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SUMMARY

The formation of the pileus in homobasidiomycete fungi is complementation using a chromosome-XlI-specific cosmid
essential for sexual reproduction, because the pileus bears library. The ichl gene encodes a novel protein of 1,353 amino
the hymenium, a layer of cells that includes the specialised acids. The Ichl amino-acid sequence contains nuclear
basidia in which nuclear fusion, meiosis and sporulation targeting signals, suggesting that the Ichl protein would
occur. The developmental mutantichijiku of Coprinus  function in the nucleus. Northern blot analysis indicates that
cinereusfails to develop a differentiated pileus at the apex of the ichl gene is specifically expressed in the pileus of the
the primordial shaft, which is the basal part of the fruit-body  wild-type fruit-body. No ichl mRNA was detected in the
primordia and formed in an early stage of fruit-body ichijiku mutant, consistent with loss of the promoter region
differentiation. Genetic analysis indicates that this of ichlin the mutant genome. These data demonstrate that
phenotype is caused by a recessive mutation in a single genethe ichl gene product is essential for pileus formation.

(ichl). Theichl gene was mapped to chromosome XII using

restriction fragment length polymorphism markers and the  Key words: Developmental mutant, Ich1, Pileus, Fruit-body
marker chromosome method, and cloned by morphogenesis, Basidiomyce@oprinus

INTRODUCTION of the fruit-body primordium and formed at an early stage of
fruit-body differentiation. Hyphal tissue grows laterally from

The mushroom fruit body of homobasidiomycete fungi is ahe sub-apical region of the primordial shaft in a centrifugal
highly differentiated structure. Fig. 1 illustrates thedirection, and gives rise to the annular margin of the pileus
development of the normal fruit- body Gbprinus cinereus (Fig. 2) (Corner, 1934; Burnett, 1968; Matthews and
The fruit-bodies are initiated as an aggregation of hyphadJiederpruem, 1973; Reijnders, 1979; Rosin et al., 1985). The
producing hyphal knots of about 0.5 mm or less in diameteformation of the pileus is essential for sexual reproduction. The
Further growth of the hyphal knots includes an increase ipileus bears gills, on both sides of which is the hymenium, a
hyphal density and the differentiation of a layer of veil cellsJayer of cells that includes the specialised basidia in which
which cover a compact core composed of highly branched sharticlear fusion, meiosis and sporulation occur.
cells (Valk and Marchant, 1978). By the time the primordia have Although the stages in fruit-body development O©f
increased to 0.8 mm, the major tissues of a mature fruit bodginereushave been well studied at the microscopic level and
including the pileus and stipe, are discernible (Fig. 3C)many of genes involved in fruiting have been identified by
showing that differentiation occurs very rapidly (Matthews andnutations (Kimura and Fujio, 1961; Takemaru and Kamada,
Niederpruem, 1973; Reijnders, 1979; Moore et al., 19791972; Gibbins and Lu, 1982; Kanda and Ishikawa, 1986; Chiu
Moore, 1996). The fruit-body primordium gradually enlargesand Moore, 1990), little is known as yet about the molecular
(Fig. 1A,B) and then enters into a rapid maturation phase imechanisms underlying differentiation and pattern formation.
response to certain light conditions (Morimoto and Oda, 1973n this report we describe the molecular analysis of a
Kamada et al., 1978). In the maturation phase, the stipgevelopmental mutant ofC. cinereus ichijiku, which is
elongates (Fig. 1C-F) (Gooday, 1985; Kamada, 1994) and th#ocked at a critical stage in fruit-body development such that
pileus expands to provide an efficient surface to dispersiéis unable to develop a differentiated pileus (Figs 2C, 3B,D)
basidiospores which are produced on its undersurface (Fig. 1Brd cannot produce basidiospores.
G) (Moore et al., 1979; Rosin et al., 1985).

The fruit-bodies produced bg. cinereusare described as
angiocarpic (Burnett, 1968; Reijnders, 1986). This means thATERIALS AND METHODS
the pileus develops endogenously within the sub-apical regioBoprinus strains and genetic techniques
of the primordial shaft. The primordial shaft is the basal parthe ichijiku mutant strains K#2 (mating typeA91B9) and KR#9
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Fig. 1. Wild-type fruit-body development i@oprinus
cinereus (A) Fruit-body primordium of about 5 mm in
height. (B-H) Fruit-body maturation. Meiosis occurs in

basidia between the stages shown in B-C; sporulation D Er F~ “.g¥ H~
occurs during C-E, making the pileus black. The bar

below the picture indicates a 12-hour light/12-hour dark” | EEEG_G_— I |
regime. A B C D E FGH

