laccase activity.
The isolate used was a single spore isolate (VR20) of Rhizoctonia solani AG11. The
bars represents standard error of the mean of eight replicates
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5.3.2 Differential staining of the lupin radicle

Traditionally the method for assessing maceration is to incubate slices of potato tuber in
an enzyme solution. However, these do not contain lignin and hence cannot be used to
evaluate the role of laccases in maceration. Lupin radicles were chosen as an alternative
plant and the presence of lignin was confirmed by differential staining (Fig. 5.2). The
differential staining revealed cell walls interspersed with lignin and cellulose (Fig. 5.2).
Safranin stained lignified tissue red and the fast green stained cellulose walls green.

Figure 5.2 Transverse section of lupin radicle. Staining of lupin radicle for lignin.
The green arrow shows cellulose walls and the red arrow shows lignified tissue.
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5.3.3 Tissue maceration of lupin radicles

Maceration of the tissue was confirmed by microscopic examination. Examination of
transverse sections showed almost complete disintegration of the tissue characteristic of
maceration (Fig 5.3a). In contrast the water incubated control tissue maintained it’s
integrity (Fig. 5.3b).

The presence of arginine almost completely inhibited maceration of the lupin radicles
(Fig. 5.4a). Maceration was evident as brown staining of the tissue (Fig 5.4b). The
intensity of the brown discolouration and the extent of discolouration varied between
radicles, it ranged from radicles which showed only slight discolouration to those that
were entirely discoloured (Fig 5.4b). In some cases the discolouration extended the entire
length of the radicle, whilst in others it was localised. Radicles incubated in buffer
without supernatant did not show any discolouration (Fig 5.4c).

The length of the discoloured region was measured to give a quantitative measure of the
extent of maceration.

The intensity of discolouration was not factored into the

quantitative measurement. In the absence of arginine the radicle was 80-90% macerated,
whilst in the presence of arginine the extent of maceration was less than 10%. This
suggests that laccase plays a role in the maceration of plant tissue by R. solani.
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Fig. 5.3a

Fig. 5.3b

Fig. 5.3a Transverse section of lupin radicle showing tissue maceration. Culture supernatant of R. solani AG-11 VR20 was
used as the source of macerating enzymes.

Fig. 5.3b Transverse section of lupin radicle showing intact tissue when there was only buffer and water in the reaction
mixture
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Figure 5.4a Bar graph showing percentage tissue maceration by VR20

Figure 5.4b Macerated lupin radicles (Arginine absent), maceration indicated by
necrosis..Dark brown tissue showing severe necrosis

Figure 5.4c Intact non-macerated lupin radicles (Arginine present).

Culture

supernatant of R. solani AG-11 (VR20) was used as the source of macerating
enzymes
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Tissue maceration was also carried out with other isolates of R. solani. The isolates were
chosen on the basis of their zymogram patterns (Chapter 4). All isolates macerated lupin

%Maceration of radicle
length

radicles to the same extent (Fig. 5.5).
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20.00
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ROTH26 VR20

Isolates

Figure 5.5 Percentage maceration of lupin radicle length by different isolates of R.
solani- 11034 (AG-8), BS24 (AG-9), I0019 (AG-2), ROTH26 (AG-11) and VR20
(AG-11). The bars represent standard error of the mean of three replications
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5.3.4 Tissue maceration in potato tissues

The results in the preceding section suggest that laccase is necessary for maceration of
tissue that contains lignin. Experiments with maceration of potato tuber tissue with
enzymes from pectolytic bacteria and fungi have demonstrated that the maceration is
carried out by the pectinases and cellulases (Barras et al., 1994; Palva et al., 1993; Willis
et al., 1987). Since tuber tissue does not contain lignin, laccase should not be required
and maceration should occur even in the presence of arginine.

All of the isolates tested were able to macerate potato tuber tissue (Fig 5.6). The
reduction in weight of the tissue ranged from 7% with the ROTH26 isolate to 18% with
the 11034 isolate. The water incubated control showed no significant reduction in weight
indicating that the weight reduction was due to the fungal enzymes. The addition of
arginine to the enzyme solution had no significant effect. It some cases it resulted in
slightly higher levels of maceration (ROTH26 and VR20), whilst in others it marginally
reduced the extent of maceration (I0019).
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Figure 5.6 Percentage decrease in weight of potato cubes by different isolates of R.
solani in the presence or absence of arginine. The bars reperesent standard error of
the mean of three replications
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5.4 Discussion

This study has shown that arginine can selectively inhibit laccase activity without
affecting the activities of pectinase, xylanase and cellulase. The epidermis of lupin (Fig.
5.2 is interspersed with lignin and cellulose and provides the first barrier to macerating
enzymes. Macerating enzymes were able to macerate the lupin radicles by breaking
down the lignified cell walls when there was no arginine. By selectively inhibiting
laccase with arginine the maceration of lupin radicles is inhibited but not in its absence,
which suggests that laccase is required by R. solani for penetration. Bateman (1968) used
the medulla tissue of potato tuber in tissue maceration and later the role of pectinases in
tissue maceration of the medullary tissue of potato has been shown (Bateman and
Basham, 1976; Cooper, 1983; Caprari et al., 1993). Potato medulla tissue does not
contain lignified tissue and apparently laccase is not required for maceration of potato
tuber tissue.

All the R. solani isolates from different anastomosis groups macerated lupin radicles to a
similar extent (Fig. 5.5) but showed variability in their ability to macerate potato tissue
(Fig. 5.6). The isolates could be correlated to laccase zymogram pattern based on their
ability to macerate potato tissues. The highly virulent strain 11034 (AG-8) produced the
most maceration of potato tissue, and it had two different activity bands in the zymogram
analysis. Therefore, an isolate’s ability to macerate lupin radicles can be correlated with
pathogenicity and laccase zymogram pattern.
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Since lignin, degraded by lignin peroxidase, provides substrates for laccase, both
enzymes can be considered as “partners” in certain biotransformation routes of lignin
(Leonowicz et al., 2001). In the broad host range pathogen Botrytis cinerea, pectin not
only induces pectic enzymes but also serves as a second inducer of laccase synthesis and
secretion (Marbach et al., 1984). Since pectin can be esterified to phenolic compounds
like ferrulic acid and covalently linked with lignin, laccases may also be required for
penetration (Nicole et al., 1992). Importantly, specific inhibition of laccase by tetracyclic
triterpenoids called cucurbitacins protected both cucumber fruits and cabbage leaves
against infection by Botrytis cinerea (Bar-Nun and Mayer, 1989).
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CHAPTER 6
Molecular characterisation of laccase genes

6.1 Introduction

A more thorough investigation of laccase and its involvement in virulence requires
knowledge of the laccase genes and their organisation. Laccase genes have been cloned
from a number of fungal species.

Four different laccases have been cloned and

sequenced in Rhizoctonia solani (Wahleithner et al., 1996). Four laccase isozyme genes
have been cloned from the edible mushroom, Pleurotus sajor-caju (Soden and Dobson,
2001). Kim et al., (2001) have cloned a genomic DNA fragment between the copper
binding regions I and II of a laccase by PCR from Coprinus congregatus. Yaver et al.,
(1999) cloned and sequenced three laccase genes (lcc1, lcc2, and lcc3) from the ink cap
basidiomycete Coprinus cinereus.

The aim of this chapter was to analyze the laccase gene sequences in three R. solani
isolates.
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6.2 Materials and methods

6.2.1 Fungal strain

Rhizoctonia solani isolates 11034 (AG-8) , VR20 (AG-11) and SCR 122 (AG-6) were
used in this study.

6.2.2 Isolation of fungal genomic DNA

Fungal genomic DNA was isolated by the modification of the method of Raeder & Broda
(1985). The fungi were grown in petri dishes containing 20ml V8 medium for 4 days at
25±1°C. The mycelia were washed extensively with deionised water, pressed between
sheets of paper towels to dry and ground into powder with mortar and pestle in liquid
nitrogen. The powder was transferred to a 30ml nalgene centrifuge tube and mixed with
10ml extraction buffer (200mM Tris HCl pH 8.5, 250 mM NaCl, 25mM EDTANa2 and
0.5% SDS). The mixture was incubated in a water bath for 2 hours at 65°C. 7ml phenol
and 3.5ml chloroform was added to the mixture and mixed thoroughly by vortexing. The
phenol chloroform mixture was centrifuged at 12000g for 10 minutes.

The upper

aqueous layer (1ml) was carefully withdrawn and 0.5ml isopropanol was added and
centrifuged at 12000g for 30 minutes. The supernatant was discarded and the pellet was
washed with 100% ice-cold ethanol and the pellet was air-dried in room temperature. 50
µl of TE buffer (10mM Tris HCl pH8 and 1mM EDTANa2) was added to the pellet and
stored at -20°C for future use.
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6.2.3 Measuring DNA concentration

2µl of DNA solution was added to 2ml of fluorescent dye solution and the DNA
concentration was measured by flurometer (TKO-100 Hoefer Scientific Instruments) as
described by the manufacturer. Fluorescent dye solution was prepared by adding 10µl of
1mg/ml Hoechst 33258 dye solution to 100 ml TNE buffer (1.21g Tris HCl, 0.37
EDTANa2, 5.84 g NaCl per litre, pH7.4). 2µl of calf thymus DNA was used as the
standard.

6.3 Molecular methods

6.3.1 Selection of PCR primers

Four laccase gene sequences from R. solani RS22 (AG-6) (Wahleithner et al., 1996) were
aligned by using the Bio Edit software. Primers were designed from the consensus
sequences of the four laccase genes.

Two forward primers LccF1 (5’-

YYGCCAACAAGGGGGATAC-3’),

(5’-TTGCCAACAAGGGGGACAC-3’)

LccF2

and two reverse primers LccR1 (5’-ATCGACCTTTGCCGTTGATG-3’) and LccR2 (5’ATTTGCCTTTGCCGTTGATC-3’) were designed to amplify a 750bp product. The
oligonucleotide primers were purchased from Proligo Australia Pty Ltd.
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6.3.2 Polymerase chain reaction (PCR)

PCR was carried out in 20µl reaction volume which contained 67mM Tris-HCl pH8.8,
16.6mM (NH4)2SO4, 0.45% Triton X-100, 0.2mg/ml gelatin, 0.2mM dNTPs, 2mM
MgSO4.7H20, 1pmole of primers and 1.1 units of Tth Plus DNA polymerase (Biotech
International, Perth, Australia) and 1-5ng of genomic DNA.

The PCR parameters were one cycle of denaturation at 94°C for 2 minutes, 41 cycles of
96°C for 30 seconds, Ta for 1 minute, 72°C for 1 minute. Ta is 60°C for the first two
cycles, step down 1°C/2 cycles to 52°C, final 25 cycles are at 52°C. A negative control
consisting of all reagents except the DNA was always included in the thermal cycling.
Products were analysed on 1% agarose gels in TAE buffer (40mM Tris, 1.1% (v/v) acetic
acid glacial and 1mM EDTANa2 pH 8) with a 1kb DNA ladder (Biotech International,
Perth, Australia).

6.3.3 Extraction of PCR amplicon from agarose

R. solani DNA was amplified with LccF1 and LccR2 or with the combination of LccF1,
LccF2, LccR1 and LccR2. The PCR products were electrophoresed on a 1% agarose gel.
After staining with ethidium bromide, the gel was visualized over UV light and the PCR
products were quickly excised with a clean scalpel. DNA was extracted from the gel
slices by using the QIAquick Gel Extraction Kit (Qiagen) according to the
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manufacturer’s protocol. 50µl of the eluted DNA was further concentrated by mixing
with 2µl 5M NaCl, 100µl ice cold ethanol, vortexed and centrifuged at 10000g for 5
minutes. Supernatant was discarded and the pellet was dissolved in 10µl of sterile
distilled water.

6.3.4 Cloning of PCR product

The amplicon was cloned into the vector pTOPO using the TOPO TA Cloning® kit
(Invitrogen) according to the manufacturer’s protocol.

2µl of the TOPO® Cloning

reaction was added to a vial of thawed One Shot® E. coli and mixed and incubated on ice
for 15 minutes. The cells were heat shocked at 42°C for 30 seconds. 250µl of SOC
medium (2% tryptone, 0.5% yeast extract, 10mM NaCl, 2.5mM KCl, 10mM MgCl2
10mM MgSO4 and 20mM glucose) was added to the cells and the cells incubated at
37°C for 1 hour. 10 and 50µl transformation reactions were spread onto LB plates with
X-Gal (40µl of 40mg/ml per plate) and 50µg/ml ampicillin. 40µl of 100mM IPTG was
also added to the plates prior to spreading. The plates were incubated overnight at 37°C.
White and light blue colonies were picked for analysis.
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6.3.5 Analysis of cloned PCR product

A sterile pipette tip was used to pick up white and light blue colonies from the plates.
The pipette tip was immersed in 20µl sterile distilled water and 2µl was used as the
template for PCR using the same primers used for the PCR of genomic DNA. Plasmid
DNA from the clones were extracted by using the AurumTM plasmid mini kit (Bio-rad)
according to the manufaturer’s instructions. Positive clones containing the insert were
identified by PCR and products were electrophoresed on a 1% agarose gel.

6.3.6 Sequencing of cloned PCR product

Two clones from each isolate were used for sequencing.

The sequencing reaction

consisted of 4µl big dye terminator, 1µl of 3.2 picomoles of M13 forward and reverse
primers (supplied with the TOPO cloning kit) and 5 µl of plasmid DNA containing the
insert. Thermal cycling consisted of 96°C for 2 minutes (hold), 25cycles of 96°C for 10
seconds (denaturation), 53°C for 5 seconds (annealing), 60°C for 4 minutes (extension)
and 14°C (hold). After thermal cycling post reaction purification was done by adding the
entire reaction (10µl) to a 0.5ml tube containing 25µl of 100% ethanol, 1µl of 3M sodium
acetate pH5.2 and 1µl of 125mM EDTA. The tube was left on ice for 20 minutes,
centrifuged at 23000g for 30 minutes and the supernatant discarded. The pellet was
rinsed by adding 125µl of 80% ethanol and centrifuging at 23000g for 5 minutes at room
temperature. The supernatant was discarded and the sample dried in a speedvac vacuum

109

concentrator for 10 minutes. Sequencing was carried out on an ABI377XL (Perkin
Elmer) automated sequencer.

