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ABSTRACT 
The A mating type locus of Copn'nus cinereus determines mating compatibility by regulating essential 

steps in sexual development. Each A locus contains several genes  separated into two functionally indepen- 
dent complexes termed Aa and Ap, and  the multiple alleles of these genes generate  an estimated  160 
A mating specificities. The genes encode two classes of homeodomain-containing  proteins  designated 
HDl and HD2. In this report we describe two  newly cloned loci, A 2  and A.5, and  compare them with 
A42, A43 and A 6  that we have described previously. An A@-null locus, retaining  just a single active 
H D l  gene  from  the  a-complex, was generated by mutation. Using this as a  transformation  host, gene 
combinations that  promote A-regulated development were identified. We demonstrate that  each A locus 
contains members of three paralogous pairs of HDI and HD2 genes. Different allelic versions of gene 
pairs are compatible but paralogous  genes are incompatible. The genes present in four  uncloned A loci 
were deduced using Southern analyses and transformations with available cloned genes. The  combined 
analysis of nine A factors identifies sufficient A gene alleles to  generate at least 72 A mating specificities. 

T HE mushroom  fungi are remarkable  in having 
large numbers of mating types. In Coprinus cinereus 

these  are  determined by multiallelic genes at two un- 
linked loci known historically as the A and B mating 
type factors (see RAPER 1966). Based on  the  number of 
different specificities found in a  random sample of 33 
isolates (DAY 1963), RAPER (1966) estimated that  there 
are some 160 versions of the A locus and 79 versions 
of B. A compatible mating  requires  that alleles of genes 
at both loci are different. The mating type genes deter- 
mine compatibility of mating cells by regulating initial 
steps in sexual development. The primary mycelium, 
the  monokaryon, has uninucleate cells and is sexually 
sterile. Somatic cell fusion between monokaryons with 
different  mating types triggers a developmental path- 
way that leads to  the  formation of a fertile mycelium, 
the dikaryon, that has binucleate cells and characteristic 
structures known  as clamp  connections. 

A clamp  connection is formed  each time the apical 
cell divides. One of the  daughter nuclei must pass 
through it into  the subapical cell, a mechanism that 
ensures  that each cell contains  a nucleus from each 
mate. Different A genes are required to promote  the 
development of the clamp cell and different B genes 
are  required to promote its fusion to the  subterminal 
cell (SWEZYNSU and DAY 1960). If only the A genes are 
different,  the  clamp cell develops but  remains unfused 
and its nucleus is trapped.  Introduction of a  cloned A 
gene  into  a host with a  different A mating specificity 
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elicits the  development of unfused  clamp cells,  provid- 
ing  an assay for testing compatible A gene  interactions 
( MUTASA et al. 1990). 

Classical recombination studies identified two tightly 
linked genes, Aa and AD, as the  determinants of A 
mating specificity (DAY 1960, 1963). Our molecular 
analysis  of three  cloned A loci, A42 (KUES et al. 1992), 
A43 (KUES et al. 1994c) and A6 (KUES et al. 1994b), 
revealed several genes  separated by 7 kb of homologous 
DNA sequence into two subcomplexes that  are  termed 
a and p since they are likely to correspond to the two 
genes identified by recombination. Two classes  of pro- 
teins are  encoded by the A genes, each contains  a ho- 
meodomain motif, but these are distinctly different and 
have been designated HD1 and HD2. Similar proteins 
are  encoded by the Aa mating type genes of another 
hymenomycete, Schizophyllum commune, and also by 
genes of the b mating type locus of the hemibasidiomy- 
cete Ustilago  maydis. In the Aa locus of S. commune and 
in U. maydis there  are  just two genes ( Y  and 2, and bE 
and bw, respectively; GILLISSEN et al. 1992; STANUS et 
al. 1992) arranged as a divergently transcribed pair. We 
have suggested that  a multiallelic HDI-HD2 gene  pair 
is the basic functional  unit of the C. cinereus A locus, 
and that large numbers of A specificities are  generated 
by having several functionally independent (paralo- 
gous) gene pairs whose different alleles can be found 
in  different associations. The variation in gene  number 
at any one A locus is caused by havingjust solo represen- 
tatives  of some of these gene pairs (see Figure 1; KUES 
and CASSELTON 1993). 

