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ABSTRACT
Pheromone signaling plays an essential role in the mating and sexual development of mushroom fungi.

Multiallelic genes encoding the peptide pheromones and their cognate 7-transmembrane helix (7-TM)
receptors are sequestered in the B mating type locus. Here we describe the isolation of the B6 mating
type locus of Coprinus cinereus. DNA sequencing and transformation analysis identified nine genes encoding
three 7-TM receptors and six peptide pheromone precursors embedded within 17 kb of mating type-
specific sequence. The arrangement of the nine genes suggests that there may be three functionally
independent subfamilies of genes each comprising two pheromone genes and one receptor gene. None
of the nine B6 genes showed detectable homology to corresponding B gene sequences in the genomic
DNA from a B3 strain, and each of the B6 genes independently alter B mating specificity when introduced
into a B3 host strain. However, only genes in two of the B6 groups were able to activate B-regulated
development in a B42 host. Southern blot analysis showed that these genes failed to cross-hybridize to
corresponding genes in the B42 host, whereas the three genes of the third subfamily, which could not
activate development in the B42 host, did cross-hybridize. We conclude that cross-hybridization identifies
the same alleles of a particular subfamily of genes in different B loci and that B6 and B42 share alleles
of one subfamily. There are an estimated 79 B mating specificities: we suggest that it is the different allele
combinations of gene subfamilies that generate these large numbers.

MATING is an essential step in the life cycle of migration of donor nuclei is triggered when mates pos-
sess different B genes (Figure 1B). Different A genesthe mushroom Coprinus cinereus and converts an
promote the formation of a clamp cell and synchronizedasexual monokaryotic mycelium with uninucleate cells
division of the two tip cell nuclei (Figure 1C), whichinto a fertile binucleate-celled dikaryotic mycelium on
results in the formation of a binucleate tip cell andwhich the characteristic mushroom fruit bodies develop
uninucleate clamp and subterminal cells. B gene com-(Figure 1). Somatic cell fusion is sufficient for mating.
patibility is again required for fusion of the clamp cellFusion is followed by an exchange of nuclei between
to the subterminal cell to complete the clamp connec-mates and rapid migration of donor nuclei through
tion and permit the clamp cell nucleus to pass into thisthe established cells of each recipient, a process that
cell. Remarkably, the mating type genes of both A andnecessitates the disruption of the complex septa that
B are multiallelic. For C. cinereus there are an estimatednormally separate cells (Giesy and Day 1965). When
160 versions of the A locus and 79 of the B locus (Rapera migrating nucleus reaches a tip cell, growth of the
1966) giving a total of more than 12,000 mating specific-dikaryon is initiated and all subsequent cell divisions
ities. Of particular interest at the molecular level is howresult in the formation of a structure known as the
such large numbers of A and B mating specificities areclamp connection. The clamp connection ensures that
generated and how so many different versions of theeach cell of the vegetative dikaryon contains one nucleus
mating type gene products can be distinguished yetfrom each mate until nuclear fusion occurs at a late
promote the identical pathway of sexual development.stage in fruit body differentiation (Casselton 1978).

By cloning five A loci of C. cinereus, we have shownTwo sets of mating type genes, A and B, control mating
that multiple A specificities are derived from differentand do so by regulating the formation and maintenance
combinations of three pairs of multiallelic and function-of the dikaryon (Swiezynski and Day 1960). The initial
ally redundant genes (Pardo et al. 1996; Kües et al.
1994). Like the a1 and a2 mating type proteins of the
budding yeast Saccharomyces cerevisiae (Herskowitz
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contains a large complex of genes encoding six phero-
mone precursors and three receptors. Our analysis per-
mits us to suggest that the estimated 79 versions of this
locus are derived from three sets of multiallelic and
functionally redundant genes.

MATERIALS AND METHODS

Fungal strains and growth conditions: C. cinereus strains used
in this study were: A6B6: H9 wild type, LT2 trp-1.1,1.6; A5B6:
BM5 ade-5, H5 wild type, FA2222 trp-1.1,1.6; A6B3: PR94226
ade-5 cho-1; A2B3: LCO12 trp-3; A6B42: PG78 pab-1 trp-1.1,1.6;
A42B42: LN118 trp-1.1,1.6 ade-2. Media and methods for cul-
turing C. cinereus were described by Lewis (1961), with modi-
fications summarized by Mutasa et al. (1990). Hosts for trans-
formation were LCO12 and LN118. B6 genes were introduced
by cotransformation with plasmids pCc1001 or pDB1 con-
taining the C. cinereus trp-1 (Binninger et al. 1987) or trp-
3 gene (Burrows 1991), respectively. Transformation was
performed as described by Casselton and De La Fuente

Herce (1989). Routinely, 50 transformants were tested for
the expression of an introduced B gene. Frequency of cotrans-
formation was variable, but a positive mating reaction was
always detected in 12–50% of transformants.