6.3.7 Analysis of sequences

The sequences were analysed by using the Mac VectorTM version 6.5.4 software. Both
the forward and reverse sequences were aligned and compared. The generated sequences
were searched in the NCBI homepage (http://www.ncbi.nlm.nih.gov) using the blastn and
blastx programme (Altshul et al., 1997). The sequences of 11034, SCR122 and VR20
were multiple aligned with the four laccase 1, 2, 3, 4 gene sequences of R. solani from the
database by using the Bioedit programe. The deduced amino acids of 11034, SCR122
and VR20 were aligned with the four R. solani RS22 (AG-6) laccase protein sequences
and also with other fungal laccase protein sequences by using the Bioedit programme.
The programme introduces gaps wherever necessary to optimise the alignments. The
Bioedit programme was also used to construct a phylogenetic tree (Protidist-Fitch
phylogenetic tree) with the deduced amino acid sequences of 11034, SCR122 and VR20
with known laccase sequences of other fungal species. Putative exon/intron sites were
generated by using the splice site prediction by neural network programme
(http://www.fruitfly.org/seq_tools/splice.html).
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6.4 Results

6.4.1 PCR results

An attempt to amplify the laccase genes from R. solani isolates was made by using
different combinations of primers. Only the primer pair F1 /R2 gave consistent results
and was able to amplify the 750bp fragment from the genomic DNA of the three isolates
(Fig. 6.1). The same primer pair was used to amplify the cloned PCR product from the
TOPO vector to confirm that it contained the 750bp fragment (Fig. 6.2).
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Figure 6.1 Amplification of DNA from different anastomosis groups of R. solani.
Lane 1-1kb DNA ladder, lane 2- 11034 (AG-8), lane 3- VR20 (AG-11) and lane 4SCR122 (AG-6) and lane 5-negative control. The blue arrow shows the PCR
product
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Figure 6.2 Amplification of DNA from different clones. Lane 1- 1kb DNA ladder,
lane 2- 11034 (AG-8), lane 3- VR20 (AG-11) and lane 4- SCR122 (AG-6) and lane 5negative control. The blue arrow shows the PCR product
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6.4.2 Sequence analysis-database search

Two cloned fragments each from SCR122 (AG-6), 11034 (AG-80, VR20 (AG-11) were
sequenced and alligned (Fig. 6.3). 11034 showed highest similarity to Laccase 3 and
Laccase 2 of R. solani RS122 AG-6. SCR122 showed the closest similarity to the laccase
2 sequence in the database from R. solani RS122 AG-6. VR20 showed similarity only to
laccase 2 from R. solani RS122 AG-6 (Table I.1). The database search at the protein
level (Table I.2) revealed that all the isolates showed close similarity to the four laccase
precursor proteins from R. solani.

6.4.2 Sequence analysis-multiple alignment

Multiple alignment of the sequences are shown in Fig. 6.3. In the isolate 11034 there are
two predicted putative donor sites (exon/intron) and four predicted putative acceptor sites
(intron/exon).

In isolate VR20 there were four predicted putative donor sites

(exon/intron) and two predicted putative acceptor sites (intron/exon) and in SCR122 there
are were predicted donor sites (exon/intron) and four predicted acceptor sites
(intron/exon). The exon/intron boundary have gt and the intron/exon boundary have ag
(Fig. 6.3).
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790

800

810

820

830

840

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

GGAGCCAACT CATTGCCTTT GTTTTACTTA GCTCACGGAC CCTAGTATGC GTCGTGCCAC

laccase3

TAAAATAACT TGTCACCGCT GAT--ACTCG GACAGTGAAT GGGGGGTATC CCGGTCCACT

laccase2

TGGTGTATAT GCTGGTTGCC TAACGGGAAT GTCAGTCAAT GGTCGCTTCC CTGGTCCATT

laccase1

TCCAACAATT CAAGGTTTCT GAT--GCTTG GTCAGTAAAT GGAGGGTATC CCGGTCCACT

SCR122

---------- ---------- ---------- ---------- ---------- ----------

11034

---------- ---------- ---------- ---------- ---------- ----------

VR20

---------- ---------- ---------- ---------- -------ATT TGCCTTTGCC

Clustal Co

850

860

870

880

890

900

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

AACGATTGTA AGTCTATTGT GAGCTCAATA TGATGGTGTG ACTAACTGAA TAACCCTAGC

laccase3

CATTTTTGCC AACAAGGGGG ACACTCTCAA AGTCAAAGTC CAAAAC--AA GCTCACGAAT

laccase2

GATCACCGCC AACAAGGGGG ATACACTTAA AATCACCGTG CGGAAT--AA ACTCTCCGAT

laccase1

CATTTTTGCC AACAAGGGGG ATACTCTCAA AGTCAAGGTC CAAAAC--AA GCTCACGAAT
3’

