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Colletotrichum graminicola causes anthracnose leaf blight
and stalk rot of maize. We used restriction-enzyme medi-
ated insertional (REMI) mutagenesis to identify a gene in
this fungus that isrequired for pathogenicity to both stalks
and leaves. The predicted polypeptide encoded by this
gene, which we have named CPR1, is similar to a family of
proteinsthat comprise one subunit of the eukaryotic micro-
somal signal peptidase. The nonpathogenic CPR1 REMI
mutant contains a plasmid integration in the 3’ untrans-
lated region of the gene, 19 bp downstream from the stop
codon. The result is a significant reduction in transcript
levelsin comparison to the wild type, perhaps as aresult of
increased transcript instability. We were unable to knock
out the CPR1 gene, and it may be essential for viability. Mi-
croscopic examination of the REMI mutant on maize
leaves revealed that it is fully capable of penetrating and
colonizing host cells during the initial, biotrophic phases of
the disease interaction but, unlike the wild type, it appears
to be unable to switch to a necrotrophic mode of growth.
We suggest that the CPR1 REM| mutant may be unable to
secrete sufficient quantities of degradative enzymes to sup-
port that transition. The CPR1 REMI mutant provides us
with a useful tool for future studies of the role of fungal
protein transport in this important stalk rot disease of
maize.

Additional keyword: signal peptidase complex.

Colletotrichum graminicola (Cesati) Wilson causes anthrac-
nose stalk rot (ASR) and anthracnose leaf blight (ALB) of
maize. ASR is the most damaging of the two disease phases
and is considered to be one of the most common and economi-
cally important of the fungal stalk rots of maize (Bergstrom
and Nicholson 1999; White 1999). Although C. graminicola is
a ubiquitous pathogen with significant destructive potential,
very little is known about fungal characters that are important
for pathogenicity or aggressiveness of C. graminicola on maize
stalks or leaves.

We initiated a restriction enzyme-mediated insertional
(REMI) mutagenesis project with the goal of identifying genes
that play important roles in establishing or maintaining, or
both, pathogenic infections of C. graminicola in maize stalks.
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Using an in vitro pith infection bioassay, we identified a REMI
transformant that was unable to rot maize pith tissue (Thon et
al. 2000). This transformant also caused no ALB lesions on the
leaves of a maize variety that is highly susceptible to the wild-
type fungus. We rescued the DNA flanking the plasmid inser-
tion in the mutant, used it to identify a cosmid from a wild-type
genomic library, and discovered that the cosmid complemented
the pathogenicity defect in the mutant. This suggested that the
cosmid contained a pathogenicity gene that had been disrupted
in the REMI mutant. The objective of the work described here
was to characterize this gene and to obtain evidence for its role
in pathogenicity of C. graminicola to maize stalks and leaves.

RESULTS

Growth and development
of the nonpathogenic REM I mutant in vitro.

We compared spore germination and appressorial formation
in vitro and radial growth rate on various media of the non-
pathogenic REMI mutant with its progenitor wild-type strain.
There were no differences in either spore germination or ap-
pressorial formation between the two strains (data not shown).
When compared with the wild type, there were small but statis-
tically significant reductions in the growth of the mutant after 7
days on complete nutrient medium, on minimal medium, and
on nutrient medium containing pectin and polygalacturonic
acid as the carbon sources (Fig. 1).

Growth and development
of the nonpathogenic mutant in vivo.

Leaves of the ALB-susceptible maize inbred M0940, inocu-
lated with conidia from either the wild type or the REMI mu-
tant, were examined microscopically at 24, 48, and 72 h after
inoculation. The mutant and the wild type both germinated and
formed normal-appearing appressoria within 24 h after inocula-
tion (data not shown). At 48 h, both the mutant and the wild
type had penetrated the host epidermis and produced primary
infection hyphae, some of which had progressed beyond the
initially infected epidermal cells into the mesophyll cells (data
not shown). There was no obvious distinction between the
REMI mutant and the wild-type strain up to 48 h after inocula-
tion. At 72 h, however, a dramatic difference was evident be-
tween the mutant and the wild type. The wild type had entered
a necrotrophic phase of growth, and an extensive network of
secondary mycelia was seen ramifying throughout the host tis-
sue (Fig. 2A). There was significant host-tissue degradation
and necrosis, including death of many cells that had not been
invaded by mycelium, and small lesions had become visible at



a macroscopic level. In contrast, the mutant at 72 h after inocu-
lation had colonized a limited number of cells, had not pro-
duced secondary mycelia, and did not appear to be causing
extensive tissue damage (Fig. 2B). Most of the host cells con-
taining the fungus remained alive and apparently well. We
have monitored leaves infected with the REMI mutant up to 2
weeks after inoculation (when they begin to undergo natural
senescence), and these leaves never develop macroscopic an-
thracnose lesions. A more detailed microscopic analysis of in-
fection of susceptible tissues by the mutant will be the subject
of a future report.