(A92B92 were isolated in progeny from a wild-type fruit-body collected agarose and the plugs were treated with NDS (10 mM Tris-HCI, pH
in the field. 5302 A2B2 is a standard monokaryotic strain in our 8.0, 0.5 M EDTA, 1% sodium lauroyl sarcosinate) at 37°C for 24
laboratory and was used as a wild-type backcross paregtl&a  hours (Miao et al., 1991). To separate smaller chromosome€s of
wild-type strain that has the same genetic background as those#@ KF cinereus CHEF electrophoresis was run using 120 ml of 0.9% PFC
and KFR#9. A recipient strain for transformation, L&3B1 ichl-1 trpl-  grade agarose (BioRad) gels at 100 V for 82 hours with a 480 seconds
1,1-6, was constructed by crossing ¢B (A92B92 ichl-Lto strain  pulse time, in 0.8 TBE (45 mM Tris base, 45 mM boric acid, 1 mM
#292 @A3B1 trpl-1,1-% A dikaryotic strain 5026+5132 was used to EDTA) at 10-11°C, exchanging the buffer every day.

observe wild-type fruiting and to extract total RNAs in various stages,

because this strain vigorously produces wild-type fruit-bodies. Standar~

C. cinereusculture conditions were used (Kamada et al., 1984). Crosse Vil

and random spore analysis were performed as previously describ

(Kamada et al., 1984). To test fruiting phenotypes, the germlings isolatt

were mated with K#2 (A91B91 ichl-} on slant medium, because

KFo#2 was compatible with all of the progeny from crosses betwee Primordial

5302 and KB#9, with mutant progeny selected for backcrossing, anc Sideview shaft

with trp* transformants derived from the recipient strain L6.

Bright-field and fluorescence microscopy A
Primordia were picked from plate cultures, embedded in ie& &b

-10°C, and then cryosectioned with an MA101 freezing microtome

(Komatsu Solidate Co., Ltd, Tokyo) to give ffth thick samples. The
sections were observed with a Zeiss microscope equipped wi
epifluorescence optics. In fluorescence microscopy, a UV-H365 filte
set was used.

Top view

i I ! Margin of the pileus Veil
DNA manipulations Veil

General molecular biological techniques were carried out accordin

to protocols of Sambrook et al. (1989). cinereusgenomic DNAs

were isolated from protoplasts prepared as described by Zolan et o

(1992). The pellet of protoplasts was washed once with MM (0.5 N Sideview

mannitol, 0.05 M maleate, pH 5.5), resuspended in a small quanti

of residual MM solution, mixed with 1.5 ml of extraction buffer (5

mM Tris-HCI (pH 8.0), 50 mM EDTA (pH 8.0), 0.25% SDS,dg/ml C

RNase A) prewarmed at 65°C and incubated at 65°C for 15 minutes.

DNAs were purified with 1.5 ml of phenol:chloroform:isoamylalcohol Fig. 2. Schematic diagrams illustrating development of wild-type and

(25:24:1) and subsequently with 1.5 ml of chloroform:isoamylalcoholch1-1mutant fruit-body primordia. (A) The primordial shaft is

(24:1), precipitated with NaCl and ethanol, and resuspended in Tformed at an early stage of fruit-body differentiation and becomes the

(10 mM Tris-HCI (pH 8.0), 1 mM EDTA (pH 8.0)). Probe-labeling basal part of the fruit-body primordium at later stages, but this stage is

and hybridization was performed using the Gene Images systeattually not apparent because of rapid differentiation of ¢effigiku

(Amersham). phenotype suggests the presence of this stage in the developmental
Clones carrying a fragment from each chromosome of 5302 wersequence. (B) In wild-type, the pileus develops within the sub-apical

a gift from Dr T. Morinaga of Hiroshima University and used as RFLPregion of the primordial shaft. Hyphal tissue of the sub-apical region

markers for chromosomes. grows in a centrifugal direction, giving rise to the annular margin of
] ) the pileus. (C) Thehijiku mutant has a defect that blocks the
CHEF electrophoresis of = Coprinus chromosomal DNA centrifugal growth of hyphal tissue that generates the inverted-bowl-

Plugs for CHEF (clamped homogeneous electric fields)ike structure of the pileus. Nevertheless, cells of the primordial shaft
electrophoresis were prepared as described by Zolan et al. (1998)the mutant can gradually elongate and sometimes undergo rapid
except that protoplasts were embedded in 0.5% low melting poirglongation that causes tiohijiku primordia to rupture (Fig. 5A).
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Chromosome-XlI-specific cosmid library screening  , ichl spontaneous mutation in the progeny of a normal fruit-body
gene cloning and sequencing collected in the field. The progeny of the fruit-body were
A chromosome-XIll-specific cosmid library was constructed usingsolated and mated in all combinations. Some of the mated
LLC5200 cosmid vector containing thepl* gene as a selectable dikaryons formed an odd shaped fruit-body primordium (Fig.
marker inC. cinereugPukkila and Casselton, 1991), as described b)@B) which never matured to produce basidiospores. Because
clonesx 5 plates). 12 clones were cultured on a plate of LB/ampicillin;cpiiky - which means fig in Japanese and for which the
solid medium, mixed and subjected to miniprep with FlexiPrep K"Chinese, letters mean a fruit without flowering.