5’
SCR122

-----TCGCC AACAAGGGGG ATACACTTAA AATCACTGTG CGGAAT--AA ACTCTCCGAT

11034

-----TCGCC AACAAGGGGG ATACTCTCAA GGTCAAAGTT GAAAAC--AA TCTCACGGAT

VR20

GTTGATCGTG CCCGAGTCAG GAATCCTGAA GAAATgtGAG TCGAGGGGAA GACCAGCAGG

Clustal Co

*

910

*

920

*

930

*

940

*

**

950

*

960

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

ATTGGCATGG ATTGGTATGC TTGCTATTGC CAAATCCCTA TCCAAGACTA ATCCATGCCC

laccase3

CCCGACATGT ATCGTACCAC TT-CTATAGT GAGTCCATTC CATTCTGCCA GTTCAACCGA

laccase2

CCAACTATGC GAAGGAGCAC GA-CCATCGT TAGTACTTCC CCTCATCTGT CTTGAAACTT

laccase1

CCTGAGATGT ATCGCACCAC TT-CCATCGT ATGTTCGTTC GATATCTACT AATACATCCG

SCR122

CCAACTATGC GAAGGAGCAC GA-CTATCGT TAGTTCTTCT CCTAATCTGA CTTGAAACTT

11034

CCTTCCATGT ATCGTACCAC TT-CTATTGT agGCTCATTC CATTCTCTCA AATTGATCAA

VR20

ATTGA-ATGC gtACGTTTTC AAGACATCGT GGGTGGCCAT GATGGCCTCT GACGGAGTAT

Clustal Co

***

*

** *
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970

980

990

1000

1010

1020

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

CCTATAGTTC CAAGCTACTA CCGCCGACGA GGATGGCCCC GCATTCGGTA CGCACCGGAT

laccase3

T-GCTGAAAC TGTTCTATAA GCACTGGCAC GGCCTCCTGC A--------- -GCACAGAAA

laccase2

T-CTCATCTT TTTTGA---A GCACTGGCAC GGTCTGCTCC A--------- -ACACAGGAC

laccase1

TCGCTAAATA TCTTGT---A GCATTGGCAC GGTCTCTTAC A--------- -ACATAGAAA

SCR122

T-CTCATATA TTTTGA---A GCACTGGCAC GGTCTGCTCC A--------- -GCACAGGAC

11034

T-GCTAAGTC CTTTATCT-A GCACTGGCAC GGCCTCCTGC A--------- -GCATAGAAA

VR20

GGTACCAATC TGCCAAAGTA AAGATTGTAC GCTCGTCATC G--------- ---ACATCAT

Clustal Co

*

1030

*

1040

1050

*

*

1060

1070

*

1080

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

CACTCGGAGT CGTACCATTA ACTGACTCCA TACTAGTCAC GCAATGCCCT ATTGCGCAAA

laccase3

TGC-TGATGA CGA------- --TGGCCCTG CATTCGTCAC CCAGGCAAGT -TTCCGGACG

laccase2

GGC-AGAAGA AGA------- --TGGCCCGG CCTTTGTAAC CCAGGTATGC CTTATCCTAT

laccase1

CGC-CGACGA CGA------- --CGGTCCTT CGTTCGTCAC TCAGGTAGGA -TTCTGGAAG

SCR122

GGC-AGAAGA AGA------- --TGGCCCGG CCTTTGTAAC CCAGGTATGT CCTATCACAC

11034

TGC-CGACGA CGA------- --CGGCCCTG CATGGGTCAC TCAGGTAAG- -TTGTGCATA

VR20

GGT-AGTTCC TGTA------ --TGGATCTT TagGATCTAT ACGGTGATAG GATCAGCCTC

Clustal Co

*

*

1090

*

1100

*

1110

*

*

1120

*

1130

1140

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

ATTTGTCCTA TACATACGAG ATCCCGTTGC ACGG-CCAAA CAGGAACCAT GTGGTACGTT

laccase3

GATAGTTTGA GCCCCTTGTT GACCAGCGAC TTGG-TGCTA T-AGTGCCCA ATTGTTCCGC

laccase2

CGCTGCTCTG TCCCCGCGTC CTTCCCTGAC TCGGGCGATT CTAGTGCCCG ATTCCTCCGC

laccase1

GTTGGCCTGA ACTCTCTGTT AACCGACAAC CCGA-TGTCA CCAGTGCCCG ATTGTTCCAC

SCR122

TACTGTGTCT GTGCGCCCCC CCCCCCTAAC TCGG-CAGTT CTAGTGCCCG ATTCCCCCGC

11034

GTTAACGTGG ACT------T GATTGACAAC TCGG-TTACA TCAGTGCCCA ATTGTTCCGC

VR20

AAACACTACC GGAAGATTCT GTTCTACGTA CCAT-CTAGA TAAAAAATCA TAATCAATAT

Clustal Co

116

1150

1160

1170

1180

1190

1200

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

TAATCTTTTC TGGGGTAAAG AAACAGCTGC TAAATCTTCA AAAAAAAAAA ACTGCTAGGT

laccase3

AGGCTTCGTA CACCTACACT ATGCCTCTGG GCGACC---- --AAACTGGG ACATATTGGT

laccase2

AAGAATCGTA CACCTATACG ATGCCGCTCG GCGAAC---- --AGACCGGC ACGTATTGGT

laccase1

GCGAGTCGTA TACTTACACC ATACCTCTGG ACGATC---- --AAACCGGA ACCTATTGGT

SCR122

AAGAATCGTA CACCTATACG ATGCCGCTCG GCGAAC---- --AGACCGGC ACGTATTGGT

11034

AAGAGTCGTA TACTTACACC ATGCCTCTGG AAGACC---- --AAACTGGA ACGTACTGGT

VR20

TAGTCTAAAG TAGTTTGGGC GAAGACTTTA CAAATG---- -ACAAGCGGT CCGCGTAGCC

Clustal Co

*

*

1210

1220

*

1230

*

1240

*

*

1250

1260

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

ATCACGCCCA TCTTGCGAGT CAATATGTCG ATGGATTGCG AGGCCCTTGT GAGTAATTAA

laccase3

ACCACAGCCA TTTGAGCTCG CAATACGTCG ACGGCCTCCG AGGACC--AT TGGTCATT--

laccase2

ACCACAGCCA CTTGAGCTCC CAGTATGTGG ACGGGTTGCG TGGGCC--CA TCGTTATT--

laccase1

ACCATAGCCA CTTGAGTTCG CAATACGTTG ATGGTCTTCG AGGCCC--GC TGGTAATC--

SCR122

ACCACAGCCA CTTGAGCTCC CAGTATGTGG ACGGGCTGCG TGGACC--CA TTGTTATT--

11034

ATCATGCCCA CACCTCGTCC CAATACATTG ACGGCTTGCG CGGTCC--GC TGGTGATC--

VR20

CGTCAACCTA ATTTAACATG GAAAAATTAG TTTAACT-CG ACTTgtAAGA CAGAAGTTAA

Clustal Co

* *

1270

*

1280

*

* *

* **

1290

1300

*

1310

*

1320

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

TTTGACTGAT CGCCGATCTC GATTGATGAT CCTGATGCGG TCCCTTGTGA TAGTGGTCAT

laccase3

TGTAAGTATT ATAGCTTCTC TACTAAAATC AATGACACTG ACACAGGTGC CGGTGCACAG

laccase2

TGTAAGTCTT CATTTAACCT TATTCTTGGC TATG--GCTG ATTGTGACGT CG-TGGTTAG

laccase1

TGTGAGTATC TTGACTTGTC TACTGAAGGC AACGAGACTA AAACAAGCGT CGATTCACAG

SCR122

TgtAAGTCTT CATTTGACCT TGTTCTTGGC TATG--GCTG ATTATGACGT CG-TGGTTAG

11034

TGTagGTG-C TTAGCTCGTC TACTC---GT AATGACGCTG AGACAAGTGT TGTTTTATag

VR20

ACAAAATTAC GTATTGCGAT GAGAGATGAC TGTGGTACCA ATACGTTCCA GTCTGTTCGC

Clustal Co

*

*

*

*
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1330

1340

1350

1360

1370

1380

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

CT-ATGGTGC GC--TCGATT TCATCGTGGG GGGTGGATTA TATCCACGAT CGCTAACCAC

laccase3

---ATGGTTT G---TTGCTC GGATACTTAG A-CTAGGTCT CCGTTCCTCA CTTTATTTAT

laccase2

---ATGGTTC G---TGGCTT C--CACAAGA AGTCAGCAGC CCTTGAAGCT AACTTT--AT

laccase1

---ATGGTTC G---TCTCCC CTTTATTTAG CTCTGGATCT TCATTTCTCA CGTAATACAT

SCR122

---ATGGTTC G---TGGTTT C--TACAAGA AgtCAGTAGT GTTTGAAGCT AACTAT--AT

11034

---ATGgtTC G---TCCCCC ---TATTCAA GCTTGGACCA CTCCTTACCT AACTGT-TAT

VR20

CCAGTGGCAT GTTGTAGGTG TAAGATTCTT GCGGGGGAAT CGGGCACTAG AACCATCAAA

Clustal Co

***

*

*

1390

*

1400

1410

*

1420

1430

1440

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

GAAAAAACAC AGATCCAAAC GACCCACACA AGTCGCGCTA CGACGTGGAT GATGCGAGCA

laccase3

GA-------T AGATCCCAAG GATCCTCACA GGCGTTTGTA TGACATTGAC GACGAGAAGA

laccase2

TC-------C AGACCCCCAC GACCCGTACA GAAACTACTA TGATGTCGAC GACGAGCGTA

laccase1

GA-------T AGATCCCAAG GATCCTCACA GGCGTTTGTA TGATGTTGAC GATGAGAAGA

SCR122

TT-------T AGATCCCAAC GACCCGTACA GAAACTACTA TGACGTCGAC GACGAGCGTA

11034

AA-------T AGATTCGAAA GATCCTCATA GGCAGCTGTA CGATGTCGAC GACGAGAAGA

VR20

GTTAGGGAAC GATGCTGATA GgtTAGTGTT AGACATACCT GAGTAACAAA GGCAGGACCG

Clustal Co

*

1450

1460

*

1470

1480

*

1490

*

1500

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

CAGTAGTCAT GCTTGAGGAC TGGTAAGACG CCTCTTTTGG TCCGTGCGAA CCAAGGGAGC

laccase3

CCGTACTGAT CATTGGTGAC TGGTATCATA CATCGTCCAA GGCAATTCTG GCTACTGGCA

laccase2

CGGTCTTTAC TTTAGCAGAC TGGTACCACA CGCCGTCGGA GGCTATCATT GCCACCCACG

laccase1

CCGTCCTGAT CATCGGTGAC TGGTATCATG AATCGTCCAA GGCAATCCTT GCTTCTGGTA

SCR122

CGGTCTTTAC TTTGGCagAC TGGTACCACA CGCCGTCGGA GGCTATCATT GCCACCCACG

11034

CCGTACTGAT CATCGGCGAT TGGTATCATG ATTCGTCCAA GGACATCCTT GCCTCCCGTA

VR20

TCCTCTTCAG CCGTGCGG-- TGTTGGAATA GACCGTGCCA GTGCTTTAAA AATATCAGAG

Clustal Co

*

* *

*

*

** *

*

* *
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1510

1520

1530

1540

1550

1560

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

TAACCGAGCG GATTCACTAG GTACCATACT CCGGCACCCG TTCTAGAAAA GCAAATGTTC

laccase3

ACATCACCCT GCAGTAAGTT ATACTCGCAA GCCTTGCAGG GTTTCTTGGA TTAATTTTTT

laccase2

ATGTCTTGAA AACGTACGCG TTA---ATCC TTCTAGCTTT CTTTCCTTGG GTCACTTTCT

laccase1

ACATTACCCG ACAGTAAGTG ATACATGCCG GTCCCAGAAA AATTCTCTAA ATTCATTTTA

SCR122

ATGTCTTGAA AACgtACGCA TCA---ATCC TTCTAG-TTT CTTTCCTTGA CTCACTTTCT

11034

ACATCACTAG GCAGTAAGCC ATGCGCACTC TCGTCGGTTC CGCTCACTGA CTCCATTT--

VR20

TGgtACGAGA CGCGTAGGGG AAAGGACACA CGATAGTTGT ACTTCGTCGC ATAGTTAGAT

Clustal Co

*

1570

*

1580

1590

1600

*

1610

1620

....|....| ....|....| ....|....| ....|....| ....|....| ....|....|
laccase4

TCGACTAATA ACACCGCTCT GCTCTCTCCG TGAGTCGATA TGAA--AAAT TCCATCTTTG

laccase3

TTGTTAGACA ACCGGATTCT GCCACCATCA ACGGCAAAGG TCGATTTGAC CCCGACAACA

laccase2

AT-CAGGATC CCC-GACTCG GGTACGATCA ACGGCAAAGG CAAATACGAT CCTGCTTCGG

laccase1

ATTACAGGCG ACCGGTCTCT GCCACCATCA ACGGCAAAGG TCGATTTGAC CCTGACAACA

SCR122

TT-CagGATC CCCCGACTCG GgtACGATCA ACGGCAAAGG CAAAT----- ----------

11034

---GTAGGCG ACCGGACTCT GCTACGATCA ACGGCAAAGG CAAAT----- ----------

VR20

CAGAAAGCTT GTTCCGCACA GTGATCTTGA GTGTATCCCC CTTGTTGGCG A---------

3’

Clustal Co

*

5’

*

Figure 6.3 Multiple sequence alignment of the sequences of the R. solani isolates
11034, VR20 and SCR122 with the four laccase genes sequences. The coloured
letters on the laccase sequence shows the positions of the exons. The position of the
exon/intron (at) and intron/exon boundary (ag) were denoted in lower case bold
letters in the aligned sequence. The black arrows denote the position of the forward
and reverse primers. The asterix (*) denotes the consensus sequences
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6.4.3 Sequence analysis-multiple alignment of the deduced amino acid
sequences

The alignment of the deduced amino acid sequences of SCR122, 11034 and VR20 are
shown in Fig. 6.4 and in Fig. 6.5. Properties of the deduced polypeptides of SCR122,
11034 and VR20 are shown in Table 6.3. The deduced polypeptides of 11034, SCR122
and VR20 showed conserved regions of N-linked glycosylation sites, cysteine residues,
arginine residues with other fungal laccase proteins (Fig. 6.5).

SCR122 showed a

conserved copper binding site (HWH) with all the fungal laccase proteins. Conserved
histidine, cysteine and argine residues in the deduced polypeptides showed that they are
indeed laccasees.
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Table 6.3 Properties of the deduced polypeptides of the R. solani isolates SCR122,
11034 and VR20.

Protein

Length of
Amino Acids

Deduced
Molecular weight
(Daltons)

SCR1221

697

59061.63

3

110341

690

58295.70

5

VR201

753

61444.05

Laccase 1 2

1
2

Calculated
Molecular
weight (kDa)1

66

Predicted Nglycosylation
sites

8

Calculated
Molecular weight
(kDa)2
576

5
50-80

Laccase 22

599

4

Laccase 32

572

3

Laccase 42

529

66

7

This study
Wahleithner et al., (1996)

121

10
Laccase 4
Laccase 3
Laccase 2
Laccase 1

20

30

40

50

60

....|....|....|....|....|....|....|....|....|....|....|....|
MLSSITLLPLLAAVSTPAFAAVRNYKFDIKNVNVAPDGFQRPIVSVNGLVPGTLITANKG
Signal Sequence
-MARTTFLVSVSLFVSAVLARTVEYNLKISNGKIAPDGVERDAT-VNGGYPGPLIFANKG
Signal Sequence
-MARSTTSLFALSLVASAFARVVDYGFDVANGAVAPDGVTRNAVLVNGRFPGPLITANKG
Signal Sequence
-MARTTFLVSVSLFVSAVLARTVEYGLKISDGEIAPDGVKRnaTLVNGGYPGPLIFANKG
Signal Sequence

SCR122

-------------------SPTRGIHLKSLCGINSP--IQLCEGAR-LSLVLLLILETFS

11034

-------------------SPTRGILSRSKLKTISR--ILPCIV--------PLLLA--●
------------------------ICLCRSCPSQES----RNVS------RGEDQQD---

VR20
Clustal Co

Laccase 4

70
80
90
100
110
120
....|....|....|....|....|....|....|....|....|....|....|....|
DTLRInvtNQLTDPSMRRATTIHWHGLFQATTADEDGPAFVTQ-CPIAQnLsYTYEIPLH

Laccase 3

DTLKVKVQNKLTNPDMYRTTSIHWHGLLQHRNADDDGPAFVTQ-CPIVPQASYTYTMPLG

Laccase 2

DTLKITVRNKLSDPTMRRSTTIHWHGLLQHRTAEEDGPAFVTQ-CPIPPQESYTYTMPLG

Laccase 1

DTLKVKVQNKLTNPEMYRTTSIHWHGLLQHRNADDDGPSFVTQ-CPIVPRESYTYTIPLD

SCR122

YILK------------------HWHGLLQHRTAEEDGPAFVTQVCPIT---LLCLCAP—

11034

-------------

VR20

--MR---------------------TFSRHRGWPWPLTEYGTN-LPKR-----LYARH—

Clustal Co

●
-HSILSNSMLSPLS-STGTASCSIE--------MP—

*

Laccase 4

130
140
150
160
170
180
....|....|....|....|....|....|....|....|....|....|....|....|
GQTGTMWYHAHLASQYVDGLRGPLVIYDPNDPHKSRYDVDDASTVVMLEDWYHTPAPVLE

Laccase 3

DQTGTYWYHSHLSSQYVDGLRGPLVIYDPKDPHRRLYDIDDEKTVLIIGDWYHTSS----

Laccase 2

EQTGTYWYHSHLSSQYVDGLRGPIVIYDPHDPYRNYYDVDDERTVFTLADWYHTPS----

Laccase 1
SCR122

DQTGTYWYHSHLSSQYVDGLRGPLVIYDPKDPHRRLYDVDDEKTVLIIGDWYHESS---●
●
PPLGS------SSARFPRKNRTPIRCRSANRPAR--------------------IG----

11034

TTTAL-----HGSLRVVHSRGLDQLGYISAQLFR--------------------KS----

VR20

RHHGS-----SCMDLDLYGDRISLKHYRKILFYV--------------------PS----

Clustal Co

122

Laccase 4

190
200
210
220
230
240
....|....|....|....|....|....|....|....|....|....|....|....|
KQMFSTnnTALLSPVPDSGLINGKGRYVGGPAVPR-------SVINVKRGKRYRLRVIna

Laccase 3

KAILATGnitLQQPD--SATINGKGRFDPDNTPAN---PNTLYTLKVKRGKRYRLRVIns

Laccase 2

EAIIATHDVLKTIPD--SGTINGKGKYDPASANTnnttLENLYTLKVKRGKRYRLRIIna

Laccase 1

KAILASGnitRQRPV--SATINGKGRFDPDNTPAN---PDTLYTLKVKRGKRYRLRVIns

SCR122

----TT---A-TAPS------MWTGCVDP-------------------------------

11034

----RI---L--TPC------LWKTKLER------------------------------●
----RK------III------NISLKFGR-------------------------------

VR20
Clustal Co

Laccase 4

250
260
270
280
290
300
....|....|....|....|....|....|....|....|....|....|....|....|
sAIGSFTFSIEGHRLTVIEADGIPHQPLPVDSFQIYAGQRYSVIVEAnqtAANYWIRAPM

Laccase 3

sAIASFRMSIQGHKMTVIAADGVSTKPYQVDSFDILAGQRIDAVVEANQEPDTYWINAPL

Laccase 2

sAIASFRFGVQGHKCTIIEADGVLTKPIEVDAFDILAGQRYSCILKADQDPDSYWINAPI

Laccase 1

sEIASFRFSVEGHKVTVIAADGVSTKPYQVDAFDILAGQRIDCVVEANQEPDTYWINAPL

SCR122

------LLFVSLHLTLFLAMA----------DYDVVV--RWFVVSTRSQC-LKLTIFIPT
●
------TGIMPTPRPNTLTAC----------AVRWSVG---ALVYSRDKC-CFIDGSSPY
●
● ●
●
------RLYKQAVRVARQPNL----------TWKNFNS---TCKTEVKQN---Y-VLREM

11034
VR20
Clustal Co

.

Laccase 4

310
320
330
340
350
360
....|....|....|....|....|....|....|....|....|....|....|....|
T-VAGAGTNANLDPTNVFAVLHYEGAPN--------------------------------

Laccase 3

TNVANKTAQALLIYEDDRRPYHPPKGPYRKWSVSEAIIKYW--KHKHGRGLLSGHGG-LK

Laccase 2

TNVLNTNVQALLVYEDDKRPTHYPWKPFLTWKISNEIIQYW--QHKHGSHGHKGKGHHHK

Laccase 1

TNVPnkTAQALLVYEEDRRPYHPPKGPYRKWSVSEAIIKYWNHKHKHGRGLLSGHGG-LK

SCR122
11034

T-----RTETTMTSTTSVRSLLWQTG---------------------------------● ●
S-------SLDHSLPNCYNRFERSSA----------------------------------

VR20

T--------VVPIRSSLFAQWHVVGVR---------------------------------

Clustal Co

.

123

Laccase 4

370
380
390
400
410
420
....|....|....|....|....|....|....|....|....|....|....|....|
------------------------------------AEPTTEQGS-AIGTALVEENLHAL

Laccase 3

ARMMEGSLHLHGRR-----------------------DIVKRQne-tTTVVMDETKLVPL

Laccase 2

VRAIGGVSGLSSRVKSRASDLSKKAVELAAALVAGEAELDKRQNEDnsTIVLDETKLIAL

Laccase 1

ARMIEGSHHLHSR------------------------SVVKRQne-tTTVVMDESKLVPL

SCR122

---------------------------------------TTRRRR---------------

11034

-------------------------------------AVRCRRRE--------------●
---------------------------------------FLRGNR---------------

VR20
Clustal Co

Laccase 4

430
440
450
460
470
480
....|....|....|....|....|....|....|....|....|....|....|....|
INPGAPGGSAPADVSLNLAIGRSTVDGILRFTFNNIKYEAPSLPTLLKILAN-nasNDAD

Laccase 3

EHPGAACGSKPADLVIDLTFGVNFTTG--HWMINGIPHKSPDMPTLLKILTDTDGVTESD

Laccase 2

VQPGAPGGSRPADVVVPLDFGLNFANG--LWTINnvsYSPPDVPTLLKILTDKDKVDASD

Laccase 1

EYPGAACGSKPADLVLDLTFGLNFATG--HWMINGIPYESPKIPTLLKILTDEDGVTESD

SCR122

-----------------------LSLP----------------PTMSKRTHQ-----SF-

11034

------------D------------------------------RTDHRRLVS-------●
------------------------ALE----------------PSKLGNDAD-------R

VR20
Clustal Co

.

