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Germinating conidia of many phytopathogenic fungi must differentiate into an infection structure called the
appressorium in order to penetrate into their hosts. This differentiation is known to require contact with a hard
surface. However, the molecular basis for this requirement is not known. Induction of this differentiation in the
avocado pathogen, Colletotrichum gloeosporioides, by chemical signals such as the host’s surface wax or the
fruit-ripening hormone, ethylene, requires contact of the conidia with a hard surface for about 2 h. To study
molecular events triggered by hard-surface contact, we isolated several genes expressed during the early stage
of hard-surface treatment by a differential-display method. The genes that encode Colletotrichum hard-surface
induced proteins are designated chip genes. In this study, we report the characterization of CHIP2 and CHIP3
genes that would encode proteins with molecular masses of 65 and 64 kDa, respectively, that have no homology
to any known proteins. The CHIP2 product would contain a putative nuclear localization signal, a leucine
zipper motif, and a heptad repeat region which might dimerize into coiled-coil structure. The CHIP3 product
would be a nine-transmembrane-domain-containing protein. RNA blots showed that CHIP2 and CHIP3 are
induced by a 2-h hard-surface contact. However, disruption of these genes did not affect the appressorium-
forming ability and did not cause a significant decrease in virulence on avocado or tomato fruits suggesting
that C. gloeosporioides might have genes functionally redundant to CHIP2 and CHIP3 or that these genes

induced by hard-surface contact control processes not directly involved in pathogenesis.

The germinating conidia of many plant-pathogenic fungi use
physical or chemical signals from the plant surface to trigger
differentiation of infection structures, appressoria, that are
necessary for successful penetration of the host plant (11, 42).
Anthracnose disease caused by Colletotrichum (Gloeosporium)
of the Glomerella group is very common and destructive on
numerous crop and ornamental plants worldwide. Conidia of
Colletotrichum gloeosporioides germinate and form appressoria
in response to chemical signals such as the host surface wax
and the fruit-ripening hormone, ethylene (12, 13, 19, 36). The
appressorium produces infection peg that penetrates the pre-
formed defensive barriers, such as the cuticle and the under-
lying pectinaceous layer, probably using turgor-generated
physical force (3, 8, 17) with assistance from the enzymes
secreted in response to host signals (36, 47). Some of the genes
involved in appressorium formation have been cloned from C.
gloeosporioides, and the transcriptional regulation by plant sig-
nals has been detected (18, 19). Differential screening of a
library produced by a subtractive hybridization approach
yielded four genes expressed uniquely during appressorium
formation induced by the host surface wax, and disruption of
one of these genes drastically decreased its virulence on the
host without manifesting any defects in appressorium forma-
tion (18, 19).

Hard-surface contact is known to be necessary to induce
appressorium formation in many fungi (11). The molecular
basis of this requirement is unknown. Response of C. gloeo-
sporioides conidia to these host signals require a prior hard
surface contact for about 2 h. Little is known about the genes
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expressed as a consequence of the early hard surface contact in
any phytopathogen. Ca®"-calmodulin (CaM) signaling by
hard-surface contact was suggested to be involved in the prim-
ing of C. gloeosporioides conidia that enables them to respond
to the host signals to germinate and form appressoria. CAM
gene expression has been shown to be induced by the hard-
surface contact (22). CaM was also suggested to be involved in
germination and appressorium formation of C. trifolii conidia
since CaM antagonist inhibited this process (7, 9). In an effort
to elucidate the molecular events triggered by the early hard-
surface contact, we isolated several genes expressed during the
early stage of hard-surface contact by a differential-display
method. The genes that encode Colletotrichum hard-surface-
induced proteins are designated chip genes and chipl was iden-
tified as a gene encoding ubiquitin-conjugating enzyme (27).
Here, we report the characterization of cDNAs and genes for
CHIP2 and CHIP3 that would encode a putative DNA-binding
protein that would probably be localized in the nucleus, and a
putative nine-transmembrane-domain-containing protein, re-
spectively. CHIP2 and CHIP3 are induced within a few hours
of contact with the hard surface. The conidia of CHIP2- and
CHIP3-disrupted mutants differentiated into appressoria on
the hard surface when treated with the chemical signals as the
wild type did and showed no measurable decrease in virulence
on avocado or tomato fruits.

MATERIALS AND METHODS

Materials. C. gloeosporioides, isolated from avocados, was provided by Dov
Prusky (Volcani Centre, Bet Dagan, Israel); glycerol stock was kept at —80°C.
Conidia produced on a potato dextrose agar (PDA) plate were obtained from 5-
to 7-day-old cultures (19). Avocado fruits (Fuerte) were a generous gift from
John A. Menge at the University of California, Riverside. Tomato fruits were
purchased from a local grocery store.

