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A phytopathogenic fungus, Colletotrichum lagenarium, produces melanized appressoria that display temper-
ature-sensitive differentiation. Conidia incubated in water at 24°C germinated, and germ tubes differentiated
into melanized appressoria. On the other hand, conidia incubated in water at 32°C germinated and produced
germ tubes that elongated without appressorium differentiation. Conidia in 0.1% yeast extract solution at 32°C
germinated and developed into vegetative hyphae. In this study, we investigated the temporal transcriptional
pattern of cloned melanin biosynthesis genes, PKS1, SCDI1, and THRI, in these differentiating and nondiffer-
entiating conidia. During appressorium differentiation, de novo transcripts of the three melanin biosynthesis
genes accumulated 1 to 2 h after the start of conidial incubation at 24°C, and the amount of transcripts began
to decrease at 6 h. In conidia germinating in water at 32°C, the transcriptional pattern of the PKS1, SCD1, and
THRI genes was similar to that of these genes in appressorium-forming conidia, although no appressoria were
formed. However, in conidia in 0.1% yeast extract solution at 32°C, transcripts of the three melanin biosyn-

thesis genes hardly accumulated.

Colletotrichum lagenarium (Pass.) Ellis et Halsted (syn. Col-
letotrichum orbiculare (Berk. et Mont.) von Arx) is the causal
agent of anthracnose of cucumber. Infection by this fungus
requires cellular differentiation, initiated by conidial attach-
ment and proceeding to conidial germination, germ tube elon-
gation, appressorium differentiation, infection peg formation,
and cuticular penetration. Appressorium formation is essential
for penetration by many phytopathogenic fungi of their host
plants (3, 16). Appressorium formation is triggered by specific
environmental cues. Several physical and chemical signals nec-
essary for induction of appressorium formation have been re-
ported (4, 13, 15).

In several fungi, including Colletotrichum and Magnaporthe
species, appressoria are darkly melanized. Studies of melanin
biosynthesis inhibitors in melanin-deficient mutants of C. lag-
enarium demonstrate that appressorial melanization is essen-
tial for penetration of the host plant (7-9, 22). Similarly, in
Magnaporthe grisea (Hebert) Barr and Colletotrichum linde-
muthianum (Saccardo et Magnus) Briosi et Cavara, appresso-
rial melanization is essential for penetration of host plants (2,
20, 21). Recently we reported the isolation and structural anal-
ysis of three melanin biosynthesis genes, PKS1, SCDI1, and
THRI, of C. lagenarium (11, 12, 14, 18). Melanin biosynthesis
starts with pentaketide synthesis to form scytalone. Polyketide
synthase (encoded by PKST) is involved in this early step (18).
Subsequent steps consist of two dehydrations and one reduc-
tion reaction. The dehydrations of scytalone to 1,3,8-trihy-
droxynaphthalene (1,3,8-THN) and vermelone to 1,8-dihy-
droxynaphthalene are performed by scytalone dehydratase
(encoded by SCDI) (12). Reduction of 1,3,8-THN to verme-
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lone is performed by 1,3,8-THN reductase (encoded by THR1)
(14). 1,8-Dihydroxynaphthalene is then polymerized and oxi-
dized to yield melanin. Isolation of a gene cluster involved in
melanin biosynthesis in Alternaria alternata and isolation and
structural analysis of the 1,3,6,8-tetrahydroxynaphthalene
(T,HN) reductase gene of M. grisea have also been reported (5,
19). In C. lagenarium, melanization is confined to appressoria;
conidia and germ tubes are not melanized. There is little in-
formation concerning the mechanism(s) that confines melanin
to appressoria. In several fungi, appressorium formation is
dependent on environmental conditions. Appressorium differ-
entiation of C. lagenarium conidia is temperature sensitive.
When C. lagenarium conidia suspended in water were exposed
to a hard surface such as a petri dish and incubated at 24°C,
they germinated and germ tubes differentiated into melanized
appressoria (Fig. 1A). When conidia were incubated at 32°C,
they germinated but no appressorium differentiation was ob-
served (Fig. 1B and C). In this fungus, conditions for nearly
synchronous cellular differentiation in vitro are established.
This enabled us to prepare abundant conidia at nearly synchro-
nous developmental stages for RNA isolation. As a first step to
elucidate the mechanism(s) confining melanin to appressoria,
we determined the temporal transcriptional patterns of three
melanin biosynthesis genes, PKSI, SCDI, and THRI, in differ-
entiating and nondifferentiating conidia.