We reported previously that the REMI mutant strain was
equivalent to the nonpathogenic control when it was inoculated
into stalks of the corn inbred Mp305 in vivo (Thon et al. 2000).
Mp305 is reported to be moderately resistant to ASR (Toman
and White 1993), and so in this experiment, we also tested
pathogenicity of the REMI mutant in vivo to stalks of a second
inbred (OH51A) that is susceptible to ASR in the field (R.
Pratt, personal communication). The area of rotted, discolored
pith tissue caused by the mutant in vivo on both stalk types
was significantly smaller than that caused by the wild-type
strain (Fig. 3). On the Mp305 line, the rotted area caused by
the mutant was not significantly different from that caused by
the nonpathogenic negative control. In the OH51A inbred, the
extent of the rot caused by the mutant was slightly greater than
that caused by the nonpathogenic control, and this difference
was statistically significant.

Cloning and sequencing of the C. graminicola
pathogenicity gene CPR1.

The original cosmid that complemented the nonpathogenic
REMI mutant was 50 kb in size. We identified a 3.6-kb
Smal/EcoRV fragment of the cosmid that hybridized to the ge-
nomic DNA flanking the REMI integration site that had been
rescued from the mutant (Fig. 4A). This 3.6-kb fragment was
subcloned into pUC18, and the entire plasmid insert was se-
quenced in both directions (GenBank accession number
AF263837). Analysis of the flanking DNA rescued from the
mutant had already shown that two copies of the REMI plas-
mid had integrated into an ECORI restriction recognition site
and that there had been no deletion of genomic DNA during
the integration (Thon et al. 2000). Sequencing of the 3.6-kb
fragment verified this and confirmed the presence of an open
reading frame (ORF) that terminates 19 bp upstream of the
EcoRI REMI integration site. A part of the sequence, including
this OREF, is shown in Figure 5. The ORF is predicted to en-
code a polypeptide of 230 amino acids with a calculated mo-
lecular weight of 25.6 kDa and an estimated pl of 9.95. We
named this ORF CPR1, for Colletotrichum pathogenicity re-
lated gene 1.

Comparison of the predicted CPR1 protein sequence to the
GenBank database using the BLASTP algorithm (Altschul et
al. 1990) produced a significant match to a Saccharomyces cer-
evisiae protein called Spc3p (E = 2e-12) (Fig. 6). Spc3p is an
essential component of the yeast signal peptidase complex
(SPC) (Fang et al., 1997; Meyer and Hartmann 1997). Matches
were also found to homologous signal peptidase sequences
from Canis familiaris (E = 7e-8) and Gallus gallus (E = 1e-6).
Other matches were found to several hypothetical proteins
identified from genome sequencing projects. Most of these had
been classified as probable signal peptidases based on their
similarity to either Spc3p or to the canine signal peptidase pro-
tein, SPC22/23, or both. They included sequences from Schizo-
saccharomyces pombe (E = 1e-10); Homo sapiens (E = 7e-8);
Arabidopsis thaliana (E = 1e-8); Mus musculus (E = 4e-7);
Caenorhabditis elegans (E = 4e-7) and Drosophila mel-
anogaster (E = 5e-6). A TBLASTN search of the recently re-

leased Neurospora crassa genome sequence (assembly version
1, available on-line from the Neurospora Sequencing Project,
Whitehead Institute/MIT Center for Genome Research) result-
ed in one highly significant match (E = 3e-84) to a sequence on
contig 1.627 that has no known function. We found that this
region contains an ORF that encodes a predicted protein with a
very high degree of similarity to CPR1 (Fig. 6).

The neural net and the hidden Markov model methods of
Neilsen and associates (1997, 1998) for predicting signal pep-
tides and signal peptide cleavage sites both indicated that
CPR1 does contain a signal peptide. However, neither model
predicted a cleaveage site, suggesting that the signal peptide
serves as a signal anchor (Neilsen et al. 1997). Analysis of the
predicted CPR1 protein using the method of Sonnhammer and
associates (1998) for identifying transmembrane helices indi-
cated that the protein contains a helical transmembrane domain
that comprises amino acids 12 to 34 (Fig. 5).