Vectors, enzymes, and chemicals. All plasmids were propagated in E. coli
DH5a. All restriction and modifying enzymes, Taq polymerase, DH5a cells, and
TRIzol reagent for RNA isolation were from Life Technologies (Gaithersburg,
Md.). Expand High Fidelity Tag polymerase was from Boehringer Mannheim



VoL. 182, 2000

(Indianapolis, Ind.). Novozyme 234 was from InterSpex Products (Foster City,
Calif.). Hygromycin was from Calbiochem (San Diego, Calif.). PCR primers
were from Integrated DNA Technologies (Coralville, Iowa). The Rediprime
random primed labeling kit was from Amersham (Arlington Heights, Ill.). Ny-
tran membranes were from Schleicher & Schuell (Keene, N.H.). The Geneclean
kit was from Bio 101 (La Jolla, Calif.).

RNA preparation and differential display of mRNA. RNA preparation and
differential display of mRNA were performed as described previously (27). A
532-bp segment amplified in the differential display with primer combinations of
oligo(dT) primer HT11A and arbitrary 5" decamer H-GP3 was subcloned into
pCRII vector (Invitrogen, Carlsbad, Calif.) and designated CHIP2(532). A
209-bp segment amplified in the differential display with primer combinations of
oligo(dT) primer HT11A and arbitrary 5" decamer H-AP1 was subcloned into
pCRII vector and designated CHIP3(209).

Isolation of CHIP2 and CHIP3 cDNA clones. Full-length cDNA clones corre-
sponding to CHIP2(532) and CHIP3(209) in the cDNA library constructed with
RNA isolated from hard-surface treated conidia of C. gloeosporioides as de-
scribed before (22) were identified using cDNA segments subcloned from the
differential display as probes. The cDNA clones pCHIP2 and pCHIP3 thus
obtained were completely sequenced and analyzed with a BLAST program from
the National Center for Biotechnology Information (2). The protein motif and
cell localization of CHIP2 and CHIP3 were predicted with MOTIF (Kyoto
University), PSORTII algorithm (32), and the “hidden Markov model” (44).

RNA blot analysis. RNA blot analysis was performed as described previously
(22). Ethidium bromide staining showed that in all cases equal amounts of RNA
were loaded.

Cloning of genomic DNA. A genomic library of C. gloeosporioides constructed
in \GEM11 (Promega) vector was screened by plaque hybridization with labeled
CHIP2 or CHIP3 cDNA under high-stringency hybridization conditions at 65°C
overnight in 6X SSPE (0.9 mM NaCl, 5 mM EDTA, 50 mM NaH, PO,; pH 7.4),
5X Denhardt’s solution (0.1% Ficoll, 0.1% polyvinylpyrrolidone, 0.1% bovine
serum albumin), 0.1% sodium dodecyl sulfate (SDS), and 100 wg of sheared
salmon sperm DNA per ml. A 3.5-kb Sa/l-digested fragment from a genomic
clone of CHIP2 was ligated into pBluescript KS(—) (Stratagene) to yield
pgCHIP2. A 2.9-kb Sall-digested fragment from a genomic clone of CHIP3 was
ligated into pBluescript KS(—) to yield pgCHIP3.

Construction of gene replacement vector pCHIP2::hph. The 5’ Sall site in
pgCHIP2 was eliminated by removing the 200-bp Clal fragment and by self-
ligation. The 3’ Sall site was removed by digestion with Sa/l and filling in with
Klenow and deoxynucleoside triphosphate, followed by self-ligation. To amplify
a fragment of pgCHIP2 with a deletion of 830 bp from the coding region of
CHIP2, an inverse PCR was done with a sense primer (5'-GGC CGG GTC GAC
CAA GAC TCG CGT TCG AG-3’) and an antisense primer (5-GGC CGG
GTC GAC GTC ACG AGC CGC TTT CAC-3') using Expand High Fidelity
Tag DNA polymerase. The 5.3-kb PCR product was digested with Sall. The
plasmid pCSN43, a pBluescript vector carrying the Escherichia coli hyg gene
under the control of Aspergillus nidulans trpC promoter (41), was digested with
Sall. The insert, purified with a Geneclean kit, was ligated to the inverse PCR
product to generate a gene replacement vector, pCHIP2::hph.

Construction of gene replacement vector pCHIP3::hph. The 2.9-kb genomic
Sall fragment of CHIP3 was ligated to pBluescript KS(—) which had been
digested with X%ol and Sall and then treated with alkaline phosphatase (BM),
yielding a genomic clone, pgCHIP3. This genomic clone was digested with X0l
and then ligated to the Sall fragment carrying the E. coli hyg gene under the
control of A. nidulans trpC promoter (41) to generate pCHIP3::hph.