C. cinereus, S. commune and U. maydis have multiple 
alleles of the A or b genes, and mating brings together 
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different allelic  versions  of a particular gene pair. By 
generating h u l l  or partially deleted b loci, GILLISSEN 
et al. (1992) showed that  the compatible gene combina- 
tion that triggers development is a bE (HD1) allele from 
one locus and  a bW (HD2) allele from another. A simi- 
lar interaction between different allelic  versions  of the 
HD1 and H D 2  A genes of C. cinereus and S. commune was 
deduced from transformation studies making use  of 
natural  gene deletions (SPECHT et al. 1992; KUES et al. 
1994~).  

In this report we describe the organization of  two 
new A loci. We describe how we made  a host strain 
with an AP-null locus so that we could confirm our 
predictions as to which gene combinations are compati- 
ble by transformation experiments. We then show  by a 
combination of transformation and Southern blot anal- 
yses  how it is possible to identify specific  alleles and 
predict the  number of genes in uncloned loci. 

MATERIALS  AND  METHODS 

Strains  and  culture of C. cim The following strains 
were used as transformation hosts and contained the trp- 
1.1;1.6 mutation: LT2, A6B6; FA2222, A5B6; 218, A3BI; 
LC02, A2B6; LC07, A40B40; LC05, A41B41; LN118, A42B42; 
NL1, A44B44. The A43 host was AT8, A43  B43 trp-3 ade-8. 
NAB2, AAB43m  trpl. l; l .6 pub-1 was generated by crossing 
the A43 deletion mutant ( A A  B43m pub-1) described in the 
text to strain 218. The transformation procedure was based 
on (ASSELTON and DE LA FUENTE HERCE (1989). Genes were 
cotransformed using either pCclOOl containing the trp-1 gene 
(BINNINGER et al. 1987) or pDB3 containing the trp-3 (BUR- 
ROWS 1991) selectable marker. General techniques for using 
C. cinereus were described by  LEWIS (1961). Mutagenesis of 
the A43mB43m self-compatible mutant (SWAMY et al. 1984) 
was effected by spreading asexual oidia onto complete me- 
dium and W irradiating with 1 mJ to give 90% kill (Strate- 
linker, Stratagene). The media were  as described in MUTASA 
et al. (1990). 

Isolation and  analysis of nucleic  acids: DNA and RNA were 
isolated according to the methods described by KUES et al. 
(1992). A genomic library  using DNA from the A2B1 wild- 
type strain 68  was constructed in XGEMll (Promega). DNA 
was partially cut with MboI and ligated into the BamHI site of 
the vector. The A2 mating type locus was isolated on three 
overlapping clones by screening with  pESM2 containing the 
dl-1 and P-fggenes (KOES et al. 1992), with  p43P5 containing 
the a&, and with  p43E2 containing part of the homologous 
region between the a and p complexes (KOES et al. 1994~).  
A cosmid genomic library was constructed in the C. cinereus 
vector  pLLC5200  (PUKKILA and WSELTON 1991) using DNA 
from the AS strain BM5 partially cut with MboI and Sau3A 
and ligated into  the BglII site of the vector. The A5 locus was 
isolated on a single  cosmid clone by screening with pHH5 
and pLAC2 containing the a-fg and p-fg respectively (KUES 
et al. 1992). Individual genes were identified by Northern blot 
analysis and subcloned in pBluescript I 1  K S  (Stratagene). 
Northern blots and Southern blots  were carried out according 
to KUES et al. (1992). 

Plasmids for transformation: Plasmids containing individ- 
ual A42 genes were described by KUES et al. (1992): pUK2, 

Plasmids  with A43 genes are described by KUES et a1 (1994~): 
~ 2 - 1 ;  pAMT2, bl-1; pESM1, 62-1; pUK5, cI-1; pESM2, dl-I .  

pE12P5-3 al-2; p43H4, ~ 2 - 2 ;  p43HB, bl-2; p43Bg3, b2-2; 

pE12P2-6, d l - I .  Plasmids  with A6genes are described by K€JES 
et al. (l994b): pLACl, a2-1; pA626, bl-3; pA625, b2-3; pUA61, 
d l - I .  The A2and A5 loci  were isolated in this study.  Individual 
genes from A 2  were subcloned into pBluescript I 1  K S  to give 
pA241, 121-2 on a 3.5-kb BamHI-PstI fragment; pA242, a2-2 on 
a 4.0-kb SacII-PstI fragment; pA211, bl-5 on a 5.0-kb HindIII- 
XhoI fragment; pA215, 62-5 on a 4.5-kb PstI-Hind111 fragment; 
pA25, d l - I  on a 4.0-kb XhoI fragment. pSOl is a cosmid clone 
containing the A5 locus. Subclones of pSOl used in transfor- 
mations were  as  follows:  pCR8, a 4.3-kb Sua-PstI fragment 
with al-3 gene; pCR7, a BamHI-PstI fragment with a2-3 gene; 
pA5E30, a 4.0-kb PstI-EcoRI with bl-4 gene; pS012, a 5.0-kb 
HindIII-BamHI with b2-4 gene; pA5E18, a 3.6-kb BglII-Hind111 
containing c2-2 gene; and pA5E12, a 3.0-kb SalI fragment with 
d2-2 gene. 

