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Abstract:
Gaeumannomyces graminis von Arx & Oliver is a filamentous soil-born ascomycete that colonizes the
root and crown cortex tissue of many members of the grass family, Poaceae. G. graminis var. tritici is
an important root pathogen of cereals that causes “take-all” disease and results in severe crop losses
world-wide.

Laccase is a multi-copper containing enzyme that catalyzes the biological oxidation of various phenolic
compounds. Laccases are ubiquitous in plants, fungi and bacteria. Various functions are suggested for
the fungal laccases; however, only a few of them have been verified. Preliminary data (40) suggest that
in G. graminis laccase may be involved in the biosynthesis of 1,8-dihydroxynaphthalene
(DHN)-melanin and in degradation of lignin produced by the host plant in response to the fungal
infection. Both functions are required for pathogenesis.

In order to elucidate the possible roles of laccase in pathogenesis, I cloned and partially characterized
three laccase genes (LACI, LAC2, and LAC3) from a G. graminis var. tritici genomic library and
described expression patterns of these genes by Reverse Transcription-PCR (RT-PCR). To investigate
a correlation between laccase expression and the ability of the fungus to infect wheat, I also cloned and
partially characterized two laccase genes (LACl and LAC2) from G. graminis var. graminis, a weak
pathogen of rice and turf grasses. The genes were 94-95% identical to the LACl and LAC2 genes from
the pathogenic variety; however, they were transcribed under different environmental conditions.

Recently two G. graminis var. graminis melanin mutants with altered lytic enzyme secretion patterns
were characterized (51). To determine if accumulation of melanin correlates with the expression of
laccase, I examined expression of two laccase genes in G. graminis var. graminis melanin mutants.
Transcription of LAC2 was downregulated and transcription of LACl in planta was upregulated in the
over-melanized mutant, as compared to the wild type and the unmelanized mutant. In the unmelanized
mutant transcription of both genes was similar to that observed in the wild type. 
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ABSTRACT

Gaeumannomyces graminis von Arx & Oliver is a filamentous soil-born 
ascomycete that colonizes the root and crown cortex tissue of many members of the grass 
family, Poaceae. G. graminis var. tritici is an important root pathogen of cereals that 
causes “take-all” disease and results in severe crop losses world-wide.

Laccase is a multi-copper containing enzyme that catalyzes the biological 
oxidation of various phenolic compounds. Laccases are ubiquitous in plants, fungi and 
bacteria. Various functions are suggested for the fungal laccases; however, only a few of 
them have been verified. Preliminary data (40) suggest that in G. graminis laccase may 
be involved in the biosynthesis of 1,8-dihydroxynaphthalene (DHN)-melanin and in 
degradation of lignin produced by the host plant in response to the fungal infection. Both 
functions are required for pathogenesis.

In order to elucidate the possible roles of laccase in pathogenesis, I cloned and 
partially characterized three laccase genes {LACI, LAC2, and LAC3) from a G. graminis 
var. tritici genomic library and described expression patterns of these genes by Reverse 
Transcription-PCR (RT-PCR). To investigate a correlation between laccase expression 
and the ability of the fungus to infect wheat, I also cloned and partially characterized two 
laccase genes {LAC1 and LAC2) from G. graminis var. graminis, a weak pathogen of rice 
and turf grasses. The genes were 94-95% identical to the LACl and LAC2 genes from the 
pathogenic variety; however, they were transcribed under different environmental 
conditions.

Recently two G. graminis var. graminis melanin mutants with altered lytic enzyme 
secretion patterns were characterized (51). To determine if accumulation of melanin 
correlates with the expression of laccase, I examined expression of two laccase genes in 
G. graminis var. graminis melanin mutants. Transcription of LAC2 was downregulated 
and transcription of LACl in planta was upregulated in the over-melanized mutant, as 
compared to the wild type and the unmelanized mutant. In the unmelanized mutant 
transcription of both genes was similar to that observed in the wild type.



I

CHAPTER I 

INTRODUCTION

Biochemical characteristics of laccase

Laccase (p- diphenolroxygen oxidoreductase; ECL10.3.2) is a multi-copper 

containing enzyme that catalyzes the biological oxidation of phenolic compounds by 

coupling it to the reduction of oxygen to water. Laccase was originally isolated in 

1883 from the sap of the Japanese lacquer tree (Rhus vernicifera) that was used to 

prepare lacquer in East Asia (HO). Laccase, together with ascorbate oxidase and 

caeruloplasmin, belongs to the blue copper oxidase family that is characterized by 

having cupric ions of three distinct types: the intensely blue type I Cu (Tl), with e = 

4,000-6,000 M ""1X cm"1 around 600 nm and a narrow electron paramagnetic resonance 

(EPR) spectrum (3.5-9.0 mT), the type 2 Cu (T2) with undetectable visible absorption 

and a normal EPR spectrum, and the type 3 Cu (T3) that contains a pair of 

antiferromagnetically coupled Cu (II) ions, undetectable by EPR, and with an 

absorption maximum at 330 nm (I). Laccase contains a single set of Cu ions of the 

three types, coordinated so that each of the known magnetic species (Tl, T2, and T3) 

is associated with a single polypeptide chain (36). T l copper extracts electrons from 

the substrate and delivers them to the T2 and T3 tiinuclear cluster, where reduction of 

molecular oxygen to water takes place.' In contrast to laccase, the plant enzyme 

ascorbate oxidase contains two sets of Cu ions of each type, and six Cu ions, three of 

which are blue and are present
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in human enzyme caeruloplasmin (84). The copper-binding domains are highly 

conserved among all blue copper oxidases (84).

Laccases are characterized by having broad substrate specificity and are known 

to catalyze polymerization, depolymerization, methylation, and demethylation of 

phenolic compounds (31), as well as oxidation of aminophenols, polyamines, aryl 

diamines (68), and some inorganic ions like Mn2+ (63). The ability of laccase to 

oxidize certain large, complex polymers such as lignin can be significantly extended 

by the application of low-molecular weight mediators that include artificial 

substances such as 2,2’-azino-bis-(3-ethylbenzothiazoline-6-sulfoniC acid) (ABTS) 

and I -hydroxybenzotriazole (HBT) (76), or fungal metabolites like veratryl (3,4- 

dimethoxybenzyl) alcohol, Mn3+, and activated oxygen species, such as hydroxyl 

radical (HO) or superoxide anion radical (O2) (79,58,42). Natural mediators are 

especially important because they significantly broaden the laccase substrate range 

and allow the enzyme to play a role in complex multienzyme processes, such as the 

degradation of lignin (42). Oxidized products of a number of laccase reactions often 

polymerize with each other or with molecules in the surrounding extracellular matrix 

to form chemically resilient structures, such as melanin, lignin, or humic acids (40, 

31,124,103,61).

Laccases are widely distributed among organisms. Genes Coding for laccase-like 

proteins have been cloned and characterized from a number of higher plants (70, 87, 

74), bacteria (55, 13), insects, (113), and from many ascomycete (2, 20, 104, 47, 73) 

and basidiomycete fungi (9, 19, 23, 43). A few plant laccases (I, 83, 98, 96) and a

v
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great number of fungal laccases have been purified and biochemically characterized 

(32, 40, 53). Recently, the structure of laccase from the fungus Coprinus cinereus 

with the depleted type 2 Cu was determined by X-ray crystallography at a resolution 

of 2.2 A (36). The putative type 2 Cu was removed from the protein; however, the 

remaining type I and type 2 Cu sites displayed full occupancy. It was found that 

laccase was a monomer composed of three cupredoxin-like (3-sandwich domains 

similar to those found in ascorbate oxidase. In contrast to ascorbate oxidase, the 

mononuclear type I Cu site of the characterized laccase did not have the axial 

methionine ligand and therefore exhibited diagonal planar coordination characterized 

by an elevated redox potential.

Laccases in bacteria

The biological roles of the enzyme in a majority of organisms are unclear. In 

insects laccase is involved in sclerotization of larvae (113). Little is known about the 

function of laccase in bacteria (55,13,48). So far, laccase activity has been detected 

in the bacterium Azospirillum Upoferum (54), and a polyphenol oxidase with a dual 

laccase and tyrosinase activity and high sequence homology to fungal and plant 

laccases, has been purified and Characterized from a marine bacterium Marinomonas 

mediterranea (48, 101, 111). However, recent data suggest that laccases may be 

ubiquitous in the bacterial world (55). Analyses of available bacterial genome 

sequences and protein sequences in the database revealed a number of bacterial 

proteins with a significant sequence homology to the fungal laccases, containing 

conserved, characteristic copper-binding motifs (55). Interestingly enough, some of
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these putative microbial laccases include well-known proteins, such as PcoA from 

Escherichia coli (15), CopA from Pseudomonas syringae, and Xanthomonas 

campestris (26) that play roles in copper tolerance, and CumA from Pseudomonas 

putida that is involved in manganese oxidation (13). Recently, yacK, another E. coli 

gene, encoding a putative multicopper oxidase, was cloned and the protein encoded 

by the gene was expressed and purified (71). The purified protein contained six 

copper atoms per polypeptide chain and displayed optical and EPR spectra consistent 

with the presence of type I, type 2, and type 3 copper sites. In the presence of Cu2+the 

enzyme exhibited phenoloxidase and ferroxidase activity and was able to oxidize 2,3 

-dihydroxybenzoate and enterobactin. Oxidation of enterobactin produced a colored 

precipitate similar to precipitates produced by polymerization reactions that 

characterize microbial melanization processes, which implies that in bacteria, laccase- 

Iike enzymes perform functions similar to those in fungi.

Plantlaccases

So far, only two functions have been ascribed to the plant laccases (74). A 

laccase isolated from R. vernicifera (Japanese lacquer tree) is implicated in tree 

wound healing catalyzing rapid polymerization/hardening of urishiol and other 

phenolic compounds found in tree sap (90). There is also a significant amount of 

evidence supporting the role of laccases in the formation of lignin in higher plants 

(31,74, 83, 96). Lignin is a highly stable polymer of aromatic subunits. It serves as a 

matrix surrounding the polysaccharide components of plant cell walls providing 

support and compressive strength (124). In 1992, the first plant laccase with a low
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isoelectric point (pl<5) capable of polymerizing lignin precursors was purified from 

the conditioned medium of an Acer pseudoplatanus (sycamore maple) cell suspension 

culture (112). Polyclonal antibodies were raised against the purified protein and the 

enzyme was immunolocalized to lignifying tissues of the sycamore maple stem (35) 

Later, a laccase with a high isoelectric point (pl>8.5) was purified from the xylem of 

Firms taeda (loblolly pine) and its activity was found to be temporally and spatially 

correlated with lignification in the stem tissues (6). Recently, a laccase, with a 

proposed role in lignification, was purified from the developing xylem of Picea 

sitchensis (Sitka spruce) (83) and two laccase isozymes were purified from the cell 

walls of Populus euramericana (poplar tree) xylem (96). Also, five cDNAs, 

encoding highly divergent laccase isozymes, have been cloned from a P. 

euramericana cDNA library. By Northern blot hybridization with gene-specific 

probes, transcription of all of the genes was linked to the stem tissues (74).

Proposed functions of fungal laccases

In fungi, where laccases have been the most extensively studied, two major 

functions for the enzyme have been determined: I) pigment biosynthesis (22, 114, 

125) and 2) degradation of lignin (3, 31,44, 80). However, other functions have also 

been suggested for a few individual laccases (29, 63,94).

At least four laccases from basidiomycete and ascomycete fungi are involved in 

the biosynthesis of different pigments. In the human pathogenic basidiomycete yeast 

Cryptococcus neoformans, laccase is involved in oxidation of
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dihydroxyphenylalanine (L-DOPA) into a melanin-like pigment that protects the 

pathogen from the host immune response. The enzyme is required for the survival of 

the pathogen in the host tissues and considered a virulence factor. Laccase-negative

cnlacl (Mel) knockout mutants of C. neoformans are defective in pigment

production and nonpathogenic to mice (100,125).

Pigmentation of conidia is also required for the pathogenesis of Aspergillus

fumigatus.

It was shown (117) that albino mutants of A. fumigatus are less pathogenic in a 

murine model than the wild-type, probably because the CS component of the human 

complement system readily binds to the albino conidia, whereas pigmented wild-type 

conidia are more resistant to compliment binding. CS-binding to conidia stimulates
I

phagocytosis, which eliminates the spores (118). A putative laccase gene was 

identified as a part of the six-gene cluster involved in conidial pigment biosynthesis 

in this opportunistic human pathogen (117). A saprophyte, Aspergillus nidulans, 

contains at least two genes encoding laccase. One of them, yA (laccase I), is 

expressed during asexual development. Laccase encoded by this gene converts a 

yellow precursor of conidia pigment into the green pigment of mature conidia. 

Yellow-spored mutants of A. nidulans are defective in yA production (2, 21). The 

second recently purified and characterized laccase II (TilA) was localized at the 

growing hyphal tip; however, deletion or overexpression of the TILA gene had no 

apparent phenotype under laboratory conditions (104).
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Laccase from the white rot basidiomycete, Pycnoporus cinnaborinus, has a dual 

function. Together with cellobiose dehydrogenase it functions in the biosynthesis of 

cinnabarinic acid, a characteristic orange-red pigment of the fruiting bodies that has a 

significant antimicrobial activity against a variety of bacterial species. In addition, the 

purified enzyme also has significant lignolytic activity and is believed to be involved 

in the degradation of lignin (41,43,44,114) .

Degradation of lignin is another function proposed for fungal laccases. Four classes 

of extracellular enzymes have been implicated in lignin degradation: lignin 

peroxidases (LiPs), manganese peroxidase (MnPs), ffjC^-generating glyoxal oxidase 

(GLOX), and laccases (28). LiPs and MnPs are considered the major players in 

lignin degradation carried out by the white rot basidiomycetes (28,93). However, 

most of the aseomycetes (2, 47, 73, 133) and certain basidiomycetes, such as P. 

cinnaborinus (43), contain laccases, but do not express other major lignolytic 

enzymes implying that laccases play significant roles in the lignin degradation 

performed by those fungi.

Several purified fungal laccases have been shown to degrade lignin or lignin 

homologues (40, 44, 76). However, much less information is available on the 

involvement of laccase in lignin degradation in situ. In the white rot basidiomycete, 

Pleurotus ostretus, induction of laccase activity by cotton stalk extract resulted in the 

enhancement of lignin degradation (3). Goodell et al. used transmission electron 

microscopy and gold-labeled polyclonal antibodies produced against the purified 

laccase III from another white rot basidiomycete Lentinus edodes to determine the 

localization of the enzyme in decaying wood (56). The authors claimed that even
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though significant amounts of Iaccase III were produced by L. edodes while growing 

in wood, the enzyme was not directly involved in initial cell wall depolymerization 

since it was unable to penetrate wood cell walls. However, recent data on the role of 

low molecular weight mediators of laccase activity in lignin degradation 

demonstrated that laccase might act indirectly during the early phases of plant cell 

wall degradation and still successfully carry out the oxidation of the substrate (42,76, 

79).

Other functions have been suggested for fungal laccases (29,63,94) . Purified 

laccase from Botrytis cinerea is capable of oxidizing stilbene phytoalexins; in 

addition, expression of the enzyme is induced in culture by pectin (94). Both of these 

facts suggest that B. cinerea laccase plays a role in pathogenesis. Purified laccase 

from Trametes versicolor oxidizes Mn2+ to Mn3+ (63), a powerful oxidant that may 

facilitate lignin degradation or inactivation of the host defense system (58, 59). Some 

authors suggest that fungal laccases may be involved in degradation of humic acids 

(20, 103) or even may be required for the vegetative growth of certain fungi (29), 

however more data are required to prove or disprove these observations.

Regulation of laccase gene expression in fungi

Most filamentous fungi studied produce several laccase isozymes. Four different 

laccase genes were identified in Rhizoctonia solani (119), five in T. versicolor (23), 

three in the basidiomycete 1-62 (80), two in Agaricus bisporus (109), at least three in 

Pleurotus ostreatus (92), and up to four in Podospora anserina (47). Frequently, the
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number of laccase isozymes in a particular fungus is underestimated (47, 80). 

Laccase genes often have surprisingly low homology to each other, and therefore, it is 

difficult to determine the number of them in the organism using traditional methods 

of molecular biology such as Southern blot hybridization (47).

Differential expression of laccase genes has been extensively studied in a 

variety of fungi (12, 23, 81, 96, 109, 134). Multiple laccase genes are often 

expressed under different environmental conditions (23,81,109,132, 134). Copper is 

a common inducer of a number of laccase genes (23, 47, 92). By Northern blot 

hybridization, Cu2+ induction was shown for lac2 in Podospora anserine (47) and for 

three laccase isozymes, poxalb, poxc, and pox I, in P. ostreatus (91). The induction 

of laccase activity in response to Cu2"1" was demonstrated for Marasmius quercophilis 

(45,72), Trametes versicolor (23), and G. graminis (40).

Byproducts of lignin degradation, such as veratiyl alcohol (33,45,47, 81) and 

phenolic monomers (45, 77), also are known to induce laccase expression. For 

example, in the lignolytic basidiomycete 1-62, the transcription of two laccase genes 

was induced by veratryl alcohol at different stages of growth. The amount of led  

transcript was increased at the early exponential phase whereas lcc2 showed a peak at 

the end of the incubation period. Transcription of lcc3, however, was independent of 

the inducer (81). Induction of laccase expression by phenolic compounds supports 

the involvement of laccase in lignin degradation. However, the enzyme may not be 

involved only in the degradation process; it also may play a role in the detoxification 

of toxic lignin byproducts since aromatic xenobiotic such as guaiacol, hydroquinone, 

and 2,5-xylidine, often induce laccase expression (47). For example, in P. anserine.
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the addition of guaiacol, hydroquinone, or benzoquinone results in a rapid, drastic, 

and temporary increase in the abundance of lac2 mRNA (47) and in L. edodes, the 

addition of guaiacol increases the amount of lac2 transcription (134). In Trametes 

villosa, 2,5-xylidine dramatically induces transcription of the le d  gene but does not 

affect transcription of lcc2 (131). A very similar phenomenon is observed in P. 

cinnabarinus where 2,5-xylidine- induction of laccase isozymes was studied by 

competitive RT-PCR (115). The lcc-3-1 transcription level was enhanced 50-fold in 

cultures supplemented with 2,5-xylidine or 30-fold in cultures supplemented with 

coal-derived humic acids which act as a model for lignin-like compounds; whereas 

the level of the lcc3-2 transcription is not affected by either one of these inducers.