Laccase 4

490
500
510
520
530
540
....|....|....|....|....|....|....|....|....|....|....|....|
FTPNEHTIVLPHNKVIELn----itGGADHPIHLHGHVFDIVKSLGGTPNYVNPPRRDVV

Laccase 3

FTQPEHTIILPKNKCVEFNIKGNSGLGIVHPIHLHGHTFDVVQFGNNPPNYVNPPRRDVV

Laccase 2

FTADEHTYILPKNQVVELHIKG-QALGIVHPLHLHGHAFDVVQFGDNAPNYVNPPRRDVV

Laccase 1

FTKEEHTVILPKNKCIEFNIKGNSGIPITHPVHLHGHTWDVVQFGNNPPNYVNPPRRDVV

SCR122

FLSLTH-------------------------------------FLSGSP-----------

11034

FVQGHP--CLP------------------HHAVSHAHSR---RFRSLTP-----------

VR20

LVLDIP------------------------------EQR---QDRPLQP-----------

Clustal Co

*
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Laccase 4

550
560
570
580
590
600
....|....|....|....|....|....|....|....|....|....|....|....|
RVGGTGVVLRFKADNPGPWFVHCHIDCTWRLGSHLSLPRPPARFARVSSRSSPTMPGTSS

Laccase 3

GATDEGVRFQFKTDNPGPWFLHCHIDWHLEEGFAMVFAEAPEAIKGGP-KSVPVDRQWKD

Laccase 2

GVTDAGVRIQFRTDNPGPWFLHCHIDWHLEEGFAMVFAEAPEDIKKGS-QSVKPDGQWKK

Laccase 1

11034

GSTDAGVRIQFKTDNPGPWFLHCHIDWHLEEGFAMVFAEAPEAVKGGP-KSVAVDSQWEG
●
---DSG------TIN-G-------------KGKX-------------------------●
---FVGDR----TLLRS-------------TAKAN-------------------------

VR20

--CGVGID-RASALKISEWYETR-------RGKDTRLY------------FVALD---QK

SCR122

Clustal Co

*

.

Laccase 4

610
....|....|....|.
APSTRLFLPICSKW--

Laccase 3

LCRKYGSLPAGFL---

Laccase 2

LCEKYEKLPEALQ---

Laccase 1

LCGKYDNWLKSNPGQL

SCR122

----------------

11034

----------------

VR20

ACSAQSVYPPCWR---

Clustal Co

Figure 6.4 Multiple sequence alignment of the deduced amino acid sequences of the
R. solani isolates 11034, VR20 and SCR122 with the four laccase protein sequences
of Rhizoctonia solani AG-6 isolate RS22. The signal peptide sequence of the four
laccase proteins are shown in closed boxes. N-linked glycosylation sites of the four
laccase proteins (Wahleithner et al., 1996) are shown in bold lowercase red italics.
Potential N-linked glycosylation sites are indicated by (●). Putative copper binding
sites are indicated by a red underline. (Gaps are introduced automatically by the
Bio-edit programme). The asterix (*) denotes the consensus sequences
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Figure 6.5 Multiple sequence alignment of the deduced amino acid sequences of the
R. solani isolates 11034, VR20 and SCR122 with the four laccase protein sequences
of Rhizoctonia solani AG-6 isolate RS22 and five different fungal laccase proteins.
RS4 (R. solani Laccase 4 precursor), RS3 (R. solani Laccase 3 precursor), RS2 (R.
solani Laccase 2 precursor), RS1 (R. solani Laccase 1 precursor), NC (Neurospora
crassa Laccase), BC1 (Botrytis cinerea Laccase 1), TV2 (Trametes versicolor Laccase
2), TH1 (Trametes hirsutus Laccase 1) and PA (Podospora auserina Laccase). The
signal peptide sequence of the four laccase proteins of Rhizoctonia solani AG-6
isolate RS22 are shown in closed boxes. HAH, HLH, HCH & HWH-Copper binding
sites; R-Conserved Arginine residue; C- Conserved Cysteine residue; N- N-linked
glycosylation site.

Arginine, Histidine and Cysteine residues are shown in red

coloured letters-R, H, C
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6.4.4 Phylogenetic analysis of the deduced polypeptides of 11034, VR20
and SCR122

Phylogenetic analysis of the deduced amino acid sequences of 11034, VR20 and SCR122
showed that they belong to two different groups (Fig. 6.6).

11034 (AG-8) is

phylogenetically similar to the Botrytis cinerea laccase 1 and Podospora anserina and
Neurospora crassa laccase precursor proteins. VR20 (AG-11) and SCR122 (AG-6)
sequences are phylogenetically similar to each other and are distinct from the other fungal
laccase sequences. Therefore, they could be novel laccases.
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Podospora anserina Laccase precursor
1
Neurospora crassa Laccase precursor

Botrytis cinerea Laccase 1
2
11034 (AG-8)

Emericella nidulans Laccase 1 precursor

3

Pleurotus ostreatus Laccase precursor
Trametes versicolor Laccase 5 precursor

4

Trametes versicolor Laccase 4 precursor
Trametes versicolor Laccase 3 precursor
Trametes versicolor Laccase
5
Trametes hirsutus Laccase precursor
Rhizoctonia solani Laccase 2 precursor RS22 (AG-6)
Rhizoctonia solani Laccase 1 precursor RS22 (AG-6)
6
Rhizoctonia solani Laccase 3 precursor RS22 (AG-6)
Rhizoctonia solani Laccase 4 precursor RS22 (AG-6)
VR20 (AG-11)
7
SCR122 (AG-6)

Figure 6.6 Phylogenetic tree of the protein sequences of Rhizoctonia solani isolates
11034, VR20 and SCR122 with relation to other fungal laccases. The numbers in
the boxes represents the groups. The pink coloured boxes shows the R. solani RS22
(AG-6) and the blue coloured boxes shows the isolates used in the study
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6.5 Discussion

The PCR products of SCR122, 11034 and VR20 showed high similarity to the
corresponding amino acid sequences of lcc1, lcc2, lcc3 and lcc4 genes of R. solani. The
results indicate that the PCR primers used in this study are useful in isolating laccase
gene sequences from previously uncharacterised isolates from different anastomosis
groups. That the PCR products represent laccase gene fragments is suggested by the
following lines of evidence-(i) the expected ~750bp fragment PCR amplified product was
obtained from 3 out of 3 isolates tested; (ii) the sequences of the PCR products analysed
had a high degree of similarity to corresponding regions of previously published laccase
sequences of R. solani (Wahleithner et al., 1996) and (iii) analysis of the protein
sequences by BlastN (Altschul et al., 1997) confirmed that they are laccases. The
strategy outlined in the present study should also be useful in isolating the individual
laccase genes and cDNAs from isolates of different AGs with the PCR products as the
probe.

The R. solani RS22 (AG-6) laccase family comprises at least four genes sharing 48-49%
similarity differing by their pH optima and transcriptional regulation (Wahleithner et al.,
1996). The deduced protein sequences of SCR122, 11034 and VR20 do not have a high
level of similarity with each other. SCR122 showed the highest level of similarity to the
protein sequences of lcc1, lcc2, lcc3 and lcc4 genes.

Four regions in the laccases

characterised to date are thought to correspond to highly conserved copper-binding motifs
similar to the other blue copper oxidases. These are found close to the N and C termini
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and contain 10 histidine and cysteine residue (Coll et al., 1993b).

VR20 showed

conserved regions of histidine and cysteine residues with lcc1, lcc2, lcc3 at position 30
and 741. 11034 showed conserved regions of histidine residues with lcc1, lcc2, lcc3 and
lcc4 genes at position 29 and 50. SCR122 showed the highest conserved regions of
histidine residues with lcc1, lcc2, lcc3 and lcc4 genes at position 44 and 66. The
conserved histidine and cysteine residues at the carboxy terminus are believed to be
critical for coordination of the copper ions (Wahleithner et al., 1996). The putative Nlinked glycosylation sites of the three isolates are different from the tentative N-linked
glycosylation sites of lcc1, lcc2, lcc3 and lcc4 genes. The putative exon intron sites are
different in all the three isolates. The calculated molecular mass of 61444.05 Da from the
deduced amino acid sequence of VR20 correlates well with the apparent molecular mass
of 66 kDa determined by SDS-PAGE (Chapter 2).

Phylogenetic analysis showed that VR20 (AG-11) and SCR122 (AG-6) are different from
the other fungal laccase and therefore may be novel laccases.
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CHAPTER 7
Final discussion

In this thesis, studies were undertaken in the hope of gaining insights on the laccases
produced by Rhizoctonia solani. The project was successful in producing relatively large
quantities of laccase, developing suitable assays and zymograms for laccase detection and
the application of several purification techniques in attempts to purify the laccases.

The pathogenic mechanisms of R. solani are complex and varied and may be due to the
action of different cell wall degrading enzymes. Establishing the involvement of laccase
in the pathogenicity of R. solani will pave the way for the emergence of new plant
protection strategies involving the development of transgenic plants based on the
inactivation of the laccase and phenoloxidising enzymes.

In the present study, in order to identify the role of laccase in pathogenesis of R. solani, a
series of experiments were conducted to investigate the role of laccase in the
pathogenicity of R. solani.

Laccase production in R. solani was produced in different media in the presence or
absence of inducers.

However, the inducers did not significantly affect laccase

production.
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An attempt to correlate pathogenicity of AGs by laccase zymogram analysis was carried
out. However, no differences in the laccase banding patterns were found between HV
and WV isolates.

A major finding was that laccase activity could be selectively inhibited by arginine whilst
retaining the activities of pectinase, xylanase and cellulase. By retaining the activites of
pectinase, xylanase and cellulase an attempt to study the role of laccase in tissue
maceration was done. Microscopic staining of transverse section of lupin radicles when
incubated in the fungal enzymes with arginine, showed the presence of intact cell walls
and lignified tissue but there was disintegration of the tissue, characteristic symptoms of
maceration when arginine was absent. This indirectly shows that laccase is required in
the breakdown of plant cells and could play a part in the pathogenesis of R. solani.

Molecular characterisation and sequencing data revealed some interesting information
about the laccase gene sequences of the three isolates 11034, SCR122 and VR20.
Differences in laccase genes were observed between 11034 (AG-8), SCR122 (AG-6) and
VR20 (AG-11) and it was demonstrated by sequence alignment and database searching
that there are differences between the laccase sequences of SCR122, 11034 and VR20.
The deduced protein sequences of 11034, SCR122 and VR20 do not have a high level of
similarity with each other. SCR122 showed the highest level of similarity to the protein
sequences of lcc1, lcc2, lcc3 and lcc4 laccase genes of R. solani RS22 (AG-6). The
putative exon intron sites are different in all the three isolates and phylogenetic analysis
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showed that VR20 (AG-11) and SCR122 (AG-6) are different from the other fungal
laccase and therefore may be novel laccases.

The function of laccase in the pathogenicity of fungal pathogens has been the subject of
much controversy which revolves mainly around its role in lignin biodegradation and its
possible applications in bioremediation and biotransformaton processes. The results of
the present study suggests the role of laccase in tissue maceration. This observation
needs to be proven by gene disruption and antisense experiments. Further study has to be
conducted on the expression of laccase genes under different conditions.

Tissue

maceration of lupin radicles should also be done using a wide range of isolates from
different anastomosis groups to see if they can macerate lupin radicles or not. If not
what is that factor? It could give important clues to the mechanisms of pathogenicity.

Laccase represents a potential target for genetic engineering strategies.

In order to

achieve this, more studies into the mechanism(s) of action of laccases and the way in
which they interact within the plant to affect the host defence responses is required.
Because of the diverse nature of fungal pathogens, it is unlikely a single strategy will
work against all fungi, or even where a single fungus is concerned, there is a need to use
a combination of strategies. One approach is to engineer the plant to inhibit factors
essential to the infection process, which will lead to the development of such a
mechanism which could be applied to a wide variety of fungal pathogens. With a better
understanding on laccase catalytic mechanisms, its potential use in the study of plant
pathology can be optimised.

137

BIBLIOGRAPHY

Adams, G.C. (1996). Genetics of Rhizoctonia species. In: Rhizoctonia species:
Taxonomy, Molecular Biology, Ecology, Pathology, and Disease Control, B. Sneh, S.
Jabaji-Hare, S. Neate, and G. Dijst, (Eds), Dordrecht, Kluwer. pp. 101-116.

Adams, G.C.Jr and Butler, EE.. (1979). “Serological relationships among anastomosis
groups of Rhizoctonia solani.” Phytopathology. 232, 629-633.

Ahn, I.P. and Lee, Y.H. (2001). "A viral double-stranded RNA up regulates the fungal
virulence of Nectria radicicola." Molecular Plant-Microbe Interactions.. 14, 496-507.

Ander, P. and Eriksson, K.E. (1976). "The importance of phenol oxidase activity in lignin
degradation by the white-rot fungus Sporotrichum pulverulentum."
Arch. Microbiol. 109, 1-8.

Ander, P. and Marzullo, L. (1997). "Sugar oxidoreductases and veratryl alcohol oxidase
as related to lignin degradation" [Review]." Journal of Biotechnology. 53, 115-131.

Anderson,

A.J.

(1978.).

"Extracellular

enzymes

produced

by

Colletotrichum

lindemuthianum and Helminthosporium maydis during growth on isolated bean and corn
cell walls." Phytopathology. 68, 1585-1589.

138

Anderson, N.A. (1982). "The genetics and pathology of Rhizoctonia solani."
Phytopathology. 20, 329-347

Apel, P.C., Panaccione, D.G., Holden, F.R. and Walton, J.D. (1993). "Cloning and
targeted gene disruption of xyl1, a β-1,4-xylanase gene from the maize pathogen
Cochliobolus carbonum." Molecular Plant-Microbe Interactions. 6, 467-473.

Apel-Birkhold, P.C. and Walton, J.D. (1996) "Cloning, disruption, and expression of two
endo-β-1.4-xylanase genes XYL2 and XYL3, from Cochliobolus carbonum." Applied &
Environmental Microbiology. 62, 4129-4135.

Aramayo, R. and Timberlake, W.E. (1990). "Sequence and molecular structure of the
Aspergillus nidulans yA (laccase I) gene." Nucleic Acids Res. 18, 3415.

Altschul, S.F., Maden, T.L., Schäffer, A.A., Zhang, J., Zhang, Z., Miller, W. and Lipman,
D.J. (1997). "Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs." Nucleic Acids Res. 25, 3389-3402.

Baker, E.B. (1970). " Types of Rhizoctonia diseases and their occurance". In: Rhizoctonia
solani: Biology and pathology. J.R. Parmeter, (Ed). University of California Press,
Berkely. pp 125-148.