(Pharmacia Biotech). The pooled DNAs (2.9) were used to : L . . .
transform protoplasts LC® cells/ml, 100 pl) of L6 strain, as To determine whethdchijiku is inherited in a Mendelian

described by Binninger et al. (1987). 50'ttransformants from each fashion, we crossed achijiku mutant strain, K6#9, to a wild-
pooled DNAs were cultured on minimum medium for 2 days, to purifytyP€ strain, 5302, and isolated thegdfogeny from the cross.

the transformed mycelium, and mated withoKE on slant medium The progeny were examined for fruiting phenotypes by
to test fruiting phenotypes. Three of the 50 tansformants from  crossing with a compatibliehijiku mutant strain, Kg#2. An

1H pooled DNAs produced completely rescued fruit-bodies. Then ghijiku strain was backcrossed four times to 5302, and these
single cosmid clone, 1H7, was identified to carry the rescuing activitjprogeny were also examined for fruiting phenotypes (Table 1).

The 1H7 cosmid clone was digested vAipal, Bglll, EcoRI, Xbd, ~ The wild-type andchijiku primordia segregated in a 1:1 ratio
Pst andHindlll, and used to transform L6 strain. When the restrlctlonin all generations, except for BCIn addition, the fruiting

enzymes used cut thepl gene in LLC5200, the digests were co- phenotypes in thesrogeny segregated independently of both

transformed with pCc1003 carrying the intagtl gene (Skrzynia et . . g
al., 1989). Overlapping clones with 1H7 were identified from the,matlng type loci. These genetic analyses demonstrated that the

chromosome-Xil-specific cosmid library using the 1H7 insert as aChijiku phenotype is the result of a recessive mutaticiml ¢
probe by dot hybridization and also used to transform L6 strain. Sincd) in @ chromosomal gene.

two Pst fragments were shared only between 1H7 and 5G5 carrying = .

the rescuing activity, these fragments were subcloned into pCc10d8hjiku phenotypes

and used to transform L6 strain. A 5.4 Rt fragment with the  Wild-type andichijiku primordia of about 5 mm in height are
rescuing activity was re-subcloned into pBluescript Il SK(+) in bothshown in Fig. 3A and 3B, respectively. In the wild-type, the
Kit (Pharmacia Biotech) and sequenced with a model 373A DNAshafi A seen in Fig. 3C, even in primordia that are only 1.0
sequencer (Perkin Elmer) using the ABI PRISM DNA Sequencing Kl}nm in height, the rudiméntary pileus is discernible and the

(Perkin Elmer). A 14 kkEcdRI fragment from 1H7 was subcloned - ) h
into pUC118. A 4.5 kiSal fragment and a 3.5 KBst fragment from downward growing hyphae on the underside of the pileus are

theEcaRI fragment were further subcloned into pUC118 and used for
sequencing a region downstream of the 5.£&bfragment.

Northern analysis

Total RNAs were isolated from 1.0 g (wet weight) of vegetative mycelic
cultured for 7 days in a plate, of primordia picked from a plate culture
and of pileus or stipe tissues, according to a procedure described
Yeager Stassen et al. (1997). 29 of total RNA was fractionated by
electrophoresis in a 1% agarose formaldehyde gel, transferred to
Hybond-N" membrane (Amersham), and fixed by UV crosslinking
(Stratagene). Th8al-Pst 2.7 kb fragment from a cloned 5.4 Rist
genomic fragment was labeled and used to probe the northern b
according to the instructions for the Gene Images (Amersham).