Transcriptional pattern of the PKS1, SCD1, and THRI genes
during appressorium differentiation. The time course of ap-
pressorium differentiation of conidia was examined. The con-
dition that conidia proceed to cellular differentiation in vitro
synchronously was met as follows. Conidia harvested from
7-day-old cultures were suspended in sterile, deionized water
containing 0.01% (vol/vol) Tween 20 to obtain about 10°
conidia per ml. A 4.5-ml portion of conidial suspension was
placed in a 9-cm-diameter petri dish and incubated at 24°C.

At 0, 1,2, 4,6,9, 12, and 18 h after the start of conidial
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FIG. 1. Differentiation and nondifferentiation of conidia of C. lagenarium.
Conidia were incubated for 12 h on petri dishes in water at 24°C (A), in water at
32°C (B), or in 0.1% yeast extract solution at 32°C (C). Conidia preincubated in
water at 24°C for 4.5 h were subsequently incubated in water at 32°C in the
absence of scytalone (D) or in the presence of 0.75 mM scytalone (E). Bar, 10
wm. Abbreviations: ma, melanized appressorium; na, nonmelanized appresso-
rium; ¢, conidium; gt, germ tube; vh, vegetative hypha.

incubation under this condition, the proportions of nongermi-
nating conidia, germinating conidia, and appressorium-form-
ing conidia were determined. Figure 2A shows that 70% of
conidia began to germinate within 2 to 4 h and that 70% of
conidia produced appressoria at 6 h. Slight melanization of
appressoria was observed at 6 h, and melanization of appres-
soria was complete by 12 h (data not shown and Fig. 1A).
Next, we isolated total RNA from differentiating conidia for
RNA blot analysis. Total RNA was prepared by the following
procedure. Conidia were harvested by scraping them off petri
dishes with a brush and were collected by centrifugation at
2,000 X g for 2 min. They were resuspended in a solution
containing 600 wl of extraction buffer (100 mM glycine, 100
mM NaCl, 10 mM EDTA [pH 9.5]), 60 wl of 10% sodium
dodecyl sulfate, and 12 pl of 6% (wt/vol) bentonite solution
(6). The suspension was transferred to a sterile mortar, and 1.2
ml of phenol-chloroform-isoamyl alcohol (25:24:1) was added.
Conidia were crushed and homogenized under liquid nitrogen
with a pestle, and the homogenate was collected into polypro-
pylene centrifuge tubes. The aqueous phase was then sepa-
rated by centrifugation at 2,000 X g for 5 min. The aqueous
phase was extracted twice with phenol-chloroform-isoamyl al-
cohol. Total RNA was prepared by ethanol precipitation. To
prepare RNA from conidia before incubation (at 0 h), conidia
harvested from 7-day-old cultures were directly suspended in
extraction buffer for RNA isolation. RNA blot hybridization
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FIG. 2. Time course of expression of the PKSI, SCDI, and THRI genes
during appressorium formation by C. lagenarium conidia. (A) Time course of
germination and appressorium formation by C. lagenarium conidia. Approxi-
mately 100 conidia were observed per petri dish with a light microscope. Five
replicates were examined at each time and the values were averaged. Standard
deviations are indicated by vertical bars. The shading of the circles represents the
degree of appressorial melanization. (B) RNA blot analysis showing time course
of PKS1, SCD1, THRI, and TUBI gene expression during appressorium differ-
entiation. Total RNA (2 pg) isolated from conidia was electrophoresed, blotted
onto a nylon membrane, and hybridized with 3*P-labelled in vitro transcripts
complementary to mRNA of the PKSI, SCDI, THRI, and TUBI genes. Total
rRNA stained with ethidium bromide was used as a loading control.