Analysis of the region upstream of the CPR1 ORF revealed
two potential transcription start sites (Ballance 1986; Gurr et
al. 1987) (Fig. 5). One is located at position —4 relative to the
presumed translation initiation site, while the other is at posi-
tion —113. The first ATG in the CPR1 ORF is presumed to be
the translation start site. It is in a nucleotide context that is con-
sistent with the Kozak consensus sequence (ACCATGG) for
sites of translation initiation (Kozak 1986). A second ATG oc-
curs in the same reading frame 9 bp downstream from the first.
Its nucleotide context is also consistent with a functional start
site, and so it could serve as an alternative translation initiation
point. Conserved intron splice sites and a consensus lariat se-
quence (Ballance 1986; Gurr et al. 1987) indicate that the
CPR1 ORF contains one intron (Fig. 5). A near-consensus
polyadenylation signal, AATAAT (the consensus sequence is
AATAAA [Gurr et al. 1987]) is found 143 bp downstream of
the stop codon.
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Fig. 1. Comparison of radial growth rates on three different media of the
wild-type strain (white bars) and the CPR1 restriction-enzyme mediated
insertional mutant strain (black bars). Measurements were made 7 days
after point inoculation of the culture plates. For each medium, bars with
different letters were significantly different at o0 = 0.5, calculated using a
students t test.
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Analysis of the 3.6-kb subclone containing CPR1.

The sequence of the entire 3.6-kb subclone that contained
CPR1 was used to conduct a TBLASTN search against the
GenBank sequence database. With the exception of CPRL
itself, no significant matches were detected. The 3.6-kb
sequence was also analyzed by using three different gene-
finding algorithms: GENSCAN, trained on vertebrate se-
quences (Burge and Karlin 1997); FGENES, which was
developed using a database of human genes (available on-line
from The Sanger Center’s Computational Genomics Group);
and a version of FGENESH trained on N. crassa sequences
(available on-line from Softberry, Inc.). GENSCAN and
FGENESH both predicted the same CPR1 gene sequence that
we had already derived from our manual analysis. FGENES
predicted the same first exon of CPR1 but produced a different
result for the 3" end of the gene. All three programs predicted
the existence of a second gene on the 3.6-kb fragment. This
putative gene is located upstream of CPRL and reads in the
opposite direction (Fig. 4A). Each program predicted a
different translation start site, but all three versions shared

portions of one exon, and the GENSCAN and FGENESH
versions also contained the same terminal exon. BLASTP
analyses of the predicted polypeptides encoded by each of the
three versions of the putative gene produced no significant
matches in any case.

An analysis of codon usage bias using a version of the com-
puter program CodonUse trained on known C. graminicola
gene sequences (C. Halling, Monsanto Co., St. Louis, MO,
U.S.A.) was conducted for the entire 3.6-kb fragment. This re-
vealed that both of the CPR1 gene exons correspond to regions
of significant bias. Although there are other regions displaying
significant codon usage bias scattered throughout the rest of
the 3.6-kb fragment, all of these are rather short (the largest is
only 200 bp), and none correspond to any of the exons in the
putative upstream genes predicted by the gene prediction algo-
rithms (data not shown).

One other interesting feature of the 3.6-kb subclone is that it
contains a microsatellite sequence consisting of 31 copies of
the dinucleotide GA. The sequence is located 1.2 kb upstream
of the CPR1 start codon.

Fig. 2. Light micrographs of sections through maize leaves 72 h after they were inoculated with A, conidia of the wild-type strain or B, the CPRL restric-
tion-enzyme mediated insertional mutant. Note the almost total lack of cellular integrity in the leaf tissue that was inoculated with the wild type. There are
numerous fungal hyphae traversing the tissue. A few of these are indicated by arrow 1. In contrast, the tissue inoculated with the CPR1 mutant is still
largely intact. There are fungal hyphae present in some of the mesophyll and bundle sheath cells (arrows 1 and 3), but only a few of these cells have died
(arrow 3), and there are fewer hyphae present in the tissue in comparison with the leaf inoculated with the wild type. The remains of an appressorium (ar-
row 2) can be seen on the surface, and the epidermal cell immediately below it has several hyphae within it. Both sections are at the same magnification,

approximately 600x.
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Complementation assays.