Isolation of ichl cDNA

Poly(A)" RNAs were isolated with mRNA Kit Oligo[dT]30 (BIO 101,
Inc.) from total RNA extracted from the pileus at 14:00 on the day o
fruit-body maturation. cDNAs were synthesized with the Marathor
cDNA Amplification Kit (Clontech). The gene-specific primers (#1,
5-ATTGCGAGTATGAGCCTATG-3; #2, B-TAACAGCAGCCAT-
AACCTTC-3; #3, B-TGCTTTGGACGGTGGTTGATCTATTCCG-3
#4, B-GGTATGCGAAGGAACAATCTGACAACCG-3; #5, B-
TATCGTTGCTTTGCCTTGTCCCATTCCG-3#6, B-TCTGCTGT- ]
TGTATCTCCTGCTCCTGTAC-3, whose locations are shown in v W i
Fig. 6, were used to amplifighl cDNA with AmpliTag Gold DNA ) ) ) o
Polymerase (Perkin Elmer). The PCR products were cloned intbig. 3.(A,B) Comparison of wild type (A) anighijiku mutant (B)
pCR2.1 vector using Original TA Cloning Kit (Invitrogen) and fruit-body primordia. In théchijiku mutant, the rudimentary pileus is
sequenced. These primer sets were also used to amplifighthe ~Missing. However, the surface of the mutant primordia appears to be
Corresponding region in the mutant genomel S|m|lar to that n the Wlld-type. (C,D) Comparlson Of Vel’tlca| med|an
sections of a wild-type (C) and ahijiku mutant (D) fruit-body
primordium. Differentiation of the rudimentary hymenium can be

RESULTS recognised in the wild-type primordium, but not in itigjiku
. . . L mutant. The hyphae at the top of the mutant primordium appear to be
Isolation and genetic analysis of  ichijiku similar to veil cells in the wild-type. Scale bar: (A,B) 5 mm;

The ichl mutant allele, ichl-1, was discovered as a (C,D)0.2 mm.
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Table 1. Genetic analysis athijiku

Fruiting
No. of Mating %

Generation isolates types Wild-type ichijiku n.f. X2 (1:1) P Germination

A2 B2 18 16 1

A92B92 13 11 0
F1 122 A2 B92 20 15 1

A92B2 8 19 0

Total 59 61 2 0.03 .90-.80 90
BC1 41 17 24 0 11 .30-.20 67
BC2 40 12 26 2 5.1 .05-.02 85
BC3 62 30 32 0 0.06 .80-.70 85
BCy 63 29 33 1 0.2 .70-.50 93

n.f.: fruit-body primordia were not formed.

ichl-1mutant strain, Kg##9 (A92B93, was crossed with a wild-type strain, 5382B2, and the k-progeny were examined for fruiting phenotypes and
mating types. Arich1-1mutant strain in theiprogeny was backcrossed four times to 5302 and the progeny in each generation were tested for fruiting
phenotypes. The wild-type aiehijiku primordia segregated in a 1:1 ratio in all generations exceptBiese data indicate thahijiku phenotype is brought
about by a single gene mutation.

differentiating into the hymenium. In contrasighijiku In continuous darkness, wild-type primordia etiolate,
primordia do not form the typical inverted-bowl shaped pileugproducing a so-called ‘dark stipe’ (Tsusué, 1969). iEhigiku
and hence the future hymenium is not discernible (Fig. 3D). mutant also produces a dark stipe in continuous darkness (Fig.
Both the outer surface of th&hijiku primordium (Fig. 3B)  5B), indicating that it still has a normal response to light/dark
and the inner cortical tissue seen in section (Fig. 3D) appeaonditions despite lacking a differentiated pileus.
to be similar to those of the primordial shaft in wild-type ) )
primordia (Fig. 3A,C). This suggests that the major part ofloning of the ichl gene
the ichijiku primordium is composed of primordial shaft To assign thé&chlgene to a chromosome, we looked for RFLP
cells. markers linked to th&ehl locus using 32 Fprogeny from a
In the wild type, the upper surface of the pileus is coveredross between 5302 and 0. We found that an RFLP
in a veil composed of chains of large cylindrical cells (Fig. 3C)marker, H8(6), is linked to thiehl locus with 18.8% (6/32)
These veil cells emit blue or green autofluorescence when Uvecombination. We also found a marker chromosomelfdr
irradiated (Fig. 4A). The green fluorescence is emitted from (data not shown), which is observed on CHEF gels in mutant
the distal cells of the veil, while the blue fluorescence iprogeny backcrossed repeatedly to a wild-type strain (Zolan
emitted from the cells proximal to the tramal tissue of theet al., 1993, 1994). The RFLP probe hybridised with
pileus, especially from the margin of the pileus. Inithgiku chromosome XII (approx. 2 Mbp) of 5302 and with the marker
mutant, chains of large cylindrical cells were seen to emanathromosome separated by CHEF electrophoresis. Thus, we
from a small area on the top of the primordium (Figs 3D, 4B)conclude that theichl wild-type gene is located on
As shown in Fig. 4B, these cylindrical cells emit chromosome Xl of 5302.
autofluorescence in the same way as the veil cells of the wild- We constructed a chromosome-Xll-specific cosmid library
type, indicating that differentiation of veil cells is restricted toand screened it for clones that complement ittgjiku
a small area on the top of thehijiku primordium. Taken mutation. Through sib-selection, a cosmid, 1H7, was identified
together, we conclude that thohijiku mutant has a defect that that completely rescued thehijiku mutation, yielding a wild-
blocks the lateral growth of hyphal tissue that generates thgpe fruit-body with basidiospores. Random spore analysis of
inverted-bowl-like structure of the pileus at the apex of the
primordial shaft (Fig. 2).