Genomic subtraction: This was based on the method of
Kunkel et al. (1985) as modified by Moore and Edman (1993).
100 mg high molecular weight DNA from strain 94226 (A6B3)

Figure 1.—A and B mating type gene regulation of sexual
was sonicated in an MSE Soniprep 150 (Sanyo Gallencamp,development. (a) Monokaryons with uninucleate cells mate
Leicester, UK) to give fragments of 1.0 kb in size. DNA (5by hyphal fusion. (b) Different B genes promote nuclear mi-
mg) from strain H9 (A6B6) was digested to completion withgration and septal breakdown. (c) Different A genes promote
MboI and Sau3AI. EDTA (6 ml, 0.5 M) and 3 ml 10 mg/mlsynchronized nuclear division and clamp cell development.
proteinase K (Sigma, St. Louis) were added to 60 ml digestion(d) Different A and B genes act to maintain binucleate cells
mix followed by incubation at 658 for 30 min. DNA was precipi-in the dikaryon by formation of clamp connections; different
tated and resuspended in 15 ml water to final concentrationB genes promote fusion of the clamp cells induced by different
of 50 ng/ml. Sonicated DNA (25 mg) was mixed with 0.12 mgA genes.
digested DNA, heated to 1008 for 5 min, cooled on ice and
added to a final reaction containing 7% phenol equilibrated
to pH 7.7 with 0.1 M Tris/HCl, 1.25 M sodium perchlorateThe B mating type genes of the mushroom fungi, as and 120 mM sodium phosphate, pH 6.8 made up to 250 ml

first shown for Schizophyllum commune, encode phero- with water. The reassociation mixture was vortexed using an
mone precursors and 7-transmembrane helix (7-TM) IKA VXR (Camlab, Cambridge, UK) set at 1800 oscillations

per min for 36 hr. The mixture was extracted twice with chloro-receptors (Wendland et al. 1995; Vaillancourt et al.
form, dialyzed for 6 hr against TE (10 mM Tris/HCl pH 7.5,1997). Signaling by means of peptide pheromones also
1 mM EDTA), precipitated and resuspended in 10 ml TE.plays an essential role in mating of the ascomycetous Reassociated DNA [250ng (2 ml)] was mixed with 25 ng BamHI

yeasts (Kurjan 1993) and hemibasidiomycetes such as cut and dephosphorylated pUC18 (Pharmacia, Piscataway, NJ)
the plant pathogenic Ustilago spp. (Bölker et al. 1992; and 2 units of T4 DNA ligase (Gibco/BRL, Life Technologies,

Paisley, Scotland) and incubated at room temperature forBakkeren and Kronstad 1994; Bölker and Kahmann

30 min followed by 2 days at 158. Ligation mix (2 ml) was1993). These fungi have just two versions of the phero-
electroporated into 20 ml high efficiency electroporation com-mones and receptors produced by cells of different petent Escherichia coli DH5a cells.

mating types, and the pheromones are secreted to act DNA procedures: High molecular weight C. cinereus DNA
as chemoattractants. Pheromone binds to receptors was isolated as described by Mellon et al. (1987). For Southern

analysis the small scale method of Zolan and Pukkila (1986)on cells of the opposite mating type and activates a
was used. Southern blot analysis was carried out according tosignal transduction cascade that induces several cellular
the method of Mellon et al. (1987). For DNA sequencing largechanges that bring about mating competence including overlapping fragments covering the entire unique sequence

the formation of mating projections, which are essential together with 7 kb of flanking sequence to the left and 3 kb
for cell fusion (Kurjan 1993). The mushroom fungi are to the right were used. To generate clones for sequencing,