We reported previously that the 50-kb cosmid containing
CPR1 complemented the nonpathogenic REMI mutant (Thon
et al. 2000). The 3.6-kb subclone containing CPR1 also fully
complemented the mutant strain on leaves and on stalks in vi-

Area of Rotted Tissue (mm?)
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Fig. 3. Degree of rotting of maize pith tissue caused by the wild-type
strain (white bars), the CPRL restriction-enzyme mediated insertional
mutant strain (black bars), and a strain of Colletotrichum sublineolum
that is nonpathogenic to maize, used as a negative control (striped bars).
Two inbreds were tested in these experiments: Mp305, which is consid-
ered to be moderately resistant to anthracnose stalk rot (ASR); and
OhS51A, which is susceptible to ASR. Analyses were performed on stalk
tissue both in vitro using detached stalk pieces, and in vivo on intact
plants in the greenhouse. For each treatment, bars with the same letters

were not significantly different at o = 0.5, calculated using the Waller-
Duncan multiple range test.

A

tro (Fig. 7). Furthermore, transformation with the 3.6-kb sub-
clone complemented the small growth defect of the mutant
strain in culture (data not shown).

To analyze the role of the second putative gene that was pre-
dicted upstream of CPR1, we produced two subclones from the
3.6-kb sequence that contained either CPR1 or the second puta-
tive gene alone (Fig. 4A) and tested them for complementation
of the mutant phenotype on leaves and on stalks in vitro. All
eleven of the transformants containing the CPR1 subclone that
were tested produced symptoms identical to those produced by
the wild-type strain on both leaves and stalks. In contrast, 10
strains containing the subclone encoding the second putative
gene produced results that were the same as those resulting
from inoculation with the nonpathogenic REMI mutant (data
not shown). This result confirms that it is CPR1 and not the pu-
tative second gene on the 3.6-kb fragment that is responsible
for the pathogenicity phenotype of the REMI mutant.

Gene disruption.

To further test the function of the CPR1 gene, we developed
a gene disruption construct using an 8-kb Pstl subclone of the
50-kb cosmid that contained the CPR1 gene (Fig. 4). The un-
disrupted 8-kb subclone fully complemented the mutant strain
on leaves and on stalks in vitro and in vivo (data not shown).
The rationale for using the 8-kb clone for the disruption experi-
ments instead of the 3.6-kb subclone was to increase the rate of
homologous integration, since this rate is due in part to the
amount of flanking DNA present in the construct. To make the
disruption construct, the entire CPR1 ORF was replaced with a
cassette consisting of the hygromycin phosphotransferase B
gene linked to a kanamycin resistance gene (Fig. 4B). We se-
lected 63 hygromycin-resistant primary transformants, and all
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Fig. 4. Partial restriction map of an 8-kb PstI subclone containing CPR1. A, The CPRL gene is indicated by the arrow. The heavy line represents the 3.6-
kb Smal/EcoRV subclone that was completely sequenced. The second putative gene predicted by the gene finder algorithms is indicated by the dotted ar-
row beneath the figure. The two arrowheads show the positions of primers that were developed to amplify a genomic fragment of the putative gene for use
as a probe in northern blots. The Pvull site used to subclone fragments of the 3.6-kb sequence containing CPR1 or the second putative gene alone is indi-
cated on the figure. B, A partial restriction map of the gene knock-out construct made for the deletion experiments. The CPR1 open reading frame was re-
moved by digestion with NotI and Sgfl and replaced with a cassette containing the selectable hygromycin phosphotransferase gene (striped arrow) linked

to a kanamycin resistance gene (white arrow).
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of these were analyzed by Southern blot. However, all of these
transformants had ectopic integrations rather than homologous
gene replacements (data not shown). In contrast, when we used
the undisrupted 8-kb subclone containing the CPR1 gene to
transform and complement the REMI mutant strain, homolo-
gous recombination occurred in four out of eight transformed
strains by a double cross-over event (data not shown).

Transcript analysis by rever se transcription-polymerase
chain reaction (RT-PCR).

