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A gene (PGNI ) encoding extracellular endopolygalacturonase was isolated from the fungal maire pathogen 
Cochliobolus carbonum race 1. A probe was synthesized by polymerase chain reaction using oligonucleotides 
based on the endopolygalacturonase amino acid sequence. Genomic and cDNA copies of the gene were isolated 
and sequenced. The corresponding mRNA was present in C. carbonum grown on pectin but not on sucrose as 
carbon source. The single copy of PGN7 in C. carbonum was disrupted by homologous integration of a plasmid 
containing an interna1 fragment of the gene. Polygalacturonase activity in one transformant chosen for further 
analysis was 10% or 35% of the wild-type activity based on viscometric or reducing sugar assays, respectively. 
End product analysis indicated that the residual activity in the mutant was due to an exopolygalacturonase. 
Pathogenicity on maize of the mutant lacking endopolygalacturonase activity was qualitatively indistinguishable 
from the wild-type strain, indicating that in this disease interaction endopolygalacturonase is not required. Either 
pectin degradation is not critical to this interaction or exopolygalacturonase alone is sufficient. 

INTRODUCTION 

The plant cell wall is a major element in the environment 
of plant pathogens as both a barrier to infection and a 
source of metabolizable substrates. Most if not all cellular 
pathogens as well as many nonpathogenic microorga- 
nisms possess an array of enzymes that can degrade plant 
cell wall polymers. The role played by these cell wall- 
degrading enzymes in establishment of disease and in 
symptom development has been the subject of extensive 
research (Bateman and Basham, 1976; Cooper, 1984; 
Hahn et al., 1989). 

Of the more than 20 cell wall-degrading enzymes known 
to be produced by pathogens, most attention has focused 
on those that depolymerize pectin: the exo- and endo- 
forms of polygalacturonase (PG), the exo- and endo- forms 
of pectic lyase (PL), and pectin methylesterase (PME). 
Pectinases are often the first cell wall-degrading enzymes 
produced by pathogens when cultured on purified plant 
cell walls and during infection (English et al., 1972; Ander- 
son, 1978). Purified pectinases can cause tissue macera- 
tion, a major symptom of some plant diseases (Colher 
and Keen, 1986). In vitro, endoPG must act on isolated 
cell walls before other cell wall-degrading enzymes can act 
(Karr and Albersheim, 1970). In addition, PG and PL can 
elicit the biosynthesis of phytoalexins and other defense 
responses by way of the production of elicitor-active oli- 
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gogalacturonides (Lee and West, 1981; Bishop et al., 
1984; Davis et al., 1984; Cervone et al., 1987). Plants 
contain proteins, called PG-inhibitor proteins, that modu- 
late the activity of endoPG and thereby increase its elicitor 
activity (Cervone et al., 1989). 

A number of bacterial pectinase genes have been cloned 
and selectively mutated to analyze their contribution to 
disease. A strain of Erwinia chrysanthemi lacking all four 
PL genes was still able to grow on polygalacturonic acid 
(PGA) as sole carbon source and to cause limited macer- 
ation of plant tissue (Ried and Colher, 1988). The gene 
for one of the three PLs of Xanthomanas campestris pv 
campestris has been cloned; its specific deletion had no 
effect on disease development on turnip (Dow et al., 1989). 
The gene encoding PME has been cloned from E. chry- 
santhemi, and a strain with a disrupted PME gene was 
noninvasive (Plastow, 1988; Boccara and Chatain, 1989). 
Deletion of one of two genes encoding endoPG in Pseu- 
domonas solanacearum reduced virulence on tomato by 
approximately 50% (Huang and Schell, 1990). 