3 mg DNA was digested with DNAse I (BRL, Life Technologies)remarkable in that the pheromone response is initiated
diluted to 0.1 units/ml for 90 to 105 sec. The entire digestiononly after mating cells have fused and also in having
was electrophoresed on a 0.8% gel at 45 V/hr. Fragmentsseveral functionally redundant and multiallelic genes
(0.5–1.0 kb) were band eluted and ligated into SmaI cut and

encoding the pheromone and receptor molecules. dephosphorylated pUC18 (Pharmacia). DNA sequence was
In this report, we describe for the first time the organi- obtained using the PRISMTM Ready Reaction DyeDeoxyTM Ter-

minator Cycle Sequencing Kit (Perkins Elmer, Norwalk, CT)zation of a B mating type locus of C. cinereus. The locus
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Figure 2.—Change in mating specificity in hosts transformed with B mating type genes. (a) Incompatible cross between an
untransformed A2B3 host and A6B3 tester strain (at right) and an A6B3 tester strain (at left) in which both strains remain
monokaryotic. (b) Compatible cross between an A2B3 strain transformed with either a B6 receptor gene or a B6 pheromone
gene, showing dikaryotization (arrowed at right) and an A6B3 tester strain, remaining monokaryotic (at left). (c) Fused clamp
connection present on the dikaryon. Scale bar represents 5 mm.

for analysis on an ABI 373 (Perkins Elmer, Norwalk, CT) containing the B genes isolated from a B42 strain (J. R. Hal-

sall and L. A. Casselton, unpublished data). The strain wasautomated sequencer. Sequence analysis was performed using
the Gene Jockey II Sequence Processor, ( P. L. Taylor, 1996) grown in rotary shake culture in liquid medium for 36 hr,

harvested by filtering and frozen in liquid nitrogen. Total RNABiosoft, Cambridge, UK. Prediction of the positions of the
transmembrane helices in the receptors was based on homol- was isolated using the hot-phenol procedure and precipitated

with lithium chloride (Schuren et al. 1993). PCR was used toogy to the two pheromone receptors from U. maydis (Bölker

et al. 1992) and based on predictions from the three pro- mutate pheromone genes. The cysteine to arginine change
in the CaaX sequence was affected by a T to C substitutiongrams: Secondary structure prediction of membrane proteins

(http://www.tuat.ac.jp/zmitaku/sosui/); TMpred (http:// in both phb2.1 and phb2.2. These changes were affected by
inverse PCR using the primers 59-GGGGGCTTCCGCGTTAulrec3.unil.ch/software/TMPRED_form.html); DAS - Trans-

membrane Prediction server (http://www.biokemi.su.se/ TCG-39 and 59-AGGAGTGTCCCCAGGTCC-39 (phb2.1), and
59-TACGCCTGGCGCGTTATCT-39 and 59-AGCTTTGTTCGCzserver/DAS/).

Plasmids and PCR strategies: The genomic library from ATTGTAGCG-39 (phb2.2).
which B6 was recovered was constructed in the C. cinereus
cosmid vector pLLC5200 (Pukkila and Casselton 1991) us-
ing DNA from strain BM5 (Pardo et al. 1996). Routine cloning RESULTSwas in pBluescript (Stratagene, La Jolla, CA) or pUC18 (Pro-
mega, Madison, WI) and plasmid amplification was in E. coli Isolation of the B6 locus: The B6 locus of C. cinereus
strain XL-1 Blue or DH5a. Plasmids containing B6 genes used was isolated by the genomic subtraction technique de-for transformation are detailed in Table 2. Five of the genes,

scribed by Moore and Edman (1993). Based on ourthose for the three receptors and phb1.2 and phb2.1, were
previous analysis of the multiallelic A genes, which differamplified by the polymerase chain reaction (PCR). All three

B6 receptor genes were amplified from genomic DNAs of wild- significantly in DNA sequence (Pardo et al. 1996), we
type B6 strains and either used directly for transformation or predicted that different B alleles would fail to hybridize
subcloned into pGEM-T (Promega). Primer 1 to receptor rcb2 to one another. Our strategy, therefore, was designedhad a HindIII site and primer 1 to rcb3 had a BamHI site

to isolate small clonable sequences unique to a B6 strain,introduced at the 59 end for subcloning purposes.
H9 (A6B6), using reassociation with excess shearedPrimers were as follows: rcb1, primer 1: 59-CCCCGACGGCC

TTGTACTGTAGC-39, primer 2: 59-CTCGCTCTGCTCCCGG DNA from a B3 strain PR94226 (A6B3) to subtract se-
ACC-39; rcb2, primer 1: 59-AAGCTTGGGGCGGACGATGCG- quences common to both genomes. Following the sub-
39, primer 2: 59-AAGCTTAGTAAGAGGACATGAGTCCC-39; traction and cloning of residual fragments, 23 plasmidsrcb3, primer 1: 59-GGATCCTTGGACGGGGAAGAGGACGG-

were recovered in E. coli that contained 200–500-bp39, primer 2: 59-CCCGCGTTTCTTGGAGCCG-39; phb2.1,
inserts of genomic DNA derived from the B6 strain.primer 1: 59-GGCCAAGGAGAATCAGCGACG-39 primer 2: 59-