Light responses of ichijiku

Maturation of fruit-body primordia i€. cinereusequires both
light and darkness (Borriss, 1934; Morimoto and Oda, 197:
Kamada et al., 1978). In a 12-hour light and 12-hour dar
regime, the wild-type primordium enlarges gradually anc
finally matures within one night. There is rapid stipe
elongation, pileus expansion and production of basidiospores _ o
(Fig. 1). Fllg. 4.Autofluore§cg_nce emitted from pyllndrlca[ cells.at the top of
Although most of the mutant primordia arrest growth angVild-type (A) andichijiku mutant (B) fruit-body primordia, both of

. . . . . _\vhich are about 5 mm in height. Veil cells, which cover the surface
qe'd'ﬁer.em.'..ate 'n.to vegetatlve _hyphae, cells of _the Cor_tlcax/f the pileus in the wild type, emit green or blue autofluorescence,
tissue inichijiku primordia sometimes elongate rapidly during \;nen Uvirradiated. Cylindrical cells emanating from a small area

the night and cause the primordia to rupture (Fig. 5A). Thig the top ofchijiku mutant primordium also emit autofluorescence.
rapid cell elongation is reminiscent of what occurs duringrhe autofluorescence, together with the shape of hyphae, provides
maturation of the wild type fruit-body, but lack of a pileus evidence for differentiation of veil cells ichijiku mutant. Scale bar,
means that there is no basidiospore production. 0.3 mm.
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5'-RACE experiments."qRACE experiments revealed that the
transcript extends further approx. 2.0 kb downstream of the 5.4
kb Pst fragment (Fig. 6), in good agreement with the results
of northern blots (described below).

Comparison of the genomic and the cDNA sequences
revealed an open reading frame interrupted by nine introns
ranging in size from 60 to 82 bp (Fig. 6), a size consistent with
those found in genes of other filamentous fungi (Gurr et al.,
1987). The comparison also revealed a few polymorphisms
(Fig. 7A), because the cDNA was derived from a dikaryotic
strain with a different genetic background from the strain used
for analysing the genomic sequence. Based on the genomic
sequence analysed, the open reading frame encodes a protein
of 1,353 amino acids with a predicted molecular mass of
approximately 148 kDa (Fig. 7A). Thehl mRNA has a 68
nt 5- and a 243 nt '3untranslated region. A potential
polyadenylation signal, AATAA, is found 24 nt upstream of the
polyadenylation site. The promoter regionicfil does not
Fig. 5.Light responses dthl-1mutant. (A) Under a regime of 12-  contain canonical TATA boxes, but three CAAT elements (Fig.
hour light and 12-hour darich1-1mutant primordia sometimes 7B).
rupture within a night without producing basidiospores. (B) Under  The rescuing activity of the 5.4 Ksi fragment indicates
the continuous dqurllesshl-llmutant primordia etiolate, producing that the first 763 amino-acid region is sufficient fohl
so-called ‘dark stipe’, as a wild-type. Scale bar, 5 mm. function and the remainder of the protein (residues 764-1353)

is nonessential. To confirm this, we probed northern blots of
total RNA from the pileus of the rescued fruit-body with a 2.7
the basidiospores showed 1:1 segregation for fruitingkb Sal-Pst genomic fragment from thiehl coding region.
phenotypes, demonstrating that the 1H7 fragment is integratéchl transcript in the rescued fruit-bodies is ~3.0 kb in size
at a single site in the genome and complementdctilel  (data not shown), which is shorter than that in the wild-type
mutation. An RFLP, detected usinn
the insert of 1H7 as a prol
exhibited complete linkage betwe | 18.8% |
the 1H7 region and the&ehl locus ich1l H8(6)
(recombination: <1/32) (data r Ch XIlI . :
shown), strongly suggesting that (~2Mb) -
1H7 insert contains th&hl wild- - RN ich1-1rescue
type gene and not an extrage -7 —10kb  “~~o (rescued/trp™ transformants)
Suppressor. Bgl Il + (20/38)
To define theichl region in the ’ ' ’ H——————— FoR *WH