Addition of 2,5-xylidine to the growth media also increased total laccase activity in 

Pycnoporus sanguineus (95), T. versicolor (23), and G. graminis (40) cultures. 

However, the observed phenomenon might be explained not only by the 2,5-xylidine- 

induction of laccase mRNA synthesis, but also by the enhanced stability of the 

enzyme in the presence of phenolic compounds. It was shown recently that certain 

phenolic compounds, such as 3,5-dihydroxybenzoic acid, improve the long-term 

stability of the purified laccase in solution (78).

Expression of several laccase genes is regulated by mechanisms similar to 

catabolic repression (81,115). Glucose is well known to inhibit enzymes required for 

utilization of other carbon sources (57); therefore, catabolic repression of laccase 

implies a potential role of the enzyme in the processes, resulting in utilization of 

alternative carbon sources, such as lignocellulose. For example, in the lignolytic 

basidiomycete 1-62, transcription of lcc3, encoding an extracellular laccase, was
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repressed by glucose (81). Similar results were obtained for another lignolytic 

fungus, P. cinnabarinus, where expression of lcc3-2 was repressed by glucose but 

induced by cellulose (115). Several authors also report the induction of laccase 

production by ethanol or isopropanol (27, 75). The biological significance of this 

funding is uncertain; however, it may help in the optimization of cultural conditions 

for the biotechnological production of laccase.

Quite often multiple laccase genes are expressed during different stages of the 

fungal life cycle (23, 44, 92), which suggests that they may be involved in fungal 

development and maturation. In L. edodes the highest levels of la d  and la d  were 

detected in the cap of the mushroom, whereas the stipe and primordia showed much 

lower levels of both mRNAs (134). In Agaricus bisporus laccase activity was 

correlated with the development of the fruiting body and rapidly declined after its 

maturation (127). In P. anserina the amount of lac2 transcript increased at least 20- 

fold at the beginning of the autolytic phase and then decreased (47). Possible roles of 

laccase in fungal development include laccase-catalyzed formation of pigments (134) 

and detoxification of certain toxic compounds, such as oxygen radicals, produced 

during the later stages of development (47). Other functions, such as the regulation of 

expression of other enzymes involved in development, are also possible; however, to 

my knowledge, they have not been investigated.

Finally, J. D. Crow and S. Olsson (27) described a very interesting laccase 

induction pattern in Rhizoctonia solani. Laccase production was induced in the plant 

pathogenic fungus during its co-growth with antagonistic strains of Pseudomonas 

fluorescens known to produce antifungal metabolites in strain confrontation assays.
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This finding raises a question about the role of laccase in fungal-bacterial, potentially 

fungal-fungal, and fungal-plant interactions in the rhizosphere. Laccases often 

produce free radicals and active oxygen species as byproducts of the reaction, and 

these reactive compounds may directly affect the growth of antagonistic 

microorganisms in the soil and the rhizosphere. In addition, laccase may play a role 

in detoxifying similar compounds produced by antagonistic microbes. However, very 

little is known about the role of laccase in inter-species interactions in the soil, the 

rhizosphere, and other, natural environments (27, 67). Obviously more research is 

necessary to explore the ecological significance of the enzyme.

In summary, it can be noted that even though much information is available 

concerning the expression pattern and specific functions of different laccases in a 

variety of fungi, the biological roles and significance of the majority of them remains 

enigmatic. Abundance of laccases in the fungal world, as well as the presence of 

several differentially regulated laccase isozymes commonly observed in different 

fungi, suggests that laccases play diverse and important roles in fungal life cycles; 

however, more information is necessary to uncover these roles.

Taxonomy of Gaeumannomyces graminis

Gaeumannomyces graminis ( SaccJ v. Arx & Oliver is a filamentous soil- 

borne ascomycete, a member of order Diaporthales that colonizes the root and crown 

cortex tissue of many members of the grass family, Poaceae. G. graminis belongs to 

the Gaeumannomyces-Phialophora complex that includes pathogenic and non-
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pathogenic Gaeumannomyces teleomorphic species as well as non-pathogenic 

Phialophora anamorphic species (16,120)

Traditional methods for detection and identification of Gaeumannomyces- 

Phialophora isolates are based on host range and morphological characteristics and 

often are confusing and inconclusive (16, 17). Morphological characteristics used for 

classification and taxonomy of Gaeumannomyces-Phialophora fungi include size and 

color of the fungal hyphae, fungal growth rate on particular media, production and 

shape of hyphopodia (terminal swellings of vegetative mycelia used for attachment 

and host penetration), and production and morphology of asci, ascospores, and 

asexual phialospores (120). Recently, more precise methods of molecular genetics 

have been applied to the identification and taxonomy of this group of fungi (16, 17, 

50, 60, 88, 121). A mitochondrial DNA fragment was cloned from G. graminis var. 

tritici. It hybridized strongly and almost exclusively to Gaeumannomyces and 

Phialophora spp. and allowed these species to be distinguished from a number of 

other morphologically similar root-infecting fungi (60). Restriction fragment length 

polymorphism (RFLP) analysis coupled with PCR amplification of 18S, 5.8S rRNA 

genes, and internal transcribed spacers (ITS) allowed identification of G. graminis 

varieties and helped in understanding genetic variation within varieties (50, 88,121). 

The rRNA gene cluster, containing 18S rRNA, 5.8S rRNA and ITS1-ITS2 regions, 

was sequenced from a number of Gaeumannomyces and Phialophora isolates, which 

helped to clarify the phylogenetic relationships of different species and varieties 

within the complex (16,17).
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According to traditional systematics, G. graminis can be subdivided into three 

major varieties (var. tritici, var. avenae, and var. graminis) on the basis of host range 

and morphology of perithecia, ascospores, and hyphopodia (120). This subdivision 

is also supported in general terms by recent ITS1-ITS2 sequencing data and RFLP 

analysis, even though, a few isolates have been misidentified using traditional 

methods (16, 17). A fourth variety, G. graminis var. maydis, that causes take-all 

disease of corn in China, was described in 1993 (128); however, very little is known 

about the biology of the fungus, and it is not included in this review.

According to ITS1-ITS2 sequencing data and RFLP analysis, G. graminis var. 

tritici and G. graminis var. avenae are closely related to each other (16,17, 50). This 

is also supported by the fact that both produce simple hyphopodia and both are 

capable of infecting a wide range of wild grasses, as well as wheat and barley (120). 

However, G. graminis var. avenae causes infection in oats while most of G. graminis 

var. tritici isolates are unable to colonize this host under natural conditions (16, 17). 

Ability to infect oats correlates with the production of the enzyme avenacinase that 

enables the pathogen to degrade avenacins, antifungal compounds found in oat roots 

( 11)

Most G. graminis var. avenae isolates are able to infect rye (17). In contrast, G. 

graminis var. tritici isolates can be subdivided into R and N subgroups that correlate 

with ability (R) or inability (N) to infect rye (64). This subdivision also is well 

supported by ITS1-ITS2 sequences (17).

G. graminis var. graminis is very distinct from the other two varieties based on 

both traditional and molecular systematics (17,120). It is non-pathogenic or weakly
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pathogenic to cereals and can be distinguished readily from G. graminis var. tritici 

and G. graminis var. avenae by its characteristic lobed hyphopodia (120). The 

morphological divergence of G. graminis var. graminis is consistent with conclusions 

based on RFLP analysis of rDNA (50, 121), RAPD analysis (50), phylogenetic 

analysis of rDNA sequences (16,17), and differences in codon usage (16).

Take-all disease of cereals, historical prospective

Take-all is a destructive disease of cereals, especially wheat and barley, caused 

predominantly by G. graminis var. tritici and certain isolates of G. graminis var. 

avenae (16). It is considered to be the most economically important wheat root 

disease worldwide (66).

The name take-all originated in Australia, where it was used for a devastating 

disease of cereals that had been recognized in Southern Australia as early as 1852 

(66). The disease was native to Australia. The pathogen was carried out on native 

annual grasses and take-all was one of the major problems faced by pioneer farmers 

(129). But it was not until the 1925 when the causal agent, the ascomycete fungus, 

first identified as Ophiobolus graminis Sacc., was recognized (66). By the mid 20th 

century with increased cereal production worldwide, the disease was detected in 

almost all major cereal growing areas. Devastating epidemics of take-all, sometimes 

resulting in complete yield loss, were reported in 1933^-2 and in 1948 in the UK and 

in 1950-55 in France. Since its recognition in the mid 19th century, the disease has 

been an ongoing problem in Australia.
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In the USA and Canada, take-all also has been recognized for a long-time (66). In 

1919, considering the problems that take-all was causing in other countries, the US 

Department Of Agriculture imposed a quarantine to prevent the import of agricultural 

produce likely to be carrying the pathogen (129). In 1920 the disease was found on 

wheat in New York and was regarded as indigenous and widespread in the country 

(129). However, until the mid 1960s the disease was of little importance except for 

the few restricted areas where irrigation was practiced. During the 1960s the use of 

irrigation increased dramatically which resulted in a striking increase of the disease. 

Take-all was especially a problem in the dry regions of the Columbia basin in the mid 

1960-70s where the combination of virgin (previously desert) soil, which lacked the 

natural antagonists of G. graminis, and abundant water, due to irrigation, resulted in 

up to 50% losses of yield in recently reclaimed fields (130). Take-all was a serious 

problem In Indiana and neighboring states after the introduction in the early 1970s of 

high-yield wheat cultivars resistant to Hessian fly, which permitted early sowing of 

the crops and favored take-all and other soil-borne diseases (66). In 1983-87, large 

areas of tho Pacific Northwest, especially in rain shadow areas of Washington, Idaho 

and Oregon, were seriously affected by take-all and an estimated 20% of winter 

wheat was lost annually due to the disease, which resulted in $500-1000 million 

losses annually in the USA (49).

By 1989 the disease was widely distributed in the temperate zones of the northern 

and southern hemispheres and in areas suitable for wheat growing in the tropics and 

subtropics. Nowadays, it is of major importance in almost all areas where cereals are
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produced intensively, particularly in parts of northern Europe, UK, Australia, China, 

parts of South America, northwest USA, and Canada (7).

Take-all. Factors affecting disease progression

Take-all develops where the soil pH is between 5.5 and 8.5. It has an optimal pH 

of 7. Permissive soil temperatures are between 5 and 30°C; however, severe 

infections are restricted to a narrow range between 12-20°C (66). During the winter 

and hot, dry seasons, the mycelia survive in plant debris and soil (65). The temporal 

spread of the disease originates from dual sources of primary and secondary infection. 

Primary infection starts from the infested debris remaining from the previous crop 

while secondary infection involves transmission of the disease by mycelial contacts 

between infected and uninfected roots (5). Both forms of infection occur in a 

dynamically changing population of susceptible hosts as new roots are produced (5).

For many years it has been known that serious disease usually can be avoided by 

not growing consecutive susceptible crops. Recently, it was proven that a fallow 

period of one year, or the use of Brassica napus as a break crop, were effective in 

reducing take-all severity in the subsequent wheat crop (52). Crop rotation is still one 

of the best measures recommended for take-all prevention. Traditional rotations, such 

as Norfolk four-course rotation, developed in the 1930s in England, consist of 

consecutive growth of wheat, root crops (potatoes, carrots, beets and others), barley, 

and legumes (66). This technique has proven even more effective now since modern 

herbicides can virtually eliminate weedy grasses that carry the fungus through the
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non-cereal year (130). However, rotation is not always economically rational, 

especially in the arid areas not suitable for non-cereal agriculture.

The outcome of the disease can be significantly lessened by maintaining adequate 

nutrient levels for crops and by applying good husbandry practices (7). Application 

of nitrogen to soils deficient in this nutrient has been shown to reduce the severity of 

disease in wheat (10,102). Ammonium forms of nitrogen appear to be most effective 

in reducing take-all symptoms by stimulation of root growth, stimulation of 

antagonistic microflora, decreasing soil pH, and increasing manganese availability 

(24). Addition of trace elements, such as copper and manganese, reduce yield losses 

caused by take-all by stimulating plant growth and promoting the growth of 

antagonistic microorganisms (24). Application of manganese and copper are also 

thought to increase the plant’s resistance to the pathogen through utilization of these 

elements in the increased synthesis of phenolic and ligneous compounds (62,97).

Breeding for host resistance and treating crops with fungicides, methods that have 

been successful in controlling other major cereal diseases, have so far been found 

mostly ineffective against take-all (7). To my knowledge, no commercial cultivar 

showing resistance or tolerance to take-all is available. Field applications of 

commercial fungicides against take-all are largely ineffective. Fungal inoculum is 

distributed discontinuously and at various depths in the soil (7, 65, 105). Hence, the 

pathogen remains mostly inaccessible to fungicides applied by conventional seed or 

spray treatment, especially in complex, organic soils where movement of fungicides 

is limited (7). Several steps have been taken to overcome this problem (7, 105). 

Drenching with benomyl was effective against the shallow inoculum in greenhouse
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experiments (7) but proved to be ineffective against deeper inoculum, in which case 

very high doses of the drug had to be applied to achieve desirable results in the field. 

Sterol biosynthesis-inhibiting fungicides, nuarimol and triadimefon, also gave 

inconsistent results in field experiments (105). Recently, seed treatments with 

formulations containing fluquinconazole and prochloraz that are specific to 

Gaeumannomyces Phialophora complex fungi have been developed to control take- 

all in cereals (122). However, the effect of these treatments on populations of non- 

pathogenic soil fungi, particularly on potential antagonists, which are believed to play 

a major role in take-all suppression, can be very harmful and requires further 

investigation (30).

Because of the lack of commercially available alternatives, biological control of 

take-all has been intensively investigated (4, 38, 39, 126, 135). In some cases, long

term wheat monoculture can lead to biological suppression of the disease known as 

take-all decline (66, 105). The mechanisms underlying take-all decline are not 

entirely understood; however, it is widely accepted that changes in the populations of 

specific antagonists contribute to the phenomenon (8, 126). For example, a gradual 

increase in the population of an antagonistic fluorescent Pseudomonas spp. was 

accountable for the natural decline of take-all in the Pacific Northwest in the mid 

1980s (25, 39).

In the last two decades the possibility of controlling the disease with fluorescent 

Pseudomonas spp. has attracted much attention (18, 38, 102). Bacteria from this 

group produce certain antifungal metabolites, such as specific antibiotics and 

hydrogen cyanide that suppress fungal growth (38). An imperfect fungus,
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Trichoderma konongi, was successfully used as a biocontrol agent to suppress take-all 

in wheat in field experiments in Australia and the USA (37, 38, 107). Hypovirulent 

strains of G. graminis var. tritici (39), as well as non-pathogenic members of 

Gaeumannomyces-Philophora (4, 135) and strains of G. graminis var. graminis that 

are non-pathogenic to wheat (4, 126), contained growth of pathogenic G. graminis 

var. tritici isolates and decreased disease symptoms.

Today, the development of biocontrol methods and the improvement of 

agricultural practices remain the most promising approaches to finding a cure for 

take-all (66). However, environmental conditions, such as soil conductivity, moisture, 

temperature, and photoperiod, significantly alter the effectiveness of biocontrol 

treatments and limit applications (4). Moreover, biocontrol applications only result in 

partial improvement of the disease outcome and do not completely eliminate the 

problem. Therefore, more research is necessary to improve the existing approaches 

to take-all management as well as to establish new strategies that will help eradicate 

the disease. This research should include the study of take-all epidemiology and 

population genetics of G. graminis, as well as the analysis of mechanisms of host- 

pathogen interactions.
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Morphology and cytology of the infection process

Mycelia of G. graminis usually penetrate the host plant through the root (108). 

Infection originates either from dormant mycelia surviving saprotrophically on plant 

debris in soil (primary infection) or from the roots of a susceptible plant growing 

nearby (secondary infection). It was shown (14) that fungal hyphae are 

chemotactically attracted to the roots and grow trophically toward the host.

On the surface of the root, G. graminis produces melahized, ectopic

macrohyphae, called runner hyphae that spread radially on the root surface. From 

these, hyaline microhyphae or infection hyphae emerge that penetrate the epidermis 

and colonize the cortex of the root. When the growing apex of an infection hypha 

touches the cell wall of an epidermal, endodermal, or a vascular cell, it forms an 

appressorium-like swelling or hyphopodium with a narrow infection peg pointing 

toward the cell wall. The infection peg secretes lytic enzymes that degrade the cell 

wall material and facilitate penetration (89,108). In most G. graminis isolates, mature 

hyphopodia are impregnated with DHN-melanin, which enables them to generate a 

very high turgor pressure that provides the mechanical force of host penetration (85, 

86).

Pathogenic isolates of G. graminis var. tritici and G. graminis var. avenae are able 

to penetrate the endodermic layer, colonize the vascular cylinder of the root, and 

rapidly kill the plant. Melanization of runner hyphae and hyphopodia is believed to be 

required for the pathogenesis of G. graminis var. tritici (40). Albino mutants of this 

fungus were found to be nonpathogenic to wheat (69).
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G. graminis var. graminis is nonpathogenic to wheat or barley. It colonizes the 

cortex of the root by means of ectopic hyphae, which are unable to penetrate the 

endodermis and therefore do not cause death of the plant. These hyphae may be 

v protective against root infections caused by other root pathogens (4,120).

In response to a G. graminis infection, the host plant deposits a massive amount of 

lignin that is deposited around the penetrating infection hyphae (108) resulting in a 

thickening of the host cell wall and formation of lignin-impregnated papillae or 

lignotubers (46, 108). The composition of ligneous material in the lignotubers is 

different from lignin in healthy cell walls and is similar to lignification found in 

wheat leaves produced by a number of pathogenic fungi (99).

In response to lignin deposition by the host, the infection peg or apex of the 

infection hypha produces massive amounts of lytic enzymes (108) and generates high 

turgor pressure (85, 86) to break through the barrier. The outcome of the infection 

depends on the ability of the pathogen to overgrow the formation of the lignotuber 

(108). After the hypha penetrates the apex of the lignituber, it quickly penetrates the 

cell plasmalemma and kills the cell (108). Inside the dead host cells, mycelia often 

form sclerotium-like spherical structures that consist of tightly interwoven and often 

melanized hyphae that are easily recognized on plant cross-sections (108). These 

structures probably contribute to the saprophytic survival of the mycelium on plant 

debris (106).
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Lytic enzymes in G. eraminis

Toxins have never been detected in association with G. graminis infection; 

however, secretion of several cell-wall degrading enzymes has been documented (34, 

40, 51, 82, 123). Polygalacturonase, pectinmethylestarase, cellulase, and peptidase 

activities were detected in G. graminis var. avenae medium (123). The same set of 

fungal enzymes was identified in colloidal suspensions prepared from finely ground 

wheat and oat plants infected with G. graminis var. avenae. The enzymes were 

absent or occurred at much lower levels in the preparations from the control 

uninfected plants (123).