C. gloeosporioides transformation. Fungal transformation was performed using
procedures based on those described previously (40, 43). Conidia (2 X 107) were
inoculated into 500 ml of minimal medium containing a third of the concentra-
tion of the trace elements used in the experiments with Fusarium solani pisi (40),
1% glucose, and 0.6% yeast extract and then incubated at 30°C with shaking
overnight in the dark. With full-strength trace elements, the germination and
germ tube growth were affected, resulting in a very poor yield of protoplasts. The
mycelia (5 g) were resuspended in 50 ml of 1 M sorbitol containing 300 mg of
Novozyme 234, 60 mg of Driselase, 36 mg of bovine serum albumin, and 1.2 ml
of B-glucuronidase, and the mixture was gently swirled at room temperature for
3.5 h. The protoplasts in the repeatedly washed preparation were counted using
a hemacytometer and centrifuged as described above and then resuspended at
5 X 107 protoplasts/ml. Protoplasts (1 ml) were mixed with DNA (25 pg in 25 ul
of STC), and after 15 min of incubation at room temperature, 12 ml of PTC
(40% polyethylene glycol [PEG] 8000 in STC) was added. After an additional
incubation for 20 min, 30 ml of TB3 (1% sucrose, 0.6% yeast extract, and 0.6%
casein hydrolysate with 1 M sorbitol) was added, and the protoplasts were gently
swirled for 3 h. The protoplast suspension was then centrifuged as before, and
the pellet was resuspended in STC. The protoplasts were mixed with molten
regeneration medium (minimal medium adjusted to 1.5% glucose, 1 M sorbitol,
and 1% Bacto agar), and the mixture was poured onto hardened regeneration
medium of the same composition but containing 1.5% Bacto agar and 300 p.g of
hygromycin B/ml; the total mixture (5 X 107 protoplasts) was divided into 20
plates. After 5 to 7 days, the hygromycin-resistant transformants were transferred
to hardened complete medium (1% sucrose, 0.6% yeast extract, 0.6% casein
hydrolysate) (CM) containing 200 pg of hygromycin B/ml.
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Preparation of genomic DNA from transformants. Transformants were cul-
tured in 5 ml of CM containing hygromycin (50 pg/ml) for 3 to 4 days. After
mycelia were harvested and lyophilized, DNA was extracted with 500 pl of
isolation buffer (150 mM EDTA, 50 mM Tris [pH 8.0], 1% n-laurylsarcosine) by
vortexing and centrifugation. DNA, extracted with a equal volume of phenol-
chloroform, was precipitated with cold ethanol, resuspended in 200 wl of TE
buffer (10 mM Tris, pH 8.0; 1 mM EDTA), and treated with RNase A for 1 h.
DNA, precipitated by incubation with 140 pl of PEG (20% [wt/vol] PEG 8000,
2.5 M NaCl) on ice for 1 h, was collected by centrifugation and washed with 70%
ethanol in water and dissolved in 100 pl of TE. Then, 5 pl was used for junction
PCR.

Junction PCR for disruptants. The primer pairs used for transformant screen-
ing for gene disruption were designed to test for junctions expected from ho-
mologous recombinations. The initial screening of transformants for disruption
of CHIP genes was done by PCR in a programmable thermal controller (M.J.
Research, Watertown, Mass.). Genomic DNA (40 ng) was mixed with 1X PCR
buffer, 3 mM MgCl,, 0.2 mM concentrations of each deoxynucleoside triphos-
phate, 4% dimethyl sulfoxide, 0.1 uM concentrations of each primer, and Tag
DNA polymerase in a total volume of 50 ul and then heated at 94°C for 15 min.
The PCR amplification consisted of 30 cycles of denaturation at 94°C for 30 s,
annealing at 56°C for 45 s, and polymerization at 72°C for 45 s, followed by a final
extension step at 72°C for 10 min. The primers used for the identification of
CHIP?2 disruptants were from the 5’ end of CHIP2 gene (a sense primer, 5'-CTA
TTT GGG CAA GCT CAA CTG-3') and from the 3’ end of iph gene, (a sense
primer, 5'-CTA GCT CCA GCC AAG CCC-3"). A 1,120-bp PCR product is
expected from this pair of primers. For CHIP3 disruption, a sense primer from
the CHIP3 gene, 5'-ATG ACT GGA TAC GAA GAC AG-3', and a sense
primer from the Aph gene, 5'-CTA GCT CCA GCC AAG CCC-3’, were used to
amplify an expected junction PCR product of 680 bp. All PCR products were
electrophoresed on 1.2% agarose gels.

Genomic Southern blot analysis. Genomic DNA (2 pg) of the wild type and
of the disruptants of CHIP2 or CHIP3 prepared as described above was com-
pletely digested with Sall for CHIP2 or with EcoRV and Sall for CHIP3. The
digests were fractionated on a 0.8% agarose gel, transferred to an Nytran nylon
membrane, and hybridized at 65°C overnight to a *2P-labeled probe prepared
with the Rediprime kit. After hybridization the membranes were washed for 20
min at ambient temperature in 2X SSPE-0.1% SDS. Additional washing was
carried out with 0.1X SSPE-0.1% SDS at 65°C for 20 min. The membranes were
exposed to X-ray film at —80°C.

Tests for germination and appressorium formation of wild-type and CHIP
disruptants of C. gloeosporioides. Germination and appressorium formation of C.
gloeosporioides were tested on a cover glass surface as described previously (22,
36).