] M
1H7 insert, we looked fi | ! | . ff,;' _)r,(f[/fe)
restriction enzymes that did . ! L - 4E8,5E2- (0/10,0/13)
abolish the rescuing activity. Wh i ' ' T Igﬁfg
1H7 was digested witPst, Bglll ' : ! S - (012
or EcaRl, the rescuing activity wi B PP +(512)
unaffected. We also identified ,x" TTeealL
overlapping clone, 5G5, that t Pstl-“Sall  sall Sl - Pl s
the rescuing activity. 5G5 and 1 ' ' ' 5 E-IIIII-I-IIZ-I_“:I 3
shared twoPst fragments and w o s #;;6 L
found that one of these, a 5.4 - g - —L1kb
Pst fragment, carried theichl e —
activity (Fig. 6). probe probe
ichl encodes a protein that Fig. 6. Genetic and physical map of tluh1 genomic region. This diagram illustrates the strategy
would function in the nucleus used to define thieh1 gene. Digestion of 1H7 witBglll, EcoRI andPst does not abolish the

The 5.4 kbPst fragment with th rﬁscuing activity of 1HZ]. Overlggp:‘ng clones V\gthth7 rz]are ?jlso ishkc))wn, one of WhiC(;’l, 5G5, has
. i the rescuing activity. The 5.4 Igst fragment, which is shared only between 1H7 and 5G5,
[)eostﬁusl?r%n%(glvézs\ggsos ?ﬁg esne((:qeu(i carries the rescuing activity. RACE experiments revealed that the Pdiktagment (pPs2)

- : Lo ) encodes a truncatéchl gene product lacking the C-terminal one-third of the protein. Schematic
we designed gene speC|_f|_c pri structure of théch1 gene is shown under the physical map. Exons are shown as black boxes, and
and performed PCR amplification 5 44 3 untranslated region and introns are shown as open boxes. The two fragments used as
cDNA synthesised from mMRN  probes in Fig. 8 are shown by thick lines. The gene specific primers (#1-#6) used to amplify
present in the pileus. The &nd o cDNA and to detect alterations in the mutant genome are shown by arrowheads. Rescue results:
theichltranscript was established  +, rescuer, no rescue; ND, not determined.
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A

HTFATLRALHNIIGEALDDIBQVYESYRPDTVASDVDDVYGDQEYBPHPIPTPYPAPTRGSSAQLVGQGBTEKTTRSAGSHNAIIARAYVSPPPSPCVPTESDLCRRASGIIPGAATIVS 120
GPTADLPPVPLPLLDFPSLDAPCDPTSPABVHTSDPKVHAAVNRIVGACGQHAATVQTPFLTICDSTHé&ELPSCHRLVBAAEVVBVIRDSGCDGLHVBVLSBRCGVBAGKL;}VLRLLA 240
TEBIFRBISPNVPGLNRISSLMDSGKSIR!LREYEALGQ%BLKYQGTNGIAAPVGLé@DEIHKASAYHTEAYLLSSSSRVRRANBPTLAPPCLAPGTAHLGVDYFGWLEGBDRKLGLRVD 360
GBDGKEDLRNEDGNADVRGARDGSAAGEDRCDPSégRRASTHAPPSRPSNLSSDAQNSLPDGCQIVPSHTRAPSSIIDIRSGNPNRFRLBRFGKAHSGTGSW!APGAIPN;%DWRSLPRG 480
SIIVDVGGGIGSTSHLLASAPSSSDGBNRGLKFVIQDRSVVVEHGEg%wkkKCPBLLBSGLARPQJGDPPTPQPIQNASIPLLRVVLHDWPDNYARKILLHLRRAARDDQIBEBDNTKLL 600
LADPVLPLACKETGGSBSGLSGIBGVSVQQQEQ?QGQEYDSAPAPLLPHLGKASANVYWHDH%LNAHPNSQBRTLREIVALTRSAGHRVVRVTQAPGSHFGEIVALPCPIPGVGSHBBE& 720
REKRPPQGRQRDRVQBQBIQQQSWBQGREEQQLYOBLQARBKL&bQNBRQEERLQWESHQQ&L&LyRKDSSISAILASSIBQTKKXLGLGKBKDSEEPSYDSALGTEDHBVGATVGASNR 840

YNTPTPTPMPPLRCSTPTPTFGSRMELASVKDVLARLGGGVRRYRRTSALGSGMGSSSSSSGSSNLPPLTRTITTTAPPERPPKKRPSPLSMPLASYASEBSASQVEIDARPPPGPAPSST 960

STSAQLKSQVSFPSLPTAQHKQERESSPRKTIRRBVSLASLSRIRRMSFSEPAAERVLPDVPPPPFPRVQQPLPTSRQVGPPGRQTQYQVEPRENBQLPTPRSPDYPPPTRFYRESSHVHAL 1080