Polygalacturonate trans-eliminase and methylesterase are involved in degradation 

of pectin in plant cell walls. S. Martyniuk evaluated different strains of G. graminis 

var. tritici and related Phialophora-Iike fungi for the presence of pectinolytic activity 

in culture medium supplemented with pectin or autoclaved wheat roots (82). All 

analyzed pathogenic strains of G. graminis var. tritici exhibited polygalacturonate 

trans-eliminase activity in the media; however, no such activity was detected in 

nonpathogenic Phialophora spp. isolates. For that reason, the author claimed that 

fungal ability to infect host plants correlates with the production of this enzyme.

Acidic and basic isozymes of both endoglucanase and (3-glucosidase, enzymes 

involved in cellulose degradation, were purified from G. graminis var. tritici medium 

and from inoculated wheat roots (34). The purified enzymes degraded 

carboxymethylcellulose, hydroxyethyl cellulose, and filter paper. Polygalacturonase,
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cellobiohydfolase, and protease activities were also detected in the culture medium of 

G. graminis var. graminis (51).

Laccase of G. sraminis

Many G. graminis isolates secrete at least one laccase (40, 51,116). A murine 

monoclonal IgM antibody was raised against surface antigens of G. graminis var. 

tritici and appeared to be specific to commercially available purified laccase from 

Magnaporthe oryzae (116). In the media secretion of the specific antigen was 

promoted only by the exposure of live mycelia to certain phenolic compounds such as 

the monophenols ortho-, para-, meta-cresol, gallic acid, and L-DOPA. In indirect 

immunofluorescence assays with fluorescein-conjugated secondary antibodies, 

laccase-specific primary antibodies reacted strongly with the surface of melanized 

runner hyphae as well as with hyaline hyphae indicating that laccase was associated 

with the cell wall (116). Specific laccase activity was detected in G. graminis var. 

graminis culture medium; however, the activity was significantly higher in an 

unmelanized mutant than in the wild-type or over-melanized mutant (51).

Recently, laccase from a culture of G. graminis var. tritici was purified and 

characterized (40). The active protein has an apparent molecular mass of 190 kDa and 

a pi of 5.6 as determined by isoelectric focusing. The protein consists of two 60 kDa 

subunits and is heavily glycosylated. Metal chelators, such as sodium azide and 

EDTA, irreversibly inhibited activity of the purified laccase. The purified protein 

catalyzed the polymerization of 1,8-DHN into high molecular weight melanin arid
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catalyzed the oxidation of the dye poly B-411, a lignin-like polymer. Copper and 2,5- 

xylidine induced laccase production in the cultural supernatant (40).

Results obtained by C. Thorston etal. (116) and W. Edens etal. (40) for G. 

graminis laccase functions in fungi, as well as data acquired by other authors 

discussed previously in this manuscript (3, 22, 44, 63, 80, 94, 114, 125) suggest that 

laccase in G. graminis may be involved at least in two independent processes required 

for virulence. One of them is the production of DHN-melanin that is essential for the 

melanization of runner hyphae and hyphopodia and maintenance of high turgor 

pressure during the penetration of the host. The possible role of laccase in 

melanization is supported by the fact that purified laccase polymerizes DHN 

precursors (40) and is also associated with the cell wall (116), although, there is no 

evidence that the same laccase isozymes that were found by Thorston's group were 

purified and characterized by our group.

Degradation of lignin is another possible function of laccase in G. graminis. This 

is supported by the fact that purified laccase has been shown to oxidize lignin 

homologues. It may play a role in the degradation of lignotubers and penetration of 

the host. To my knowledge, no other enzyme involved in lignin degradation has been 

identified for G. graminis. Other functions, such as degradation of phytoalexins, are 

also possible for G. graminis laccase, even though no evidence exists to support this.

In summary, it should be noted that existing data suggest that laccases in G. 

graminis play variable and vital functions both in pathogenesis and saprophytic 

growth of the fungus. Nevertheless, neither one of these functions has been clearly 

demonstrated. Discovering the functions of these enzymes will help us understand the



26

biology of this important pathogen and develop new approaches for take-all disease 

management.

Statement of dissertation

This study was undertaken to elucidate the genetics and functions of laccase in G. 

graminis. Specific aims were to:

1. Clone and characterize the genes encoding laccase from G. graminis var. 

tritici and G. graminis var. graminis genomic libraries.

2. Characterize the transcription patterns of cloned laccase genes under different 

environmental conditions.

3. Purify and sequence laccase proteins from culture supernatants to establish a 

correlation between transcription and translation of laccase genes in the 

fungus.

4. Compare gene structures and transcription patterns of the laccase genes of 

pathogenic G. graminis var. tritici with non-pathogenic G. graminis var. 

graminis in order to correlate laccase expression with pathogenicity.
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CLONING, CHARACTERIZATION, AND TRANSCRIPTION OF THREE LACCASE 

GENES FROM Gaeumannomyces graminis var. tritici, THE TAKE-ALL FUNGUS

Abstract

Gaeumannomyces graminis var. tritici, a filamentous ascomycete, is an important root 

pathogen of cereals that causes “take-all” disease and results in severe crop losses 

worldwide. Previously we identified a polyphenol oxidase (Iaccase) secreted by the 

fungus when induced with copper. Here we report cloning and partial characterization of 

three laccase genes (LAC1, LAC2, LAC3) from G. graminis var. tritici. Predicted 

polypeptides encoded by these genes shared 38-42% amino acid sequence identity and 

had conserved copper-binding sites characteristic of laccases. The sequence of the LAC2 

predicted polypeptide matched the N-terminal sequence of the secreted laccase that we 

purified in earlier studies. We also characterized expression patterns of these genes by 

Reverse Transcription-PCR (RT-PCR). LACl was transcribed constitutively and 

transcription of LAC2 was Cu-inducible. All three genes were transcribed in planta; 

however, transcription of LAC3 was observed only in planta or in the presence of host 

plant homogenate.

CHAPTER 2
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Introduction

Laccases (EC1.10.3.2) are widely distributed oxidoreductases that catalyze the biological 

oxidation/reduction of di-polyphenols with a concomitant reduction of molecular oxygen 

to water. They are blue copper oxidases, which are characterized by having bound 

copper atoms, of which at least one is contained in a type-1 site or “blue” copper site 

(31). Cu-binding domains are highly conserved among laccases. Recently, numerous 

genes coding for laccase-like proteins have been cloned and characterized (6,7,11,20- 

22,27-29,34).

In higher plants laccases are involved in lignification of xylem tissues (10,28); 

however, various functions have been reported for fungal laccases. Laccase of the animal 

pathogen Cryptococcus neoformans oxidizes dihydroxyphenylalanine (L-DOPA) into a 

melanin-like pigment (38,52). Aspergillus nidulans laccase is required for pigment 

biosynthesis during coni dial development and maturation (49). In the white-rot 

basidiomycetes, Trametes versicolor, Lentinus edodes, and Pleurotus ostreatus, laccase is 

involved in lignin degradation (2,9,23); Laccase from Pycnoporus cinnabarinus functions 

in both lignin degradation and the biosynthesis of cinnabarihic acid, an andmicrobic with 

activity against a variety of bacterial species (14,17,46). Other functions, such as 

oxidation of humic acids (7,42), and oxidation of Mn2+ to Mn3+ (5,26) are also proposed 

for fungal laccases. Nevertheless, the biological role of the majority of fungal laccases

remains uncertain.
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Many filamentous fungi produce several laccase isozymes encoded by multiple genes. 

For example, Rhizoctonia solani has four laccase genes (51), T. versicolor has five (54), 

the basidiomycete 1-62 has three (29), Agaricus bisporus has two (44), P. ostreatus has 

at least three (22), and Podospora anserina has at least four (20). Quite often these genes 

are expressed under different environmental conditions (20,30,42,44,58) or during 

different stages of the fungal life cycle (20,30,49). Differential expression of laccase 

genes implies that laccases have alternative functions, but to our knowledge this has not 

been shown.

We recently purified and partially characterized a secreted laccase from G. graminis 

var. tritici (13). The active protein has an apparent molecular mass of 190 kDa, consists 

of two heavily glycosylated 60 kDa subunits, and is inducible by copper and xylidine. 

The purified protein catalyzed the polymerization of 1,8-dihydroxynaphthalene, a natural 

fungal melanin precursor, into high molecular weight melanin and catalyzed the 

oxidation of the dye poly B-411, a lignin-like polymer.

We report here cloning and partial characterization of three laccase genes from G. 

graminis var. tritici. By reverse transcription-mediated PCR (RT-PCR) we demonstrated 

that these three genes are differentially regulated. LACl was const!tutively transcribed 

under all conditions tested; LAC2 was transcribed in axenic culture and in planta and was 

responsive to Cu induction. LAC3 was transcribed only in planta or when induced with 

plant homogenate.
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Materials and Methods

Strains, media and culture conditions

G. gramnis var. tritici strain DM528 was isolated by D. Mathre from Montana wheat 

(Triticum aestivum) and purified by single-spore isolation. The fungal strain was 

maintained on Luria-Bertani (LB) medium (39) plus 1.2% (wt/vol) agar at 24-26°C. 

Long-term stocks were maintained on potato dextrose broth (PDB; Difco5 Detroit5 MI) 

slants with 1.2% (wt/vol) agar stored at 4°C.

For protein purification fungal cultures were grown in LB liquid medium 

supplemented with 400 pM CuSO4 with constant agitation (200 rpm) at 23-25°C. To 

determine the effects of different growth media on gene expression, the fungus was 

grown in LB broth with or without 400 pM CuSO4 for 4-5 days, in PDB for 4-5 days, or 

in starvation basal medium for 10 days (45). For Cu induction experiments the fungus 

was grown in Fahraeus minimal liquid medium (18) with sucrose substituted for glucose; 

CuSO4Was added to a final concentration of 400 pM on the second day of incubation.

Wheat plants were infected with G. graminis var. tritici as described earlier with a few 

modifications (25). Briefly, wheat seeds were surface-sterilized with 1% AgNO3 for 10 

min, washed 10 times with sterile water, and planted in sterile vermiculite with fungal 

inoculum in magenta boxes (Sigma-Aldrich, St. Louis, MO). The inoculum consisted of 

approximately one agar plug (I cm diameter) per seed. Agar plugs were cut from young 

mycelia grown on solid LB medium and spread near seeds approximately 2 cm below the
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surface. Control (uninfected) wheat plants were treated with sterile LB agar plugs. All 

plants were grown with a 12 h photoperiod with 3,000 lx.

For plant homogenate induction experiments wheat plants were grown aseptically in 

magenta boxes on sterile vermiculite for 7-10 days. Ten-twenty plants were harvested, 

quick frozen and ground in liquid N2, and resuspended in 20 ml of sterile water. The plant 

suspension was filter-sterilized and added to fungal cultures to a final concentration of 

30% (vol/vol).

Laccase purification and sequencing

The enzyme was purified from 5 day-old copper-induced LB cultures with a Bio-Rad 

(Hercules, CA) Prep Cell apparatus as described, and eluted after 6-7 h as determined by 

2,6-Dimethoxyphenol (DMOP) assays,, as described (13). Samples of laccase (30 pi) in 

2X loading buffer (13) were heated at 95°C and electrophoresed on a 7.5% (wt/vol) SDS- 

PAGE gel using the Tris-Tricine discontinuous gel system (41). The gel was 

electroblotted onto a polyvinylidene difluoride (PVDF) membrane (Millipore, Bedford, 

MA) using the Bio-Rad semi-dry electroblotter according to the manufacturer’s 

instructions. The membrane was stained in 0.15% (wt/vol) Coomassie Blue R250 in 50% 

(vol/vol) methanol for 5 min, destained in 50% methanol, washed in water, air-dried and 

the protein was subjected to Edman degradation. Protein sequencing was performed on 

an Applied Biosystems 475 Protein sequencer (Applied Biosystems, Foster City, CA) by 

the laboratory for Bioanalysis and Biotechnology at Washington State University 

(Pullman, WA).
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DNA/RNA purification

Fungal genomic DNA was prepared as previously described (32). RNA was purified 

from fungal mycelia grown in different culture media, from 10-day-old infected wheat 

plants or from 10-day-old uninfected control plants. Infected or uninfected wheat plants 

or filtered mycelia were quick frozen and ground in liquid N2. Total RNA was purified 

with a Qiagen (Chatsworth, CA) RNaesy® Plant mini kit according to the manufacturer’s 

instructions. All RNA preparations were treated with RQl DNase (Promega, Madison, 

WI) for 2 h at 37°C, according to the manufacturer’s instructions, to remove any 

contaminating DNA and repurified with the same kit.

Genomic library construction and screening

A custom genomic library of G. graminis var. tritici was obtained from Stratagene (La 

Jolla, CA). The library was constructed in vector XDASH II and propagated in 

Escherichia coli XLl-Blue MRA (P2) strain. A subcloned laccase gene from 

Neurospora crassa (kindly provided by Dr. H. !none) was used as a probe for genomic 

library screening. Briefly, a 4.5 kb BgZII DNA fragment was excised from the pBLl 

plasmid (57), gel-purified using the QIAquick™ Gel Extraction kit (Qiagen), and labeled 

with Digoxigenin-I I-dUTP (Boehringer Mannheim, Indianapolis, IN) by the random 

primed method according to the manufacturer’s instructions. Approximately 20,000 

plaques were screened by plaque hybridization (39) with the probe at a concentration of 

25 ng/ml under high stringency conditions: 5X SSC (IX SSC equals 150 mM NaCl, 15
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mM NaCitrate, pH 7), 1% blocking reagent (Boehringer Mannheim), 0.1% N- 

lauroylsarcosine, 0.2% SDS at 65°C overnight. Filters were washed twice in 2X SSC,

0.1% SDS at room temperature and twice in 0.5X SSC, 0.1% SDS at 65°C.

Plaques that hybridized with the N. crassa laccase probe were selected and purified 

and fungal DNA fragments were subcloned into the Notl site of plasmid pGEM®-5Zf(+) 

(Promega) according to standard protocols (39). Both strands of putative laccase genes 

and their 5’ and 3’ untranslated regions were sequenced by the primer-walking approach 

(39).

RT-PCR

Single-tube Access RT-PCR (Promega) was used to monitor the differential transcription 

of laccase genes. Two [Ag of total RNA (determined spectrophotometrically at A260) were 

used for each RT-PCR reaction. Reactions were carried out in 25 [Al volumes with: IX 

AMV/37? reaction buffer, 0.2 mM dNTP, 2.5 mM of each primer, I mM MgSO4, 2.5 U 

of AMV reverse transcriptase and 2.5 U Tfl DNA polymerase. RT-PCR parameters were: 

45 min at 48°C, 3 min 94°C, followed by 40 cycles of I min at 94°C, I min at 50-60°C 

(depending upon the specific primer pair), I min at 72°C, followed by I cycle of 7 min at 

72°C. Primers specific for each laccase gene were designed based on the sequences 

reported  in this m anuscript. LACl specific prim ers were 5 ’- 

GAGCTGGAACGCGATGGCTA, and 5 '-GCATCATCCGCTACGACAAG with an 

annealing  tem perature  of 55°C. LAC2  specific prim ers were 

5 ’ CGCATCATCTTTTGTGCTCC, and 5 ’ -AGCGCCAACTACGACGAGGA with an
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annealing temperature of 52°C. LAC3 specific primers were 5 ’-

GCTATGCGGCACCAGCCTTA, and 5’- GTGGCCGTGCAGGTGGAT with an 

annealing temperature of SO0CTo verify that the same amounts of mRNA were used for 

each RT-PCR reaction, transcription of housekeeping polymerase y gene from G. 

graminis was monitored with primers: 5’-ATGAGCAGGTGGAGGTAGTCA, and 5’- 

CGCAGCTGCTGAGACAGTTCAA. Primer sequences used for determining intron 

positions and for sequencing are available upon request. Amplification products were 

separated on 2% agarose gels in TBE (90mM Tris, 90 mM boric acid, 2 mM EDTA), 

stained with ethidium bromide, and visualized Under UV light. For each RT-PCR 

reaction a negative control PCR reaction without AMV reverse transcriptase was 

performed to rule out DNA contamination. PCR products were subcloned into the pCR® 

4-TOPO® vector (Invitrogen, Carlsbad, CA) and sequenced using M13 forward and 

reverse primers to verify their identity.

Competitive PCR

Transcript levels of G. graminis laccase genes were determined by competitive RT-PCR 

(4,44,58). A plasmid containing subcloned LACl from G. graminis var. tritici, a plasmid 

containing subcloned LAC2 gene from G. graminis var. graminis, that contains one intron 

not present in G. graminis var. tritici, and a plasmid containing subcloned portion of 

polymerase y gene from G. graminis var. graminis with IOObp Kpnl -XhoI insertion in it 

were used as competitor templates. Competitor templates with introns or an insertion 

were larger than cDNA templates and separated from cDNA PCR products on agarose 

gels. Serial 10-fold dilutions of competitor plasmids were made and added to RT-PCR
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reactions. Two of total RNA purified from fungal cultures growing in the presence or 

absence of Cu were used for each RT-PCR reaction. Three independent 

spectrophotometric measurements were performed to determine the concentration for 

each RNA preparation. ZAC2-specific primers were 5’-TGGCAGTGCATGATCCAG, 

and 5' -ATCGGSCAGCGCTACGACGT with an annealing temperature of 50°C. RT- 

PCR conditions, cycling parameters, LACl and polymerase y specific primers were the 

same as for other RT-PCR experiments.

DNA sequencing and analysis

Sequencing reactions were performed using the ABI PRISM1"1 BigDye Terminator Cycle 

Sequencing Ready Reaction Kit (Applied Biosystems) according to the manufacturer’s 

instructions. Sequences were analyzed on an Applied Biosystems 310 genetic analyzer 

using a 47 mm capillary column. Sequences were determined in both directions, edited 

and assembled using the Sequencherlm 3.1.1 program (Gene Codes Corporation). 

Sequence homology searches were performed using the BLASTX search engine (I).

Nucleotide sequence accession numbers

Nucleotide sequences of G. graminis van tritici LAC1,LAC2, and LAC3 genes were 

deposited in the EMBL Nucleotide Sequence Database under accession numbers 

AJ417685, AJ417686, and AJ417687, respectively.