GGCCAAGGAGAATCAGCGACG-39; phb1.2, primer 1: 59-CGT Southern hybridization analyses showed that only two
TCTGCCCATGGTGCAG-39, primer 2: 59-CGGCGATGGCGC of these sequences were unique to the B6 genome.
ACAGCG-39. cDNAs for the receptor genes were obtained One of the fragments was chosen to probe a cosmidby RT-PCR using the Access RT-PCR Kit (Promega) and the

genomic library constructed with DNA from a B6 strain.following primers designed to the 59 and 39 ends of the genes:
rcb3, primer 1: 59-AAGCTCAGTTTCGACGACCCTTC-39, pri- Five overlapping clones were isolated initially and each
mer 2: 59-GCTGGGATTGCGTGTGAGTTTTCAG-39; rcb2, tested for B gene activity by transformation into an A2B3
primer 1: 59-GCTCCCTCTCACGAGCCAACG-39, primer 2: 59- host strain (LCO12). Transforming DNA predomi-
GGGAAAGCGTTCGGTCGCTGTTGA-39; rcb1, primer 1: 59-

nantly integrates ectopically in C. cinereus (BinningerAAGTACCCAGCTCTCCCGGTGTTTG-39, primer 2: 59-GACA
et al. 1987) so introduction of a second compatible BGCTACTTAACGGAAGCTGAGT-39. RNA for RT-PCR was ex-

tracted from an LT2 strain transformed with a cosmid clone mating type gene would alter rather than replace the



1084 S. F. O’Shea et al.

TABLE 1

Genetic analysis to demonstrate that a unique DNA
sequence cosegregates with B6

B6 B3

1 2 1 2 % recombination

ade-5 20 3 3 21 12.7

cho-1 18 5 7 17 25.5

DNA marker 47 0 0 47 0

Cross: A6B3ade-5 cho-1 (PR94226) 3 A5B6ade-51 cho-11 (H5).
The 47 sexual spore progeny were scored for genotype and
for the presence of a 2.8-kb EcoRI fragment present in PR94226
but not H5 genomic DNA. 1 5 ade-51/cho-11/presence of
2.8-kb fragment. 2 5 ade-5/cho-1/absence of 2.8-kb fragment.

endogenous mating specificity of the transformed
strain. Heterozygosity for the B locus does not confer a
morphologically recognizable phenotype in C. cinereus,
so to test for B gene activity it was necessary to demon-
strate a change in mating behavior in a mating test
assay.

Figure 3.—Assignment of A and B genes to pulse-field gel
Transformants were crossed to a tester strain having separated chromosomes of C. cinereus. Gel shows chromosome

different A genes but the same B3 specificity (PR94226, separation of C. cinereus strain FA2222 (A). The A5 genes were
shown to hybridize to the largest 5.1-Mb chromosome (B),A6B3). The common B3 genes would normally not per-
and the B6-linked sequence to one of the two smallest chromo-mit dikaryon formation, but introduction of a B6 gene
somes of approximately 2.2 Mb (C).should provide the necessary compatible B gene interac-

tion to permit dikaryosis. Four of the five clones tested
caused a change in B mating specificity in the B3 host

a B6 (H5) strain. The B locus is known to map to linkage(Figure 2). Matings were initiated by placing inocula of
group II and is 15.75 and 28.0 map units, respectively,each strain side by side on an agar plate. The untrans-
from the metabolic markers ade-5 and cho-1 (Day andformed host was unable to form a dikaryon with the
Anderson 1961). A 2.8-kb EcoRI fragment from cSO2A6B3 tester strain and the two monokaryons grew along-
that did not hybridize to genomic DNA of the B3 parentside each other but remained discrete (Figure 2A). In
strain was shown to cosegregate with B6 and to havetransformants containing B6 sequences, nuclei from the
the predicted linkage to ade-5 and cho-1 (Table 1).tester strain migrated through the cells of the trans-

The Southern blots were used to check the otherformant strain to convert it to a fluffy dikaryotic myce-
unique sequence recovered from the genomic subtrac-lium (Figure 2B, arrowed). Thus, B-regulated nuclear
tion. This did not segregate with mating type and wasmigration occurred, albeit in one direction only (unilat-
not studied further.erally). Microscopic observation of the dikaryon con-