139

Barbosa, A.M. and Dekker, R.F.H. (1996). "Polyphenol oxidases produced by a
Botryosphaeria sp.: effects of aeration, veratryl alcohol and sodium lignosulfonate
concentrations. In: Proceedings Environmental Biotechnology 1996 Conference,
Pamerston, New Zealand, 1-4 September. pp. 404.

Bar-Nun, N. and Mayer, A.M. (1989). "Cucurbitacins-repressors of induction of laccase
formation." Phytochemistry. 28, 1369-1371.

Barras, F., Van Gigsegm, F. and Chaterjee, A. K. (1994). "Extracellular enzymes and
pathogenesis of soft rot Erwinia." Annual Review of Phytopathology. 32, 201-234.

Bateman, D.F. (1964). "An induced mechanism of tissue resistance to polygalacturonase
in Rhizoctonia-infected hypocotyls of beans." Phytopathology. 54, 438-445.

Bateman, D.F. (1968). "The enzymatic maceration of plant tissue." Neth. J. Pl. Path. 74,
67-80.

Bateman, D.F. and Basham H.G. (1976). "Degradation of plant cell walls and membranes
by microbial enzymes." In:Physiological Plant Pathology. R.Heitefuss and P.H.
Williams, (Ed). Springer Verlag Berlin, Heidelberg, New York. pp 316-355.

Belbahri, L., Bouche, C., Candresse, T., Nicole, M., Ricci, P. and Keller, H. (2001). "A
local accumulation of the Ralstonia solanacearum PopA protein in transgenic tobacco

140

renders a compatible plant-pathogen interaction incompatible." Plant Journal. 28, 419430.

Biely, P., Vrsanska, M., Tenkanen, M. and Kluepfel, D. (1997). "Endo-β-1,4-xylanase
families - differences in catalytic properties." Journal of Biotechnology. 57, 151-166.

Blaich, R. and Esser, K. (1975). "Function of enzymes inwood destroying fungi. II.
Multiple forms of laccase in white rot fungi." Arch. Microbiol. 103, 271-277.

Bolar, J., Norelli, J., Harman, G., Brown, S. and Aldwinckle, H. (2001). "Synergistic
activity of endochitinase and exochitinase from Trichoderma atroviride (T-harzianum)
against the pathogenic fungus (Venturia inaequalis) in transgenic apple plants."
Transgenic Research. 10, 533-543.

Bollag, J. and Leonowicz, A. (1984). "Comparative studies of extracellular fungal
laccases." Applied & Environmental Microbiology. 48, 849-854.

Bourbonnais, Paice, M.G., Freiermuth, B., Bodie, E. and Borneman, S. (1997).
"Reactivities of various mediators and laccases with kraft pulp and lignin model
compounds." Applied & Environmental Microbiology. 63, 4627-4632.

141

Broglie, K., Chet, K., Holliday, M., Cressman, R., Biddle, P., Knowlton, S., Mauvis, C.J.
and Broglie, R. (1991). "Transgenic plants with enhanced resistance to the fungal
pathogen Rhizoctonia solani." Science. 254, 1194-97.

Brookhauser, L.W. and Weinhold, A.R. (1978). "Induction of polygalacturonase from
Rhizoctonia solani by cotton seed and hypocotyl exudates." Phytopathology. 69. 599-602.

Burdsall, H.H. and Eslyn, W.E. (1974). "A new Phanerochaete with a chrysosporium
imperfect state." Mycotaxon. 1, 123-133.

Burgess, N., Hardy, G.S. and O'Brien, P. (2003). "Characterisation of Rhizoctonia solani
AG 3 isolates from potato crops in Western Australia." Australasian Plant Pathology (in
preparation).

Busto, M.D., Ortega, N. and Perezmateos, M. (1996). "Location, kinetics and stability of
cellulases induced in Trichoderma reesei cultures." Bioresource Technology. 57, 187192.

Call, H.P. and Mucke, I. (1997). "History, overview and applications of mediated
lignolytic

systems,

especially

laccase-mediator

systems

(Lignozym(R)-process)

[Review]." Journal of Biotechnology. 53, 163-202.

142

Caprari, C., Bergmann, C., Migheli, Q., Salvi, G., Albersheim, P., Darvill, A., Cervone,
F.

and

Delorenzo,

G.

(1993).

"Fusarium

moniliforme

secretes

four

endopolygalacturonases derived from a single gene product." Physiological & Molecular
Plant Pathology. 43, 453-462.

Carling, D.E. (1996). Grouping in Rhizoctonia solani by hyphal anastomosis. In
Rhizoctonia species: Taxonomy, Molecular Biology, Pathology, and Disease Control, B.
Sneh, S. Jabaji-Hare, and S. N. Dijst, (Eds). Dordrecht, Kluwer Academic Publishers. pp.
35-48.

Carling, D.E., Kuninaga, S.and Brainard, K.A. (2002). "Hyphal anastomosis reactions,
rDNA-internal transcribed spacer sequences, and virulence levels among subsets of
Rhizoctonia solani anastomosis group-2 (AG-2) and AG-BI." Phytopathology 92, 43-50.

Carling, D.E., Meyer, L. and Brainard, K.A (1996). "Crater Disease of Wheat Caused by
Rhizoctonia Solani AG-6." Plant Disease. 80, 1429.

Carling, D.E., Pope, E.J.and Brainard, K.A. and Carter, D.A. (1999). "Characterization of
mycorrhizal isolates of Rhizoctonia solani from an orchid, including AG-12, a new
anastomosis group." Phytopathology. 89, 942-946.

143

Castro-Sowinski, S., Martinez-Drets, G. and Okon, Y. (2002). "Laccase activity in
melanin-producing strains of Sinorhizobium meliloti." FEMS Microbiol Lett. 209, 115121.

Choi, G.H., Larson, T.G.and Nuss, D.L. (1992). "Molecular analysis of the laccase gene
from the chestnut blight fungus and selective suppression of its expression in an isogenic
hypovirulent strain." Molecular Plant-Microbe Interactions. 5, 119-128.

Christen, P., Aoki, T. and Shimomura, K. (1992). "Characteristics of growth and tropane
alkaloid production in Hyoscamus albus hairy roots transformed with Agrobacterium
rhizogenes A4." Plant Cell Reports. 8, 75-77.

Coll, P.M., Fernandez-Abalos, J.M. and Villanueva, J.R. Santamaria, R. and Perez, P.
(1993a). "Purification and characterization of a phenoloxidase (laccase) from the lignindegrading basidiomycete PM1 (CECT 2971)." Applied & Environmental Microbiology.
59, 2607-2613.

Coll, P.M., Tabernero, C., Santamaria, R. and Perez, P. (1993b). "Characterization and
structural analysis of the laccase I gene from the newly isolated ligninolytic
basidiomycete PM1 (CECT 2971)." Applied & Environmental Microbiology. 59, 41294135.

144

Collmer, A. and Keen, N.T. (1986). "The role of pectic enzymes in plant pathogenesis."
Ann Rev Phytopathol, 24, 383-409.

Collmer, A., Ried , L.J. and Mount, M.S (1988). "Assay methods for pectic enzymes."
Methods in Enzymology 161, 329-399.

Conn, H.J. (1953)."Safranin and fast green". In: Staining procedures, 4th edition, G.
Clark, (Ed), Williams and Wilkins, Baltimore. pp 325.

Cook, B.J., Clay, R. P. and Bergmann, C. W., Albersheim, P and Darvill, A. G. (1999).
"Fungal polygalacturonases exhibit different substrate degradation patterns and differ in
their susceptibilities to polygalacturonaseinhibiting proteins." Molecular Plant-Microbe
Interactions 12, 703-11.

Cooper, R.M. (1983). "The role of cellwall degrading enzymes in infection and damage."
In: Plant diseases: infection , damage and loss, R.K.S Wood and F.J. Jellis, (Eds),
Oxford: Blackwell Scientific. pp13-27.

Cooper, R.M., Longma, D., Campbell,A., Henry, M. and Lees, P.E. (1988). "Enzymic
adaptation of cereal pathogens to the monocotyledonous primary wall." Physiol. Molec.
Plant. Pathol. 32: 33-47.

145

Cotterill, P.J. (1991). "Evaluation of in furrow treatments to control Rhizoctonia root rot
of wheat." Crop Prot. 10, 473-478.

Crowe, J.D. and Olsson. S. (2001). "Induction of laccase activity in Rhizoctonia solani by
antagonistic Pseudomonas fluorescens strains and a range of chemical treatments."
Applied & Environmental Microbiology. 67, 2088-94.

Cullen, D. (1997). "Recent advances on the molecular genetics of ligninolytic fungi." J
Biotechnol. 53, 273-89.

Date, H., Yagi, S., Okamoto, Y. and Oniki, M. (1984). "On the leaf blight of tomatoes by
Thanetophorus cucumeris (Frank) Donk (Rhizoctonia solani)." Annual Phytopathological
Society of Japan. 50, 399.

Degefu, Y., Fagerstrom, R. and Kalkkinen, N. (1995). "Purification and partial
characterization of xylanase from the fungal maize pathogen Helminthosporium turcicum
(Pass)." European Journal of Plant Pathology. 101, 291-299.

Degefu, Y., Paulin, L. and Lubeck, P. S. (2001). "Cloning, sequencing and expression of
a xylanase gene from the maize pathogen Helminthosporium turcicum." European
Journal of Plant Pathology. 107, 457-465.

146

Dekker, R., and Barbosa, A. (2001). "The effects of aeration and veratryl alcohol on the
production of two laccases by the ascomycete Botryosphaeria sp." Enzyme & Microbial
Technology, 28, 81-88.

DeLorenzo, D., Castoria, R., Bellinacmpi, D. and Cervone F. (1997). "Fungal invasion
enzymes and their inhibition. In: Plant Relationships. Part A. Vol. V. G. Carroll, P.
Tudynski, (Eds). pp. 61-83.

Diamantidis, G., Effosse, A., Potier, P. and Bally, R. (2000). "Purification and
characterization of the first bacterial laccase in the rhizospheric bacterium Azospirillum
lipoferum." Soil Biology & Biochemistry. 32, 919-927.

Di Pietro, A. and Roncero, M.I.G. (1998). "Cloning, expression, and role in pathogenicity
of Pg1 encoding the major extracellular endopolygalacturonase of the vascular wilt
pathogen Fusarium oxysporum." Molecular Plant-Microbe Interactions. 11, 91-98.

Dittmer, J.K., Patel, N.J. and Dhawale, S.W., Dhawale, S.S. (1997). "Production of
multiple laccase isoforms by Phanerochaete chrysosporium grown under nutrient
sufficiency." FEMS Microbiology Letters. 149, 65-70.

Dodman, R. and Flentje, N.T. (1970). "The mechanisms and physiology of plant
penetration by Rhizoctonia solani". In: Rhizoctonia solani: Biology ajnd Pathology. J.R.
Parmeter, (Ed), University of California Press, Berkeley. pp 149-160.

147

Duncan, S., Barton, J.E. and O'Brien, P.A. (1993). "Analysis of variation in isolates of
Rhizoctonia solani by random amplified polymorphic DNA assay." Mycological Res. 97,
1075-1082.

Edens, W.A., Goins, T.Q., Dooley, D. and Henson, J.M. (1999). "Purification and
characterization of a secreted laccase of Gaeumannomyces graminis var. tritici." Applied
& Environmental Microbiology. 65, 3071-3074.

Eggert, C., Temp, U. and Eriksson, K.E. (1996). "The ligninolytic system of the white rot
fungus Pycnoporus cinnabarinus - purification and characterization of the laccase."
Applied & Environmental Microbiology. 62, 1151-1158.

Eggert, C., Temp, U. and Eriksson, K.E. (1997)."Laccase is essential for lignin
degradation by the white-rot fungus Pycnocarpus cinnabarinus." FEBS Lett. 407, 89-92.

Eggert, C., LaFayette, P.R., Temp, U.and Eriksson, K.-E.L. and Dean, J.F.D. (1998).
"Molecular analysis of a laccase gene from the white rot fungus Pycnocarpus
cinnabarinus." Applied & Environmental Microbiology. 64, 1766-1772.

English, J.T., Ploetz, R.C. and Bernard, E.L. (1986). " Seedling blight of longleaf pine
caused by binucleate Rhizoctonia solani like fungus." Plant Disease. 70, 148-150.

148

Eriksson, K.E.L., Habu, N. and Samejima, M. (1993). "Recent advances in fungal
cellobiose oxidoreductases [Review]." Enzyme & Microbial Technology. 15, 1002-1008.

Eriksson, K.E., Blanchette, R.A. and Ander, P. (1990). "Biodegradation of lignin". In:
Microbial and enzymatic degradaton of wood and wood components. Berlin, T.E. Timell,
(Ed), Springer Verlag, pp.225-397.

Ermayanti, T.M., McCoomb, J.A. and O'Brien, P.A. (1994). "Stimulation of the synthesis
and release of swainsonine into the culture medium in transformed roots of Swainsona
galegifolia." Phytochemistry. 36, 313-317.

Fahraeus, G., Tullander, H. and Ljunggren, H. (1958). "Producton of high laccase yields
in culures of fungi." Physiol. Plant. 11, 631-643.

Fink-Boots, M.D., Malarczyk, E. and Leonowicz, A. (1999). "Increased enzymatic
activities and levels of superoxide anion and phenolic compounds in cultures of
basidiomycetes after temperature stress." Acta Biotechnologica. 19, 319-330.

Galhaup, C. and Haltrich, D. (2001). "Enhanced formation of laccase activity by the
white-rot fungus Trametes pubescens in the presence of copper." Applied &
Environmental Microbiology. 56, 225-232.

149

Garcia-Olmedo, F., Molina, A., Segura, A., Moreno, M., Castagnaro, A., Titarenko, E.,
Rodriguez-Palenzuela, P., Pinero, M. and Diaz, I. (1996)." Engineering plants against
pathogens: a general strategy." Field Crops Research. 45, 79-84.

Germann, U.A. and Lerch, K. (1986). "Isolation and partial nucleotide sequence of the
laccase gene from Neurospora crassa: amino acid sequence homology of the protein to
human ceruloplasmin." Proc Natl Acad Sci U S A. 83, 8854-8858.