There have been fewer classical and molecular genetic 
studies of fungal pectinases. Genes encoding pectic lyase 
have been cloned from Aspergillus nidulans (Dean and 
Timberlake, 1989) and Aspergillus niger (Gysler et al., 
1990). Mann (1962) used UV irradiation to produce mu- 
tants of Fusarium oxysoporum f sp lycopersici lacking PG 
and PME activity. The mutants were still pathogenic on 
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Figure 1. Nucleotide and Deduced Amino Acid Sequences of the 
PGN7 Gene Encoding Endopolygalacturonase from C. carbonum. 

tomato but had reduced virulence. Howell (1975) con- 
cluded from mutagenesis studies with Sclerotinia fructi- 
gena that reduced virulence on apple fruits was positively 
correlated with lower a-arabinosidase but not lower PME 
or PG activities. Puhalla and Howell (1975) isolated mu- 
tants of Verticillium dahliae showing no endoPG activity, 
which nonetheless induced only slightly delayed wilt symp- 
toms in cotton. Durrands and Cooper (1988) obtained 
pectinase-deficient mutants of Verticillium albo-atrum that 
produced reduced or delayed symptoms but still colonized 
plants as effectively as the wild type. lnterpretation of 
these mutagenesis studies is limited by the possibility that 
the mutant phenotype was due to more than one genetic 
lesion. The absence of a manipulable perfect state for 
these fungi precludes back-crossing each mutation into a 
wild-type background. 

Recent progress in the manipulation of filamentous fungi 
by molecular genetic techniques has increased our ability 
to analyze these organisms. In particular, DNA-mediated 
transformation permits the reintroduction of altered copies 
of cloned genes, thereby allowing a definitive analysis of 
the, role of particular gene products in disease (Yoder, 
1988; Fincham, 1989). 

This study was undertaken to determine the role of 
endoPG (poly-a-1 ,4-galacturonide glycanohydrolase, EC 
3.2.1 .I 5) in infection of maize by the foliar pathogen Coch- 
liobolus carbonum. We report the identification and cloning 
of the single gene (PGN7) encoding endoPG and the 
sequence of both genomic and cDNA clones. An internal 
fragment of the gene was used to construct a strain of the 
fungus lacking detectable endoPG activity in vitro; the 
pathogenic properties of this mutant are described. 

RESULTS 

Polygalacturonase Gene lsolation 

Three degenerate oligonucleotides were synthesized 
based on two amino acid sequences shown in Figure 1, 
one from the N terminus of the mature protein (Walton and 
Cervone, 1990) and the other from an internal tryptic 
peptide. Using the two flanking oligonucleotides (oligo 1 
and oligo 3) as primers and genomic DNA from C. car- 
bonum as template in polymerase chain reaction (PCR), 
an 854-bp fragment was amplified. On a DNA gel blot of 
size-separated PCR products, this fragment hybridized 
specifically to the internal oligonucleotide 2 (Figure 1). The 

The shaded regions are the peptide sequences obtained from 
amino acid sequencing; the first one corresponds to the amino 
terminus of the mature protein. The regions used as a basis for 
synthesis of oligonucleotides 1, 2, and 3 are overlined. The Kpnl 
and Sacl restriction sites used to construct the disruption mutant 
are also overlined. An asterisk (*) marks the polyadenylation site. 
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Figure 2. RNA Gel Blot Analysis of PG Expression.

Poly(A)+ RNA isolated from C. carbonum wild-type strain SB111,
grown with either pectin (lane A) or sucrose (lane B) as the carbon
source, was blotted and probed with a radiolabeled internal frag-
ment of the PGN1 gene.

PCR product was cloned in a phagemid vector to create
plasmid pCC33 and purified insert used to probe an RNA
gel blot of poly(A)+ RNA isolated from C. carbonum grown
with and without pectin in the medium. The RNA gel blot
shown in Figure 2 demonstrates that the mRNA corre-
sponding to the clone was induced only in the pectin-
grown culture. The same probe was used to screen a
genomic library and a cDNA library, the latter made from
poly(A)+ RNA from pectin-grown fungus. Several genomic
clones were isolated and a 6.0-kb Sail fragment was
subcloned and the sequence of both strands of a 2974-bp
segment containing the putative PG gene was determined.
The sequence of one strand of a 1262-bp cDNA clone was
also determined and the two sequences were entirely
colinear with the exception of a 57-bp intron occurring at
nucleotides 1110 to 1167 (Figure 1). The intron contains
conserved 5' (GTARGC) and 3' (YAG) splice junctions and
internal consensus (RCTRAC) sequences (Orbach et al.,
1986). The 3' splice junction occurs only 4 bp after the
internal consensus sequence (Figure 1). The polyadenyla-
tion site is 140 bp downstream of the stop codon TAA;
there is no obvious eukaryotic polyadenylation signal
(Figure 1).