C. cinereus has 13 chromosomes that can be separatedfirmed that the second B-regulated function, clamp cell
by pulse field gel electrophoresis (Zolan et al. 1992),fusion, had also occurred (Figure 2C).
although the size of the chromosomes differs slightlyThe five clones initially isolated covered a 17-kb
between strains. Figure 3 (lane A) permits us to distin-unique sequence present in the B6 genomic DNA to-
guish most of the chromosomes of strain FA2222. Thegether with some 30 kb of homologous flanking se-
A mating type genes map to genetic linkage group I,quence at one border and 2 kb of homologous sequence
and this has previously been shown by hybridization toat the other border. A sixth clone was isolated which
be present on a large 5.1-Mb chromosome (May et al.provided a further 20 kb of homologous flanking se-
1991). This is illustrated in lane B which shows the resultquence at the other border. The overlapping regions
of probing the filter with a gene from the A5 complex.of three clones, cSO1, cSO2 and cSO3, used for subse-
The B locus maps to genetic linkage group II. Thequent analysis are shown above the physical map pre-
unique sequence containing B6 gene activity identifiedsented in Figure 4.
this as being present on one of the two smallest chromo-Additional evidence that the unique sequence iso-
somes of z2.2 Mb (lane C). Interestingly, the A and Blated was from the B locus was obtained from progeny

analysis of a genetic cross between a B3 (PR94226) and genes of S. commune are also present in the largest and
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Figure 4.—Restriction map of the B6 locus. Homologous sequences flanking the B locus are represented by black boxes. The
grey box indicates sequences that are found in B42 but not B3, and the white box, sequences that are not found in B3 or B42.
Positions of nine genes identified by DNA sequence analysis are illustrated as boxes below the map with horizontal arrows
indicating the direction of transcription. Different shading in the boxes identifies three groups of genes, each group encoding
two pheromones and a 7-TM receptor. The vertical arrow marks the position of the 200-bp sequence recovered by genomic
subtraction. Restriction sites are represented by B, BamHI; E, EcoRI; H, HindIII; and P, PstI.

smallest chromosomes, respectively (Ásgeirsdóttir et ing in that it suggests that there may be three groups
of genes, each group encoding a receptor and two pher-al. 1994).

DNA sequence analysis identifies nine genes encoding omone precursors. We have called the receptor genes
rcb (receptor at the B locus) and the pheromone genespheromone precursors and 7-TM receptors: Figure 4

shows a physical map of the B6 locus derived from the phb (pheromone at the B locus). Genes in group 1 (at
right end of the locus) are designated rcb1, phb1.1 andthree overlapping cosmid clones, cSO1, cSO2 and cSO3.

By systematically testing subcloned fragments for cross- phb1.2; genes in group 2 (in middle of the locus) are
designated rcb2, phb2.1 and phb2.2; and genes in grouphybridization to genomic DNA from the B3 strain, we

were able to define the 17-kb region that was present 3 (at left end of the locus) are designated rcb3, phb3.1
and phb3.2. Although numbering is based primarily onin the B6 genomebut not in the B3 genome. It is interest-

ing to note that the 200-bp probe recovered from the the physical grouping of the genes, it is intended to
imply that the genes within a group may constitute agenomic subtraction is derived from sequence very close

to one of the homology borders (see Figure 4, vertical functionally related subfamily. DNA sequences of all
nine genes are available in the GenBank database (ac-arrow).

All three cosmid clones spanning the unique region cession numbers for pheromones, Y11074-Y11079; ac-
cession numbers for receptors, Y11080-Y11082).contained genes that changed the mating specificity of

the B3 host strain. The entire 17-kb region was se- In S. commune, mating type is determined by two sub-
families of genes that are separated into two separatequenced and six genes encoding pheromone precursors

and three encoding their cognate receptors were iden- loci termed Ba and Bb (Raper 1966; Koltin et al. 1967).
We cannot rule out the possibility that there may be atified. Fungal pheromone genes are small and gen-

erally the precursor protein has a C-terminal CaaX second locus in C. cinereus. There is no evidence for a
second locus from classical recombination studies (Hay-signal for posttranslational isoprenylation (where C is

cysteine, a is an aliphatic amino acid and X is alanine, lock et al. 1980) and the large numbers of genes present
in the locus we have defined would suggest that it isserine, methionine, glutamine, or cysteine) (Caldwell

et al. 1995). The pheromone receptors belong to the unlikely. We sequenced 7 kb of the homologous flank-
ing sequence to the left and 3 kb to the right of theseven transmembrane domain rhodopsin-like superfam-

ily that are linked to an intracellular heterotrimeric unique B6 region but no further receptor or phero-
mone encoding genes were identified. These flankingG-protein (Dohlman et al. 1991). The organization of

these genes, shown below the restriction map, is interest- regions were, moreover, shown by Southern blot analy-