I
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Results

Cloning and analysis of laccase genes

We identified and subcloned three putative laccase genes that were designated LACI, 

LAC2, and LAC3 (56; Fig.I). The overall exon-intron structure of laccase genes in G. 

graminis var. tritici was distinct for all three genes.

LACl contained a 1977 bp ORF that was interrupted by two introns of 87 and 80 bp 

respectively; LAC2 contained a 1731 bp ORF with no introns, and LAC3 contained a 

2212 ORF that was interrupted by six introns ranging from 63 to 87 bp. Positions of 

putative introns were determined by analysis of nucleotide sequence and later verified 

by partial sequencing of corresponding cDNAs (Fig. I).

LACl 

LAC2

LAC3

0 0.5 1.0 1.5 1.2 2.5
1 i  i  i  i  I i  i  i  i  I  I  I  I i  I  i  I  I I  I  I I  I I  I

kb

Figure I. Exon/intron structure of G. graminis var. tritici laccase genes. The boxes 
represent exons, lines represent introns and 5’UTRs, and arrows represent 
cDNA fragments, which were cloned and sequenced to determine the exact 
intron positions.
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All introns had the consensus sequence predicted for 5’-splice sites of eukaryotic genes, 

GT(a/g)NG(c/t) (50). However, the 3’ splice sites of intron II and intron III in LAC3 gene 

were AAG instead of the typical (c/t)AG.

Characterization of deduced laccases

We predicted that LACl, LAC2, and LAC3 encoded 609, 577, and 581 amino acid 

polypeptides, respectively. The deduced amino acid sequences shared 35.8, 35.4 and 

48.5% identity with N. crassa laccase (P06811) respectively, and 42.6, 38.1, and 39.9% 

identity with each other (Table I).

Lac2 LacS Ne la d  a Pa Iac2 Cp la d  An la d  Be lad Rs Icc3 T v lcd Nt lac

Lad 42 .6 38.1 35 .8 3 5 .4 35 .5 29 .8 48 .3 31 .5 31 .4 28.1
LacZ 39 .9 35 .4 32 .8 34 .7 28 .8 42 .2 2 9 .4 28.3 26 .6
LacS 48 .5 50 .9 46 .6 33 .4 35.3 28 .2 28 .7 27 .7

Table I. Percent identity of L ad , Lac2, and Lac3 predicted proteins to laccases from 
other fungi and plants.
^Abbreviations and GeneBank accession numbers:

Ne la d , Neurospora crassa (P06811); Pa lac2, Podospora anserina (P78722); Cp la d , 
Cryphonectria parasitica (Q03966); An la d , Aspergillus nidulans (P17489); Be la d , 
Botrytis cenerea (Q12570); Rs lcc3, Rhizoctonia solani (Q02079); Tv la d , Trametes 
villosa (Q99044); Nt lac, Nicotiana tabacum (P93366).

All three predicted gene products contained four conserved putative Cu-binding sites that 

are characteristic of laccases (Fig.2).
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I U
M jfF lW S L F A lVCGSAALATPANSSVSSSSGQHHPKPHHPHQPLDSGCK-NGPKSRNCWG 59

— MVAHHSFMLLS-LAALA----------- 1GSPFGELQQR-AEPRIQQRAACAGNTATTRSKWC 50

----------MKS FGLIKGL ALL AG--------- 1VASAPVASRDESLDLFPQLAGLR-ASTSTR---------4 5
F L A LA R

KHSI DTNYYE-TAPDTGVTREY W LSV EEG -IC N N -DGYKR-YCQTFN G SFP G P L IWANWG 1 1 5  

DFDIKSDYYTGQHPNTGVTREFWLELTDS-VKLAPDGVPR-YAQAFNGTVPGPTLVMDWG 1 0 8

------------ DYESSNTPNTGVTRRYNLWTEVDNYVGGDGLVKSKAMLINNQFPGPIIKADWG 99
Y P TGVTR L DG N PGP WG

DNLV IHVTNNMKT—N G TA IHWHGLHQRGSVEYDGVPGVTQCPIAPGKSLTYKFRVTQYG 1 7 3  

D D W IH V TN K LT Q SINGTSVHWHGLHQKDTVLSDGWSVTQCPAVPGTTOTYKFOATNYG 1 6 8  

DWVE VTVTNRLRT—NGTSMH WHGVRML NNNPNDGANGITECPIPPNASKVYRFRVEQYG 1 5 7  
D VTN NGT HWHG DG T CP P Y F  YG

TTWYHSHFSLQYTEGLFGPMIFYGPTTANYDEDLGTLFLQDWDHDTAWHG-WENVASKGA 2 3 2  

SSWYHSHFALQRGRAVFGGIIINGPASANYDEDVGMWLSDWGHKTPDEL-WHQAETQGP 2 2 7

TAW YHSHFSGQYGNGWGTLLFNGPASLPYQEDLGVYPITDWYYRGADEIQFSLIPSPGV 2 1 7  
WYHSHF Q G GP Y ED G DW G

GPLPA N G LINGTNTFDCKNSTDTNCLGGGKKFSATFKKGKKHLIRIINNSADAHF Q F S ID  292  

-PTLENALINGM NVYGAE-GNQT---------GKRWETSFESGKSYRVRLVNTAIDTHFKFGID 280

PPPSDNILFNGSHVNAQGGGSYN------------------- RVKLKPGRRHRLRI I NTSVDNTFTVSLV 2 6 8
P N L  NG G R N D F

GHSLIW SN D LV PIK PFK TQ SV RV SIG Q RY D V IV EA N —AKPGDYWLRSGMSCVPGDTGA 3 5 0  

N H T L T V IA L D F IPVEPYEATMINIGMGQRVDVIVKADQAAVASDFW M RAIPQSACG-TIQ 3 3 9

GHQFTVIQTDFVPVNAFTTSQIFLGIGQRYDVTIEAN—QPVGNYWFNVTFAASGLCGTS 3 2 6  
H V D P  GQRYDVI A W

LRERVTGIIRYDKKSK-ADPKTTSDVWDETCSDEDPKKLVPHVALDVT—HMGEIVQSD 407 

M AKNTRAIVHYG-ASK-GVPATTGHTYVDA-CEDEPLEKLKPIIRIDA-------------EETYQQ 390

LIQKPASIFQYEGASDTALPTNPGPTPTESLCEDLN—SWTPWAKNVPRASFSAVPGNT 38 4  
I Y S P  C D  P

LGFKPNGTPAEGQNWFQWTLN NSSLVLDWHDPTLERIF D R Q SIFPTKYNVIKAEPASYGP 4 6 7

LKIATAGVN AK—SVFRWYLNSTTMELDWSKPTVSQLANNASVAFSNSNAVMELPE--------4 44

LEANTNVENWEGRQRVYWEINGSDMN I TWDE PT LE YLVKGNMNFPQNFN-V FQ V PQ--------4 3 9
L W N  W PT N P

SKQW FTLVIQSNEIPVLTPLPSHSLTHPIHLHGHDFW VLSQ------SKAKWDGTPRGFNTKN 5 24

ADKWAFVIIQTN-------------------- FAVAHPVHLHGHDYSVLAQG—SGAYQPGVTK-LITTN 4 9 1

-G NWSFWI IQ N P --------------------- TVAPHPMHLHGHDFYLLGRSPAQTNPFAGPVRRFNAAT 4 8 8
W IQ  HP HLHGHD L G

-------------------PARRDTAMLPAGGHLAIAFQLDNPGAWLVHCHIAWHAGQGLSLEFVESQG- 5 7 4

------------------- PMRRDTAILPAAGHLVLAFKTDNPGAWLMHCHIGWHTAQGFAMQFVERRSE 5 4 2

DLATLRFDNPVRRDVTMLPGQRLDRRAFRTDNPGAWLFHCHIAWHVAQGLSVQFLERVQ- 5 4 7  
P RRD L P AF DNPGAWL HCHI WH QG F E
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L a c l
L ac2
L ac3

RIALGMPDHHVFQQTCREWDAVRNKMPFPQHDSGI 6 0 9  

M FSK N IINNNDIEGLCEPW RTHVGKHNIKLEDSGI 5 7 7

DIPSAFP-LSAIEPTCSQW TAYYATSPHKQHDSGL 5 8 1  
C W DSG

Figure 2. Alignment of the deduced L ad , Lac2, and Lac3 amino acid sequences, 
performed with the ClustalW method (48). Four putative copper-binding 
domains are shaded. Possible N-glycosylation sites are in bold and 
underlined, putative signal sequences are shown in italic, suggested cleavage 
sites are marked with thin arrows, the cleavage site in mature Lac2, 
determined by sequencing, is shown with a thick arrow, and the sequenced 
polypeptide is underlined.

N-terminal peptide sequence analysis

In liquid LB culture, when induced with Cu, G. graminis var. tritici produced only one 

major secreted laccase protein. We purified this protein according to the previously 

described protocol (13) and subjected it to Edman degradation and sequencing. The first 

15 amino acid residues at the amino terminus were TATTRSKWCDFDIKS. This 

sequence was identical to residues 41-56 of the precursor protein encoded by LAC2 

(Fig.2), and implied that the protein undergoes postranslational proteolytic cleavage at 

position 40.

Characterization of the upstream regulatory regions of LACL LAC2. and LAC3 

Sequence analysis of 5’-untranscribed regions of LACl, LAC2, and LAC3 revealed 

typical promoter sequences (50). Structures of the LACl and LAC3 promoter regions are 

shown in Fig.3; and structure of the LAC2 promoter region is shown in Fig. 4. All three 

genes had putative TATA box elements that were located 92, 174, and 174 bp.
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respectively, upstream of start codons. Two regions of high CT content, one 10-12 bp 

and another 19-28 bp in length, were downstream of the TATA box in the LAC2 and 

LAC3 genes, respectively. However, no CT rich boxes were found downstream of the 

TATA box in the LACl gene promoter. A putative CCAAT box was 504 bp upstream of 

the start codon of LAC2 and 843 bp upstream of the start codon of LACl. We did not 

identify CCAAT elements in the LAC3 promoter region.

Transcription of many laccase genes is regulated by copper ions (8,20,35). We

screened the 5’-untranscribed regions of three laccase genes for similarity with consensus 

eukaryotic sequences known to mediate transcriptional activation by copper ions (47). 

Metal Responsive Elements (MRE) have been characterized in the upstream regions of 

the Saccharomyces cerevisiae Cu-metallothionein and CuZn-superoxide dismutase genes 

(47). Putative MRE sequences were also identified in several promoter regions of 

previously characterized laccase genes (20,30). We located four MRE consensus 

sequences situated around the TATA box of the LAC2 gene promoter (Fig.4) and two 

consecutive MRE sequences located 751 and 690 bp upstream of the TATA box of the 

LACl gene promoter (Fig.3).

ACEl is a eukaryotic copper-responsive transcription factor that activates Cu- 

dependent transcription of the S. cerevisiae metallothionein genes (47). We identified 

one putative ACEl consensus sequence located 108 bp upstream of the TATA box in the 

LACl gene promoter and two consecutive ACEl consensus sequences flanking the CT- 

rich box in the promoter of LAC2 downstream of the TATA box (Fig.3). We did not 

identify any MRE or ACEl elements in the LAC3 gene promoter.
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Figure 3. Promoter regions of LACI and LAC3. Shaded boxes represent 
putative CT-rich and TATA boxes; unshaded arrows represent 
putative MREl and ACEl consensus sequences; directions of the 
arrows indicate the orientation of the sites. The putative ATG 
translation start codon and CCAAT box are shown with vertical 
arrows.
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Figure 4. Promoter region of LAC2. Shaded boxes represent putative CT- 
rich and TATA boxes; unshaded arrows represent putative MREl 
and ACEl consensus sequences; directions of the arrows indicate 
the orientation of the sites. The putative ATG translation start 
codon and CCAAT box are shown with arrows.
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Regulation of laccase transcription

We used an RT-PCR approach to characterize transcription of these three laccase genes 

in G. graminis var. tritici. Total RNA was purified from young actively growing mycelia, 

at the peak of total laccase activity in the conditioned media. The transcription pattern of 

the LACl gene is shown in Fig.5A.

A

1 2  3 4 5 6 7 8 9 10 11

LACl

LAC2

C
500
400 LAC2

I 2 3 4 5 6 7 8 9  10 11

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17

Figure 5. A. Transcription patterns of the LACl gene. RT-PCR was performed with 
LACI -specif\c primers and total RNA was isolated from G. graminis 
grown in: starvation medium (lane 2), minimal medium supplemented 
with 400 pm CuSO4 (lane 3), minimal medium without copper (lane 4), 
potato dextrose broth (lane 5), LB medium supplemented with 400 pm 
CuSO4 (lane 6), LB medium without copper (lane 7), LB medium 
supplemented with sterile plant homogenate (lane 8). Lane 9 shows RT- 
PCR with LACZ-specific primers and RNA purified from wheat plants
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infected with G. graminis; lane 10 shows RT-PCR with ZAC/-specific 
primers and RNA purified from uninfected control wheat plants. Lane 11 
shows amplified genomic LACl, which contains two introns. Lane I 
shows 100 bp ladder (Promega) molecular size markers.

B. Transcription patterns of the LAC2 gene. RT-PCR was performed with 
ZAC2-specific primers and total RNA isolated from G. graminis grown in: 
starvation medium (lane 2); minimal medium supplemented with 400 pm 
CuSO4 (lane 3); minimal medium without copper (lane 5); potato dextrose 
broth (lane 7); LB medium supplemented with 400 pm CuSO4 (lane 8); LB 
medium without copper (lane 10). Lane 12 shows RT-PCR with primers 
specific for LAC2 and RNA purified from the wheat plants infected with 
G. graminis', lane 14 shows RT-PCR with primers specific for LAC2 and 
RNA purified from the uninfected control wheat plants; lane 15 shows 
amplified genomic LAC2, which has no introns. Control reactions without 
reverse transcriptase are shown in lanes 4 ,6 ,9 ,11 , and 13. Lane I shows 
100 bp ladder molecular size markers.

C. Transcription patterns of the LAC3 gene. RT-PCR was performed with 
ZAC3-specific primers and total RNA was isolated from: wheat plants 
infected with G. graminis var. tritici (lane 2); G. graminis var. tritici 
grown in minimal medium supplemented with 30% vol/vol sterile plant 
homogenate (lane 3);minimal medium with 400 pM CuSO4 (lane 6); 
minimal medium without copper (lane 7); starvation medium (lane 8); 
potato dextrose broth (lane 9); LB with 400 pM CuSO4 (lane 10); LB 
without copper (lane 11). Lane 4 shows amplified genomic LAC3, which 
contains an intron. Lane 5 shows RT-PCR with primers specific for LAC3 
and RNA purified from the uninfected control wheat plants. Lane I shows 
100 bp ladder molecular size markers (Promega).

D. Transcription patterns of the POLG gene. RT-PCR was performed with 
POLG-specific primers and total RNA isolated from G. graminis grown 
in: starvation medium (lane 2); potato dextrose broth (lane 4); minimal 
medium supplemented with 400 CuSO4 (lane 6); minimal medium 
without copper (lane 8); LB medium supplemented with 400 pm CuSO4 
(lane 10); LB medium without copper (lane 12). Lane 14 shows RT-PCR 
with primers specific for POLG and RNA purified from the wheat plants 
infected with G. graminis', lane 16 shows RT-PCR with primers specific 
for POLG and RNA purified from the uninfected control wheat plants; 
lane 17 shows amplified genomic POLG, which has no introns. Control 
reactions without reverse transcriptase are shown in lanes 3,5,7,9,11,13, 
and 15. Lane I shows 100 bp ladder molecular size markers.

Fungal cultures were grown in starvation medium (lane 2), Fahraeus minimal medium 

with or without Cu (lanes 3 and 4, respectively), PDB (lane 5), LB with or without Cu
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(lanes 6 and 7, respectively), LB supplemented with sterile plant homogenate (lane 8) and 

in the host wheat plant (lane 9). With primers specific for LACl, similar levels of the 

LACl transcript were observed in all conditions tested.

Transcription patterns of LAC2 are shown in Fig.SB. The LAC2 gene was transcribed 

in Fahraeus minimal medium supplemented with Cu (lane 3), LB medium with or without 

Cu (lanes 8 and 10, respectively), and in planta (lane 12). It was transcribed at a very low 

level in Fahraeus minimal medium without copper (lane 5), and not transcribed in 

starvation medium (lane 2) or in PDB (lane 7).

Transcription of LAC3 was observed only in planta (Fig.SC, lane 2) or in culture 

medium with homogenized, sterile plant tissue (Fig.SC, lane 3). The LAC3 transcript was 

detected in infected root, leaf and stem tissues (data not shown).

Transcription patterns of putative polymerase y gene are shown in Fig.5D. Similar 

high levels of housekeeping gene transcripts were observed in all conditions tested.

Regulation of LACl and LAC2 transcription with copper

The results of the discriminatory LACHLAC2 competitive RT-PCR from Fahraeus 

minimal medium cultures with or without 400 pM CuSO4 are shown in Fig.6. LACl 

transcription was independent of copper; cultures grown with or without CuSO4 had the 

same level of LACl transcript (Fig. 6A).
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Figure 6. Transcription of LAC2 (A), LACl (B), and POLG (C) in the presence or in the 
absence of 400 pM CuSO4. The amplified competitive templates and cDNAs 
are indicated with arrows. The amounts of the competitive templates are 
indicated above the gels in pg/pl. 100 bp ladder (Promega) is used as a 
molecular size marker.

In contrast, transcription of LAC2 was at least 10-fold increased in the presence of 400 

pM CuSO4 (Fig.6B), and corresponded to an 8-fold increase in secreted Iaccase activity 

(Fig.7). Transcription of POLG was also independent of copper and indicated that the 

same amounts of mRNA were used for each RT-PCR reaction. (Fig.6C). Fig.6 

demonstrates that in the presence or absence of copper LACl was transcribed at a level 

(IO3-IO 4 pg per pg total RNA) similar or higher than POLG; in the absence of copper
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LAC2 was transcribed at a level (IO 5 per pg of total RNA) lower than POLG, and in 

the presence of the inducer LAC2 was transcribed at a level similar to POLG (10 4pg per 

p.g of total RNA). Transcription of laccase genes was not induced by zinc or manganese 

(data not shown). All competitive PCR experiments were repeated three times with 

similar results.