Germann, U.A., Muller, G.and Hunziker, P.E. and Lerch, K. (1988). "Characterization of
two allelic forms of Neurospora crassa laccase. Amino- and carboxyl-terminal
processing of a precursor." J Biol Chem. 263, 885-896.

Giardina, P., Cannio, R., Martirani, L., Marzullo, L., Palmieri, G. and Sannia, G. (1995).
"Cloning and sequencing of a laccase gene from the lignin-degrading basidiomycete
Pleurotus ostreatus." Applied & Environmental Microbiology. 61, 2408-2413.

Gonzalez, D., Carling, D., Kuninaga, S.R.V. and Cubeta, M. (2001). "Ribosomal DNA
systematics of Ceratobasidium and Thanatephorus with Rhizoctonia anamorphs."
Mycologia, 93, 1138-1150.

Goodell, B., Liu, J., Jellison, L.J., Paszczynski, A. and Fekete, F. (1996). "Chelation
activity and hydroxyl radical production mediated by low molecular weight phenolate
compounds isolated from Gleophyllum trabeum". In: Biotechnology in the pulp and

150

Paper Industry, Recent Advances in Applied and Fundamental Research. K, Messner,
and E, Srebotnik, (Eds), Vienna, Austria: Facultas-Universitatsverlag, pp. 591-594.

Guo, W., Gonzalez-Candelas, L. and Kolattukudy, P.E. (1996). "Identification of a novel
pelD gene expressed uniquely in planta by Fusarium solani f. sp. pisi (Nectria
haematococca, mating type VI) and characterization of its protein product as an endopectate lyase." Arch Biochem Biophys. 332, 305-312.

Hain, R., Reif, H., Krause, E., Langebartels, R., Kindl, H., Vornam, B., Wiese, W.,
Schmelzer, E., Schreier, P. H., Stocker, R. H. and Stenzel, K. (1993). "Disease resistance
results from foreign phytoalexin gene expression in a novel plant." Nature. 361, 153-156.

Hahn, M.G., Bucheli, P., Cervone, F., Doares, S.H., O'Neill, R.A., Darvill, A. and
Albersheim, P. (1989). "The role of cell wall constituents in planr pathogen interactions".
In: Plant Microbe Interactions. Vol 3. E, Nesterand T. Kosuge, (Eds), McGraw Hill, New
York. pp 131-181.

Hammel, K.E., Jensen, K.A., Jr., Mozuch, M.D., Landucci, L.L., Tien, M. and Pease,
E.A. (1993). "Ligninolysis by a purified lignin peroxidase." J. Biol. Chem. 268, 1227412281.

Hatakka and Uusi-Rauva. (1983). "Degradation of

14

C-labelled poplar wood lignin by

selected white-rot fungi." Eur. J. Appl. Microbiol. Biotechnol. 17, 235-242.

151

Huber, D.J. and Odonoghue, E.M. (1993). "Polyuronides in Avocado (Persea-americana)
and Tomato (Lycopersicon esculentum) Fruits exhibit markedly different patterns of
molecular weight downshifts during ripening." Plant Physiology. 102, 473-480.

Ichielevich-Auster, M., Sneh, B., Koltin, Y and Barash, I. (1985). "Suppression of
damping-off caused by Rhizoctonia species by a nonpathogenic isolate of Rhizoctonia
solani." Phytopathology. 75, 1080-1084.

Iimura, Y., Takenouchi, K., Nakamura, M., Kawai, S., Katayama, Y. and Morohoshi, N.
(1992). "Cloning and sequence analysis of laccase genes and its use for an expression
vector in Coriolus versicolor." In: Proc. 5th Int. conf. Biotechnol. Pulp Paper Ind. pp.
145-146. Kyoto, Japan.

Ishii, S. (1988). "Factors influencing protoplast viability of suspension cultured rice cells
during isolation process." Plant Physiol. 88, 26-29.

Isshiki,

A.,

Akimitsu,

K.,

Yamamoto,

M.

and

Yamamoto,

H.

(2001).

"Endopolygalacturonase is essential for citrus black rot caused by Alternaria citri but not
brown spot caused by Alternaria alternata." Molecular Plant-Microbe Interactions. 14,
749-757.

152

Jach, G., Gornhardt, B., Mundy, J., Logemann, J., Pinsdorf, P., Leah, R., Schell, J. and
Maas, C. (1995). "Enhanced quantitative resistance against fungal disease by
combinatorial expression of different barley antifungal proteins in transgenic tobacco."
Plant Journal. 8, 97-109.

Jach, G., Logemann, S., Wolf, G., Oppenheim, A., Chet, I., Schell, J. and Logemann, J.
(1992). "Expression of bacterial chitinase leads to improved resistance of transgenic
tobacco plants against fungal infection." Biopractice. 1, 33-40.

Jöhnsson, L., Sjöström, K., Häggström, I. and Nyman, P.O. (1995). "Characterization of a
laccase gene from the white-rot fungus Trametes versicolor and structural features of
basidiomycete laccases." Biochim. Biophys. Acta. 1251, 210-215.

Karlsson, E., Ryden, L. and Brewer, J. (1998) In:Protein Purification, Second Edition.
Principles, High Resolution Methods, and Applications, Janson, J-E. and Ryden, L,
(eds.), Wiley-Liss, New York. pp. 187-190.

Kawai, S., Umezawa, T. and Higuchi, T. (1989). "Oxidation of methoxylated benyzl
alcohols by laccase of Coriolus versicolor in the presence of syringaldehyde." Wood Res.
76, 10-16.

153

Kawai, S., Nakagawa, M. and Ohashi, H. (1999). "Aromatic ring cleavage of a nonphenolic β-O-4 lignin model dimer by laccase of Trametes versicolor in the presence of
1- hydroxybenzotriazole." FEBS Lett. 446, 355-8.

Kazan, K., Murray, F.R., Goulter, K.G., Llewellyn, D.J., and Manners, J.M. (1998).
"Induction of cell death in transgenic plants expressing a fungal glucose oxidase."
Molecular Plant- Microbe Interactions. 11, 555-562.

Kersten, P.J., Kalyanaraman, B., Hammel, K.E., Reinhammar, B. and Kirk, T.K. (1990).
"Comparison of lignin peroxidase, horseradish peroxidase and laccase in the oxidation of
methoxybenzenes." Biochem J. 268, 475-80.

Kim, S., Leem, Y., Kim, K. and Choi, H.T. (2001). "Cloning of an acidic laccase gene
(clac2) from Coprinus congregatus and its expression by external pH." FEMS Microbiol
Lett. 195, 151-6.

Kinai, H., Park, C., Berry, J.O., Koltin, Y. and Bruenn, J.A. (1995). "Processing and
secretion of a virally encoded antifungal toxin in transgenic tobacco plants: evidence for a
Kex2p pathway in plants." The Plant Cell. 7, 677-688.

Kirk, T.K. and Farrell, R.L. (1987). "Enzymatic "combustion": The microbial degradation
of lignin." Ann Rev Microbiol. 41, 465-505.

154

Kodama, T., Horimoto, K. and Ogoshi, A. (1982). "On the brown spots of eggplants by
Thanetophorus cucumeris (Frank) Donk (Rhizoctonia solani) AG-3." Annual
Phytopathological Society of Japan. 48, 356.

Kojima, Y., Tsukuda, Y., Kawai, Y., Tsukamoto, A., Sugiura, J., Sakaino, M. and Kita,
Y. (1990). "Cloning, sequence analysis, and expression of ligninolytic phenoloxidase
genes of the white-rot basidiomycete Coriolus hirsutus." J Biol Chem. 265, 15224-30.

Kuninaga, S., Natsuaki, T., Takeuchi, T. and Yokosawa, R. (1997). "Sequence variation
of the rDNA its regions within and between anastomosis groups in Rhizoctonia solani."
Current Genetics. 32, 237-243.

Kwon, S.I., Von Dohlen ,C.D.and Anderson, A.J. (2001). "Gene sequence analysis of an
opportunistic wheat pathogen, an isolate of Fusarium proliferatum." Canadian Journal of
Botany-Revue Canadienne de Botanique. 79, 1115-1121.

Laemmli, U.K. (1970). "Cleavage of structural proteins during the assenbly of the head of
bacteriophage T4." Nature. 227, 680-685.

Lecam, B., Lebreton, L., Massiot, P. and Rouxel, F. (1997). "Production of cell-wall
polysaccharide degrading enzymes in carrot root tissues infected by Mycocentrospora
acerina." Plant Pathology. 46, 276-281.

155

Leonowicz, A., Cho, N.S., Luterek, J., Wilkolazka, A., Wojtas-Wasilewska, M.,
Matuszewska, A., Hofrichter, M., Wesenberg, D. and Rogalski, J. (2001). "Fungal
laccase: properties and activity on lignin [Review]." Journal of Basic Microbiology. 41,
185-227.

Leonowicz, A., Grzywnowicz, K. and Malinowska, M. (1979). "Oxidative and
demethylating activity of multiple forms of laccase from Pholiota mutabilis." Acta
Biochim Pol. 26, 431-434.

Leonowicz, A., Matuszewska, A., Luterek, J., Ziegenhagen, D., Wojtas, Wasilewska, M.,
Cho, N. S., Hofrichter, M. and Rogalski, J. (1999a). "Biodegradation of lignin by white
rot fungi [Review]." Fungal Genetics & Biology. 27, 175-185.

Leonowicz, A., Rogalski, J., Jaszek, M., Luterek, J., Wojtas-Wasilewska, M., Malarczyk,
E., Ginalska, G., Fink-Boots, M. and Cho, N.S. (1999b). "Cooperation of fungal laccase
and glucose 1-oxidase in transformation of Bjorkman lignin and some phenolic
compounds." Holzforschung. 53, 376-380.

Leonowicz, A., Rogalski, J., Sczodrak, J. and Fiedurek, J. (1986). "The possible key role
of glucose oxidase in transformaion of lignocellulose". Proceedings of 3rd Intern.conf.
bioechnol. pulp paper ind, June 16-19. pp. 160-162.

156

Leonowicz, A. and Trojanowski, J. (1978). "Induction of laccase in Basidiomycetes: the
laccase-coding messenger." Acta Biochim Pol. 25, 147-56.

Leonowicz, A. and Trojanowski, J. and Orlicz, B. (1978). "Induction of laccase in
Basidiomycetes: apparent activity of the inducible and constitutive forms of the enzyme
with phenolic substrates." Acta Biochim Pol. 25, 369-377.

Leontievsky, A.A., Vares, T., Lankinen, P. Shergill, J. K., Pozdnyakova, N.N.,
Myasoedova, N.M., Kalkkinen, N., Golovleva, L.A., Cammack, R., Thurston, C.F. and
Hatakka, A. (1997). "Blue and yellow laccases of ligninolytic fungi." FEMS Microbiol
Lett. 156, 9-14.

Lev, S. and Horwitz, B.A. (2003). "A mitogen-activated protein kinase pathway
modulates the expression of two cellulase genes in Cochliobolus heterostrophus during
plant infection." The Plant Cell. 15, 835-844.

Liberman, M., Mutaftschiev,S., Jauneau,A., Vians, B., Catesson, A.M. and Goldberg, R
(1999). "Mung bean hypocotyl homogalacturonan: Localization, organization and
origin." Annals of Botany. 84, 225-233.

Liu, D., Raghothama, K.G., Hasegawa, P.M. and Bressan, R.A. (1994). "Osmotin
overexpression in potato delays development of disease symptoms." Proceedings of the
National Academy of the United States of America. 91, 1888-1892.

157

Liu, Z.L., Domier, L.L. and Sinclair, J.B. (1993). "ISG-Specific ribosomal DNA
polymorphisms of the Rhizoctonia solani species complex." Mycologia. 85, 795-800.

Liu, Z.L. and Sinclair, J.B. (1991). "Isolates of Rhizoctonia solani anastomosis group 2-2
pathogenic to soyabean." Plant Disease. 75: 682-687.

Logemann, L., Jach, G., Tommerup, H., Mundy, J. and Schell, J. (1992). "Expression of a
barley ribosome inactivating protein leads to increased fungal protection in transgenic
tobacco plants." Bio/technology. 10, 305-308.

Lorito, M., Broadway, R. M., Hayes, C. K., Woo, S. L., Noviello, C., Williams, G. and
Harman, G. E. (1994). "Proteinase inhibitors from plants: a novel class of fungicides."
Molecular Plant Microbe Interactions. 7, 525-527.

Lucas, P., Smiley, R.W. and Collins, H.P. (1993). "Decline of Rhizoctonia root rot on
wheat in soils infected with Rhizoctonia solani AG-8." Phytopathology. 83, 260-265.

Lundquist, K. and Kirk, T.K. (1978). "De novo synthesis and decomposition of veratryl
alcohol by a lignin degrading basidiomycete." Phytochemistry. 17, 1676.

158

MacNish, G.C. (1996). "Patch dynamics and bare patch". In Rhizoctonia species:
Taxonomy, Molecular Biology, Ecology, Pathology, and Disease Control, B. Sneh, S.
Jabahi-Hare, S. Neate, and G. Dijst, eds. (Dordrecht, Kluwer) pp. 217-226.

Manatunga, V. (2001). "Cloning recombinant genes for antibodies inhibitory to fungal
pectinases." PhD Thesis, Murdoch University, Perth.

Mankarios, A.T. and. Friend. (1980). "Polysaccharide degrading enzymes of Botrytis alli
and Sclerotium cepivorum. Enzyme production in culture and the effect of the enzymes
on isolated onion cell walls." Physiol Plant Pathol. 20, 201-212.

Marbach, K., Fernandez-Larrea, J. and Stahl, U. (1994). "Reversion of a long-living,
undifferentiated mutant of Podospora anserina by copper." Curr Genet. 26, 184-6.

Marbach, I., Harel, E. and Mayer, A.M. (1984). "Molecular properties of extracellular
Botrytis cinerea laccase." Phytochemistry. 23, 2713-2717.

Marcus, L., Baras, I., Sneh, B., Koltin, Y. and Finkler. A. (1986). "Purification and
characterization of pectolytic enzymes produced by virulent and hypovirulent isolates of
Rhizoctonia solani Kuhn." Physiological and Molecular Plant Pathology. 29, 325-336.