We performed a RT-PCR using primers that spanned the pre-
dicted intron of CPR1 (Fig. 5). To test whether the integration
in the original REMI mutant had occurred within the 3" un-
translated region (UTR) of the CPR1 gene, the primers also
spanned the ECORI recognition sequence that was the REMI in-
tegration site. We amplified a product of the expected size

from total RNA prepared from a wild-type culture grown in
liquid complete medium (data not shown). The amplified prod-
uct was gel-purified and sequenced to confirm its identity. The
sequence of the amplified product was completely consistent
with our prediction of the location of the intron and of the loca-
tion of the ECORI site within the 3" UTR. No product was am-
plified with these primers from RNA prepared from the mutant
strain. We produced a second set of primers that spanned the
intron but did not include any of the 3° UTR sequence, and
these also amplified the expected product from the wild type
(confirmed by sequencing) but still failed to amplify a product
from the mutant (data not shown).

Analysis of gene expression by northern blot.
We conducted northern blots using the wild-type CPRL1
cDNA fragment produced by RT-PCR as a probe. RNA was

GGCTTACAGTACAGTACGTATCTCCTTCAGGGCCCCTAAGGGCCACAGCTGCTGCACCTCACCCCAGGCCGCGACCAATAGC
GCTGAAGCCACATGTCCATCTCTGCAAGGCTGAAGCCTGTCCCAAAAACGTGGCCTCCTGCGTCGCATATCTATTCCGCCAC
GAGCAAGCTTCGTTTCCCCAGGCTTGTTTCCTTTACGCAACTAAGAAGCTGAGAAGCATACGTCCCTCTCCCGACCGATATA
TAGTCCACCTTTGGTGGCAAAGCGGCCGCCCAAGATGTACAACACGATGACCCGCGCCCAAAATACCTTTGGCTTTTTCACG

M Y N T M*T R A Q N T F G F F T

TCGGTAGCCTTCTTCGTCGCCGCCATCATTGCCCTCTCCGATCTCGTTGCCCCTCGCGCCCCCTCCGTCGGTTCCCTCAAGA
b L. v.A P R A P S V G 5 L K
CGACAAACGTCCAAGTCGTCAAGGGCCGGCCCCATTACTACTCGAGCAAGAAGGAAGAATATGCCATCATCAAGTTCTCCCT
S K K E E Y A I I
CGACGCCGACCTCTCAGACCTCTTTACCTGGAACACGAAGCAGGTCTTCGTCTACGTCACGGCCGAATGGCCCGATAGCTCC

S v A F F VvV A A I I A 1L S8

T T N V Q Vv v K G R P H Y Y S K F S L

DA DL S DILF TWNTZ XK QV F VY V TAZETW®P D S S
AAGGCTGCCGCCGGCACCAATGCCACTAACCAAGCCGTCATATGGGATCAGATCATCACCTCGCCCAGTGCCGATCACCTCG
K A A A G T N A TN Q A V I
Pl |
CCAACATTGGTCCTGCTGCCATGCGTAAGCTGAAGARGAGCGCCGAGGGCAAGAGCATCGACCCCAACCGGTAAGACTGTCG

w D ¢ I I T s P S A D H L

A NI G P A A MR KILEKI K S AUE G K S I D P N R
CAGTAATCACTGCTGTATGCCGAGACCCATGACTGACAACTTCGCAGTGGCAAACTCCGCATAAAGAACCAAAGACCCAAGT
G K L R I

ACCAAATCACTCATCCTTCGAGCAAGATCGCCGAGACCGACAAGGTCGTCTTGAAGCTGCACTATAARTGTCCAGCCGTGGGT

K N ¢ R P K
Y o T T H P S S"K I A E T D K V V L K L HY NV Q P W V
TGGCATCTTGACATGGAACCAGAACCGGGATATTGGCGGCTGGAAGGCCCTCAAGGGAGGTGTGAGTAAGGCCTTCAAGCTT

G I L.T W N Q N R D I G G W K AL K G G V 8 K A F K L
CCTGCTCTCAAGGTTAAGGAGAACAAAGACAAGAAGAAGCCTTAAAATGGACGAGGAAGTATGTGAATTCGGCGGAAATGAA
4 —

TATAACTTCCTAAACATTCTTACCTCATTTTGCCAGTCATTCATACAAAGTTTTTTTTTATATATATAAGAAGGTCAACTAA

P A L K VY K E N K D K K K P -

P2
TGCTGCGTATGTGTATCGTCTCCTAATAATGACCAGGTACACTGAGTTGCCCCCTGAAGACTAGAGCAGACGCCTCGATAGT
CCAAAAAGAATAGCTATGCATGTCTTGATGTACTGCGATCGCCGCCATTATAGCCTGTAACCCATCCTTCCGGTTTAGTTTT