Figure 5.—Alignment of the six B6 pheromone sequences. Amino acid sequences of the pheromone precursor proteins. ↑
indicates conserved amino acids of a potential proteolytic processing site. The percentage of similarity/identity in sequence for
the pairs of pheromone precursors in each group are: group 1, 61/50; group 2, 49/22; group 3, 50/36.
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ses to be homologous in genomic DNAs from nine
strains, all of which have different mating specificities.
Cosmid clones covering some 20–30 kb of sequence
either side of the unique B6 region contained no other
unique B-specific sequences.

The six small open reading frames found within B6
encode polypeptides of 53–72 amino acids in length
and each contains the C-terminal CaaX motif CVIA or
CVIS. The predicted protein sequences are given in
Figure 5. There is little sequence similarity between the
six proteins other than the CaaX box, five residues
14–20 amino acids from the C terminus and a further
five at the N terminus. Maturation of a fungal phero-
mone involves the addition of a farnesyl group to the
cysteine residue of the CaaX box, cleavage of the termi-
nal three amino acids and truncation of the N-terminal
sequences to generate a short active peptide of 9–15
residues (Caldwell et al. 1995). In the C. cinereus pro-
teins, there are two highly conserved amino acids 14–16
residues from the C terminus (ER/DR indicated by ↑
in Figure 5). If this represents a proteolytic cleavage site
in pheromone maturation, peptides of 11–13 amino
acids would be generated, a size in accordance with
those from other fungal species (Bölker and Kahmann

1993; Caldwell et al. 1995).
We identified the three genes encoding 7-TM recep-

tors using a BLAST search. The N-terminal sequence
of the proteins in each case showed significant homol-
ogy to the Ste3p a-pheromone receptor of S. cerevisiae
(Nakayama et al. 1985; Hagen et al. 1986), receptors
encoded by the pra1 and pra2 mating type genes of U.
maydis (Bölker et al. 1992), and the receptors encoded
by the bar1 and bbr1 genes of S. commune (Wendland

et al. 1995; Vaillancourt et al. 1997), all of which
recognize CaaX-modified pheromones. The three C.
cinereus genes contain either four or five introns and
the coding regions were derived by comparing genomic
with cDNA sequences. An alignment of the three recep-
tor sequences with putative positions of the seven trans-
membrane domains is presented in Figure 6. The three
proteins vary in length; rcb1 is 558, rcb2 is 518 and rcb3
is 423 amino acids. The major conservation in sequence

Figure 6.—Alignment of the three B6 receptor sequences.occurs throughout the 300 amino acids of the trans-
Wild-type amino acid sequences of receptor proteins. The

membrane domains. The C-terminal domains are highly predicted seven transmembrane domains (labeled I–VII) are
variable in length and sequence, retaining only 16 con- shown by lines under the sequence. * indicates identical amino

acids, c indicates conserved amino acid substitutions. Theserved residues between all three proteins.
percent similarity/identity in sequence for rcb1 and rcb2 isTransformation studies demonstrate that all nine B6
53/32, for rcb1 and rcb3 is 59/35 and for rcb2 and rcb3 isgenes can activate B-regulated development: All nine
65/47.

genes identified by sequence analysis were tested for B6
function in the B3 host strain (Table 2). When no suit-
able restriction sites were available, we used PCR to and were thus active in conferring mating functions.

Thus a single pheromone or receptor gene was suffi-amplify just a single gene including 59 and 39 flanking
sequences sufficient for ectopic expression. We intro- cient to trigger the change in mating response in a

compatible host.duced each gene individually into a B3 host and deter-
mined its ability to change the mating specificity of the In a second series of transformation experiments we

introduced all nine B6 genes into a B42 host (LN118).host, using the test illustrated in Figure 2. All nine genes
permitted the B3 host to mate with a B3 tester strain In this case six of the genes, members of groups 2 and
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TABLE 2

Functional analysis of B6 mating type genes by transformation and mating tests

Altered B specificity
in host strain

Plasmids Gene Fragment B6 B3 B42

Pheromones
pSB6.35 phb3.2 1.27-kb PCR
pSB6.33 phb3.1 2.0-kb BamHI/XhoI
pSB6.34 phb2.2 1.8-kb EcoRI
pSB6.30 phb2.1 3.0-kb PCR
pSB6.9 phb1.2 4.8-kb HindIII
pSB6.39 phb1.1 1.6-kb BamHI/EcoRI