159

Marzullo, L., Cannio, R., Giardina, P., Santini, M.T. and Sannia, G. (1995). "Veratryl
alcohol oxidase from Pleurotus ostreatus participates in lignin biodegradation and
prevents polymerization of laccase-oxidised substrates." J. Biol.Chem. 270, 3823-3827.

Matthew, J.S. (1992) "Molecular diversity between anastomosis groups of Rhizoctonia
solani." PhD Thesis, Adelaide University, Adelaide.

Mayer, A.M. (1987). "Polyphenol oxidases in plant: recent progress." Phytochemistry.
26, 11-20.

Mayer, A.M. and Staples, R.C. (2002). "Laccase: new functions for an old enzyme."
Phytochemistry. 60, 551-65.

McNeil, M., Darvil, A.G., Fry, S.C. and Albersheim,P. (1984). "Structure and function of
primary cell walls of plants." Ann Rev Biochem. 53, 625-663.

Medeiros, M.B., Bento, A.V., Nunes, A.L.L. and Oliveira, S.C. (1999). "Optimization of
some variables that affect the synthesis of laccase by Pleurotus ostreatus." Bioprocess
Engineering. 21, 483-487.

Messerschmidt, A. and Huber, R. (1990). "The blue oxidases, ascorbate oxidase, laccase
and ceruloplasmin. Modelling and structural relationships." Eur J Biochem. 187, 341-52.

160

Miller, G.L. (1959). "Use of dinitrosalicyclic acid reagent for determination of reducing
sugar." Analytical Chemistry. 31, 426-428.

Mora, A., and Earle, E. (2001). "Resistance to Alternaria brassicicola in transgenic
broccoli expressing a Trichoderma harzianum endochitinase gene." Molecular Breeding.
8, 1-9.

Morvan, O., Quentin, M., Jauneau, A., Mareck, A and Morvan, C (1998). "Immunogold
localization of pectin methyl esterases in the cortical tissues of flax hypocotyl."
Protoplasma. 202, 175-184.

Muñoz, C., Guillen, F., Martinez, A.T. and Martinez, M.J. (1997). " Induction and
characterization of laccase in the ligninolytic fungus Pleurotus eryngi." Current
Microbiology. 34, 1-5.

Murashima, K., Kosugi, A. and Doi, R.H. (2002). " Thermostabilization of cellulosomal
endoglucanase EngB from Clostridium cellulovorans by in vitro DNA recombination
with non-cellulosomal endoglucanase EngD." Molecular Microbiology. 45, 617-626.

Naito, S. and Sugimoto, T. (1978). " Basidiospore infection and lesion development on
sugarbeet leaves by Thanetophorus cucumuris (Frank) Donk." Annual Phytopathological
Society of Japan. 44, 426-431.

161

Nasuno, S. and . Starr, M.P (1966). "Polygalacturonase of Erwina carotovora." J Biol
Chem. 241, 5298-5306.

Neate, S.M. (1987). "Plant debris as a source of inoculum of Rhizoctonia solani in
wheat." Transactions of the British Mycological Society. 88, 157-162.

Neuhaus, J.M., Ahl-Goy, P., Hinz, U., Flores, S. and Meins, F. (1991). "High level
expression of a tobacco chitinase gene in Nicotiana sylvestris. Susceptibility of transgenic
tobacco plants to Cercospora nicotianae." Plant Mol Biol. 16, 141-151.

Nicole, M., Chamberland. H., Geiger, J.P., Lecours, N., Valero, J., Rio, B. and Ouellette,
G.B. (1992). "Immunocytochemical localization of laccase L1 in wood decayed by
Rigidoporus lignosus." Applied & Environmental Microbiology. 58, 1727-39.

O'Brien, P.A. and Zamani, M. (2003). "Production of pectic enzymes by barepatch
isolates of Rhizoctonia solani AG 8." Australasian Plant Pathology. 32, 1-8.

Ogoshi, A. (1987). "ecology and pathogenicity of nastomosis and intraspecific groups of
Rhizoctonia solani Kuhn." Annual Review of Phytopathology. 25, 125-143.

Palmieri, G., Giardina, P., Bianco, C., Scaloni, A., Capasso, A. and Sannia, G. (1997). "A
novel white laccase from Pleurotus ostreatus." J Biol Chem. 272, 31301-31307.

162

Palva, T.K., Holmstrom, K.O., Heino, P. and Palva, E.T. (1993). "Induction of plant
defence response by exoenzymes of Erwinia carotovora subsp. carotovora." Molecular
Plant- Microbe Interactions. 6, 190-196.

Parmeter, J.R. and Whitney, H.S. (1970). "Taxonomy and Nomenclature of the imperfect
state". In: Rhizoctonia solani : Biology and Pathology. J.R. Parmeter, (Ed), University of
California Press, Berkely. pp7-19.

Périé, F.H., Reddy, G.V., Blackburn, N.J and Gold, M.H. (1998). "Purification and
characterization of laccases from the white-rot basidiomycete Dichomitus squalens."
Arch Biochem Biophys. 353, 349-55.

Perry, C.R., Smith, M., Britnell, C.H., Wood, D.A. and Thurston, C.F. (1993).
"Identification of two laccase genes in the cultivated mushroom Agaricus bisporus."
Journal of General Microbiology. 139, 1209-1218.

Petkowski, J.E. and, deBoer, R.F. (2001). "Rhizoctonia solani anastomosis group AG3
and AG2-1 as pathogens of potato and other crops in potato production systems". In:
Proceedings of the Second Australasian Soilborne Diseases Symposium, Lorne, March
2001.Eds I.J. Porter et al.

163

Pezet, R. (1998). "Purification and Characterization of a 32-Kda laccase-like stilbene
oxidase produced by Botrytis cinerea Pers., Fr." FEMS Microbiology Letters. 167, 203208.

Raeder, U. and Broder, P. (1984). "Comparison of lignin-degrading white-rot fungi
Phanerochaete chrysoporium and Sporotrichum pulverulentum at the DNA level."
Current Genetics. 8, 499-506.

Raeder, U. and Broder, P. (1985). "Rapid preparation of DNA from filamentous fungi."
Letters in Applied Microbiology. 9, 17-20.

Reck, V. (1997) "The genetics of Rhizoctonia solani AG8 and AG11 strains." Honours
Thesis, Murdoch University, Perth.

Rehman, A.U and Thurston, C.F. (1992). "Purification of laccase I from Armillaria
mellea." J. Gen. Microl. 138, 1251-1257.

Ride, J.P. (1983). "Cell wall and other structural barriers in defence". In: Biochemical
Plant Pathology. J.A. Callow, (Ed), John Wiley & Sons Ltd, New York. pp. 215-236.

Rigling, D. and Van Alfen, N.K. (1991). "Regulation of laccase biosynthesis in the plantpathogenic fungus Cryphonectria parasitica by double-stranded RNA." J Bacteriol 173,
8000-8003.

164

Rigling, D. and Van Alfen, N.K. (1993). "Extracellular and intracellular laccases of the
chestnut

blight

fungus, Cryphonectria

parasitica." Applied & Environmental

Microbiology 59, 3634-3639.

Riou, C., Freyssinet, G. and Fevre, M. (1991). "Production of cell wall-degrading
enzymes by the phytopathogenic fungus Sclerotinia sclerotiorum." Applied &
Environmental Microbiology. 57, 1478-1484.

Rogalski, J. (1986). "Cooperation of selected hydrolases and phenol oxidases in the
degradation of ligninocellulose." PhD Thesis, Maria Curie-Sklodowska University,
Lublin. pp. 1-215.

Rogalski, J. and Leonowicz, A. (1992). "Phlebia radiata laccase forms induced by
veratric acid and xylidine in relation to lignin peroxidase and manganese-dependent
peroxidase." Acta Biotechnol. 12, 213-221.

Rogalski, J., Lundell, T., Leonowicz, A. and Hatakka, A. (1991). "Influence of aromatic
compounds and lignin on production of lignininolytic enzymes by Phlebia radiata."
Phytochemistry. 30, 2869-2872.

Rovira, A.D. (1986). " Influence of crop rotation and tillage on Rhizoctonia bare patch of
wheat." Phytopathology. 76, 669-673.

165

Roy-Arcand and Archibald (1991). "Direct dechlorination of chlorophenolic compounds
by laccases from Trametes (Coriolus) versicolor." Enzyme .Microb. Technol. 13, 194203.

Ruijter, G.J.G. and Visser, J. (1997). "Carbon represson in Aspergilli." FEMS Microbiol
Lett. 151, 103-114.

Salas, C., Lobos, S., Larrain, J., Salas, L., Cullen, D. and Vicuna, R. (1995). "Properties
of laccase isoenzymes produced by the basidiomycete Ceriporiopsis subvermispora."
Biotechnol Appl Biochem. 21, 323-33.

Saloheimo, M., Niku-Paavola, M.L. and Knowles, J.K (1991). "Isolation and structural
analysis of the laccase gene from the lignin- degrading fungus Phlebia radiata." Journal
of General Microbiology. 137, 1537-44.

Scala, A., Camardella, L., Scala, F. and Cervone, F. (1980). "Multiple forms of
polygalacturonase in two strains of Rhizoctonia solani." Journal of General
Microbiology. 116, 207-211.

Scott, K.J. (1994). "Genetic engineering of cereals for resistance to phytopathogens."
Australasian Plant Pathology. 23, 154-162.

166

Scott-Craig, J.S., Cheng, Y.Q., Cervone, F., De Lorenzo, G., Pitkin, J.W. and Walton,
J.D. (1998). "Targeted mutants of Cochliobolus carbonum lacking the two major
extracellular polygalacturonases." Applied & Environmental Microbiology. 64, 1497-503.

Shehata, M.A., Davis, D.W. and Anderson, N.A. (1981). "Screening peas for resistance
to stem rot caused by Rhizoctonia solani." Plant Disease. 65, 417-419.

Shieh, M.T., Brown, R.L., Whitehead, M.P., Cary, J.W., Cotty, P.J., Cleveland, T.E. and
Dean, R.A. (1997). "Molecular genetic evidence for the involvement of a specific
polygalacturonase, P2c, in the invasion and spread of Aspergillus flavus in Cotton Bolls."
Applied & Environmental Microbiology. 63, 3548-3552.

Sneh, B., Burpee, L. and Ogoshi, A. (1991). Identification of Rhizoctonia species, APS
Press, St. Paul, MN, USA. pp133.

Soden, D.M. and Dobson, A.D. (2001). "Differential regulation of laccase gene
expression in Pleurotus sajor- caju." Microbiology. 147, 1755-63.

Southerton, S.G., Osbourn, A.E., Dow,J.M. and Daniels, M.J. (1993). "2 xylanases from
Gaeumannomyces graminis with identical n-terminal amino acid sequence." Physiol Mol
Plant Pathol. 42, 97-107.

167

Strobel, G.A. (1963). "A xylanase system produced by Diploida viticola."
Phytopathology. 53, 592-596.

Sundaramoorthy, M., Kishi, K., Gold, M. and Poulas, T. (1994). "The crystal structure of
manganese peroxidase from Phanerochaete chrysosporium at 2.06 Å resolution." J. Biol.
Chem. 269, 32759-32767.

Suslow, T.V., Matsubara, D., Jones, J., Lee, R. and Dunsmuir, P. (1988). "Effect of
expression of bacterial chitinase on tobacco susceptibility to leaf brown spot."
Phytopathology.78, 1556-1559.

Sweetingham, M.W., Cruishank, R.H. and Wong, D.H. (1986). "Pectic zymograms and
taxonomy and pathogenicity of the ceratobasidiaceae." Transactions of the British
Mycological Society. 86, 305-311.

Sweetingham, M.W., MacLeod, W.J. and MacNish, G. (1993). " Rhizoctonia diseases of
lupins." Farmnote No.24, Department of Agriculture, Western Australia.

Szklarz, G. and Leonowicz, A. (1986). "Cooperation between fungal laccase and glucose
oxidase in the degradation of lignin derivatives." Phytochemistry. 25, 2537-2539.

Takao, S. (1965). "Organic acid production by basidiomycetes. I. Screening of acidproduction strains." Appl. Microbiol. 13, 732-737.

168

Temp, U. and Eggert, C. (1999). "Novel interaction between laccase and cellobiose
dehydrogenase during pigment synthesis in the white rot fungus Pycnoporus
cinnabarinus." Applied & Environmental Microbiology. 65, 389-95.

ten

Have,

A.,

Mulder,

W.,

Visser,

J. and Vankan, J.A.L. (1998). "The

endopolygalacturonase gene Bcpg1 is required for full virulence of Botrytis cinerea."
Molecular Plant-Microbe Interactions. 11, 1009-1016.

Terras, F.R.G., Schoofs, H.M.E., Thevissen, K., Osborn, R.W., Vanderleyden, J.,
Cammue, B.P.A. and Broekaert, W.F. (1993). "Synergistic enhancement of the antifungal
activity of wheat and barley thionins by radish and oilseed rape 2S albumins and by
barley trypsin inhibitors." Plant Physiol. 103, 1311-1319.

Thurston, C.F. (1994). "Structure and function of fungal laccases (Review)."
Microbiology. 140, 19-26.

Van Etten, H.D., Maxwell, D.P. and ateman, D.F. (1967). "Lesion maturation, fungal
development, and distribution of endo-polygalacturonase and cellulase in Rhizoctonia infected bean." Phytopthology. 57, 121-126.

169

Van Etten, H.D., Sandrock, R.W., Wasmann, C.C., Soby, S.D., McCluskey, K. and
Wang, P. (1995). "Detoxification of phytoanticipins and phytoalexins by phytopathogenic
fungi." Canadian Journal of Botany-Revue Canadienne de Botanique. 73, S 518-S 525.

Van Parijs, J., Broekaert, W.F., Goldstein, I.J. and Peumans, W. J. (1991). "Hevein: an
antifungal protein from rubber tree (Hevea brasiliensis) latex." Planta. 258-264.

Vierheilig, H., Alt, M., Neuhaus, J.M., Boller, T. and Wiemken, A. (1993). "Colonization
of transgenic Nicotiana sylvestris plants, expressing different forms of Nicotiana tabacum
chitinase, by the root pathogen Rhizoctonia solani and by the mycorrhizal symbiont
Glomus mosseae." Molecular Plant-Microbe Interactions. 6, 261-264.