The DNA sequence of PGN1 predicts a polypeptide of
33,992 D that is consistent with the size determined by
gradient SDS-PAGE (Walton and Cervone, 1990). There
is a putative transit peptide (von Heijne, 1986) of either 19
or 27 amino acids, based on the known N-terminal amino
acid of the mature protein (Walton and Cervone, 1990)

and depending on which methionine residue (at nucleotide
727 or 751) is the true translational start site (Figure 1).

By computer analysis there were no significant nucleo-
tide sequence similarities between the PGN1 gene in C.
carbonum and endoPG genes from the bacteria Erwinia
carotovora (Hinton et al., 1990; S.-P. Lei and G. Wilcox,
personal communication) and Pseudomonas solanacearum
(Huang and Schell, 1990), and the higher plant tomato
(Grierson et al., 1986). As seen in Figure 3, however,
several regions of significant similarity were identified at
the amino acid level. All four endoPGs have 2 adjacent Trp
residues at positions 114 and 115 (all positions refer to C.
carbonum); additional highly conserved regions are from
amino acids 203 to 208, 224 to 231, and 255 to 261
(Figure 3A). Moreover, two regions of amino acid sequence
from A. niger endoPG had stretches of 12 and 5 amino
acid residues that were identical in C. carbonum endoPG
(Figure 3B). No significant similarity was found between C.
carbonum endoPG and an exoPG from E. chrysanthemi
(He and Collmer, 1990) or a PL from A. niger (Gysler et
al., 1990) at either the nucleotide or the amino acid level.

Transformation-Mediated Gene Disruption

A Kpnl/Sacl fragment internal to the PGN1 gene open
reading frame shown in Figure 4 was cloned in the Coch-
liobolus transformation vector pUCH1 (Schafer et al.,
1989). The resulting construct, pCC38, was introduced
into C. carbonum SB111 and transformants selected on
hygromycin B. Whereas SB111 produced a large halo
when grown on PGA agar, several transformants produced
halos of reduced size and one transformant (named PG1)
produced no halo, as can be seen in Figure 5. Figures 6A
and 6B show a DNA gel blot analysis of DNA from the
recipient strain and transformant PG1. The results are
consistent with the plasmid integration event depicted in
Figure 6D. PG1 was able to grow on pectin as sole carbon
source and dry weights of mycelial mats grown on pectin,
pectin + 0.2% sucrose, pectin + 2% sucrose, or 2%
sucrose and harvested after 6 days were not statistically
significantly different from those of mats produced by the
wild-type strain (data not shown). When grown for 6 days
on pectin + 2% sucrose, conditions that maximize endoPG
titers (Walton and Cervone, 1990), culture filtrates of PG1
had 10-fold fewer relative viscometric units of PG activity
compared with SB111. In a reducing sugar assay (that
does not distinguish between endoPG and exoPG), how-
ever, PG activity in culture filtrates of PG1 was reduced
by only 65% to 75%. These results suggested that the
residual PG activity in PG1 was due to an exoPG. This
was confirmed by end product analysis; culture filtrates of
SB111 produced monomers, dimers, and larger oligomers
of PGA, but PG1 produced only monomers.

PG activities were purified in parallel from SB111 and
PG1 by rotary evaporation, dialysis, and low-pressure
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Figure 3. Sequence Similarity among Polygalacturonases from 
Bacteria, Fungi, and Plants. 