was performed as previously described (14). The 0.45-kb Bg/II-
Sall fragment of pAC712 containing the PKSI gene, the
0.65-kb EcoRI-Xbal fragment of pSD2SK containing the SCDI
gene, and the 0.55-kb SaclI-Sall fragment of pCR1 containing
the THRI gene were used to prepare *?P-labelled in vitro
transcripts of the respective genes as antisense RNA probes
(12, 14, 18). In addition, expression of the B-tubulin gene,
considered not linked to melanin biosynthesis, was investigated
as a control. We isolated cDNA of the B-tubulin gene of C.
lagenarium, designated TUBI, from a cDNA library using a
genomic fragment containing the B-tubulin gene as a probe
(11). The 0.4-kb B-tubulin cDNA fragment was used as a
template for preparing >?P-labelled in vitro transcript. In RNA
blot analyses, RNA probes with almost the same specific ac-
tivities were used for detecting each transcript.

The results showed that no transcripts of the three melanin
biosynthesis genes were detected at 0 h, though transcripts of
the B-tubulin gene were detected (Fig. 2B). At 1 h, THRI
transcripts accumulated to a higher level than PKS/ transcripts
whereas SCDI transcripts had not accumulated. The PKSI
transcript accumulated to a higher level, and the SCD! tran-
script started to accumulate, at 2 h. This result demonstrated
that these melanin biosynthesis genes were not expressed in
conidia before the start of incubation, and they were tran-
scribed de novo 1 to 2 h after the start of incubation, i.e., at an
early developmental stage when germ tubes were not yet visi-
ble. The accumulation of transcripts of these genes increased
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FIG. 3. RNA blot analysis showing the time course of expression of the
PKS1, SCDI1, THRI1, and TUBI genes during development of nondifferentiating
conidia. Conidia were incubated in water or 0.1% yeast extract solution. Total
RNA (2 pg) isolated from conidia was analyzed as described in the legend to Fig.
2B. RNA isolated from conidia at 6 h after the start of incubation in water at
24°C was electrophoresed as a control.

until 4 h and began to decrease at 6 h. At 18 h, transcripts of
the three melanin biosynthesis genes were hardly detected.
Measurement of the radioactivities of each transcript with a
BAS2000 bioimaging analyzer (FUJIX) showed that the ratios
between the PKS1, SCDI, and THRI transcripts remained
consistent at each time point from 2 to 12 h (data not shown).

The level of transcripts of the B-tubulin gene began to de-
crease at 6 h. In general, B-tubulins are known to be involved
in various phases, including mitosis, morphogenesis, and cy-
toskeleton formation, as subunits of microtubules (1). Presum-
ably, the decrease of TUBI transcripts was correlated with the
finish of cellular morphogenesis at 6 to 9 h, i.e., appressorium
formation.

Transcriptional pattern of the PKS1, SCD1, and THRI genes
during development of nondifferentiating conidia. C. lagena-
rium conidia incubated in water at 32°C germinated and pro-
duced elongated germ tubes but no appressoria (Fig. 1B) (17).
On the other hand, conidia incubated in 0.1% (wt/vol) yeast
extract solution at 32°C developed into vegetative hyphae (Fig.
1C) that were distinguishable from germ tubes by their greater
diameters. Furthermore, nuclear division and septum forma-
tion were observed during elongation of vegetative hyphae but
not during elongation of germ tubes (data not shown).