Receptors
pSB6.31 rcb3 2.6-kb PCR
pAB6.25 rcb2 3.1-kb PCR
pSB6.18 rcb1 3.3-kb BamHI

Genes were introduced into three host strains: LT2, A6B6 trp-1 LCO12, A2B3 trp-3 and LN118, A42B42 trp-1
by cotransformation. Transformants were mated to tester strains with the same B mating type specificity as the
host. indicates that a proportion of transformants (generally 12–50%) had been cotransformed with a
gene that changed B mating specificity and permitted dikaryon formation with the tester strain. indicates
that none of the transformants had a changed B mating specificity. Restriction fragments were cloned into
either pBluescript (Stratagene) KS1 or KS2; PCR products were cloned into pGEM-T (Promega).

3, were able to alter the mating specificity of the host (3 days compared with 1–2 days) and only very few
dikaryotic hyphae were detected in the overall monokar-but the two pheromone genes and receptor gene com-

prising group 1 had no effect. Significantly, when we yotic growth of the mating partners. Dikaryotic growth
was maintained on subculture but growth was far lesstested for DNA sequence homology, we found that the

region containing the three group 1 genes hybridized vigorous than when the wild type pheromone gene was
expressed. We conclude that, as in yeast and U. maydis,to B42 genomic DNA. The region of DNA homology is

indicated by the gray box in Figure 4. A correlation the unmodified pheromone has some activity but iso-
prenylation leads to much greater efficiency. In a similarbetween DNA sequence homology and ability to activate

B-regulated development leads us to suggest that B6 and type of experiment, Vaillancourt et al. (1997) made
C-terminal truncations of two pheromone precursorB3 contain different alleles of all nine genes, whereas B6

and B42 share alleles of the three genes which constitute genes of S. commune by replacing the cysteine codon of
the CaaX motif with a stop codon. Their results indicategroup 1.

The CaaX sequence is essential for efficient phero- that a truncated pheromone is inactive.
mone gene function: The CaaX sequence is a signal for
isoprenylation of pheromones and the fact that X is

DISCUSSION
alanine or serine in the C. cinereus proteins indicates that
the isoprene will be a farnesyl group, a characteristic of We have described the organization of a mating type

locus of the mushroom Coprinus cinereus, a gene com-all fungal lipopeptide pheromones characterized to
date (Caldwell et al. 1995). Prenylation facilitates plex that determines compatibility in mating by regulat-

ing part of a developmental sequence that permits cellsmembrane localization and increases hydrophobicity
and may also play a role in interaction with other pro- to proceed to sexual reproduction. We identified nine

genes in the B6 complex, which encode six pheromoneteins (Glomset et al. 1990; Marshall 1993). It has been
shown for both S. cerevisiae a-pheromone (Marcus et al. precursors and three 7-TM receptors (Figures 4, 5, and

6). The genes lie within 17 kb of DNA sequence, which1991) and U. maydis mfa1 pheromone (Spellig et al.
1994) that absence of the CaaX modification results is unique to B6 when compared with genomic DNA of

a strain containing a B3 mating specificity. Any one ofin a thousandfold or more loss in normal activity. To
determine whether C-terminal modification was essen- the nine genes is sufficient to change B mating specific-

ity when introduced by transformation into a B3 host.tial for efficient function of the C. cinereus peptides we
replaced the cysteine of the CaaX box of both phb2.1 In the basidiomycete fungi, unlike the ascomycetous

yeasts, the genes encoding the mating pheromones andand phb2.2 with an arginine residue.
Both of the modified pheromones were still active in receptors are sequestered into a dedicated mating type

locus. At the simplest level, in the yeast-like Ustilagochanging the mating specificity of the transformed host
but the development of dikaryotic hyphae was delayed maydis, there are just two “alleles” of this locus, a1 and
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a2, each containing the genes encoding a mating type- sequence in the host strain. This is what we observed
for the three B6 genes that comprise group 1 (Figurespecific pheromone and 7-TM receptor (mfa1 and pra1

in a1 and mfa2 and pra2 in the a2 locus). The DNA 4) when tested for DNA homology and function in a
B42 host. We concluded that B6 and B42 share thissequences of the a1 and a2 loci are very dissimilar,

thus ensuring that the two genes are inherited as an group of genes but have different alleles of genes in the
two groups we designated 2 and 3. Preliminary sequenceinseparable unit and loci containing a cross-compatible

combination of pheromone and receptor genes cannot data confirm that the group 1 genes are shared by B6
and B42 (J. R. Halsall and L. A. Casselton, unpub-be generated by recombination. In the mushroom

fungi, S. commune and C. cinereus, we find a similar lack lished data).
The three receptor proteins encoded by the C. cinereusof sequence similarity in different “alleles” of the loci;

indeed, we exploited this nonhomology to isolate a B6- B6 genes have only a moderate level of sequence identity
(32–35%). In S. commune, different alleles of the Baspecific sequence by genomic subtraction.