Viterbo, A., Staples, R.C., Yagen, B. and Mayer, A.M. (1994). "Selective mode of action
of cucurbitacin in the inhibition of laccase formation in Botrytis cinerea."
Phytochemistry. 35, 1137-1142.

Wahleithner, J.A., Xu, F., Brown, K.M., Brown, S.H., Golightly, E.J., Halkier, T.,
Kauppinen, S., Pederson, A. and Schneider, P. (1996). "The identification and
characterization of four laccases from the plant pathogenic fungus Rhizoctonia solani."
Curr Genet. 29, 395-403.

Walton, J.D. (1994). "Deconstructing the Cell Wall." Plant Physiology. 104, 1113-1118.

170

Wang, Y. and Fristensky, B. (2001). "Transgenic canola lines expressing pea defense
gene DRR206 have resistance to aggressive blackleg isolates and to Rhizoctonia solani."
Molecular Breeding. 8, 263-271.

Wariishi, H., Valli, K. and Gold, M.H. (1992). "Manganese (II) oxidation by manganese
peroxidase of Phanerochaete chrysoporium. Kinetic mechanisms and role of chelators."
J. Biol. chem 267, 23688-23695.

Wegener, S., Ransom, R.F. and Walton, J.D. (1999). "A unique eukaryotic betaxylosidase

gene

from

the

phytopathogenic

fungus

Cochliobolus

carbonum."

Microbiology. 145, 1089-1095.

Weller, D.M., Cook, R.J., McNish, G., Bassett, E.N., Powelson, R.L. and Peterson, R.R.
(1986). "Rhizoctonia root rot of small grains favored by reduced tillage in the Pacific
North West." Plant Disease. 70: 70-73.

Westmark, U. and Eriksson, K.E. (1974). "Carbohydrate-dependent enzymic quinone
reduction during lignin degradation." Acta Chem.Scand. B28, 204-208.

Willis, J.W., Engwall, J.K. and Chaterjee, A.K. (1987). "Cloning of genes for Erwinia
carotovora subsp. carotovora pectolytic enzymes and further characterisation of the
polygalacturonases." Phytopathology. 77, 1199-1205.

171

Wong, K.K.K., Tan, L.U.L. and Saddler, J.N. (1988). "Multiplicity of β-1,4-xylanase in
microorganisms: Functions and applications." Microbiol. Rev 52, 305-317.

Wood, T. M., McCrae,S.I., Wilson,C.A., Bhat,K.M. and Gow,L.A. (1988). "Aerobic and
aerobic fungal cellulases, with special references to their mode of attack on crystalline
cellulose." In: Biochemistry and genetics of cellulose degradation, J. Aubert, P. Beguin
and J. Millet, (Eds), Academic Press, London. pp 31-52.

Wu, S.C., Ham, K.S., Darvill, A.G. and Albersheim, P. (1997). "Deletion of two endo-β1,4-ylanase genes reveals additional isozymes secreted by the rice blast fungus."
Molecular Plant-Microbe Interactions. 10, 700-708.

Yakoby, N., Freeman, S., Dinoor, A., Keen, N.T. and Prusky, D. (2000). "Expression of
pectate

lyase

from

Colletotrichum

gloesosporioides

in

C.

magna

promotes

pathogenicity." Molecular Plant-Microbe Interactions, 13, 887-891.

Yang, H. (1993). “Genetic studies on strains of Rhizoctonia solani associated with bare
patch disease of cereals in Western Australia.” PhD Thesis, University of Western
Australia, Perth.

Yang, H.A., Zhou, J., Sivasithamparam, K., Tommerup, I.C., Barton, J.E. and O’Brien,
P.A. (1994). “Genetic variability in pectic enzymes of Rhizoctonia Solani isolates causing

172

bare-patch disease of cereals.” Journal of Phytopathology-Phytopathologische Zeitschrift.
141, 259-266.

Yaver, D.S. and Golightly, E.J. (1996). “Cloning and characterization of three laccase
genes from the white-rot basidiomycete Trametes villosa: Genomic organization of the
laccase gene family.” Gene. 181, 95-102.

Yaver, D. S., Overjero, M.D., Xu, F., Nelson, B.A., Brown, K.M., Halkier, T., Bernauer,
S., Brown, S.H. and Kauppinen, S. (1999). “Molecular characterization of laccase genes
from the basidiomycete Coprinus cinereus and heterologous expression of the laccase
lcc1.” Applied & Environmental Microbiology. 65, 4943-4948.

Zhu, B.L., Chen, T.H.H. and Li, P.H. (1996). "Analysis of late-blight disease resistance
and freezing tolerance in transgenic potato plants expressing sense and antisense genes
for an osmotin-like protein." Planta. 198, 70-77.

Zhu, Q., Maher, E.A., Masoud, S., Dixon, R.A. and Lamb, C.J. (1994). "Enhanced
protection against fungal attack by constitutive co-expression of chitinase and glucanase
genes in transgenic tobacco." Bio/Tecnology. 12, 807-812.

Zuber Mohd. and Manibhusanrao, K. (1982). "Studies on comparative electrophoretic
patterns of proteins and enzymes from isolates of Rhizoctonia solani causing sheath
blight disease in rice." Canadian Journal of Microbiology. 28, 762-771.

173

APPENDIX I (Refers to Chapter 6)
Nucleotide sequences of SCR122, 11034, and VR20 and database search results of the lacase
sequences of SCR122, 11034, and VR20 in the nucleotide level
SCR122 (AG-6)
TCGCCAACAAGGGGGATACACTTAAAATCACTGTGCGGAATAAACTCTCCGATCCAACTATGCGAAGGAGCACGACTATCGTTAGTTCTTCTCCTAATCTGACTTGAAACTTTCTCATA
TATTTTGAAGCACTGGCACGGTCTGCTCCAGCACAGGACGGCAGAAGAAGATGGCCCGGCCTTTGTAACCCAGGTATGTCCTATCACACTACTGTGTCTGTGCGCCCCCCCCCCCTAAC
TCGGCAGTTCTAGTGCCCGATTCCCCCGCAAGAATCGTACACCTATACGATGCCGCTCGGCGAACAGACCGGCACGTATTGGTACCACAGCCACTTGAGCTCCCAGTATGTGGACGGG
CTGCGTGGACCCATTGTTATTTGTAAGTCTTCATTTGACCTTGTTCTTGGCTATGGCTGATTATGACGTCGTGGTTAGATGGTTCGTGGTTTCTACAAGAAGTCAGTAGTGTTTGAAGCT
AACTATATTTTAGATCCCAACGACCCGTACAGAAACTACTATGACGTCGACGACGAGCGTACGGTCTTTACTTTGGCAGACTGGTACCACACGCCGTCGGAGGCTATCATTGCCACCC
ACGATGTCTTGAAAACGTACGCATCAATCCTTCTAGTTTCTTTCCTTGACTCACTTTCTTTCAGGATCCCCCGACTCGGGTACGATCAAC
GGCAAAGGCAAAT
11034 (AG-8)
TCGCCAACAAGGGGGATACTCTCAAGGTCAAAGTTGAAAACAATCTCACGGATCCTTCCATGTATCGTACCACTTCTATTGTAGGCTCATTCCATTCTCTCAAATTGATCAATGCTAAG
TCCTTTATCTAGCACTGGCACGGCCTCCTGCAGCATAGAAATGCCGACGACGACGGCCCTGCATGGGTCACTCAGGTAAGTTGTGCATAGTTAACGTGGACTTGATTGACAACTCGGTT
ACATCAGTGCCCAATTGTTCCGCAAGAGTCGTATACTTACACCATGCCTCTGGAAGACCAAACTGGAACGTACTGGTATCATGCCCACACCTCGTCCCAATACATTGACGGCTTGCGCG
GTCCGCTGGTGATCTGTAGGTGCTTAGCTCGTCTACTCGTAATGACGCTGAGACAAGTGTTGTTTTATAGATGGTTCGTCCCCCTATTCAAGCTTGGACCACTCCTTACCTAACTGTTAT
AATAGATTCGAAAGATCCTCATAGGCAGCTGTACGATGTCGACGACGAGAAGACCGTACTGATCATCGGCGATTGGTATCATGATTCGTCCAAGGACATCCTTGCCTCCCGTAACATC
ACTAGGCAGTAAGCCATGCGCACTCTCGTCGGTTCCGCTCACTGACTCCATTTGTAGGCGACCGGACTCTGCTACGATCAACGGCAAAG
GCAAAT
VR20 (AG-11)
ATTTGCCTTTGCCGTTGATCGTGCCCGAGTCAGGAATCCTGAAGAAATGTGAGTCGAGGGGAAGACCAGCAGGATTGAATGCGTACGTTTTCAAGACATCGTGGGTGGCCATGATGGC
CTCTGACGGAGTATGGTACCAATCTGCCAAAGTAAAGATTGTACGCTCGTCATCGACATCATGGTAGTTCCTGTATGGATCTTTAGGATCTATACGGTGATAGGATCAGCCTCAAACAC
TACCGGAAGATTCTGTTCTACGTACCATCTAGATAAAAAATCATAATCAATATTAGTCTAAAGTAGTTTGGGCGAAGACTTTACAAATGACAAGCGGTCCGCGTAGCCCGTCAACCTA
ATTTAACATGGAAAAATTAGTTTAACTCGACTTGTAAGACAGAAGTTAAACAAAATTACGTATTGCGATGAGAGATGACTGTGGTACCAATACGTTCCAGTCTGTTCGCCCAGTGGCA
TGTTGTAGGTGTAAGATTCTTGCGGGGGAATCGGGCACTAGAACCATCAAAGTTAGGGAACGATGCTGATAGGTTAGTGTTAGACATACCTGAGTAACAAAGGCAGGACCGTCCTCTT
CAGCCGTGCGGTGTTGGAATAGACCGTGCCAGTGCTTTAAAAATATCAGAGTGGTACGAGACGCGTAGGGGAAAGGACACACGATAGTTGTACTTCGTCGCATAGTTAGATCAGAAA
GCTTGTTCCGCACAGTGATCTTGAGTGTATCCCCCTTGTTGGCGA

Figure I.1 Nucleotide sequences of the cloned laccase fragments from SCR122 (AG-6), 11034 (AG-8) and VR20 (AG-11)
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Table I.2 Database search results of the sequences of 11034, VR20 and SCR20 in the
nucleotide level
Isolate

Gene Match

Accesion number

Position

Identity

E value

11034

R. solani gene for laccase 3

Z54215

845-921
973-1044
1374-1428
1093-1152

88% over 77bp
88% over 72bp
89% over 55bp
86% over 61bp

1e-12
5e-12
1e-06
2e-05

R. solani gene for laccase 1

Z54275

963-1038
691-764
445-518
570-638
1112-1146

88% over 76bp
86% over 74bp
86% over 74bp
84% over 69bp
91% over 35bp

5e-12
2e-08
2e-08
0.005
0.076

R. solani gene for laccase 2

Z54276

1283-1305

100% over 76bp

0.076

R .solani gene for laccase 2

Z54276

1224-1112
936-854
672-609
1305-1264
804-728

89% over 113bp
89% over 83bp
87% over 64bp
92% over 42bp
84% over 77bp

7e-27
4e-16
4e-07
6e-06
2e-05

R. solani gene for laccase 3

Z54215

1171-1119

86% over 53bp

0.005

R. solani gene for laccase 2

Z54276

854-1305
609-804

94% over 453bp
95% over 196bp

0.0
1e-83

R. solani gene for laccase 3

Z54215

1116-1183

85% over 68bp

8e-05

VR20

SCR122
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Table I.2 (contd.)
Isolate

Protein Match

Accesion number

Position of
Amino acids
similarity

Identity

11034

Laccase 1 precursor (R.
solani)

P56193
S68117

56-142
186-198

62% over 123 AA 69%over 123 AA
76% over 13 AA 92% over 13 AA

1e-55
1e-55

Laccase 3 precursor (R.
solani)

Q02079
S68119
CAA90942.1

56-144
143-186
186-198

64% over 123 AA 68% over 123 AA
79% over 44 AA 86% over 44 AA
76% over 13 AA 100% over 13 AA

9e-55
9e-55
9e-55

Laccase 2 precursor (R.
solani)

S68118
Q02075
CAA91041.1

56-144
143-185
188-198

56% over 123 AA 65% over 123 AA
48% over 43 AA 69% over 43 AA
90% over 11 AA 90% over 11 AA

9e-43
9e-43
9e-43

Laccase 4 precursor (R.
solani)

Q02081
CAA91042.1
S68120

57-145
144-172
195-205

51% over 123 AA 57% over 123 AA
58% over 29 AA 72% over 29 AA
72% over 11 AA 81% over 11 AA

9e-34
9e-34
9e-34

Lcs-1 (Ceriporiopsis
AA025685.1
subvermispora)
AA026040.1
Laccase 1(C.subvermispora) AAC97074.2
Laccase precursor
(C.subvermispora)

62-149
473-577

40% over 122 AA 52% over 122 AA
51% over 35 AA 68% over 35 AA

1e-27
1e-27

VR20

Positives

E value

Laccase 2 precursor (R.
solani)

S68118
Q02075
CAA91041.

56-198
103-135

42% over 250 AA 46% over 250 AA
96% over 33 AA 96% over 33 AA

5e-38
3e-13

Laccase 3 precursor (R.
solani)

Q02079
S68119
CAA90942.1

56-198
103-135

30% over 250 AA 41% over 250 AA
87% over 33 AA 90% over 33 AA

3e-22
3e-11

Laccase 4 precursor (R.
solani)

Q02081
CAA91042.1
S68120

57-205
104-136

32% over 250 AA 41% over 250 AA
66% over 33 AA 75% over 33 AA

1e-20
4e-06

Laccase 1 precursor (R.
solani)

P56193
S68117

56-198
103-135

29% over 250 AA 40% over 250 AA
81% over 33 AA 90% over 33 AA

2e-20
4e-10

Laccase II precursor
(Agaricus bisporus)

Q12542
AAA17035.1

57-102
103-14
146-200

48% over 62 AA
53% over 32 AA
37% over 69 AA

59% over 62 AA
78% over 32 AA
52% over 69 AA

5e-17
5e-17
5e-05
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