Fig. 5. Part of the 3.6-kb sequence containing the CPR1 open reading frame. The predicted amino acid sequence is presented below the nucleotide se-
quence. Putative transcription start sites and upstream regulatory elements (CAAT boxes and AT-rich sequences) are highlighted in bold. A predicted trans-
membrane region of the protein is underlined. P1 and P2 are the two primers that were used for the reverse transcription-polymerase chain reaction experi-
ments. The ECORI restriction enzyme recognition sequence (GAATTC) in the 3" untranslated region where the restriction-enzyme mediated insertional
integration occurred is highlighted in bold. A putative polyadenylation signal (AATAAT) downstream of the stop codon is also highlighted in bold.
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purified from the wild-type strain, the REMI mutant strain, and
from the mutant strain that had been ectopically transformed
and complemented with the 8-kb CPR1 subclone. A single
transcript was evident in both the wild-type strain and the com-
plemented strain. In the mutant strain, a much smaller quantity
of a slightly smaller transcript could be seen (Fig. 8).

Northern blots were also performed using as a probe a PCR
product produced by amplifying wild-type genomic DNA with
primers corresponding to the second putative gene (Fig. 4A).
Two extremely faint signals could be seen on the northern
blots, and the intensity and position of these were identical in
the wild type, the mutant, and the complemented strain (data
not shown).

Southern hybridization.

A Southern hybridization was performed at low stringency,
using as a probe the CPR1 cDNA fragment amplified by RT-
PCR. Results indicated that there is at least one other sequence
in the genome of C. graminicola that is similar to the CPR1
probe (Fig. 9).

DISCUSSION

Using a random mutagenesis approach, we identified a gene
we called CPR1 that plays an important role in pathogenicity
of C. graminicola to maize leaves and stalks. The predicted
product of the CPR1 gene is similar to a family of polypeptides
that comprise one subunit of the eukaryotic SPC. The SPC is
responsible for cleavage of signal peptides from proteins des-
tined for transport through the endoplasmic reticulum (ER)
membrane system (Green and Fang 1999). Based on the over-
all sequence similarity of CPR1 to this family of SPC proteins,
we propose that CPRL1 encodes the homologous component of
the C. graminicola SPC. Additional evidence in support of this
hypothesis is the presence of a putative signal anchor sequence
at the N-terminus of the CPR1 protein, which is consistent

with ER membrane localization. Furthermore, CPR1 also con-
tains an N-terminal transmembrane domain, conserved in all
members of this SPC protein family, that traverses the ER
membrane and positions the C-terminal portion of the protein
within the ER lumen (Shelness et al. 1993).

Relatively little is known about the role the CPR1 family of
proteins plays in the SPC. They do not appear to have direct re-
sponsibility for catalytic cleavage of signal peptides, which is
attributed to another, much more highly conserved family of
polypeptides that includes the yeast protein Secllp (Green and
Fang 1999; VanValkenburgh et al. 1999). Significant sequence
similarity among the CPR1 family is limited to three highly
conserved regions, but the functional connotation of this is un-
known. A site-directed mutagenesis study of Spc3p, the CPR1
homologue in yeast, targeted individual amino acids within
two of these conserved regions but could not demonstrate a
phenotypic effect for any of the mutations (VanValkenburgh et
al. 1999). It is known that Secllp interacts physically with
Spc3p (VanValkenburgh et al. 1999). It is also known that both
of these proteins are essential in yeast for signal peptidase
function, and disruption of the gene encoding either one is le-
thal (Fang et al. 1997; Meyer and Hartmann 1997). It appears
from our study that deletion of CPR1 may also be lethal, since
we were unable to recover a disruptant among 63 transfor-
mants. It seems unlikely that this resulted from an inability to
perform homologous recombinations in that region due to
some structural feature of the DNA because, when we used vir-
tually the same DNA in complementation experiments, we ob-
tained homologous recombinants half the time. Our northern
blots revealed that the disrupted CPR1 gene in our REMI mu-
tant does produce a very small quantity of CPR1 transcript.
Apparently, this is both sufficient and necessary for nearly nor-
mal vegetative growth of the mutant strain. The smaller size of
the transcript in the mutant probably results from premature
termination somewhere beyond the stop codon within the inte-
grated plasmid sequence. Other, larger bands that are faintly
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Fig. 6. Multiple sequence alignment of the predicted CPR1 protein from Colletotrichum graminicola (C.g.) and the homologous proteins from Neuro-
spora crassa (N.c.), Saccharomyces cerevisiae (S.c.) (AAB51390), and Canis familiaris (C.f.) (A31788). The alignment was made using the CLUSTAL-W

multiple alignment program.
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visible on the northern blots may result from alternative tran-
scription termination. By altering the sequence of the 3" UTR,
we have significantly reduced the quantity of transcript, per-
haps as a result of an increase in transcript instability. We
assume that the reduction in transcript levels results in a corre-
sponding reduction in protein levels, but this assumption re-
mains to be tested.