Tests for pathogenicity of the CHIP disruptants. The pathogenicity test was
similar to that described previously (18). The conidia of CHIP2 and CHIP3
disruptants and of the wild type were collected from PDA plates. After avocado
and tomato fruits were surface sterilized as described previously (18), 7,500
conidia/cm? were placed on each fruit in 200 ul of water. The fruits were
incubated at room temperature for 6 to 10 days in a high-humidity chamber.
When the fruits inoculated with the wild type showed lesions in the area where
the spore suspension was placed, the fruits were longitudinally cut across the
infection sites. The sections of avocado fruits were photographed with a Nikon
camera (FM2) at shutter speed 1/1 without a filter under fluorescent light.
Sections of tomato fruits were visually examined for lesion formation, thin
sections were stained with lactophenol-cotton blue, and fungal penetration into
the tissue was examined microscopically.

Nucleotide sequence accession numbers. The GenBank nucleotide accession
numbers for CHIP2 and CHIP3 cDNA were AF149296 and AF089807, respec-
tively.

RESULTS

Differential display of RNA from conidia of C. gloeospori-
oides induced by hard-surface contact. Total RNAs were re-
verse transcribed as described previously (27). When a PCR
was performed using the reverse transcript as a template, a
532-bp PCR fragment was amplified in a reaction where oli-
go(dT), HT11A, and arbitrary 5’ decamer, H-GP3, were used
as primers (Fig. 1A, left). Similarly, a 209-bp PCR fragment
was amplified in a reaction where oligo(dT), HT11A, and ar-
bitrary 5 decamer H-AP1 were used as primers (Fig. 1A,
right). When the 532-bp DNA PCR product was cloned and
two independent clones were sequenced, they were found to
have identical sequences. When this PCR product was used as
a probe for an RNA blot analysis, a band at 2.3-kb strongly
hybridized. This transcript, which was hardly detectable in the
control, was strongly induced by 2 h of hard-surface treatment
(Fig. 1B, left). The gene that encodes this transcript was des-
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FIG. 1. (A) Area of a differential-display gel showing the amplified products
obtained with primer combinations of oligo(dT) primer HT11A and arbitrary 5’
decamer H-GP3 (G3) on the left or H-AP1 (A1) on the right by using as
templates cDNAs derived from conidia resting on a hard surface for 2 h (H) or
an untreated control (C). (B) Northern blots showing induction of CHIP2 (left)
and CHIP3 (right) by hard-surface contact in C. gloeosporioides conidia.

ignated CHIP2. Screening of a cDNA library prepared from
hard-surface-treated conidia with the PCR clone of CHIP2
yielded pCHIP2; this 2,235-bp long clone contained a single
open reading frame that would encode a protein of 567 amino
acids with an estimated molecular mass of 65 kDa and a pI of
7.0.

When the amino acid sequence of CHIP2 was compared
with protein sequences in the GenBank database and the Sac-
charomyces genome database (Stanford University) using
BLAST (2), it showed low homology (15 to 20%) with numer-
ous proteins which have a coiled-coil structure, such as myosin
heavy chains. Indeed, a coiled-coil structure in the domain
ranging from Ala-212 to Asp-500 of CHIP2 (Fig. 2, arrows)
was predicted by both PSORT II (32) and COILS, version 2.2
(28). The PSORT II algorithm (32) also predicted CHIP2 to
have a nuclear targeting sequence, RK(X),;RPRR, in the N-
terminal region (Fig. 2, underlined). This sequence is a bipar-
tite-type nuclear targeting sequence which consists of two basic
residues, a spacer region of ca. 10 amino acids, and a second
basic cluster in which at least 3 of the next 5 amino acids are
basic (10). A MOTIF algorithm (Kyoto University) predicted a
leucine zipper motif, L-X(6)-L-X(6)-L-X(6)-L, in the heptad
repeat region which might dimerize into a coiled-coil structure
(Fig. 2, double underlined). These structural features suggest
that CHIP2 might be a leucine-zipper-type transcription factor
(34, 46). CHIP2 has a nuclear-export-signal-like sequence,
L-(X)4-L-(X)2-L-(X)-L, in the N-terminal region (Fig. 2,
dashed line) and has four E-rich boxes in the C-terminal region
(Fig. 2, boxes).

When a 209-bp DNA band observed in the differential dis-
play (Fig. 1A, right) was PCR amplified and cloned and three
independent clones were sequenced, they demonstrated iden-
tical sequences. To test whether this product was specifically
amplified from a transcript induced by the hard-surface treat-
ment, RNA blot analysis was performed using the amplified
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PCR product as a probe. RNA from conidia hard surface
treated for 2 h showed a strongly hybridizing band at 2.1 kb,
whereas this band was not detectable in the control (Fig. 1B,
right), suggesting that the gene was strongly induced by hard-
surface treatment. This gene was designated CHIP3. When the
209-bp PCR product of CHIP3 was used to screen a cDNA
library prepared from hard-surface-treated conidia, a 1,971-bp
clone was obtained. The nucleotide sequence of this clone
showed that it would encode a protein of 559 amino acids with
an estimated molecular mass of 64 kDa and a plI of 9.4.