Laccase units

Figure 7. Total laccase activity on the fourth day of fungal growth in the 
Fahraeus medium in the presence of 400 pM CuSO4 or 4 pM 
CuSO4, as determined by the DMOP assays {Edens, 1999 #38}. 
A unit of laccase is defined as the amount of enzyme needed to 
oxodize I pM of DMOP per min.
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Discussion

We identified and partially characterized three laccase genes from a plant pathogenic 

fungus, G. graminis var. tritici. Each gene had a distinct structure with different numbers 

of introns varying from zero (LAC2) to seven (LAC3). Intron positions were also unique 

for each gene and did not overlap between the genes. The deduced protein sequences 

shared 38-42% amino acid sequence identity. Laccases are characterized by having 4 

conserved copper-binding sites. They contain one type-1 (Tl) Cu atom, bound as a 

mononuclear center that gives the proteins their ’’blue” color, as well as type-2 (T2) and 

type-3 (T3) Cu atoms, which together form a tiinuclear center. The T l site functions as a 

primary electron acceptor, extracting electrons from the substrate. Electrons are then 

transferred to the T2/T3 center where reduction of molecular oxygen to water takes place 

(12,31). According to a recent analysis of the Coprinus cinereus laccase crystal structure 

(12) and site-directed mutagenesis studies of Myceliophthora thermophila arid R. solani 

laccases (53), a pentapeptide segment located downstream of the second conserved 

histidine in the T l site ( H560 in L ad , H537 in Lac2, and H533 in Lac3, Fig. 2) has a 

major effect on the redox potential and specificity of the enzyme. The amino-acid 

composition in this region was unique for all three of the deduced laccases in G. graminis 

var. tritici (Fig. I), which implies that the enzymes have different substrate specificity and 

probably different functions in the fungus.

Recently, we purified and partially characterized a secreted, copper-induced laccase 

from G. graminis var. tritici (13). Here we show that the N-terminus of this protein was 

identical to the predicted protein encoded by the LAC2 gene. LAC2 transcription was
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significantly induced by Cu and corresponded to a similar increase in the total laccase 

activity of induced cultures. In PDB or starvation media where LAC2 was not 

transcribed, a low level of secreted laccase activity was detected. This activity was 

independent of the copper concentration in the media (data not shown) and likely 

corresponded to LACl expression, since it was the only laccase gene transcribed in these 

conditions. However, we have not purified Lacl or Lac3 laccases because of their low 

concentrations.

Our study indicates that laccase genes in G. graminis var. graminis were transcribed 

under different conditions. IA C l was transcribed constitutively in all conditions tested. 

Constitutive transcription has been reported for several fungal laccase genes (16,55,58).

Transcription of IAC2 was copper-inducible. The promoter region of LAC2

contained four MRE consensus sites, two of which were inverted and 51 bp apaft, and 

two ACEl binding sites located in a close proximity to the TATA-box and ATG codon. 

Copper induction has been reported for P. anserina (20), T. versicolor (27) and P. 

ostreatus (35) laccase genes. MRE consensus sequences are found in the promoter 

regions of two fungal laccase genes, P. anserina (20) and Phanerochaete chrysosporium 

(4). One consensus sequence that has some similarities with the binding site of the ACEl 

transcription factor from S. cerevisiae, was reported for the led  promoter from the 

basidiomycete PMl (30). Nevertheless, the role of MRE and ACEl sites in laccase 

promoters requires additional investigation, including site-directed mutagenesis with 

removal of these sites.

Transcription of LAC3 was observed only when the fungus was grown in association 

with the host plant. We were unable to induce IAC3 transcription in a culture except by
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the addition of sterile, homogenized plant filtrate to the medium. To our knowledge, this 

is the first report of a fungal laccase gene whose transcription depends upon the presence 

of a host. However, laccase from B. cinerea is inducible in culture by the addition of 

pectin, suggesting that its expression is host-dependent (36). This laccase also oxidizes 

plant stilbene phytoalexins in vitro and may be a pathogenicity factor (36). The animal 

pathogen, C. neoformans, expresses laccase that is involved in the biosynthesis of a 

melanin-like pigment in mouse tissues; laccase-negative cnlacl (Mel ) knockout mutants 

of C. neoformans are defective in pigment production and nonpathogenic (38,52).

Although biological functions of several fungal laccases have been determined 

(14,17,36,49), the functions of the majority of laccases are still uncertain. However, their 

abundance suggests that they play important and diverse roles. G. graminis var. tritici 

produces melanized macrohyphae on its host root surfaces and laccase(s) could be 

involved in melanin polymerization in these hyphae (43). Laccase(s) could also degrade 

lignin depositions produced by the plant in response to invasion, and/or 

oxidation/reduction of phytoalexins and other toxic plant compounds. Other functions, 

such as sequestration of manganese, required by the plant for lignin synthesis (37), are 

also possible. Previously, we demonstrated that the major secreted laccase in culture, 

here shown to be encoded by LAC2, is capable of oxidizing lignin and polymerizing 

melanin precursors in vitro. The ability of laccase to oxidize or reduce polyph'enolic 

compounds such as lignin or melanin precursors depends on the redox potential of the 

surrounding environment. Both functions can be carried out by the same enzyme in 

different situations, or oxidation and reduction may be split between different laccases 

expressed in different environments or compartments of the infected host. Knockout
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mutants of each gene would help identify the functions of individual laccases of G. 

graminis var. tritici, but thus far we have been unsuccessful in generating disruption 

mutants with cloned laccase genes. Homologous recombination in G. graminis is rare 

(3), thus alternative methods for reducing the expression of laccase genes may be 

required to determine their functions.

Acknowledgements

We thank Bill Edens and Tim Magnuson for help with protein purification, Kathy 

Sheehan for critical reading of the manuscript, Mary Bateson for help with DNA 

sequencing, and Gerhard Munske from the Laboratoiy for Bioanalysis and Biotechnology 

Unit I at Washington State University for protein sequencing. This work was supported 

in part by the US Army Research Office (grant DAAH04-96-1-01194), the Thermal 

Biology Institute at Montana State University, and the National Science Foundation 

(grant MCB9977922).



64

References cited

I. Altschul, S. F., F. Stephen, W. Gish, W. Miller, and E. W. Myers. 1990. Basic 
local alignment search tool. J. Mol. Biol. 215:403-410.

2. Ardon, O., Z. Kerem, and Y. Hadar. 1998. Enhancement of lignin degradation and 
laccase activity in Pleurotus ostreatus by cotton stalk extract. Can. J. Microbiol. 
44:676-680.

3. Bowyer, P., B. R. Clarke, P. Lunness, M. J. Daniels, and A. E. Osbourn. 1995. 
Host range of a plant pathogenic fungus determined by a saponin detoxifying 
enzyme. Science 267:371-374.

4. Broda, P., P. R. J. Birch, P. R. Brooks, and P.F.G. Sims. 1996. Lignocellulose 
degradation by Phanerochaete chrysosporium: gene families and gene expression 
for a complex process. Mol. Microbiol. 19:923-932.

5. Brouwers, G. J., J. P. M. de Vrind, P. L. Corstjens, P. Cornells, C. Baysse, and 
E.W. de Vrind de Jong. 1999. cumA, a gene encoding a multicopper oxidase, is 
involved in Mn2+ oxidation in Pseudomonas putida GB-I. Appl. Environ. 
Microbiol. 65:1762-1768.

6. Cassland, P., and L.J. Jonsson. 1999. Characterization of a gene encoding 
Trametes versicolor laccase A and improved heterologous expression in 
Saccharomyces cerevisiae by decreased cultivation temperature. Appl. Microbiol. 
Biotechnology 52:393-400.

7. Chefetz, B., Y. Chen, and Y. Hadar. 1998. Purification and characterization of 
laccase from Chaetomium thermophilium and its role in humification. Appl. 
Environ. Microbiol. 64:3175-3179.

8. Collins, P., and A. Dobson. 1997. Regulation of laccase gene transcription in 
Trametes versicolor. Appl. Environ. Microbiol. 63:3444-3450.



65

9. Crestini, C., and D. S. Argyropoulos. 1998. The early oxidative biodegradation 
steps of residual kraft lignin models with Iaccase. Bioorg. Med. Chem. 6:2161- 
2169.

10. Dean, I. F. D., and K.-E. Eriksson. 1994. Laccase and the deposition of lignin in 
vascular plants. Holzforschung 18:21-33.

11. Dedeyan, B., A. Klonowska, S. Tagger, T. Tron, G. Iacazio, G. Gil, and J. Le 
Petit. 2000. Biochemical and molecular characterization of a Iaccase from 
Marasmius quercophilus. Appl. Environ. Microbiol. 66:925-929.

12. Ducros, V., A. M. Brzozowski, K. S. Wilson, S. H. Brown, P. Ostergaard, P. 
Schneider, D. S. Yaver, A. Pederson, and G. J. Davies. 1998. Crystal structure of 
the type-2 Cu depleted Iaccase from Coprinus cinereus at 2.2 A resolution. Nat. 
Struct. Biol. 5:310-316.

13. Edens, W. A., T. Q. Goins, D. Dooley, and J. M. Henson. 1999. Purification and 
characterization of a secreted Iaccase of Gaeumannomyces graminis var. tritici. 
Appl. Environ. Microbiol. 65:3071-3074.

14. Eggert, C. 1997. Laccase-catalyzed formation of cinnabarinic acid responsible for 
antibacterial activity of Pycnoporus cinnabarinus. Microbiol. Res. 152:315-318.

15. Eggert, C., P. R. LaFayette, U. Temp, K.-E. Eriksson, and J. F. D. Dean. 1998. 
Molecular analysis of a Iaccase gene from the white rot fungus Pycnoporus 
cinnabarinus. Appl. Environ. Microbiol. 64:1766-1772.

16. Eggert, C., U. Temp, and K.E. L. Eriksson. 1996. The ligninolytic system of the 
white rot fungus Pycnoporus cinnabarinus: purification and characterization of 
the Iaccase. Appl. Environ. Microbiol. 62:1151-1158.

17. Eggert, C., U. Temp, and K1-E1 Eriksson. 1997. Laccase is essential for lignin 
degradation by the white-rot fungus Pycnoporus cinnabarinus. FEBS Lett. 
407:89-92.

18. Fahraeus, G., and B. Reinhammer. 1967. Large scale production and purification 
of Iaccase from cultures of the fungus Polyporus versicolor and some properties 
of Iaccase. Acta Chem. Scand. 21:2367-2378.



66

19. Farver, O., L. K. Skov, T. Pascher, B. G. Karlsson, M. Nordling, L. G. Lundberg, 
T. Vanngard, and I. Pecht. 1993. Intramolecular electron transfer in single-site- 
mutated azurins. Biochemistry 32:7317-7322.

20. Fernadez-Larrea, J., and U. Stahl. 1996. Isolation and characterization of a laccase 
gene from Podospora anserina. Mol. Gen. Genet. 252:539-551.

21. Fernadez, E., A. Sanchez-Amat, and F. Solano. 1999. Location and catalytic 
characteristics of a multipotent bacterial polyphenol oxidase. Pigment Cell Res. 
12:331-339.

22. Giardina, P., G. Palmier!, A. Scaloni, B. Fontanella, and V. Faraco. 1999. Protein 
and gene structure of a blue laccase from Pleurotus ostreatus. Biochem. I. 
341:655-663.

23. Goodell, B., K. Yamamoto, J. Jellison, M. Nakamura, T. Fujii, and K. Takabe. 
1998. Laccase immunolabelling and microanalytical analysis of wood degraded 
by Lentinus edodes. Holzforschung 52:345-350.

24. Hansen, J. E., O. Lund, J. Engelbrecht, H. Bohr, H. Neilsen, J.-E. Hansen, and S.
Brunak. 1995. Prediction of O-glycosylation of mammalian proteins: Specificity 
p a t t e r n s  o f  U D P  -GalNAc:-polypeptide
N-acetylgalactosaminyltransferase. Biochem. J. 308:801-813.

25. Henson, J. M. 1989. DNA probe for identification of the take-all fungus, 
Gaeumannomyces graminis. Appl. Environ. Microbiol. 55:284-288.

26. Hofer, M., and D. Schlosser. 1999. Novel enzymatic oxidation of Mn2+ to Mn3+ 
catalyzed by a fungal laccase. FEBS Lett. 451:186-190.

27. Jonsson, L. J., K. Sjostrom, I. Haggstrom, and P. O. Nyman. 1995! 
Characterization of a laccase gene from the white-rot fungus Trametes versicolor 
and structural features of basidiomycete !accuses. Biochem. Biophys. Acta 
1251:210-215.

28. LaFayette, P. R., K-E. Eriksson, and J. F. D. Dean. 1999. Characterization and 
heterologous expression of laccase cDNA from xylem tissues of yellow-poplar 
(Liriodendron tulipifera). Plant Mol. Biol. 40:23-35.



67

29. Mansur, M., T. Suarez, J. Fernandez-Larrea, M. A. Brizuela, and A. E. 
Gonzalez. 1997. Identification of a laccase gene family in the new lignin
degrading basidiomycete CECT 20197. Appl. Environ. Microbiol. 63:2637-2646.

30. Mansur, M., T. Suarez, and A. E. Gonzalez. 1998. Differential gene expression in 
the laccase gene family from basidiomycete 1-62 (CECT 20197). Appl. Environ. 
Microbiol. 64:771-774.

31. McGuirl, M., and D. Dooley. 1999. Copper-containing oxidases. Curr. Opin. 
Chem. Biol. 3:138-144.

32. Murray, M. G., and W. F. Thompson. 1980. Rapid isolation of high molecular 
weight plant DNA. Nucleic Acids Res. 8:4321-4325.

33. Neilsen, H., J. Engelbrecht, S. Brunak, and G. von Heijne. 1997. Identification of 
prokaryotic and eukaryotic signal peptides and prediction of their cleavage sites. 
Prot Eng. 10:1-6.

34. Newman, S. M., N. T. Eannetta, H. Yu, J. P. Prince, M. C. de Vicente, S. D. 
Tanksley, and J. C. Steffens. 1993. Organization of the tomato polyphenol 
oxidase gene family. Plant Mol. Biol. 21:1035-1051.

35. Palmier!, G., P. Giardina, C. Bianco, B. Fontanella, and G. Sannia. 2000. Copper 
induction of laccase isoenzymes in the lignolytic fungus Pleurotus ostreatus. 
Appl. Environ. Microbiol. 66:920-924.

36. Pezet, R. 1998. Purification and characterization of a 32-kDa laccasedike stilbene 
oxidase produced by Botrytis cinerea Pers.:Fr. FEMS Microbiol. Lett. 167:203- 
208.

37. Renger, Z., R. D. Graham, and J. F. Pedler. 1993. Manganese nutrition and 
accumulation of phenolics and lignin as related to differential resistance of wheat 
genotypes to the take-all fungus. Plant and Soil 151:255-263.

38. Salas, S. D, J. F. Bennett, K. J. Kwon-Chung, J. R. Perfect, and P. R. Williamson. 
1996. Effect of the laccase gene, CNLACl, on virulence of Cryptococcus 
neoformans. J. Exp. Med. 184:377-386.



68

39. Sambrook, J., E. F. Fritch, and T. Maniatis. 1989. Molecular cloning: a laboratory 
manual. Cold Spring Harbor Laboratory Press, Cold Spring Harbor, N.Y.

40. Samson, S. L., and Gedamu, L. 1998. Molecular analyses of metallothionein gene 
regulation. Prog. Nuc. Acid Res. 59:257-288.

41. Schagger, H., and G. von Jagow. 1987. Tricine-sodium dodecyl sulfate-
polyacrylamide gel electrophoresis for the separation of proteins in the range from 
I to 100 kDa. Anal. Biochem. 166:368-379.

42. Scheel, T., U. Holker, S. Ludwig, and M. Hofer. 1999. Evidence for and 
expression of a laccase gene in three basidiomycetes degrading humic acids. 
Appl. Microbiol. Biotechnol. 52:66-69.

43. Skou, J. P. 1981. Morphology and cytology of the infection process, p. 175-198. 
In M. J. C. Asher and P. J. Shipton (ed), Biology and Control of Take-all. 
Academic Press, London, United Kingdom.

44. Smith, M., A. Shnyreva, D. A. Wood, and C. F. Thurston. 1998. Tandem 
organization and highly disparate expression of the two laccase genes led  and 
lcc2 in the cultivated mushroom Agaricus bisporus. Microbiology 144:1063- 
1069.

45. Sommers, L. E., R. F. Harris, F. N. Dalton, and W. R. Gardner. 1970. Water 
potential relations of three root-infecting Phytophthora species. Phytopathology 
60:932-934.

46. Temp, U., and C. Eggert. 1999. Novel interaction between laccase and cellobiose 
dehydrogenase during pigment synthesis in the white rot fungus Pycnoporus 
cinnabarinus. Appl. Environ. Microbiol. 65:389-395.

47. Thiele, D. 1992. Metal-regulated transcription in eukaryotes. Nucleic Acids Res. 
20:1183-1191.

48. Thompson, J. D., D. G. Higgins, and T. J. Gibson. 1994. CLUSTAL W: 
improving the sensitivity of progressive multiple sequence alignment through 
sequence weighting, position-specific gap penalties and weight matrix choice. 
Nucleic Acids Res. 22:4673-4680.



69

49. Tsai, H-F., M. H. Wheeler, Y. C. Chang, and K. J. Kwon-Chung. 1999. A 
developmental^ regulated gene cluster involved in conidial pigment biosynthesis 
in Aspergillus Jumigatus. J. Bacteriol. 181:6469-6477.

50. Tinkles, S. E. 1992. Gene organization in industrial filamentous fungi, p. 28-53. In 
J. R. Kinghorn and G. Turner (ed), Applied Molecular Genetics of Filamentous 
Fungi. Blackie Academic & Professional, Glasgow, United Kingdom.

51. Wahleihner, J. A., F. Xu, K. M. Brown, S. H. Brown, E. J. Golightly, T. Halkier, 
S. Kauppinen, A. Pederson, and P. Schinieder. 1996. The identification and 
characterization of four !accuses from the plant pathogenic fungus Rhizoctonia 
solani. Curr. Genet. 29:395-403.

52. Williamson, P. R., K. Wakamatsu, and S. Ito. 1998. Melanin biosynthesis in 
Cryptococcus neoformans. J. Bacteriol. 180:1570-1572.

53. Xu, F., R. M. Berka, J. A. Wahleihner, S. M. Newman, J. R. Shuster, S. H. 
Brown, A. E. Palmer, and E. I. Solomon. 1998. Site-directed mutations in fungal 
laccase: effect on redox potential, activity and pH profile. Biochem. J 334:63-70.