(A) Comparison of portions of deduced amino acid sequences 
from four sequenced polygalacturonase genes. Three regions of 

anion and cation exchange chromatography (Walton and 
Cervone, 1990). Throughout the purification, the ratio of 
PG activity determined by the reducing end group assay 
to PG activity determined by the viscometric assay re- 
mained constant in both SB111 and PGI. That is, after 
low-pressure cation exchange chromatography, prepara- 
tions of PG1 had 10% as much PG activity as SI3111 
when determined viscometrically and 25% to 35% as much 
activity as SB111 when determined by the reducing end 
group assay. After step-gradient elution from the cation 
exchange column, the partially purified preparations were 
further resolved by high-pressure cation exchange chro- 
matography, and PG activity in the fractions was measured 
by the reducing sugar assay. A broad peak with relatively 
low activity (the exoPG) was present in both strains, but 
the major peak of activity, corresponding to endoPG, 
was present in SB111 but missing in PG1, as shown in 
Figure 7. 

Mutant strain PG1 and wild-type strain SB111 were 
spray-inoculated onto leaves of maize inbred K61, which 
is susceptible to infection by C. carbonum race 1. The 
infected plants were examined daily for 6 days and no 
differences in lesion size, lesion number, or rate of disease 
development were ObseNed. Leaves exhibiting typical 
symptoms are shown in Figure 8. To confirm that strain 
PG1 retained the integrated plasmid while growing in vivo, 
isolates from severa1 lesions were tested for hygromycin 
resistance. AI150 single-spored isolates from PG1 -infected 
plants were hygromycin resistant and those from the wild 
type were hygromycin sensitive. 

DlSCUSSlON 

The funga1 maize pathogen C. carbonum grows on pectin 
as sole carbon source and makes a substrate-inducible, 
catabolite-repressed endoPG (Walton and Cervone, 1990). 
The single gene (PGN7) encoding this enzyme has been 
cloned and its primary structure determined. Although the 
PGN7 gene was required for endoPG production, it was 
not necessary for either growth on pectin as sole carbon 
source or for pathogenicity on maize. 

The ability of strain PG1 to grow on medium containing 
pectin as the sole carbon source demonstrates that C. 
carbonum must possess additional enzymatic activities 

~~ 

similarity mentioned in the text are shaded. Alignment was maxi- 
mized by introducing gaps (-) or deleting regions with no similarity 
in the other three genes (-number of residues omitted-). P.s., 
Pseudomonas solanacearum (Huang and Schell, 1990); E.c., E. 
carotovora (S.-P. Lei and G. Wilcox, personal communication); 
C.C., C. carbonum (this work); L.e., Lycopersicon esculentum 
(Grierson et al., 1986). 
(e) Two regions of sequence similarity between PGs from C. 
carbonum (C.c) and A. niger (A.n.). The A. niger sequences were 
obtained by amino acid sequencing of tryptic peptides. 
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Figure 4. Restriction Map of PGN1 Genomic and cDNA Clones.

(A) Restriction map of 3.8-kb genomic clone containing the PGN1
gene.
(B) Restriction map of the 1.3-kb cDNA clone of PGN1 showing
the location of the transit peptide, the single intron, and the
polyadenylation site.
The Sail site (Sa) is derived from vector sequences. B, BamHI; E,
EcoRI; H, Hindlll; K, Kpnl; N, Notl; P, Pstl; S, Stul; Sa, Sail; Sc,
Sacl; X, Xbal.

capable of breaking down pectic polymers into metaboliz-
able substrates. Although the peak of exoPG appeared
small compared with endoPG (Figure 7), our culture and
enzyme assay conditions were not optimized for exoPG
production. Hence, C. carbonum might be capable of
producing much higher levels of exoPG. The possible
involvement of exoPG in maceration caused by a mutant
of E. chrysanthemi lacking all five PL genes has been
considered (Ried and Collmer, 1988). We hypothesize that
the levels of exoPG made by mutant isolate PG1 are
sufficient to support wild-type rates of growth on pectin.