The deduced amino acid sequence did not show significant
homology to any other known protein in the database (2). The
hidden Markov model (44) predicted that CHIP3 has nine
transmembrane domains (Fig. 3), suggesting that CHIP3
would be an integral membrane protein.

Induction of CHIP2 and CHIP3 transcript levels by hard-
surface contact and ethylene treatment. RNA blot analysis
using total RNA obtained from conidia resting on a hard
surface for different periods of time showed that CHIP2 was
strongly induced in 2 h, with a subsequent decrease, followed
by a further stronger induction at ca. 8 h and a subsequent
decrease (Fig. 4A, top). Ethidium bromide staining of the
rRNA bands showed that all lanes had equal amounts of RNA
loaded and that the bimodal induction pattern for CHIP2 was
very reproducible. Since ethylene is known to induce germina-
tion and appressorium formation of C. gloeosporioides conidia
on a hard surface (12), the effect of ethylene on CHIP2 induc-
tion in conidia resting on a hard surface was tested. The in-
duction of CHIP2 by ethylene on a hard surface was maximal
at 4 h (Fig. 4A, bottom). A direct comparison of the RNA blots
demonstrates that the CHIP2 transcript level was higher on the
hard surface with ethylene than on the hard surface without
ethylene (data not shown).

The CHIP3 induction pattern was similar to that of CHIP2.
The time course of transcript accumulation showed a strong
induction that was maximal at 2 h, and then the transcript level
decreased (Fig. 4B, top). Ethidium bromide staining of rRNA

MRKLTSPCPILDLPRPRRLLSGSGEPIPTVARQTIPFASG

PAKSTGLASEB?EWEFSLPLRASVKAELLFLFGSGRRAML
EKPRTLLFIANIRKIETENDDIIRFTYSSYYDLDCTFNQQ
TGKLFVRMKSPQEHTAKDLGDFALAAMIDRHSHNFNPPES
TPNKAETEFRVPQPQOPSLPHILAPMPFPRTLFETLTHTAA
FINQAGYLAKJ;EESFNTMDAEYHLREQRLDAAKEKIRDL
NEHVKKLEGEVAKGTSQIGTLEQSIKDIVKAARDKEAELL
KEIARLKRQGKAHDDEDHKVIKHLEKQVSDLHAEVSDLKI
MLATTGSELSATRALLAVEKKRKGELEARYRTLEAEHDHS

EKELRKLRAQNSQLSLEKESLKQKLSDLOKQLEDATNDLK

TVESDRDSKNLALKKAEEERDQARSELTKKTLALEVAERE

GASVRQKLEDDLDLMRRS‘SEDAIELIKPKEQKEQDHEKLE

KKRQEEEANYRKKHEEEDA: KKHEEEDAN NHEEED

GKRKPKLYEKTKQDYADHLAQDEKDYNARLAFEASLRRPNR
GTGSAVV

FIG. 2. (A) Deduced amino acid sequence of CHIP2. Putative nuclear lo-
calization signal (underlined), a nuclear-export-signal-like sequence (dashed un-
derline), and a leucine zipper motif (double underline) are indicated. Amino acid
residues (A212 to D500) representing a coiled coil structure are marked with
arrows. Four E-rich regions are boxed.
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FIG. 3. The nine transmembrane structure of CHIP3 as predicted by the
hidden Markov model.

showed equal loading of RNA on all lanes. CHIP3 induction in
conidia on the hard surface by ethylene was maximal at 4 h
(Fig. 4B, bottom).

Generation of CHIP2-disrupted mutants. A single band
was detected by Southern blot analysis of C. gloeosporioides
genomic DNA using cDNA of CHIP2 as a probe, suggesting
that CHIP2 might be a single-copy gene (Fig. 5B, lane Wt). To
test whether this gene has a functional involvement in mor-
phogenesis or in pathogenicity, a CHIP2 gene disruption was
done. A gene disruption vector was constructed by replacing a
830-bp segment in the coding region of CHIP2 with a hygro-
mycin resistance gene (Fig. 5A). This vector, pCHIP2::hph, was
used to transform C. gloeosporioides and transformants were
selected on hygromycin. DNA purified from each transformant
was used for PCR with the primer from the 5’ end of the
CHIP?2 gene outside the region used for making the construct
and a sense primer from the 3’ end of the Aph gene to test for
the presence of one of the junctions between the Aph gene and
the fungal genome expected from homologous recombination.
Of 108 transformants examined, 7 showed the expected
1,120-bp junction PCR product (data not shown). Genomic
Southern blot analysis showed that these transformants are
gene-disrupted mutants (disruptants) by the observation that
the 3.5-kb band produced by Sall digestion of the wild-type
genomic DNA was replaced by the expected two bands at 1,320
and 1,350 bp in the transformants (Fig. 5B). To test for the
expression of the CHIP2 gene, total RNA extracted from
conidia of wild type and CHIP2 disruptants was subjected to
reverse transcription-PCR (RT-PCR) with gene-specific prim-
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FIG. 4. (A) RNA blots showing the time course of induction of CHIP2 by
hard-surface contact (top) and by ethylene and hard-surface contact (bottom) in
C. gloeosporioides conidia. (B) RNA blots showing the time course of induction
of CHIP3 by hard-surface contact (top) and by ethylene and hard-surface contact
(bottom) in C. gloeosporioides conidia. In both panels A and B, each lane had 20
pg of total RNA. 3?P-labeled CHIP2 or CHIP3 cDNA was used as the probe.
Experiments were repeated twice, and similar results were obtained. Ethylene
was generated by adding 10 uM ethephon. Ethidium bromide staining showed
equal loading of RNA.