All three melanin biosynthesis genes were expressed in
conidia incubated in water at 32°C (Fig. 3), even though these
conidia produced no appressoria and no melanization was ob-
served. TUBI transcripts began to decrease gradually at 6 h,
which seemed to be correlated with the finish of elongation of
germ tubes. The transcriptional pattern in conidia incubated in
water at 32°C was similar to that in conidia incubated at 24°C.

A previous report from our laboratory showed that appres-
sorial melanization as well as appressorium formation was
temperature sensitive (10). When conidia were preincubated
in water for 4.5 h at 24°C, so that fully expanded but colorless
appressoria were formed, and then incubated in water at 32°C,
appressoria did not become melanized (Fig. 1D). However,
when the colorless appressoria were instead incubated in 0.75
mM scytalone at 32°C, they became melanized (Fig. 1E). This
suggested that melanin biosynthesis enzymes involved in steps
after scytalone synthesis were active at 32°C, though melanin
biosynthesis enzymes involved in earlier steps were tempera-
ture sensitive (10). On the other hand, conidia incubated con-
tinuously at 32°C, which produced germ tubes but no appres-
soria, were not melanized after the addition of scytalone (data
not shown), although the three melanin biosynthesis genes
were transcribed as highly in these conidia as they were in
appressorium-forming conidia (Fig. 3). We conclude that some
regulation system, perhaps involved in posttranscriptional reg-
ulation of the melanin biosynthesis genes, did not function
properly in nondifferentiating conidia.
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On the other hand, in conidia incubated in 0.1% yeast ex-
tract solution at 32°C, transcripts of the three melanin biosyn-
thesis genes were hardly detected, although TUBI transcripts
gradually accumulated (Fig. 3). Conidia incubated in 0.1%
yeast extract solution at 32°C produced vegetative hyphae that
continued to elongate, whereas conidia incubated in water at
24 and 32°C finished appressorium formation and germ tube
elongation, respectively, at 6 to 9 h. We considered the possi-
bility that TUBI transcripts did not decrease in conidia incu-
bated in 0.1% yeast extract solution at 32°C because of con-
tinuous elongation of vegetative hyphae. We found that
conidia formed vegetative hyphae when incubated in 0.1%
tryptone solution at 32°C. This suggests that complex nutrients,
such as yeast extract and tryptone, induce vegetative-hyphal
elongation in conidia at 32°C. We assume that the expression
of the melanin biosynthesis genes is repressed by these com-
plex nutrients.

Transcripts of the PKSI, SCDI1, and THRI genes accumu-
lated and diminished in similar time courses during appresso-
rium differentiation, and none of the three transcripts accumu-
lated in conidia incubated in 0.1% yeast extract solution at
32°C. These observations suggested that common mechanisms
regulate transcription of the three melanin biosynthesis genes.
However, we assume that factors regulating transcription of
the PKS1, SCDI, and THRI genes were not identical because
PKS1, SCDI, and THRI transcripts did not appear synchro-
nously during appressorium differentiation. The order of ex-
pression of the three melanin biosynthesis genes (THRI, PKS1,
and SCDI) was not consistent with the order of the melanin
biosynthesis pathway (PKS1, SCDI, and THRI). We suppose
that the posttranscriptional regulation of the melanin biosyn-
thesis genes, as suggested above, determines the time when
melanin biosynthesis enzymes should work and that the order
of expression of the three genes should not necessarily corre-
late with the order of the pathway.

The results presented here suggest that both transcriptional
regulation and posttranscriptional regulation of the three mel-
anin biosynthesis genes are involved in appressorial melaniza-
tion in C. lagenarium. We believe that determining the accu-
mulation pattern and intracellular localization of the three
enzymes during appressorium differentiation could help to un-
ravel their posttranscriptional regulation. Also, analysis of the
promoter regions and transcriptional factors of the three mel-
anin biosynthesis genes is needed to elucidate the transcrip-
tional controls which determine the order of the expression of
the three genes.
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