Until now, genetic evidence for the involvement of
endoPG in the fungal diseases of plants has relied on the
analysis of chemically induced mutants. The availability of
a cloned endoPG gene from C. carbonum has permitted
the construction of a precise gene disruption mutant in
which only the PG gene is affected. Because C. carbonum
is haploid in its pathogenic phase and appears to contain
only a single gene encoding endoPG, any changes in the
phenotype of the mutant can be interpreted directly. Our
results were consistent with the conclusions from the
earlier studies, namely, that endoPG-minus fungal strains
can still be effective pathogens.

The fact that mutant strain PG1 appeared to be unaf-
fected in its ability to parasitize maize (Figure 8) demon-
strated that endoPG is not an essential pathogenicity
factor, at least in this host/pathogen interaction. There
may be minor quantitative differences in the ability of PG1
and SB111 to colonize and reproduce in the host, but
experiments that would detect small changes in parasitic
fitness were not carried out. If degradation of pectic sub-
stances is required for pathogenicity, then the exoPG
activity in PG1 would have to be sufficient because C.
carbonum produces no PL (Nelson and Sherwood, 1968;
J.D. Walton and F. Cervone, unpublished data). Alterna-

tively, C. carbonum may be able to colonize tissue without
degrading pectin. The lack of a role for endoPG in patho-
genesis can be extended only with caution to other disease
interactions, especially those involving dicotyledonous
host plants that contain more pectin than monocotyledons,
such as maize (Darvill et al., 1980). Our results also did
not exclude the possible existence of other endoPGs that
are induced only in vivo.

The active site of endoPG from A. niger contains His
and a carboxylate-containing amino acid (Cooke et al.,
1976; Rexova-Benkova and Mrackova, 1978). Within the
regions that are highly conserved among the four endoPGs
shown in Figure 3, there is a single conserved His at
position 225 and 2 conserved Asp residues at positions
204 and 205. Another conserved acidic residue (Asp or
Glu) occurs at position 290 (Figure 3A). These amino acids
are candidates for studies of endoPG action using site-
specific mutagenesis.

METHODS

Fungal Culture and Enzyme Purification

Cochliobolus carbonum race 1 isolate SB111, originally obtained
from S. Briggs, Pioneer Hi-Bred International, Johnston, IA, was
maintained and grown as described (Walton and Holden, 1988).
EndoPG was purified from culture filtrates as described (Walton

Figure 5. Plate Assay for PG Activity.
Five single-spored isolates from two transformants (PG1 and PG3)
and one isolate from wild-type strain SB111 were grown on PGA
agar for 6 days. The halos around the three PG3 and the wild-
type isolates indicate the presence of PG activity and the absence
of halos around the two PG1 isolates identifies them as lacking
PG activity.
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Figure 6. DNA Gel Blot of Total DMA from Wild-Type SB111 and
EndoPG Mutant PG1.

(A) Probed with insert from plasmid pCC33. M, mutant; WT, wild
type.
(B) Probed with pUC19. M, mutant; WT, wild type.
(C) Restriction map of the PGN1 gene region in wild-type strain
SB111.
(D) Restriction map of the disrupted PGN1 gene in mutant strain
PG1, assuming a double-tandem insertion event of pCC38.
The 854-bp fragment of the PGN1 gene contained in pCC33 (see
Figure 4) is indicated by the thick lines in (C) and (D). The regions
of DNA in PG1 that are derived from pUC19 are indicated by a
double line in (C). E, EcoRI; H, Hindlll; K, Kpnl; S, Sacl; X, Xhol.
Not all sites are shown.

and Cervone, 1990). The enzyme was cleaved with trypsin, and
peptide fragments were separated on an HPLC C4 column (Vydac
No. 214TP54) using a linear gradient of water + 0.1% TFA to
60% acetonitrile + 0.1% TFA in 60 min at a flow rate of 1 mL/
min. Sequencing was done by automated Edman degradation at
the Michigan State University Macromolecular Facility.