ers from the coding region. The 1,425-nucleotide nt product
expected from the native CHIP2 gene was not formed from the
RNA from the gene-disrupted mutants, whereas the wild type
yielded this product (Fig. 5C).

Generation of the CHIP3-disrupted mutants. A single band
was detected by the genomic Southern blot analysis, suggesting
that CHIP3 exists as a single-copy gene in C. gloeosporioides
genome (Fig. 5E, lane Wt). To explore possible biological
functions of this gene product, a gene disruption was per-
formed. To construct a gene replacement vector for CHIP3
disruption, the hygromycin resistance gene was inserted into
the Xhol site of pgCHIP3, resulting in pCHIP3::hph (Fig. 5D).
pCHIP3::hph was used to transform C. gloeosporioides, and
transformants were selected on hygromycin. DNA purified
from each transformant was used for junction PCR with a
sense primer from the 5" end of the CHIP3 gene outside of the
region used for making the construct and a sense primer from
the 3" end of the Aph gene. Of 36 transformants, 5 showed the
expected junction PCR product (data not shown). Genomic
Southern blot analysis confirmed that these transformants
were real disruptants by the observation that the 5.0-kb band
observed in the wild type was replaced by the expected larger
7.4-kb band in the mutant (Fig. SE). Disruptant 45 appeared to
have a double band, suggesting a possible ectopic integration
in this mutant, and therefore it was excluded from further tests
to avoid possible complications. To test for the expression of
the CHIP3 gene, total RNA extracted from the conidia of the
wild type and CHIP3 disruptants was subjected to RT-PCR
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FIG. 5. (A to C) Strategy used for CHIP2 gene disruption in C. gloeosporioides (A), genomic Southern blot analysis of the transformants (B), and RT-PCR analysis
showing the absence of the disrupted-gene products (C). The physical map of the CHIP2 locus was estimated by restriction mapping, and cDNA of CHIP2 is indicated
by an arrow above the genomic locus. The gene replacement vector pCHIP2::hph was constructed by replacing 830 bp of the CHIP2 coding region with hph gene as
shown in Materials and Methods. Restriction sites: H, HindIlI; X, Xhol; C, Clal; S, Sall. Genomic DNAs (2 g each) of the wild type and disruptants were completely
digested with Sall and probed with the cDNA fragment. RT-PCR was performed with total RNA isolated from conidia treated on the hard surface for 2 h. (D to F)
Strategy used for CHIP3 gene disruption in C. gloeosporioides (D), genomic Southern blot analysis (E), and RT-PCR analysis showing absence of the disrupted-gene
product (F). The physical map of the CHIP3 locus was estimated by restriction mapping, and the cDNA of CHIP3 is indicated by an arrow above the genomic locus.
The gene replacement vector pCHIP3::hph was constructed by inserting the sph gene into the coding region as described in Materials and Methods. Restriction sites:
Ev, EcoRV; X, Xhol; E, EcoRI; C, Clal; S, Sall. Genomic DNAs (2 pg each) of the wild type and disruptants were digested with EcoRV and Sall and probed with
cDNA fragment. RT-PCR was performed with total RNA isolated from conidia treated on the hard surface for 2 h.

with gene-specific primers from the coding region. The 862-bp
PCR product expected from native CHIP3 gene was not
formed from the RNA of the gene-disrupted mutants, whereas
the wild type yielded this product (Fig. 5F).

Germination and appressorium formation of CHIP2 and
CHIP3 disruptants. Conidia of the disruptants of the two
genes were similar to those of the wild-type C. gloeosporioides
(data not shown). When the appressorium-forming ability of
the conidia of CHIP2 and CHIP3 disruptants were tested on
the hard surface with either ethylene or wax, the disruptants
germinated and differentiated into appressoria exactly like the
wild type did (Table 1). At a low conidial population density
(<10 conidia/ul), the wild-type conidia germinated and
formed appressoria on the glass surface without requiring host
signals, and under such conditions CHIP2 and CHIP3 dis-
ruptants also germinated and formed appressoria (data not
shown). Microscopic examination of the appressoria showed
that the CHIP2 and CHIP3 disruptants had the same degree of

melanization as the wild type. More than 95% of the conidia of
CHIP2 and CHIP3 disruptants germinated in 0.5% yeast ex-
tract just as the wild-type conidia did. Mycelial growth of the
disruptants on PDA was similar to that of the wild type.
Tests for pathogenicity of the CHIP2- and CHIP3 dis-
ruptants. Although CHIP2 and CHIP3 gene disruption did not
seem to affect the formation of melanized appressoria, their
gene product(s) might be involved in host infection since pre-
vious reports indicate that gene disruptants that do not show
obvious differences in appressorium formation can have de-
creased virulence (18, 50). To test for this possibility, the
pathogenicity of the conidia of CHIP2 and CHIP3 disruptants
was compared with that of wild-type conidia on avocado fruits.
Once the wild type showed symptoms of infection, the fruits
were cut longitudinally across the lesion. CHIP2 and CHIP3
disruptants and the wild-type C. gloeosporioides showed similar
degrees of progression of infection into avocado fruits (data
not shown). Both disruptants were tested for pathogenicity on