Vegetative growth was slightly reduced in the CPR1 mutant
in comparison to the wild type. However, its slower growth
rate is unlikely to be primarily responsible for the pathogenic-
ity defect in the CPR1 mutant, since we obtained other REMI
transformants that grew far more slowly (even as little as 37%
of the wild-type rate) and were still completely pathogenic to
both maize stalks and leaves (M. R. Thon et al., unpublished
data). Growth rate of the CPR1 REMI mutant was restored by
transformation with a plasmid containing the CPR1 gene, and
thus, the slower growth appears to be a pleomorphic effect of
the CPR1 mutation. The fact that growth, germination, and de-
velopment of the mutant are relatively normal in culture, con-
sidering the extremely small amount of CPR1 transcript (and
presumably also CPRI1 protein) that it is producing, is rather
surprising. Our Southern blots indicate that C. graminicola
contains a second sequence similar to CPRL. It is possible that
this sequence represents a second, functional signal peptidase
gene, and its product may be able to substitute in vegetative
culture for the CPR1 protein. However, it also appears from
our deletion experiments that CPR1 is essential and so, if there
is another gene, it is not completely redundant with CPR1. Ad-
ditionally, this putative second signal peptidase cannot support
pathogenic growth.

If CPR1 encodes a component of the C. graminicola SPC,
then it seems likely that it is not directly responsible for the
pathogenicity defect in the REMI mutant. It is more probable
that the nonpathogenic phenotype results from a reduction in
the transport of secreted or outer membrane proteins that are
directly involved in host colonization, particularly during the
necrotrophic phase of the disease cycle. It seems clear from our
observations of the mutant in vivo that protein transport in this

.

[

Fig. 7. Results of stalk infection in vitro and leaf infection in vivo by A and F, the wild-type strain; B and G, CPRL1 restriction-enzyme mediated inser-
tional (REMI) mutant strain; C and H, nonpathogenic C. sublineolum control; D and |, CPR1 REMI mutant strain complemented with the 3.6-kb sub-
clone containing the CPR1 gene; and E and J, the CPR1 mutant strain containing the selectable cotransformation vector alone.
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strain is sufficient to allow the initial, biotrophic phase of the
disease cycle to proceed relatively normally. However, transi-
tion from the biotrophic to the necrotrophic phase does not
seem to occur. One obvious possibility is that the mutant is un-

Fig. 8. A, Results of a northern blot in which total RNA from the wild-
type strain (lane 1), CPR1 mutant strain (lane 2), and CPR1 mutant com-
plemented with the 8-kb Pstl subclone containing CPR1 (lane 3) was
probed with the CPR1 cDNA fragment generated by reverse transcrip-
tion-polymerase chain reaction. B, A photograph of the ribosomal RNA
bands stained with ethidium to illustrate equal loading.




able to secrete required quantities of cell-wall degrading en-
zymes. Although sufficient for initial host penetration and cell-
to-cell growth during biotrophy, there may be a much greater
requirement for degradative enzyme secretion during necrotro-
phic growth. Certainly the virtual lack of cellular integrity in
the tissue 72 h after inoculation with the wild-type strain pro-
vides ample evidence for the activity of cell-wall degrading en-
zymes, although these could originate from the host as well as
from the pathogen.

The CPR1 mutant provides us with a unique tool that can be
used to study the role of protein transport in pathogenicity. Al-
though it is intuitively obvious that protein transport and secre-
tion are important pathogenicity factors, their precise roles
have remained obscure because these are generally essential
functions and are, therefore, difficult to study by using a
mutagenesis approach. Indeed, our isolation of the CPR1
mutant was extremely fortuitous, since a complete knock-out
mutant would likely have been lethal. The CPR1 mutant dem-
onstrates that interesting and informative phenotypes beyond
simple null mutations are possible with a random mutagenesis
approach. In this sense, random mutagenesis offers one impor-
tant advantage over the directed-knock-out experiments that
are increasingly being used as components of functional geno-
mics studies.