RODSVASSHMVP PSPSISPMPMPSSPSPKFVNMPIPPSPSPKFVSMPMPPSPRKPANMPMEPPPSPSPRFVSKPLAMP PSP SFPRPMVIPPDLDOPSSAVAYRRESLSRAPTPLPIPTSSVYPY 1200
1 2 3 4 s [

PTSALSRPNTGVDINTRANTNPHPHPGLSRPRCVSTTTLPTRDEGHGTRTGRRPRTGVLRLDNGGRASGVWDRKVDEGLTQVVDVOSRWP SDGNRREALLPLRROQASTRREDERLSFTPDI 1320

QPERVGRARRMSAVFTRGLGLRRSEQNFSSAKL 1353

B

-544 gcgaagggcgagtteccttgottcactgtgtettetetgggttetttcacttcaaaagettcacttetacttotetgtgatggagatgagatcgtcaaaa -445
-444 gctaaccccttgegatcctaataatagecctattttgaaagecgattttttcqaaagaccgggaggggtgaaggttaaggtatttoetgtagggtttgtatt -345
-344 caagettgecggtggggtggaatatgggcgagtggtggagtgagtacaattggcaattggatacqecaggegegaqaaaggatgggaaatggagaggtaag -245

-244 taagcaagctttacttacattgacttggacttgacatttttgactqgacatetttgecactgegt caataatgatgcatcqgaaaccgecateggtgetttga -145

-144 tttgagatgeccttgattttggettttttgatttgggtttggggagtecgetgttacggegattggegeaccgtectttttctqaaaaggttttgettgg -45
-44 gggattgtgcacttgtgggtegttttettetogtccatcgtcgtGPCTATTICCCAGCTGAAACTGATACTCTGCCCCGTCCTCGTAGTAGGCGGTCGGCA 56

57 CCGACAACAGCCATGACGTTCGCGACTCTCCGAGCGCTGCATAACATCATCGGCGAGGCGTTGGACGACATCGAGCAAGTCTATCATTCGTATCGACCTG
1 ¥M T F A T L R A L B N I I 6 E A L D D I BE ¢ V Y BE S ¥ R P D

Fig. 7.(A) The predicted amino acid sequence of Ich1l. Open arrowheads indicate the positions of introns. Three putative nulctear target
signals are double-underlined below the amino acid sequence. One end of thB&.4rlhment (see Fig. 6) is indicated by a closed
arrowhead and the region downstream of the site is inessential for the rescuing activity. Repetitive sequence in ther€giemuh&thl is
indicated by underlines numbered 1 to 6. The putative phosphorylation sites (SPK) by protein kinase C are in bold lettparigoiCo
between the genomic and cDNA sequences revealed two polymorphisms. A deletion of 45 nucleotides was found in the repettvefseq
the C-terminal region in cDNA analysed, and the resulting amino acid deletion is indicated in brackets. An additional glydomef(GGA)
was found in cDNA in a second position of the glycine repeat region (residues 629-633), which is indicated with a broken (B)d€He
promoter region oichl. Three potential CAAT boxes are underlined. The two CAAT can be considered to constitute a 13 bp imperfect
palindrome. The nucleotide sequence data (5600 nt) will appear in the DDJB/EMBL/GenBank nucleotide sequence databases with the
accession humber AB012131.

fruit-body (Fig. 9), supporting that the truncated Ichl proteinchi-1 mutant allele
is sufficient to complement thieh1-1 mutation. The causative lesion in thiehijiku mutant involves gross
Searches of the sequence databases with the predicted Iciferations in theichl genomic region. Southern analysis
polypeptide sequence failed to identify any proteins withusing the 5.4 kiPstl fragment as a probe revealed that two
significant similarity. However, the Ichl protein containswild-type strains, 5302 and KFl, present a similar band
three separate nuclear targeting signals (Fig. 7A) (residugmttern despite different genetic backgrounds. In contrast, the
717-733, 781-785, 922-929), one of  which,ichijiku mutant strain, K9, which has the same genetic
RRPPREKRPPQGRQRDR (717-733), fits a Robbins &background as K#1, showed RFLP that might have arisen
Dingwall consensus (Robbins et al. 1991). The C-terminarom both deletion(s) and insertion(s) in ibh1 region (Fig.
region (residues 764-1353), which is dispensableidbt  8A).
function, is rich in proline (15.5%) and serine (14.3%). In To further examine the alterations in the mutant genome, we
addition, the C-terminal region has a repetitive sequence, jrobed the same blot with two sub-fragments from the 5.4 kb
which a similar sequence repeats six times and a protefragment. Southern blots using a 2.7 %l-Pst fragment as
kinase C phosphorylation site (SPK) repeats four times, ara probe (see Fig. 6) showed a single 4.55&b band in both
a putative microbody targeting signal (AKL) (de Zoysa andwild-type strains and only two larger bands, 5.5 kb and 10 kb,
Connerton, 1994) (Fig. 7A). in the mutant genome (data not shown, see Fig. 8A). This
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Fig. 9. Northern blot analysis of theh1 expression. About 2Qg of
273 . total RNA isolated from different developmental stages were
2.0 - fractionated on a formaldehyde agarose gel and blotted to nylon
membrane. The 2.7 Kdal-Pst fragment from the coding region
was used as a probe. The lower panel shows rRNA in EtBr staining
gel used for the blot in the upper panel. V, vegetative mycelia; Pr,
0.6 - : primordia that are less than 5 mm in height; P1, pileus at 21:00