TABLE 1. Germination and appressorium formation of conidia of the wild type and CHIP disruptants

% Germination or appressorium formation® * SD with:

Strain H,O Ethephon Wax Yeast extract
Apf)pressqrium Germination Appressqrium Germination Appressqrium Germination App ressqrium Germination
ormation formation formation formation
Wild type 8.1 +2.8 11.2+25 915+ 1.5 95.0 £ 2.6 87.4 £5.0 92.1 £2.8 0 923+ 1.8
ACHIP2 53+25 8454 923 £34 96.7 = 4.5 90.3 £ 4.5 93.2 + 6.4 0 947 £ 3.8
ACHIP3 62+ 1.2 104 = 3.7 89.7 £ 7.1 93.5+44 88.3 2.5 952 £5.7 0 91.7 £ 2.7

“Germination and appressorium formation were determined on a glass surface with the indicated additions to the medium as described in Materials and Methods.
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tomato fruits, an alternate host for this pathogen. Both of them
showed similar levels of virulence, as indicated by lesions and
mycelial penetration into the tissue (data not shown).

DISCUSSION

As observed with many fungi (11), hard-surface contact has
been shown to be essential for the conidia of C. gloeosporioides
to germinate and form appressoria (13, 19). Hard-surface con-
tact seems to prime the conidia of C. gloeosporioides by en-
abling them to respond to the chemical signals such as wax and
ethylene that induce a set of genes necessary for the formation
of appressoria (23). The only gene known to be induced during
the early hard-surface contact is calmodulin gene (22). To
elucidate the molecular events triggered by hard-surface con-
tact, genes expressed in C. gloeosporioides conidia during hard-
surface treatment were examined by an mRNA differential-
display method; eight genes that were expressed preferentially
up on hard-surface contact were identified, and they were
designated chip genes (27). chipl, which encodes a ubiquitin-
conjugating enzyme, was shown to be functionally equivalent
to yeast ubc4 and ubc5 by complementation experiments. The
chipl product probably plays a role in the ubiquitin-proteasome
system that plays a critical role in the selective protein degrada-
tion involved in the differentiation of the germ tube into appres-
sorium. We tested two other genes, CHIP2 and CHIP3, that were
identified by this differential-display approach.

CHIP2 gene product has features that suggest that it may be
a transcription factor. For example, it has a nuclear localization
signal, a nuclear-export-signal-like sequence, and very long
heptad repeat region (A212 to D500) containing a leucine
zipper domain. A bipartite-type nuclear localization signal mo-
tif found in the N-terminal region might function in nuclear
targeting of CHIP2. The bipartite-type nuclear localization
signals are found in many nuclear targeting proteins such as
transcription factors (C-FOS, C-JUN, GCN4, etc.), and steroid
hormone receptors (glucocorticoid, progesterone, etc.) (4, 30,
31, 33). Another interesting characteristic of CHIP2 is that the
nuclear localization signal is followed by a nuclear-export-
signal-like sequence that consists of a sequence enriched in
hydrophobic amino acids, particularly leucine. In yeast cells, a
nuclear-export-signal-containing protein is known to assemble
into a trimeric complex with GTP-bound Ran and Crm1, which
were originally described in fission yeasts for its chromosome
region maintenance phenotype (1, 35). The nuclear-export-like
signal of CHIP2 is similar to that of viruses and metazoa (5,
49). The parallel two-stranded a-helical coiled coil is the most
frequently encountered subunit oligomerization motif in intra-
cellular proteins (21, 28). This is found in various kinds of
proteins, such as myosin, kinesin, tropomyosin, the leucine
zipper domain of transcriptional activators, and the G protein
B-subunit. As the coiled-coil motif of CHIP2 is fairly long (289
amino acids), it might dimerize or even assemble into an oli-
gomerized structure. CHIP2 might be a transcription factor
that is involved in some developmental processes in this fun-
gus. Although transcriptional activation could not be demon-
strated using the GAL4-CHIP2 hybrid protein, an N-terminal
truncated (152 of 567 amino acids) CHIP2 expressed in E. coli
was shown to bind DNA-cellulose resin, suggesting that CHIP2
has a DNA-binding activity (data not shown). It is possible that
CHIP2 might be involved in cell endocytosis or cell division, as
suggested for myosin families in S. cerevisiae (6, 24). Cells of
the Myol mutant of Saccharomyces cerevisiae did not separate
from one another, suggesting that this gene product is involved
in cell separation (38, 48). MYO3 and MYO5 are involved in
endocytosis, and single gene disruption of either gene has a
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less-obvious phenotypic alteration than does double disrup-
tion, suggesting that these genes can partially substitute for
each other (14, 15).