Origin of multiple B mating specificities: The mush- bar gene encode proteins that have as much as 90%
sequence identity, but these proteins show only 15%room species such as S. commune and C. cinereus are

unique amongst the fungi in having several functionally sequence identity with the functionally redundant Bb
Bbr1 protein (Wendland et al. 1995; Vaillancourt etredundant and multiallelic genes encoding signaling

elements. In S. commune the functionally redundant al. 1997). The low level of sequence identity between
the C. cinereus B6 receptor proteins would be consistentgenes map to two discrete loci termed Ba and Bb. Each

locus has 9 different “alleles,” which in different combi- with them being members of different subfamilies.
A remarkable degree of specificity is demanded ofnations could generate a predicted 81 unique B mating

specificities. Sequencing of an a and a b locus has identi- the different pheromones and receptors encoded by
the B genes. A single receptor can be triggered by severalfied a single receptor gene and three pheromone pre-

cursor genes in each. Southern blot analyses have estab- different pheromones but not those encoded within the
same B locus or from different subfamilies. Similarly alished that the genes within each locus are embedded

in up to 8.5 kb of locus-specific DNA sequence, which single pheromone can trigger several different recep-
tors but not those encoded within the same locus orwould act to keep each set of genes together as a func-

tional unit, as it does in the U. maydis loci (Wendland different subfamilies. In both S. commune and C. cinereus
it is surprising to find so many pheromone genes. Theet al. 1995; Vaillancourt et al. 1997). The classic alleles

of Ba and Bb thus derive their different specificities level of functional redundancy in both species is in-
creased by having so many pheromone genes. At pres-from three genes. In C. cinereus, genetic evidence sug-

gests that there is only a single B locus (Haylock et al. ent, we have no knowledge as to how the specificity in
receptor-ligand recognition is achieved. In both species,1980). The locus we have described contains many more

genes than either the Ba or Bb loci of S. commune and the sequences of the pheromone precursors are surpris-
ingly different even where two or more are known towe suggest that multiple B mating specificities in C.

cinereus can be generated by functionally redundant activate the same receptor.
Mating behavior of transformants: In a wild-type mat-genes at this single locus.

We have previously shown that the large numbers of ing between compatible monokaryons, there is gener-
ally a reciprocal exchange of nuclei that leads to theA mating specificities in C. cinereus are generated by

three sets of multiallelic and functionally redundant dikaryotization of both mating partners. In our experi-
ments, the transformed hosts nearly always behaved asgenes at the single A locus. Different alleles of the three

sets of genes can be combined in all possible combina- unilateral nuclear acceptors in crosses to tester strains
(Figure 2B) but on occasion, failed to accept nuclei,tions and just a few alleles of each set is sufficient to

generate the predicted 160 different A mating specifici- and dikaryon only appeared at the junction of the mated
strains. In S. commune, the mating behavior of strainsties. The 79 predicted B mating specificities could also

be generated by three groups of multiallelic genes. In transformed with receptor or pheromone genes is dif-
ferent. Strains transformed with a pheromone gene arethis instance each group is composed of two pheromone

genes and one receptor gene, each equivalent to the characteristically unilateral donors of nuclei to the un-
transformed mating partner, whereas strains trans-three genes that make up the separate Ba and Bb alleles

in S. commune and similarly kept together as a single formed with a receptor gene can neither donate nor
receive nuclei (Wendland et al. 1995; Vaillancourtfunctional unit by DNA nonhomology. Our hypothesis

predicts that B loci will share one or more groups of et al. 1997). This has led to a plausible model that may
explain how pheromones and pheromone receptorsgenes and need to differ in the alleles of only a single

groupto acquire aunique B mating specificity. Introduc- regulate the normal bilateral migration of nuclei during
mating (Vaillancourt et al. 1997). It is suggested thattion of a gene into a host strain that already has the

same allele of a gene subfamily will not activate the the pheromones can diffuse and thus activate the
B-regulated response in the mating partner whereas thepheromone response and Southern blot analysis should

show that the transformed gene is homologous to a receptor cannot diffuse and only activates the response
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