54. Yaver, D. S., and E. J. Golinghtly. 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.

55. Yaver, D. S., F. Xu, E. J. Golightly, K. M. Brown, S. H. Brown, M. W. Rey, P. 
Schinieder, T. Halkier, K. Mondorf, and H. Dalboge. 1996. Purification, 
characterization, molecular cloning, and expression of two laccase genes from the 
white rot basidiomycete Trametes villosa. Appl. Environ. Microbiol. 62:834-841.

56. Yoder, O. C., B. Valent, and F. Chumley. 1986. Genetic nomenclature and 
practice for plant pathogenic fungi. Phytopathology 76:383-385.

57. Zamma, A., H. Tamaru, T. Harashima, and H. !none. 1993. Isolation and 
characterization of mutants defective in production of laccase in Neurospora 
crassa. Mol. Gen. Genet. 240:231-237.



58. Zhao, J., and H. S. Kwan. 1999. Characterization, molecular cloning, and 
differential expression analysis of laccase genes from the edible mushroom 
Lentinula edodes. Appl. Environ. Microbiol. 65:4908-4913.

70

r



71

CHAPTER 3

CHARACTERIZATION OF TWO LACCASE GENES OF G. graminis van 
graminis AND THEIR DIFFERENTIAL TRANSCRIPTION IN MELANIN

MUTANTS

Abstract

Recently we cloned and characterized three laccase genes from G. graminis van 

tritici, an important pathogen of wheat (11). Here we report cloning and 

characterization of two laccase genes from G. graminis van graminis, a weak 

pathogen of rice and turf grasses. LACl and LAC2 genes were present in both 

varieties of the fungus. The genes were 94-95% identical, and intron positions were 

conserved between the varieties. Our data demonstrated that laccases might be useful 

for phylogenetic studies to detect fine differences between. G. graminis varieties, 

subspecies or strains of the fungi that cannot be detected by traditional sequencing of 

IBS rRNA genes or ITS regions.

We previously characterized two G. graminis var. graminis melanin mutants with 

altered lytic enzyme secretion patterns (8). Here we demonstrate altered transcription 

patterns of laccase genes in these melanin mutants. Transcription of LAC2 was 

downregulated in the over-melanized mutant as compared to the wild type and the 

unmelanized mutant, whereas transcription of LACl in planta was upregulated in the 

over-melanized mutant, as compared to the wild type and the unmelanized mutant. In 

the unmelanized mutant transcription of both genes was similar to that observed in 

the wild type.
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Introduction

Gaeumannomyces graminis is a filamentous soil ascomycete that colonizes the root 

and crown tissues of many grass species. The fungus is the cause of take-all disease 

of cereals, the most damaging root disease of wheat and barley worldwide. Four 

varieties of G. graminis have been described based on their morphological 

characteristics and host range: var. tritici, var. graminis, var. avenae, and var. maydis, 

(reviewed in 21). G. graminis var. tritici infects wheat and barley. G. graminis var. 

avenae causes take-all in oats and turf grasses, and is also capable of infecting wheat 

and barley. G. graminis var. maydis is a pathogen of corn in China (24). G. graminis 

var. graminis is a weak pathogen of a number of grasses and rice; in wheat it 

colonizes root outer cortex tissues, but is uhable to penetrate the endoderm and 

destroy vascular tissues (18). According to ITS1-ITS2 sequencing data (3) and RFLP 

analysis (7) G.g. tritici and G.g. avenae are closely related to each other, whereas 

G.g. graminis is more distinct.

All varieties of G. graminis produce dihydroxynaphthalene (DHN)-melanin. 

However, the amount of melanin produced varies among different varieties, with G. 

g. graminis being the most heavily melanized (8). Melanin is known to protect fungi 

from environmental stress, such as UV radiation, elevated temperatures, antimicrobial 

agents, and lytic enzymes (5). In some fungi melanization is required for pathogenesis 

(15, 22). However, the role of melanin in G. graminis remains controversial. On the 

surface of infected roots the pathogen forms melanized “runner” hyphae and
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hyphopodia, from which hyaline infection hyphae emerge (18). Melanization of 

runner hyphae and hyphopodia may be necessary for successful host penetration and 

colonization, since albino mutants of G. g. var. tritici are nonpathogenic on wheat 

(10). However, we recently described isolation and characterization of G. g. var. 

graminis melanin mutants (8). A mutant that was unable to synthesize melanin was as 

pathogenic to rice as the wild type, whereas the mutant that over-expressed melanin 

was less pathogenic. The heavily melanized mutant secreted less extracellular lytic 

enzymes, including laccase, than the wild type and the unmelanized mutant, which 

might explain the decreased virulence of the heavily melanized mutant.

Laccase is a copper-containing polyphenol oxidoreductase that catalyzes 

oxidation/reduction of different natural compounds including lignin (2), melanin 

precursors (15), phytoalexins (14), humic acids (17), and manganese (9). Laccases are 

widely spread in the fungal and plant world. Most fungi contain several genes 

encoding different laccases (20) and produce several laccase isozymes (13); however, 

functions of the majority of the fungal laccases are unknown.

Recently we reported purification and partial characterization of a secreted 

laccase from G. g. var. tritici (6). Purified protein polymerized DHN, a natural 

melanin precursor of G. graminis, and oxidized Poly B- 411, a synthetic homologue 

of lignin. We also recently reported cloning and partial characterization of three 

laccase genes (LAC1, LAC2, and LAC3) from G. g. var. tritici (11). The predicted 

polypeptides were 38-42% identical, and the sequence of the LAC2 predicted 

polypeptide matched the N-terminal sequence of the secreted laccase that we purified 

in earlier studies from G. g. tritici. The genes were transcribed under different
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conditions: LACl was transcribed constitutively and transcription of LAC2 was Cu- 

inducible. All three genes were transcribed in planter, however, transcription of LAC3 

was observed only in planta or in the presence of host plant homogenate.

Here we report cloning and partial characterization of two laccase genes from 

G. g. var. graminis. By Reverse Transcriptase-mediated PCR (RT-PCR) we 

demonstrated altered transcription pattern of these genes in melanin mutants of G. g. 

graminis.

Materials and Methods

Strains, media and culture conditions

G. gramnis var. graminis strain JH2033, a wild-type strain, was isolated by C. 

Rothrock from soybean (Glycine max) and purified by single-spore isolation. An 

unmelanized mutant strain, JH4300, with a single mutation in the THRl 

(trihydroxynaphthalene reductase) gene and an over-melanized mutant strain, 

JH4301, apparently with a single mutation, were obtained by B. Frederick by UV- 

light mutagenesis of JH2033, the wild-type strain (8). Cultures are available from the 

USDA (Peoria, Illinois) Agricultural Fungal collection. The fungal strains were 

maintained on Luria-Bertani (LB) medium (16) plus 1.2% (wt/vol) agar at 24-26°C. 

Long-term stocks were maintained on potato dextrose broth (PDB; Difco, Detroit, 

MI) slants with 1.2% (wt/vol) agar stored at 4°C.

For DNA/RNA purification and for RT-PCR experiments the fungal cultures were 

grown in LB or PDB media supplemented with 40 pM CuSO4 with constant
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agitation (200 rpm) at 23-25°C for 4-5 days (11). Laecase activity assays were 

performed as described (6); and wheat plants were infected with G. graminis var. 

graminis as described (11).

DNA/RNA purification

Fungal genomic DNA was prepared as previously described (12). RNA was purified 

from fungal mycelia grown in different culture media, from 10-day-old infected 

wheat plants or from 10-day-old uninfected control plants. Infected or uninfected 

wheat plants or filtered mycelia were quick frozen and ground in liquid N2. Total 

RNA was purified with a Qiagen (Chatsworth, CA) RNeasy® Plant mini kit according 

to the manufacturer’s instructions. All RNA preparations were treated with RQl 

DNase (Promega, Madison, WI) for 2 h at 37°C, according to the manufacturer’s 

instructions, to remove any contaminating DNA, and repurified with the same kit.

Genomic library construction and screening

A custom genomic library of G. graminis var. graminis was obtained from Stratagene 

(La Jolla, CA). The library was constructed in vector L DASH II and propagated in 

Escherichia coli XLl-Blue MRA (P2) strain. A subcloned LACl gene from G. g. 

tritici was used as a probe for genomic library screening to clone the G. g. graminis 

LACl gene. Briefly, undigested pGEM®-5Zf(+) plasmid with the subcloned 6.5 kb 

DNA fragment containing G. g. var. tritici LACl gene (25) was labeled with 

Digoxigenin-11-dUTP (Boehringer Mannheim, Indianapolis, IN) by the random



76

primed method according to the manufacturer’s instructions. Approximately 10,000 

plaques were screened by plaque hybridization (16) with the probe at a concentration 

of 25 ng/ml under high stringency conditions, as described (11). Plaques that 

hybridized with the probe were selected, purified and fungal DNA fragments were 

subcloned into the Notl site of plasmid pGEM®-5Zf(+) (Promega) according to 

standard protocols (16). Both strands of the laccase gene and its 5’ and 3’ 

untranslated regions were sequenced by the primer-walking approach (16).

PCR amplification and cloning of LAC2 and LAC3

PCR was used to amplify the G. g. graminis LAC2 gene and part of the LAC3 gene. 

0.1 pg of genomic DNA was used for the reaction. Amplification reactions were 

carried out in 25 pi volumes with: IX GeneAmp PCR buffer II (PE Applied 

Biosysytems, Foster City, CA), 0.25 mM dNTP, 2.5 mM of each primer, 2 mM 

MgCl2, and 0.5 U of AmpliTaq Gold™ DNA Polymerase (PE Apllied Biosystems). 

PCR parameters were: 10 min at 95°C, followed by 30 cycles of 30 sec at 95°C, 30 

sec af 55°C, 15 sec at 72°C, followed by I cycle of 7 min at 72°C. LAC2 and LAC3- 

specific primers were designed based on the previously described sequences from G. 

g. tritici (11). ZAC2-specific primers were 5 ’ -TATATAAGGATGTGTTGACACG- 

3’ and 5’-AATTCGCCCTTGCTTGCTTGC-3’, and ZACJ-specific primers were 

GCTATGCGGCACCAGCCTTA, and 5’- GTGGCCGTGCAGGTGGAT. The 

amplified LAC2 gene and part of the LAC3 gene were subcloned into the pCR® 4-
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TOPO® vector (Invitrogen, Carlsbad, CA) and sequenced using M13 forward and 

reverse primers to verify their identity.

RT-PCR

Single-tube Access RT-PCR (Promega) was used to monitor differential transcription 

of G. g. graminis laccase genes as described previously (11). Primers specific for 

each laccase gene in G. g. graminis were designed based on the sequences reported in 

this manuscript. LACl specific primers were 5’-GAGCTGGAACGCGATGGCTA- 

3’, and 5’-GCATCATCCGCTACGACAAG-3’ with an annealing temperature of 

SSqC. LAC2^ specific primers were 5’TCAGCGTCGATGCGGATGAT-3’, and 5’- 

AGCGCCAATTACGACGAGGA-3' with an annealing temperature of 56°C. LAC3- 

specific primers were 5 ’-TTGTCGGTGCGGAAGGCCACG-3’, and 5 ’- 

AACATCACGTGGGACGAGCC-3 ’ with an annealing temperature of 52°C. To 

verify that the same amounts of mRNA were used for each RT-PCR reaction, 

transcription of the housekeeping DNA polymerase y (POLG) gene from G. g. 

graminis was monitored with primers as described (11). Amplification products were 

separated on 2% agarose gels in TBE (90 mM Tris-HCl, 90 mM boric acid, 2 mM 

EDTA), stained with ethidium bromide, and visualized under UV light. For each RT- 

PCR reaction a negative control PCR reaction without AMV reverse transcriptase 

was performed to rule out DNA contamination. PCR products were subcloned into 

the pCR® 4-TOPO® vector (Invitrogen) and sequenced using M13 forward and 

reverse primers to verify their identity.
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DNA sequencing and analysis

Sequencing reactions were performed using the ABI PRISM7m BigDye Terminator 

Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, CA) 

according to the manufacturer’s instructions. Sequences were analyzed on an Applied 

Biosystems 310 genetic analyzer using a 47 mm capillary column. Sequences were 

determined in both directions, edited and assembled using the Sequencher7m 3.1.1 

program (Gene Codes Corporation, Ann Arbor, MI). Sequence homology searches 

were performed using the BLASTX search engine (I).

Results and Discussion

Sequence homology between G. g. tritici and G. g. graminis Iaccase genes 

We used previously described G. g. tritici laccase gene sequences (I I) to design PCR 

primers to amplify the LACl, LAC2 and part of the IAC3 genes from G. g. graminis. 

The amino acid sequence alignments of polypeptides predicted for the LACI, LAC2 

and part of the LAC3 genes from G. g. tritici and G. g. graminis are shown in Fig.8; 

the Lacl, Lac2, and Lac3 polypeptides were 96.1, 94.7, and 96.4% identical.

respectively.

G. g .  tritici 
G. g .  graminis

G. g. tritici 
G. g .  graminis

G. g .  tritici 
G. g .  graminis

G. g. tritici 
G. g .  graminis

MKFZWSLFAZVCGSAALATPANSSVSSSSGOHHPKPHHPHOPLDSGCKNGPKSmCVlG 
MKFLIVSLFALVCGSAALATPVNSSVSmSGQHHPKPHHPHQPPHSGCKNGPKSmCWG 
*•***• * * * * * * * * * * * * * * * * e ****** **************  **************  
KHSIDTNYYETAEDTGVTREYWLSVEEGICNNDGYKRYCQTFNGSFPGPLIWANWGDNL 
KHSIDTNYYETAPDTGVTREYWLSVEEGICNNDGYKRYCQTFNGSFPGPLIWANWGDNL 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

VIHVTNNMKTNGTAIHWHGLHQRGSVEYDGVPGVTQCPIAPGKSLTYKFRVTQYGTTWYH
VIHVTNNMKTNGTSIHWHGLHQRGSVEYDGVPGVTQCPIAPGKSLTYKFRVTQYGTTWYH
* * * * * * * * * * * * * .* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *
SHFSLQ YTEGLFGPMIFYGPTTANYDEDLGTLFLQDWDHDTAWHGWENVASKGAGPLPAN 
SHFSLQYAEGLFGPMIFYGPTTANYDEDLGtLFLQDWDHGTAWHGWDNVASKGAGPLPAN 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *   ̂* * * * * *  , * * * * * * * * * * * * *
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G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

B

G. g- tritici
G. g. graminis

G. g- tritici
G. g. graminis

G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

G. g. tritici
G. g- g r a m i n i s

G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

G. g. tritici
G. g. graminis

GLINGTNTFDCKNSTDTNCLGGGKKFSATFKKGKKHLIRIINNSADAHFQFSIDGHSLIV 
GLINGTNTFDCKNSTDTNCVGGGKKFSANFKKGKKHLIRIINNSADAHFQFSIDGHDLTV 
* * * * * * * * * * * * * * * * * * * . * * * * * * * * ^* * * * * * * * * * * * * * * * * * * * * * * * * * * s * * 

VSNDLVPIKPFKTQSVRVSIGQRYDVIVEANAKPGDYWLRSGMSCVPGDTGALRERVTGI 
VANDLVPIKPFKTKSVRVSIGQRYDVIVEANAKPGNYWLRSGMSCVPGDTGALRKRVTGI 
* . * * * * * * * * * * * .* * * * * * * * * * * * * * * * * * * * * . * * * * * * * * * * * * * * * * * * .* * * * *

IRYDKKSKADPKTTSDVWDETCSDEDPKKLVPHVALDVTHMGEIVQSDLGFKPNGTPAE 
IRYDKKSKADPKTTSDVWDETCSDEDPKKLVPHLALDVTHTGEIVRSDLGFKPNGTPAE 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * .* * * * * *  * * * * . * * * * * * * * * * * * *

GQNWFQWTLNNSSLVLDWHDPTLERIFDRQSIFPTKYNVIKAEPASYGPSKQWFTLVIQS 
GQNWFQWTLNNSSLVLDWHDPTLERIFDGQSIFPTDYNVIKAEPASYGPSKQWFTLVIQS 
* * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  

NEIPLTPLPSHSLTHPIHLHGHDFWV1SQSKAKWDGTPRGFNTKNPARRDTAMLPAGGH 
KDLPLTPLPSHRLAHPXHLHGHDFWVLSQSKAKWDGTPRGFDTKNPARRDTAMLPEKGH 
* ; ; * . * * * * * * * * ; * * * * * * * * * * * * * * * * * * * * * * * * * * * . * * * * * * * * * * * * *  **  

LAIAFQLDNPGAWLVHCHIAWHAGQGLSLEFVESQGRIALGMPDHHVFQQTCREWDAVRN 
LAIAFQLDNPGAWLVHCHXAWHAGQGLSLEFVESQDRIALGMPNHDVFRQTCREWDAVRT 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *   ̂* * * * * * * ; * _ * * . * * * * * * * * * * >

KMPFPQHDSGI
KMPEPQHDSGI

iWAFfHSFMLASLAflI,AI,GSPFGELQQRAEPRIQQRAACAGHTATTRSKWCDFDIKSDYYT 
M VAHHSFrAASAAALAIGSPLGELQQRAEPRIQQRATCAGMTATTRSQWCDFDIKSDYYT 
* * * * * * *  * * * * * * * * * * * * . * * * * * * * * * * * * * * * .* * * * * * * * * * . * * * * * * * * * * * *

GQHPNTGVTREFWLELTDSVKLAPDGVPRYAQAFNGTVPGPTLVMDWGDDWIHVTNKLT 
GQHPNTGVTREFWLELTDSYKLAPDGVPRYVQAFNGTVPGPTLVMDWGDDWIHVTNKLT 
* * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

QSINGTSVHWHGLHQKDTVLSDGWSVTQCPAVPGTTQTYKFQATNYGSSWYHSHFALQA
QSINGTSVHWHGLHQKDTVLSDGWSVTQCPSVPGTTQTYKFKATNYGSSWYHSHFALQA
*******************************.**********.****************
WQGVFGGIIINGPASANYDEDVGMWLSDWGHKTPDELWHQAETQGPPTLENALINGMNV 
WQGVFGGIIINGPASANYDEDVGMWLSDWGHKTPDELWHQAESQGPPTLENALINGMNV 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * • * * * * * * * * * * * * * * * *

YGAEGNQTGKRWETSFESGKS YRVRL V N TA IDTHFKFGIDNHTLTVIALDFIPVEPYEAT 
YGAEGNQTGKRWETSFEAGKSYRFRIVNTAIDTHFKFGIDNHTLTVIALDFIPVEPYETT 
* * * * * * * * * * * * * * * * * * * * * * *   ̂* ♦ * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * .*

MINIGMGQRVDVIVKADQA^VASDFWMRAIPQSACGTIQMAKNTRAIVHYGASKGVPATT 
MVNIGMGQRVDVIVKADQAAVASDFWLRAIPQSACGTIEMAKNTRAIVHYGNSQGVPSTT 
* . * * * * * * * * * * * * * * * * * * * * * * * * .* * * * * * * * * * * . * * * * * * * * * * * *  * . * * * . * *

GHTYVDACEDEPLEKLKPIIRIDAEEATYQQLKIATAGVNAKSVFRWYLNSTTMELDWSK 
GHTYVDACEDEPLEKLKPIIRIDAEQSTYEQLKIATAGVNGNGVFRWYLNSTTMELDWSN 
* * * * * * * * * * * * * * * * * * * * * * * * * .  * * .* * * * * * * * * *  _ ._  * * * * * * * * * * * * * * * * .