Polygalacturonase Gene Isolation

Three synthetic oligonucleotides were prepared based on amino
acid sequence data. The N-terminal amino acid sequence was
DGCTFTDAATAIKNKA and the internal tryptic peptide sequence
was YGIVIEQDYLNGGPTGKPTTG. Oligonucleotide 1 (5'-GAY-
GANTGYACNTTYACNGAYGC-3') is a 23-mer with 1024-fold
degeneracy, 2 (5'-GCNATHAARAAYAARGC-3') is a 17-mer with
96-fold degeneracy, and 3 (5'-TARTCYTGYTCHATNAC-3') is a
17-mer with 96-fold degeneracy. (N indicates A, T, C, or G; Y
indicates T or C; R indicates A or G; and H indicates A, T, or C.)
Oligonucleotides 1 and 3 were used as primers in the PCR with
100 ng of C. carbonum genomic DNA as template. The reactions
were carried out in a Perkin-Elmer Cetus DNA Thermal Cycler

(Perkin-Elmer Corp., Norwalk, CT) using AmpliTaq DNA polym-
erase (Perkin-Elmer Cetus) for 25 cycles (one cycle = 1 min at
94°C, 2 min at 46°C, and 3 min at 72°C) according to the
manufacturer's instructions. The products of the reaction were
size fractionated on an agarose gel, blotted onto nitrocellulose,
and probed with radiolabeled internal Oligonucleotide 2. An 854-
bp PCR product that hybridized to Oligonucleotide 2 was blunt-
end ligated into the phagemid vector BluescriptH- (Stratagene, La
Jolla, CA) and used as a probe to screen both genomic and cDNA

150.0

. . . , I , . , , I . , . , , , , , ,

B. MUTANT

5 10 15 20 25 30

Fraction Number

Figure 7. Characterization of PG Activities by Cation Exchange
HPLC.

(A) Enzyme activity (circles) in wild-type strain SB111 was meas-
ured by the reducing sugar assay with PGA as substrate. The
solid line is absorbance at 280 nm.
(B) Enzyme activity in mutant strain PG1.
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Figure 8. Infection Phenotype of Maize Leaves Inoculated with
C. carbonum Wild-Type Strain SB111 and Mutant Strain PG1.

Fourteen-day-old maize plants were spray-inoculated with a spore
suspension (5 x 104 spores/mL) of C. carbonum wild-type strain

libraries. Hybridizing plaques were identified and their inserts
subcloned by standard methods (Maniatis et al., 1982).

Nucleic Acid Manipulations

DNA and polyfA)* RNA were isolated from C. carbonum mycelium
by the method of Yoder (1988). A genomic DNA library was
constructed in the bacteriophage vector A EMBL3 by standard
methods (Maniatis et al., 1982). cDNA was synthesized from
poly(A)+ RNA using a Lambda Librarian kit (Invitrogen, San Diego,
CA) and used to construct a library in bacteriophage A-vector
gt10. Both libraries were packaged in vitro using Gigapack Gold
Packaging Extracts (Stratagene) according to the manufacturer's
instructions. For RNA gel blot analysis, poly(A)+ RNA was isolated
from C. carbonum grown on 1 % pectin or 2% sucrose as carbon
source (Yoder, 1988). The poly(A)* RNA was fractionated on a
formaldehyde agarose gel, transferred to nitrocellulose, and
probed with a radiolabeled internal fragment of the PG gene as
described (Ausubel et al., 1987). For DNA gel blot analysis, total
genomic DNA from C. carbonum was restricted with endonu-
cleases, fractionated on an agarose gel, and transferred to nitro-
cellulose (Maniatis et al., 1982). The filter was hybridized with a
radiolabeled probe and washed as described in Adams et al.
(1984).

DNA Sequencing

A series of nested deletions was prepared using the exonuclease
Ill/mung bean nuclease protocol described by Stratagene. Single-
stranded DNA templates were purified by the method of Dente et
al. (1983). DNA was sequenced with Sequenase and the dideox-
ynucleotide method (United States Biochemicals, Cleveland, OH).
The sequence data were computer analyzed with the DNASIS
and PROSIS programs (Hitachi Software Engineering Co., San
Bruno, CA).