A B hours, one day before fruit-body maturation; P2, pileus at 14:00 on
the day of maturation; P3, pileus at 21:00 on the day of maturation,
) ) o ) when basidiospore formation has been completed; St, stipe at 14:00
Fig. 8. Molecular lesions in thighijiku mutant. Southern analysis of on the day of maturation, which is not in contact with the piliehs;
two wild-type strains, 5302 and KL, and anchijiku mutant strain ichijiku mutant primordia.
(KFo#9) using the 5.4 kBst fragment containing the promoter and
two-thirds of thach1 coding region (A), or the 1.1 kbal fragment

containing the promoter region (B) (see Fig. 6). 5302 ang#KF - .
have different genetic backgrounds from each other, whitgt®Ras basidiospores are produced. Kbl mRNA was detected in

the same genetic background as&E These genomic DNAs were ichijiku primqrdia (Fig. 9). Thi_s pattern' of express_ion is
digested wittEccRI or Sal, and subjected to the Southern analysis. consistent with our demonstration that tise1-1 mutation

The blot shown in A was reprobed for B, exhibiting faint residual ~ Prevents the development of the pileus and that the mutant gene
signals in B. lacks a promoter region.

suggests that a large insertion(s) may have occurred within tfR§SCUSSION

2.7 kb Sal-Pst region ofichl The Southern blots were also o ) S

probed with a 1.1 kb fragment containing the promoter regiod he ichijiku mutant provides insight into

of ich1 (see Fig. 6). The 1.1 kb probe did not detect any signalevelopmental sequence in fruiting

in the KR#9 (Fig. 8B), showing a deletion of the promoterWe have described a novel type of developmental mutant,
region in the mutant genome. Furthermore, the mutant genonehijiku, which provides insight into the developmental
could be amplified by a gene-specific primer set, #5-#6, as tsequence of fruit-body formation 6f cinereusln angiocarpic
wild-type genome, but not amplified by the primer sets, #1-##&uit-bodies, the pileus develops a short distance below the
and #3-#4 (see Fig. 6) (data not shown). These PCR resulipex of the primordial shaft (Corner, 1934; Burnett, 1968).
suggested that the deletion covers theglif of theichlcoding  However, inC. cinereusstages in the developmental sequence

sequence. that lead to cellular differentiation in fruiting have remained
) ] N . ) obscure, probably because it occurs rapidly within the small
ich1 is specifically expressed in the pileus hyphal knot stage (Reijnders, 1979). Ttigijiku mutant lacks

To examine whether the expressionabfl is developmentally a differentiated pileus regardless of differentiation of the
controlled, we probed northern blots of total RNAs isolatecprimordial shaft and veil cells, providing evidence that
from various stages in development with the 2.7Skib-Pst differentiation of the primordial shaft and veil cells precedes
genomic fragment from thigh1 coding region. We expected that of the pileus. This is consistent with previous observations
that ichl should be required specifically for fruit-body on other mushrooms (Corner, 1934; Williams et al., 1985).
development, because dikaryons homozygous iébrl-1 ]
display apparently normal vegetative hyphae. A single approfiole of ichl
4.5 kb transcript was detected only during fruiting (Fig. 9). ThéOur data demonstrate thahl is specifically expressed in the
size of this transcript corresponds to that of the cDNA obtainegileus, and that thieh1-1mutation is loss of thighl promoter
by the RACE experiments. and results in lack of the pileus. It seems probableithat
Expression ofchl is controlled spatiotemporally. Thehl  function is required for differentiation of the cells that normally
transcript is not expressed in vegetative mycelia, but becomespress it. The major part of the developed pileus is composed
expressed during fruiting and is expressed strongly in thef the hymenium, a layer of basidia. The abundance aofliie
pileus (Fig. 9) but not in the stipe except for faint expressiofranscript in the pileus suggests that the Ichl protein plays a
where the stipe is directly in contact with the pileus (data natritical role in differentiation and maturation of basidia.
shown). The abundance of thehl transcript decreases as The predicted Ichl amino-acid sequence contains nuclear
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