Interestingly, RNA blot analysis showed that CHIP2 was
induced at two discretely different stages, the first reaching a
maximum level after 2 h of contact of the conidia with the hard
surface, followed by a drastic decrease, and a second period of
induction that peaked after 8 h. It is possible that this gene
product is involved in the transcriptional activation of genes
during the early hard-surface priming and other genes involved
in later events involved in differentiation. Induction of CHIP2
by ethylene in conidia on the hard surface was much stronger
than with hard-surface contact alone and reached a maximum
at 4 h, after which the transcript level decreased drastically.
Thus, in the presence of ethylene, the induction process is
hastened in such way that the bimodal increase seen on the
hard surface alone is not found in the presence of ethylene.
The time course of induction of CHIP3 by hard-surface contact
and ethylene showed that the CHIP3 transcript level is maxi-
mal at between 2 and 4 h of treatment. The presence of eth-
ylene extended the period of high-level CHIP3 expression on
the hard surface from 2 to 4 h. This time window of ethylene
induction of CHIP2 and CHIP3 is exactly the period during
which the conidia are known to become responsive to ethylene
treatment (18). This observation suggests that CHIP2 and
CHIP3 play an important role in some ethylene-induced pro-
cesses.

Since CHIP2 and CHIP3 are found to be induced by hard-
surface and ethylene treatment during the time period when
such treatment is known to trigger appressorium formation, we
suspected these genes could be involved in the differentiation
process. To test this possibility, CHIP2 and CHIP3 disruptants
were produced. Junction PCR and genomic Southern blotting—
RT-PCR confirmed gene disruption. The conidia of CHIP2
and CHIP3 disruptants at a very low conidial population den-
sity (10/wl) without any host signal or at a higher population
density (up to 100/ul) with ethylene or wax germinated and
differentiated into appressoria on the hard surface. Light mi-
croscopic examination of the conidia and appressoria of
CHIP2 and CHIP3 disruptants did not reveal any morpholog-
ical differences from those of the wild type. The wild type and
the gene disruptants developed pathogenic symptoms on the
natural host in an identical manner, revealing no detectable
effect on virulence. Although hard-surface contact and ethyl-
ene induced CHIP2 and CHIP3, their disruption did not show
measurable effects on appressorium formation and pathoge-
nicity. These results suggest either that CHIP2 and CHIP3 are
not essential for pathogenesis or that functionally redundant
genes can substitute in the disrupted mutants. Although
genomic Southern blot analysis showed that there is only one
copy each of CHIP2 and CHIP3 in the genome, it is possible
that there are genes that have low homology to CHIP2 or
CHIP3 but have the same function. Functional redundancy of
important genes has been previously reported. It is also possi-
ble that CHIP2 and CHIP3 genes induced by the hard-surface
treatment are involved in some other processes that are not
essential for pathogenicity. Both possibilities have been sug-
gested for other genes. For example, disruption of genes in
pathogenic fungi encoding various degradative enzymes or tox-
ins, singly or in combination, did not provide unambiguous
evidence for their function in pathogenicity, although such
enzymes are thought to be important for infection (16, 20, 25,
37). Madhani et al. (29) showed that several downstream ef-
fectors are under the regulation of the Kss1 mitogen-activated
protein kinase (MAPK) signaling pathway which controls di-
morphic development. Although these effectors were appar-
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ently regulated by Kss1 MAPK signaling pathway, gene dis-
ruption of most of these genes did not affect the dimorphic
development.

CHIP3 encodes a protein which has multiple transmem-
brane domains. The hidden Markov model algorithm pre-
dicted that CHIP3 might have nine transmembrane domains.
Hydrophobicity profiles by the method by Kyte and Doolittle
(26) also predicts that CHIP3 has nine hydrophobic domains,
suggesting that CHIP3 might be an integral membrane protein.
One of the best-studied classes of multiple transmembrane
proteins is the heterotrimeric G protein coupled seven-trans-
membrane-spanning receptors (7TM). In yeasts, a 7TM is in-
volved in responding to mating pheromones, ultimately regu-
lating the action of a transcription factor to stimulate
pheromone-induced transcription. Another example of multi-
ple transmembrane proteins is stsI™ gene product in fission
yeast which might have eight or nine putative transmembrane
domains (39). stsI " gene disruptants exhibited pleiotropic de-
fects, such as cold sensitivity for growth and supersensitivity to
divalent cations. Recently, an ATP-driven efflux pump in Mag-
naporthe grisea, which has 12 transmembrane domains, was
shown to be a pathogenicity factor (45). The biological func-
tion of CHIP3 that most probably generates an integral mem-
brane protein remains to be elucidated.
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