Transformation-Mediated Gene Disruption

An internal 944-bp Kpnl/Sacl fragment of the PGN1 gene was
cloned into the shuttle vector pUCHI (Schafer et al., 1989) and
the resultant plasmid (pCC38) used to transform C. carbonum
strain SB111 to hygromycin resistance. Frozen stock cultures of
the fungus were inoculated onto V8 juice agar plates (Stevens,
1974) and conidia were collected after 7 days by several washes
with sterile water. The conidia were used to inoculate 500 mL of
modified Fries' medium (Walton and Cervone, 1990) and grown
for 14 hr at 30°C in a gyratory shaker at 250 rpm.

Protoplasts were prepared from the resultant mycelia as de-
scribed by Panaccione et al. (1988) except that cell walls were
digested with chitinase (Sigma C-1650) at 25 Mg/mL and Driselase
(Sigma D-9515) at 10 mg/mL in addition to Novozyme 234 (Novo
Laboratories, Wilton, CT) at 10 mg/mL. The transformation pro-
tocol was derived from those developed for Cochliobolus heter-
ostrophus (Turgeon et al., 1987) and Aspergillus nidulans (Oakley

SB111 (left) or mutant strain PG1 (right). Leaves showing typical
symptoms were photographed 6 days after infection.
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et al., 1987). Plasmid pCC38 (4 pg at 1 pg/pL) that had been 
linearized at an interna1 Notl site was added to 2 pL of 50 pM 
spermidine and 5 pL of 2.5 mg/rnL heparin and incubated on ice 
for 30 min. Protoplasts (5 X 10') in 100 pL of 1 .O M sorbitol, 50 
mM Tris-CI, pH 8.0, and 50 mM CaCl, were added-to the DNA 
solution and incubated on ice for 30 min. One milliliter of PEG 
solution (25% PEG 8000, 0.6 M KCI, 50 mM Tris-CI, pH 8.0, 50 
mM CaCI,) was added, mixed gently, and incubated at ambient 
temperature for 20 min. The protoplast solution was placed in a 
100-mm Petri dish, mixed with 20 mL of plating medium (1 M 
sucrose, 0.1% tryptone, 0.1% yeast extract, 0.7% agarose) and 
incubated at 30°C for 6 hr. The plates were then overlaid with 10 
mL of plating medium containing hygromycin B at 150 pg/mL 
(Behring Diagnostics, La Jolla, CA) and incubated at 30°C for 5 
days to 1 O days. 

PG Disruption Mutant Analysis 

Transformants were purified to nuclear homogeneity by two 
rounds of single-sporing and then screened for the ability to digest 
PGA. Plugs of mycelium were placed on plates containing PGA 
medium [5 g of PGA (Sigma P-l879), 2 g of sucrose, 2 g of 
(NH4),S04, and 15 g of agar per liter] and incubated at 30°C. 
After 2 days to 4 days, the plates were flooded with 5 mL of 0.4 
N HCI for 10 min and then washed severa1 times with sterile 
water. The absence of a distinct halo around the fungal colony 
indicated that the ability to digest PGA had been lost. Culture 
filtrates of mutant isolate PG1 and wild-type isolate SB111 were 
compared for the ability to degrade PGA by both viscometric and 
reducing sugar assays (Walton and Cervone, 1990). PG was 
partially purified from both culture filtrates by DEAE-celiulose 
chromatography as described by Walton and Cervone (1 990). 
These preparations were used to digest PGA and the end prod- 
ucts examined by thin layer chromatography (Zink and Chatterjee, 
1985). PG from both isolates was further purified by cation ex- 
change chromatography (Walton and Cervone, 1990) and the PG 
activity of each fraction was measured by the reducing sugar 
assay. 

For pathogenicity tests, maize inbred K61 (susceptible to C. 
carbonum race 1) was inoculated with conidial suspensions (1 O"/ 
mL). The infection phenotype was scored daily. Severa1 leaf 
segments from plants infected with each strain were cut out, 
surface sterilized, and placed on V8 juice agar plates. From the 
resultant fungal mats, 50 single-conidial isolates were obtained 
and tested for their ability to grow on V8 juice agar amended with 
1 O0 gg/mL hygromycin B. 
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