MATERIALS AND METHODS

Fungal culture.

C. graminicola strain M1.001 (formerly CgM2; Forgey et al.
1978) was the wild type. The nonpathogenic mutant strain 6-2
was derived by REMI mutagenesis (Thon et al. 2000). The
strains were routinely cultured on potato dextrose agar (Difco
Laboratories, Detroit, MI, U.S.A.) under continuous fluores-
cent illumination at 25 to 27°C. Liquid cultures for RNA pro-
duction were grown in complete medium (Leach et al. 1982)
on a rotary shaker at 30°C and 200 rpm. Complete medium
was solidified with 15% Bacto-agar (Difco Laboratories) for
the radial growth experiments. In those experiments, the mini-
mal medium was complete medium without yeast extract. The
medium containing pectin and polygalacturonic acid as car-
bon sources was complete medium without sucrose or yeast
extract and with the addition of 5 g of pectin per liter and 5 g
of polygalacturonic acid per liter (Sigma, St. Louis, MO,
U.S.A)).

Nucleic acid preparation and Southern
and northern hybridizations.

DNA was prepared from all cultures by the miniprep method
we have described previously (Thon et al. 2000). Total RNA
for RT-PCR and northern blots was prepared using the RNEasy
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Fig. 9. A, Results of a low stringency Southern blot in which genomic
DNA from the wild type was probed with the CPR1 cDNA generated by
reverse transcription-polymerase chain reaction. B, Same as A after over-
development. Band 1, CPRL; and band 2, a second sequence in the ge-
nome that is similar to CPRL.

kit (Qiagen Inc., Chatsworth, CA, U.S.A.) and the manufac-
turer’s recommended protocols.

For northern hybridizations, 4.5 pg of total RNA was loaded
into each lane of an agarose/formaldehyde gel, and electropho-
resis at 70 to 80 V continued until the dye had migrated */s of
the length of the gel. For Southern hybridizations, between 0.5
and 1 pg of genomic DNA was loaded into each lane of a 0.8%
agarose gel, and electrophoresis at 20 V was continued until
the marker dye migrated off the end of the gel. Gels for both
northern and Southern hybridizations were blotted onto nylon
membranes (Schleicher and Schuell, Keene, NH, U.S.A.), and
hybridizations were performed using DIG-labeled DNA probes
and the GENIUS nonradioactive EASY-HYB hybridization kit
(Boehringer Mannheim, Indianapolis, IN, U.S.A.), according
to the manufacturer’s protocols. Low stringency Southern blots
were performed using a hybridization and wash temperature of
55°C.

Cycle sequencing and RT-PCR.

Sequencing reactions were performed with a PE Applied
Biosystems BigDye Terminator Kit and analyzed on a PE
Applied Biosystems Model 310 Genetic Analyzer (PE Applied
Biosystems, Foster City, CA, U.S.A.). RT-PCR reactions were
performed using the ProSTAR Ultra HF RT-PCR system
(Stratagene, La Jolla, CA, U.S.A.), according to the manufac-
turer’s instructions.

Fungal transformation.

Production of fungal protoplasts and transformation to
hygromycin resistance were done according to a previously
described protocol (Thon et al. 2000). Cotransformations were
performed by adding a fivefold molar excess of the non-
selected plasmid to the hygromycin-selectable plasmid. Trans-
formation to phleomycin resistance used a similar protocol,
except that 100 pl of phleomycin (20 mg/ml; Cayla, Toulouse,
France) was added to each 40 ml aliquot of protoplasts in
regeneration medium just before it was poured into the plates,
and hygromycin was not included. The vector containing the
phleomycin resistance gene used in these experiments was
pANS.1 (Mattern et al. 1988).

Pathogenicity assays.

In vitro stalk pathogenicity assays and in vivo leaf and stalk
pathogenicity assays were performed as described previously
(Thon et al. 2000).

Light microscopy.

Leaves were infected for microscopy studies using the cot-
ton swab method described previously (Thon et. al. 2000). Tis-
sue samples were collected at 24, 48, or 72 h after inoculation
and were fixed and embedded using the protocol of Mims and
associates (2001). Embedded tissues were sliced into 1-mi-
cron-thick sections, stained with toluidine blue, and observed
on a light microscope.
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