PTVSQLANNASVAFSNSNAVMELPEADKWAFVIIQTNFAVAHPIHLHGHDYSVLAQGSGA 
PTVSQLASNATVAFSNSNAVMELPEADKWA Y V IIQ T B  FGVAHPIHLHGHDYSVLAQGSGA 
* * * * * * *  _ * * • * * * * * * * * * * * * * * * * * * * • * * * * *  *  ̂* * * * * * * * * * * * * * * * * * * * *  

YQPGVTKLITTNPMRRDTAILPAAGHLVLAFKTDNPGAWLMHCHIGWHTAQGFAMQFVER 
YQPGVT KLITTNPMRRDTAILPAAGHL VLAFKTDNPGAMLMHCHTGWHTAQGFAMQFVER 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

RSEM FSKNIINNNDIEGLCEPW RTHVGKHNIKLEDSGI 
RSEM FSKNIINNNDIEGLCEPW RTHVGKHNIKLEDSGI 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *

C

G. g .  tritici 
G. g. graminis

G. g. tritici 
G. g. graminis

G. g. tritici 
G. g. graminis

NGSDMNITWDEPTLEYLVKGNMNFPQNFNVFQVPQGN-WSFWIIQNPTVAPHPMHLHGH 
NGSDMNITWDEPTLEYLVKGNMNFPQNFNVFQVPQGNQWSFWIIQNPTVAPHPMHLHGH 
* * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * * *  * * * * * * * * * * * * * * * * * * * * *

DFYLLGRSPAQTNPFAGPVRRFQAATDLATLRFDNPVRRDVTMLPGQRLIRRAFRTDNP
d f y l l g r s p a q t n p f a g p Vr r f n a a t d l a t l r f d n p v r r d v t m l p a n r w iw a f r t d n p  
* * * * * * * * * * * * * * * * * * * * * * . * * * * * * * * * * * * * * * * * * * * * * _ .*  *  * * * * * * *

GAWItFHCHXA
G A W LFHCH IA
**********
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Figure 8. Alignment of Lacl (A), Lac2 (B), and Lac3 (C) predicted 
polypeptides from G. graminis var. tritici and G. graminis var. 
graminis performed by the ClustalW method (19). Stars 
represent identical amino acids; colons and dots represent 
conservative and semi-conservative amino acid substitutions.
Four putative copper-binding domains are shown in bold.
Putative signal sequences are shown in italic and underlined.

The overall exon/intron structure of the genes and positions of the introns were

conserved between the two varieties. Percent identity between different regions of

LACl and LAC2 from G. g. graminis and G. g. tritici, determined by the ClustalW

algorithm (19), are shown in Table 2.

Regions of the genes LACl LAC2
Coding regions 94.9 95.5
Intron I 79.5 n/a
Intron 2 88.2 n/a
5 'UTR 74.1 80.2
3 'UTR 78.4 n/a
Predicted polypeptides 96.1 94.8
% of nucleotide substitutions resulted in a.a. changes 25.8 37.5

Table 2. Percent identities between different regions of LACl and LAC2 genes of G. 
graminis var. tritici and G. graminis var. graminis.

Identity between coding regions of genes was much higher than between the 

untranslated regions. For example, coding regions of the LACl gene of G. g. 

graminis and G. g. tritici were 94.9% identical, with the copper-binding sites 100% 

identical between the two varieties; however, intron I sequences were only 79.5% 

identical, and 5’ UTRs were 74.1% identical. Interestingly, 25.8% of all nucleotide
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substitutions in the LACl gene, and 37.5% of nucleotide substitutions in the LAC2 

genes resulted in an amino acid change, which indicates a relatively high non-silent: 

silent ratio of mutations. However, copper-binding sites were conserved between the 

genes from the two varieties (Fig.8).

Recently, the phylogenetic relationship of a number of Gaeumannomyces- 

Phialophora isolates was evaluated by comparison of DNA sequences of the 18S 

rRNA gene, the 5.8S rRNA gene and internal transcribed spacers (ITS) (3,4). The 

sequences of the 5.8S subunit were identical for all G. graminis isolates; G. g. tritici 

and G. g. graminis had one nucleotide substitution in the 18S rRNA gene, ITSl and 

1TS2 regions were 97.2 and 99.1% identical, respectively. Laccases are known to be 

very rapidly diverging genes (23). In Cryptococcus neoformans, laccase gene 

sequences were successfully used to assess phylogenetic relationship between 

different isolates of the fungus (23). Our data demonstrated that laccases might also 

be useful for phylogenetic studies to detect fine differences between different 

varieties, subspecies or strains of the fungi, which cannot be detected by traditional 

sequencing of 18S rRNA genes or ITS regions.

Transcription of LACl and LAC2 by melanin mutants of G. g. graminis 

We recently isolated and characterized two melanin mutants of G. g. graminis. The 

over-melanized mutant was less pathogenic to rice, and when growing in axenic 

culture, secreted less laccase and other lytic enzymes, as compared to the wild type or 

unmelanized mutant (thrl) (8). However, it was unclear from the study, if 

melanization of the cell walls directly prevents secretion, or if expression of laccase is
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downregulated at the transcriptional level. In order to address this question we used 

an RT PCR approach to characterize transcription of two Iaccase genes by G. g. 

graminis melanin mutants. Total RNA was purified from young, actively growing 

mycelia in LB media that promotes the best growth and maximum Iaccase production 

by G. g. graminis. Transcription of the LACl gene was undetectable in either one of 

the mutants or in the wild type growing in LB (Fig.9A) or PDB (data not shown) 

media.

LACl

B 600 
500

1 2 3 4 5 6 7 8 9  10

LAC2

C

I 2 3 4 5 6 7  8 9 10

POLG

Figure 9. Transcription pattern of the LACl (A), LAC2 (B), and POLG (C) 
genes in LB medium. Each lane represents an independent RNA 
preparation. Lanes 2-4 represent transcription of the genes in the 
over-melanized mutant, lanes 5-7 represent transcription of the 
genes by the wild type, and lanes 8-10 represent transcription of 
the genes by the unmelanized mutant. 100 bp molecular size 
marker (Promega) is loaded in lane I.
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Transcription patterns of the LAC2 gene in axenic culture are shown in Fig.9B. 

The gene was highly transcribed by the wild type (lanes 5-7) and by the unmelanized 

mutant (lanes 8-10); however, transcription of LAC2 was significantly downregulated 

in the over-melanized mutant (lanes 2-4). Induction with copper did not have a 

significant effect on the transcription of LAC2 in either one of the mutants or in wild 

type (data not shown). Transcription of the POLG gene is shown in Fig. 9C; similar 

high levels of housekeeping gene transcripts were observed for both mutants and the 

wild type, which indicated that the same amounts of mRNA were used for each RT- 

PCR reaction.

A
600
500

1 2 3 4 5 6 7 8
B

600
500

C
1 2 3 4 5 6 7 8

I 2 3 4 5 6 7 8

LACl

L4C2

POLG

Figure 10. Transcription pattern of the LACl (A), LAC2 (B), and POLG (C) 
genes in wheat. Each lane represents an independent RNA 
preparation. Lanes 2-3 represent transcription of the genes in the 
over-melanized mutant, lanes 4-5 represent transcription of the genes 
by the wild type, lanes 6-7 represent transcription of the genes by the 
unmelanized mutant, lane 8 represents uninfected plants as a control. 
100 bp molecular size marker (Promega) is loaded in lane I.
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During fungal infection in wheat, the transcription pattern of LAC2 was very 

similar to that observed in LB medium (Fig. I OB). The gene was highly expressed in 

the wild type (lanes 4,5) and unmelanized mutant (lanes 6,7), but again it was 

downregulated in the over-melanized mutant (lanes 2,3). In contrast to axenic 

culture, transcription of LACl was observed during the infection in wheat (Fig. I GA). 

However, in planta, the transcription pattern of the LACl gene was the opposite of 

LAC2: LACl was upregulated in the melanized mutant (lanes 2,3), but

downregulated in the wild type (lanes 4,5) and the unmelanized mutant (lanes 6,7). 

Induction of LACl transcription in planta in the over-melanized mutant may indicate 

the importance of laccase expression for pathogenesis; that is, even though the over- 

melanized mutant is unable to express LAC2, it initiates expression of LACl in order 

to obtain some laccase activity in surrounding host tissues.

Transcription patterns of the POLG gene in planta are shown in Fig.IOC. 

Polymerase y is conserved among various organisms such that with primers specific 

for the POLG gene in G. graminis the polymerase y gene from wheat was also 

amplified (lane 8, Fig. IOC). However, the fungal POLG band was larger and 

therefore could be easily distinguished on the gel from the plant fragment (lanes 1-6, 

Fig. IOC). Fig. IOC demonstrated that similar amounts of fungal mRNA were loaded 

in each RT-PCR reaction.

Our data demonstrated that the decrease in total amount of laccase activity in 

culture media observed with the over-melanized mutant of G. g. graminis as 

compared to the unmelanized mutant and the wild type could not be explained solely 

by the reduced permeability of over-melanized fungal cell walls. Expression of the
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laccase gene was downregulated at the transcriptional level and probably is a 

consequence of a complex regulatory cascade that results in overexpression of 

melanin and downregulation of certain secreted proteins. However, moderately 

melanized wild type of G. g. graminis exhibited the same level LAC2 transcription as 

the unmelanized mutant (Fig. 9B), but had less laccase activity in the medium (8), in 

which case melanin probably did affect the laccase secretion, or adsorbed the enzyme 

from the medium.

Previously we determined the transcription patterns of three laccase genes in G. g. 

tritici (I I). Even though the laccase genes from two varieties of G. graminis have 

significant homology, their transcription pattern is considerably different. For 

example, in G. g. tritici LACl was transcribed constitutively in all conditions tested, 

but in G. g. graminis transcription of LACl was associated only with the presence of 

the host plant. In G. g. tritici expression of LAC3 was associated with the host; 

however, in G. g. graminis we were unable to detect transcription of LAC3 in any 

conditions tested (data not shown). Considering the fact that G. g. tritici is a potent 

pathogen of wheat, whereas G. g. graminis is hypo virulent and unable to colonize 

wheat vascular tissues, there may be a correlation between expression of LAC3 and 

ability to cause disease in wheat. However construction of a LAC3 knockout mutant, 

as well as the homologous disruption of other laccase genes, is necessary to 

demonstrate the roles of laccases in the pathogenesis.
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CHAPTER 4 

DISCUSSION

Structure of laccase genes. Possible application of laccase gene alignments to the

phylogenetic studies of G. sraminis

Laccases are characterized by broad substrate specificity and potentially play 

diverse and important roles in the CL graminis life cycle. Several lines of evidence 

obtained for G. graminis var. tritici (17,44), as well as for other fungal species (2,12, 

21, 31, 37, 42, 49), suggest that laccases may be reqiiired both for fungal 

pathogenesis and for saprophytic growth in plant debris. In order to elucidate 

possible functions of laccase in G. graminis, I cloned and partially characterized three 

laccase genes from G. graminis var. tritici, a causal agent of take-all in wheat. Each 

gene had a distinct structure with different numbers of introns varying from zero 

(LAC2) to six (LAC3). Intron positions were also unique for each gene. The deduced 

protein sequences shared 38-42% amino acid sequence identity. Interestingly, all 

three proteins were more similar to laccases from other fungi than to each other. For 

example, Lacl was 48.3% identical to a B. cinerea laccase, but was only 42.6% and 

38.1% identical to Lac2 and Lac3, respectively (Table I). A similar phenomenon was 

reported for T. versicolor laccases, where laccase isozymes were more closely related 

to corresponding isozymes from other white-rot basidiomycetes than to other laccases 

from T. versicolor (11). The physiological significance of this trait is unclear; 

however, it may indicate functional specialization among laccase isozymes.
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Lately, our group cloned another putative laccase gene, LAC4, from the G. 

graminis var. tritici genomic library (48). Deduced Lac4 had four characteristic 

laccase copper binding sites, but was only 19.9, 19.2, and 23.1% identital to LacI, 

Lac2, and Lac3, respectively. According to a BLAST search (I), the deduced protein 

had the highest homology (54% of amino acid identity) with a putative laccase, 

Brown I, from A. furnigatus. The gene encoding Brownl was identified as a part of a 

six-gene cluster involved in conidial pigment biosynthesis in A. furnigatus (47). 

Deduced Lac4 was also 50% identical to another recently subcloned putative laccase 

from Fusarium proliferatum of unknown function (34).

I also identified and cloned LACl, LAC2 and parts of the LAC3 and LAC4 genes 

from G. graminis var. graminis, a weak pathogen of rice and some grasses. All four 

genes in pathogenic G. graminis var. tritici were also found in hypovirulent G. 

graminis var. graminis. The overall gene structures and intron positions of the LACl 

and LAC2 genes were similar in both varieties. LACl contained two introns located 

at the same positions in both varieties while LAC2 of both varieties did not contain 

introns.

I used a PCR approach to clone the LAC2 and LAC3 genes from G. graminis var. 

graminis. However, I was able to. obtain only a partial copy of the LAC3 gene. The 

subcloned portion of LAC3 of G. graminis var. graminis was 96.4% identical to LAC3 

from G. graminis var. tritici at the nucleotide level. This was higher than the 

nucleotide identity between LACl and LAC2 genes in the two varieties (Table 2). 

However, such a high homology is not surprising, since only the most conserved 3’ 

end portion of the gene was amplified. In contrast, the 5’ end of LAC3 in G. graminis
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var. tritici contained 5 introns (Fig. I) and was the most variable, which may explain 

why I was unable to PCR- amplify the full copy of the gene from G. graminis var. 

graminis. Alternatively, LAC3 may be partially missing from the G. graminis var. 

graminis genome. I also PCR-amplified a 3’ end portion of the LAC4 gene from G. 

graminis var. graminis, which appeared to be 96.4% identical to the LAC4 gene from 

the other variety.

Deduced Lacl and Lac2 were 96.1 and 94.7% identical between the two varieties, 

respectively. Homologous laccase genes in the majority of related fungal species 

usually share 70-85% of amino acid identity (11). However, led  from T. versicolor is 

98% identical to lcc2 from T. villosa and 91% identical to laccase from Coriolus 

hirsutus (11). The laccase genes from the two G. graminis varieties were even more 

divergent at the nucleotide level (Table 2). However, it was not surprising that 

identity between coding regions of the LACl and LAC2 genes was much higher than 

between the untranslated regions of the genes (Table 2). 5’ UTRs of LACl and LAC2 

were the most divergent elements of the genes; they shared only 74.1 and 72.3% of 

identity, respectively (Table 2),

Recently, the phylogenetic relationship of a number of Gaeumannqmyces- 

Phialophora isolates was evaluated by comparison of DNA sequences from the 18S 

rRNA gene, the 5.8S rRNA gene, and the internal transcribed spacers (ITS) (7, 8). 

The sequences of the 5.8S subunit were identical for all G. graminis isolates. G. g. 

tritici and G. g. graminis had one nucleotide substitution in the 18S rRNA gene and 

the ITSl and 1TS2 regions were 97.2 and 99.1% identical between the two varieties,
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respectively. My data indicate that laccase genes, encoding functional genes, are 

more divergent in the two varieties than in non-coding ITS regions.

It was shown previously that laccases are rapidly evolving genes (52). That may 

be, in part, due to the fact that each particular gene in a large gene family, such as a 

laccase gene family in G. graminis, can evolve more rapidly than the gene 

represented in a genome by a single copy, since its function is duplicated and secured 

by the other members of the family. In C. neoformans, laccase gene sequences were 

used successfully to evaluate the phylogenetic relationship between different isolates 

of the fungus (52). My data demonstrate that laccases might be useful for 

phylogenetic studies in order to detect fine differences between different varieties, 

subspecies, or strains of fungi, which cannot be detected by traditional sequencing of 

18S rRNA genes or ITS regions.

Alignment of laccase putative substrate binding sites

According to a recent analysis of the C. cinereus laccase crystal structure (17) and 

site-directed mutagenesis studies of M. thermophila and R. solani laccases (51), a 

pentapeptide segment located downstream of the second conserved histidine in the Tl 

copper site is involved in substrate binding and has a major effect on the redox 

potential and specificity of the enzyme.

The amino-acid composition of the putative substrate-binding region was unique 

for all four of the deduced laccases in G. graminis var. tritici (Fig.11). However, 

LacI, Lac2, and Lac3 contained only conservative amino acid substitutions in the
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potential substrate-binding site, which were unlikely to affect the substrate-binding 

capability of the protein to a great extent. In contrast, the putative substrate

binding site in Lac4 appeared to be significantly different from the rest of the 

laccases. It contained glutamic acid (E) instead of alanine (A) or glycine (G) at the 

second position in the putative substrate-binding site and methionine (M) instead of 

amide-containing asparagine (Q) at the third position in the putative substrate-binding 

site (Fig. 11). Distinct amino-acid compositions of putative substrate-binding sites in 

four deduced laccases in G. graminis imply that the enzymes have different substrate 

specificity and probably different functions in the fungus.

L a c l  H C H1 I A W H2 A  G Q G L'
La c 2  H C H  I G W H  T A Q G F
L a c 3  H C H  I A W H  V A Q G L
L a c 4  H C H  I E W H  V E M G L

* * * * * * *

Figure 11. Alignment of the putative substrate binding sites of the deduced LacI, 
Lac2, Lac3, and Lac4 genes performed with the ClustalW method (I). 
Stars represent conserved amino acids. Histidines in the T l copper site 
are numbered; pentapeptides that are believed to be involved in the 
substrate binding are shown in bold; amino acid residues that according 
to the Eggert et al. (19) classification have a major effect on the redox 
potential of the enzyme are underlined.

According to F. Xu et al (51) the amino acid sequence of the same pentapeptide 

has a profound effect on the redox potential and pH sensitivity of the laccase 

enzymes. Direct mutagenesis studies performed with two fungal laccases indicated 

that two or three amino acid substitutions in this region resulted in a significant 

change in the standard redox potential and pH sensitivity of laccases (50, 51).
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However, the effect of a single amino-acid substitution on the redox potential of the 

copper site is not easily predictable, and probably depends on the length of the 

amino acid’s aliphatic side chain (51), in which case an otherwise conservative 

substitution of glycine to alanine may have a noticeable effect on the enzyme 

properties. According to the C. Eggert et a l (19) classification that categorizes 

laccase enzymes based on their redox potentials, LacI, Lac3, and Lac4 belong to the 

class 2 laccases. This group includes most of the ascomycete laccases, all known 

plant laccases, and some basidiomycete laccases. They are characterized by having a 

leucine residue at the 5th position after the second histidine in the T l copper-binding 

site. Lac2, in contrast, has a phenylalanine residue at this position (Fig. 11) and 

therefore, groups with the class 3 laccases seen only in the basidiomycetes. Site- 

directed mutagenesis of azunn, another blue copper oxidase, suggests that the class 3 

laccases have the highest redox potential (22).

Laccase purification and sequencing

Recently, a secreted, copper-induced laccase from G. graminis var. tritici was 

purified and partially characterized (18). My data demonstrated (Fig.2) that the N- 

terminus of this protein was identical to the predicted protein encoded by the LAC2 

gene. LAC2 transcription was significantly induced by Cu (Fig.6) and corresponded 

to a similar increase in the total laccase activity of induced cultures (Fig.7). In PDB 

or starvation medium where LAC2 was not transcribed (Fig. 5), a low level of 

secreted laccase activity was detected. This low activity was independent of the
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copper concentration in the medium (data not shown) and likely corresponded to the 

expression of LACl or LAC4. However, I have not purified L ad , Lac3, or Lac4 

laccases because of their low concentrations.

Lately, it has been shown that extracellular proteases may have an effect on laccase 

concentration in a medium (40). For example, a white-rot basidiomycete P. ostreatus 

secretes several laccase and protease isozymes in a culture medium. Coincubation of 

purified PoSl protease and POXAlb laccase from this fungus results in a complete 

loss of specific activity by the laccase. However, POXC, a different laccase isozyme, 

is insensitive to prolonged coincubation with PoSI. Moreover, specific activity of 

POXA3, a third laccase isozyme from P. ostreatus, even increases as a result of 

coincubation with the protease, which suggests that PoSl is involved in activation of 

this laccase (40). My data demonstrated that Lac2 undergoes postranslational 

proteolytic cleavage at position 40, which is much further along the sequence than the 

cleavage site proposed for the putative signal sequence (Fig. 2). This implies a similar 

mechanism of regulation of laccase production in G. graminis and may also explain 

why I was unable to obtain moderate amounts of purified Lacl, Lac3, and Lac4.

Regulation of laccase transcription in G. graminis var. tritici

My study indicated that laccase genes in G. grafninis vat. tritici were transcribed 

under different conditions. LACl was transcribed constitutively in all conditions 

tested. The physiological significance of this phenomenon is uncertain. Constitutive 

transcription has been reported for several fungal laccase genes (19, 53, 55). For a
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number of individual genes, such as in cytoskeletal and ribosomal genes constitutive 

expression often indicates the importance of the gene products for the growth and 

survival of the organism. However, it is an unlikely scenario for a gene in a gene 

family, such as a laccase gene in G. graminis, since the other members of the family 

can perform similar functions.

Transcription of LAC2 was copper-inducible. The promoter region of LAC2 

contained four putative MRE consensus sites, two of which were inverted and 51 bp 

apart, and two putative ACEl binding sites located between the TATA-box and ATG 

codon (Fig. 4). Two putative MRE and one ACEl consensus sequence were also 

detected in the upstream portion of the LACl promoter; however, they were situated 

far from the ATG codon and the TATA box (Fig. 3) and did not influence the 

transcription of the gene. Putative MRE consensus sequences are found in the 

promoter regions of two fungal laccase genes, P. anserina (24) and P. chrysosporium 

(5). One consensus sequence that has some similarities with the binding site of the 

ACEl transcription factor from S. cerevisiae was reported for the led  promoter from 

the basidiomycete 1-62 (38). Nevertheless, the role of MRE and ACEl sites in laccase 

promoters requires additional investigation, including site-directed mutagenesis with 

removal of these sites.

Copper induction has also been reported for a number of laccase genes (13,24, 

41). The exact role of copper induction of fungal laccases is unknown; however, 

several hypotheses have been proposed to explain this phenomenon (13, 15, 24). 

Copper ions are essential for the activity of the enzyme; therefore, it is not surprising 

that massive amounts of laccase are expressed only when enough copper is available
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in the medium (13). Another explanation refers to the fact that copper ions facilitate 

production of free radicals in the medium, and laccase may play a role in 

detoxification of these radicals and in defending the fungus against oxidative stress 

(15, 24). This hypothesis is supported by the fact that other compounds known to 

cause oxidative stress, such as 2,5 xylidine, also induce laccase expression (13, 24, 

36,54). However, I was unable to induce transcription of any of the laccase genes in 

G. graminis by the addition of 2,5 xylidine, H2O2, oxidants, manganese, or singlet 

oxygen-generating toxin eosin Y (16) to the medium (data not shown). Also, to my 

knowledge, the addition of other heavy metals that stimulate the production of free 

radicals (28), such as Mn, Fe, or Zn, has never been shown to induce laccase 

expression in fungi.

The induction of LAC2 expression by copper and the analysis of G. graminis 

biology and pathogenicity traits allows me to propose a different explanation of the 

role of laccase in the fungus. Copper and manganese ions are known to increase a 

host plant’s resistance to a pathogen (30, 43). These metals are required as cofactors 

for the enzymes involved in lignin synthesis and other plant defense responses (27, 

43). For successful host colonization, it is desirable for a pathogen to neutralize these 

ions in the host. Therefore, laccase that binds eight copper atoms per a dimeric 

molecule of Lac2 (18), can have a role similar to the metallothionein proteins in 

yeasts and humans (33, 39). The protein may act as a copper chelator, sequestering 

the essential metals from the host. This hypothesis is supported by the fact that CopA 

proteins from plant pathogenic bacteria P. syringae and X. campestris (6, 14), which 

have high sequence homology with laccases, are involved in copper tolerance by a
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similar mechanism. In these bacteria, Cu2+ ions are bound to characteristic T l, T2, 

and T3 copper-binding sites of periplasmic CopA and stored in the periplasm or in 

association with the outer membrane (14). The proposed functions are also supported 

by the fact that purified Lac2 is capable of oxidasing Mn2"1" to Mn3+ (29).

Transcription of LAC3 was observed only when G. graminis var. tritici was grown 

in association with the host plant. I was unable to induce LAC3 transcription in 

culture except by the addition of sterile, homogenized plant filtrate to the medium, 

which indicates that certain chemical compound/compounds in the plant homogenate 

stimulate transcription of the gene. Oxidative stress caused by addition of H2O2, 

eosin Y, (16) or manganese, as well as the addition of lignin homologues or pectin to 

the culture medium, did not induce transcription of LAC3 (data not shown). To my 

knowledge, this is the first report of a fungal laccase gene whose transcription 

depends upon the presence of a host. However, laccase from B. cinerea is inducible in 

culture by the addition of pectin, suggesting that its expression is host-dependent (42). 

This laccase also oxidizes plant stilbene phytoalexins in vitro and may be a 

pathogenicity factor (42).

Regulation of laccase transcription in G. eraminis var. graminis

Even though all three laccase genes were present in the G. graminis var. graminis 

genome, they were regulated differently. Surprisingly, transcription of the LACl 

gene was observed only in planta. In contrast to G. graminis var. tritici, where LACl 

was transcribed constitutively, transcription of LACl was not observed in axenic
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cultures (Fig. 9). Transcription of LAC2 was observed both in axenic culture and in 

planta.

I was unable to detect the transcription of LAC3 in G. graminis var. graminis under 

any conditions tested (data not shown). Considering the fact that G. graminis var. 

tritici is a potent pathogen of wheat, whereas G. graminis var. graminis is 

hypovirulent and unable to colonize wheat vascular tissues, there may be a direct 

correlation between expression of LAC3 and ability to cause disease in wheat plants. 

However, construction of a LAC3 knockout mutant is necessary to demonstrate the 

role of LAC3 and other laccases in pathogenesis.

Effect of melanization on transcription patternsof LACl and 

LAC2 in G. graminis var. graminis

Several lines of evidence suggest that in G. graminis, expression of laccase is 

associated with melanization (9, 20, 25). However, the nature of this correlation is 

controversial. In several fungi laccases are involved in biosynthesis of pigments, in 

particular, melanin (12, 44, 45, 47). Purified Lac2 is able to polymerize DHN into 

melanin (18). It was also shown (9) that addition of copper to the growth medium 

induced melanin accumulation in G. graminis var. graminis cell walls. My data show 

that in G. graminis var. tritici expression of Lac2 was also induced by copper, which 

implies that laccase is involved in the production of melanin.

However, the possible involvement of laccase in melanin biosynthesis in G. 

graminis is contradicted by B. Frederick et al. (25) observations. The authors isolated
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and characterized two melanin mutants of G. graminis var. graminis and

demonstrated a negative correlation between melanization and laccase secretion. An 

unmelanized mutant was unable to synthesize melanin; however, it secreted greater 

amounts of lytic enzymes and laccase and was as pathogenic to rice as the wild-type. 

In contrast, an overmelanized mutant produced melanin constitutively and was less 

pathogenic. It also secreted fewer extracellular lytic enzymes, including laccase, than 

the wild-type and the unmelanized mutant (25).

My data demonstrated that the expression of laccase in the overmelanized mutant 

of G. graminis var. graminis was downregulated at the transcriptional level. The 

LAC2 gene was highly transcribed in the wild-type and in the unmelanized mutant, 

but its transcription was significantly reduced in the overmelanized mutant (Fig.9). 

This implies that the expression of LAC2 is not required for melanin accumulation. 

Moreover, the transcription of LACl was undetectable in either one of the mutants, as 

well as in the wild-type growing in axenic culture (Fig. 9). This indicates that the 

expression of this gene is not solely responsible for the production of melanin in G. 

graminis var. graminis. Nevertheless, the involvement of laccase in melanin 

biosynthesis in G. graminis cannot be completely ruled out, since according to recent 

data (48), G. graminis had at least one more laccase gene, LAC4, which was 

expressed heavily in both mutants as well as in the wild- type (data not shown).

It was proposed that heavy melanization of the cell walls of the overmelanized 

mutant interferes with the protein secretion either by preventing the protein transport 

from the cell or by binding the secreted proteins (25). However, my data 

demonstrated that the decrease in the total amount of laccase activity in the culture
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media observed with the overmelanized mutant of G. graminis var. graminis could 

not be explained solely by the reduced permeability of melanized fungal cell walls. 

Expression of the LAC2 gene, which encodes a major secreted laccase in G. graminis 

(18, 35), is downregulated at the transcriptional level. This probably is a consequence 

of a complex regulatory cascade that results in the overexpression of melanin and 

downregulation of certain secreted proteins. However, the situation is complicated by 

the fact that moderately melanized wild-type G. graminis var. graminis exhibited the 

same level LAC2 transcription as the unmelanized mutant (Fig. 9), but had a much 

lower level of laccase activity in the medium (25). This may indicate that melanin 

affected the laccase secretion or adsorbed the enzyme from the medium.

A very interesting phenomenon was observed when the overmelanized mutant 

was growing in the host plant. Transcription of LAC2 was still downregulated; 

however, transcription of LACl was upregulated as compared to the unmelanized 

mutant and the wild-type (Fig. 10). The significance of this phenomenon is unclear; 

however, it suggests that expression of laccases is important during host 

colonizationsince Lacl can be expressed to compensate for the loss of the Lac2 

activity.

The number of laccase genes and possible functions of laccases in G. graminis

My research indicated that G. graminis var. graminis contains at least 4 different 

highly diverse laccases. However, the actual number of laccase genes in G. graminis 

remains unclear. Fragments of two putative laccase genes have been cloned from a
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G. graminis var. graminis genomic library (putative LAC5 and LAC6). However, 

transcription of these genes has never been observed (data not shown). A Southern 

blot hybridization with a laccase-specific probe under low stringency conditions 

produced inconclusive results (data not shown) with a large number of faint bands (up 

to 15), which did not hybridize strongly enough to rule out nonspecific binding. 

However, this finding is not surprising since laccase genes have a very low sequence 

homology. A similar phenomenon was reported for P. anserina (23), Basidiomycete 

1-62 (37), and P. cinnabarinus (19), where laccase genes were so diverse that the total 

number of genes could not be reliably determined with the Southern blot 

hybridization technique.

One of the most intriguing questions about the genetics of laccase in G. graminis 

is whether laccase isozymes have redundant or different functions in the fungus. The 

fact that primary sequences of laccase isozymes are highly diverse not only in the 

variable regions, but also in the substrate-binding sites (Fig.I, Fig. 11), as well as 

differential expression of the genes, suggests that they may have different functions. 

In contrast, my results show that the oveimelanized mutant was unable to transcribe 

LAC2 upregulated transcription of LACl in planta, perhaps to compensate for the low 

laccase activity, implying that at least the functions of some laccases are 

interchangeable.

Knockout mutants of each gene would help identify the functions of individual 

laccases in the fungus, but thus far I have been unsuccessful in generating disruption 

mutants with cloned laccase genes. Homologous recombination in G. graminis is low 

(4), thus alternative methods for reducing the expression of laccase genes may be
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required to determine their functions. I attempted the expression of LAC2 antisense 

RNA in G. graminis var. tritici. The antisense RNA was expressed under the 

control of the quinic acid inducible promoter (10).

In the presence of the inducer, transcription of anti- LAC2 RNA was determined 

by RT-PCR (data not shown). However, expression of the antisense RNA did not 

have an effect on the total laccase activity in the medium and no phenotypic changes 

in the mutants expressing anti-LAC2 were detected (data not shown). Nevertheless, 

my data allow me to speculate about the possible roles of laccases in G. graminis. 

First, all four laccase genes were transcribed in planta. Moreover, some of the genes, 

such as LAC3 in G. graminis var. tritici and LACl in G. graminis var. graminis, were 

transcribed only in planta, which implies that they are involved in fungal/host 

interactions. During the pathogenesis laccases may be involved in the biosynthesis of 

melanin and the degradation of lignin, as well as in sequestering of copper and 

manganese. However, other functions are also possible. Also, previously it was 

demonstrated that the major secreted laccase in culture, here shown to be encoded by 

LAC2, is capable of oxidizing lignin and polymerizing melanin precursors in vitro. 

The ability of laccase to oxidize or reduce polyphenolic compounds such as lignin or 

melanin precursors depends on the redox potential and the pH of the surrounding 

environment. Both functions can be carried out by the same enzyme in different 

situations; however, it is also possible that both oxidation and reduction could be split 

between different laccases expressed in different environments or compartments of

the infected host.
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My research initiated characterization of structure and functions of a very 

complex laccase gene family in G. graminis. My data suggest that laccases are 

important for pathogenesis of the fungus. However, my research raised more 

questions about the roles of different laccase isozymes in G. graminis. Future 

research to elucidate the functions pf particular isozymes should include the 

expression of the antisense RNAs for the LACl, LAC3, and LAC4 genes, followed by 

detailed studies of physiology and pathogenicity of the antisense RNA-expressing 

mutants. Disruption of laccase genes by homologous recombination is also desirable; 

however, this may be difficult to achieve because of the observed low frequency of 

homologous recombination. Further biochemical characterization of different laccase 

isozymes from G. graminis will help also to understand the potential roles of laccases 

during pathogenesis and saprophytic growth. To achieve that, Lacl, Lac3, and Lac4 

need to be purified and characterized. Site-directed mutagenesis of the substrate

binding and active sites of the enzymes (Fig. 11), followed by expression of the 

mutated genes in the Pichia pastoris (32) or other conventional expression systems 

(3, 11, 26), may help to clarify the effects of different amino acid substitutions on the 

redox potential and substrate specificity of the enzymes. In order to understand 

better the mechanisms of regulation of laccase gene expression, specific regulatory 

regions in the promoters of the genes need to be identified. This can be accomplished 

by site-directed mutagenesis of the promoter regions of LACl, LAC2, LAC3, and 

LAC4 with the removal of the particular putative regulatory sites.

Finally, one of the most intriguing questions that arose from my research is whether 

Lac3 is involved in pathogenesis in G. graminis var. tritici. The best way to answer
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this question would be to create a knockout mutant of the gene and examine its 

pathogenicity in wheat. However, the same goal could be achieved by transforming 

G. graminis var. graminis with a highly expressed copy of the LAC3 gene under the 

control of the LAC3 promoter from the pathogenic variety and examining virulence 

on wheat.
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Conclusions

1. G. graminis var. tritici contains at least 3 laccase genes.

2. Predicted polypeptides are 38-42% identical.

3. Cloned laccases have a very distinct transcription pattern:

a. LACl is expressed cotistitutively;

b. LAC2 is expressed in planta and in some media in axenic culture;

c. LACS is expressed only in planta.

4. Copper induces transcription of LAC2.

5. The N-terminus of the purified copper-inducible major laccase from the 

culture medium of G. graminis var. tritici is identical to the polypeptide 

predicted for LAC2.

6. G. graminis var. graminis contains all 3 laccase genes present in G. graminis 

var. tritici.

7. The laccase genes are 92-95% identical between Ggg and Ggt.

8. Cloned laccases in the weak pathogen G. graminis var. graminis are 

transcribed differently than in pathogenic G. graminis var. tritici.

a. LACI is expressed only in planta;

b. LAC2 is expressed in axenic culture and in planta;

c. LAC 3 is not expressed under any conditions tested.

9. Accumulation of melanin in the fungal cell walls affects the transcription of
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laccase genes.

a. Transcription of LAC2 is downregulated in the overmelanized 

mutant of G. graminis var. graminis;

b. When in planta, LACl is upregulated in the overmelanized mutant of 

G. graminis var. graminis.
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