Probes for Southern analyses: A42:  a2-I, 2.9-kb EcoRI-Hin- 
dIII; b2-1, HpaI-SalI; 61-1, 1.5-kb HindIII-BamHI; dl-1, 0.8-kb 
HindIII.  A6: 2-1, 2.9-kb EcoRI-HindIII; bl-3, 0.4kb XhoI-EcoRI; 

EcoRI-HindIII; 61-2, 1.2-kb PstI-XhoI;  b2-2, 1.4kb BamHI-Hin- 
dl11 and d l - I ,  0.8-kb HindIII.  A2:  al-2, 1.0-kb HindIII; a2-2, 
1.0-kb HindIII-Sua;  bl-5, 1.5-kb PstI-BamHI; b2-5, 1.0-kb SalI. 

and b2-4, 3.0-kb EcoRI;  c2-2, 2.4kb BglII-San and d2-2, 3.0-kb 
HindIII. 

b2-3, 0.8-kb Xhd-Cld.  A43:  uI-2, 1.2-kb HindIII; ~ 2 - 2 ,  0.7-kb 

A5: uI-3, 2.1-kb Bu~HI-EcoRI;   ~2-3,  0.8-kb BglII-EcdU; bl-4 

RESULTS 

Organization of five wild-type A loci: We have pre- 
viously described the organization of the A42, A43 and 
A6loci of C. cinereus (KUES et al. 1992, 1994b,c).  In this 
study we cloned and mapped genes in two additional 
loci, A2 and A5. The achetypal A locus contains four 
paralogous pairs of HDI-HD2 genes designated a, b, c 
and d with the H D 1  and H D 2  partners distinguished by 
the  numbers 1 and 2, respectively (FIGURE 1; KUES and 
CASSELTON 1993). Transcript analysis (not shown) iden- 
tified five genes in A2 and six genes in A5. Transcript 
size (HD1, 2.5 kb and HD2, 2.1 kb)  and relative position 
within the complex of each gene  (determined by refer- 
ence  to two conserved flanking genes and the homolo- 
gous noncoding  sequence  that separates the CY and P 
complexes, KUES et al. 1992) were  used to predict  the 
class  of each gene  and  the  gene pair to which it be- 
longed. The genes in each locus are aligned below the 
archetype according to these predictions. Based on this, 
A2 and A5 appeared to contain a complete a and b 
gene pair. In  addition, A2 contains a solo HD1 gene 
and A5, two solo H D 2  genes. The c and d gene pairs of 
the complex were predicted on the assumption that 
H D 2  partners for the solo HD1 61-1 and d l - 1  genes in 
A42 would be  found in other loci (KUES and WSEL 
TON, 1993) and  the two solo H D 2  genes in A5 seemed 
likely candidates for these. 

Southern blot analyses  identify  shared  alleles: The 
DNA sequence dissimilarity between different alleles 
has made Southern blot analysis a reliable technique 
for identifylng identical alleles in different A loci (KUES 
et al. 1992). This analysis (Figure 2) predicts that A2 
shares the same a complex (al-2 and a2-2) as A43 and 
contains the solo HDl dl-1 gene  present in the P com- 
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FIGURE 1.-Organization of the archetypal A mating  type locus predicted by KUES and CASSELTON (1993) with four pairs  of 
divergently  transcribed  HDl-HDZ  genes (a ,  b, c and d )  and maps of five molecularly characterized  loci.  HDl  and HD2  genes are 
distinguished by the black (HDl) and white (HD2) boxes marking the homeodomain-encoding  regions,  and by the numbers 1 
or 2 i i  front of the  allele number. 

plexes of A42, A 6  and A43. The alleles of the b gene 
pair in A2 and A 5  failed to hybridize to  corresponding 
genes  in other loci or to each other, indicating  that 
they are dissimilar. Other genes within the A 5  locus 
also failed to hybridize to genes in any  of the  other  four 
loci indicating  that  their alleles were unique to A5. 

Transformation analysis: Individual genes from A 5  
and A2 were introduced  into host strains having each 
of the  cloned loci to test for compatible gene  interac- 
tions that would promote  clamp cell development (Ta- 
ble l ) .  Where hybridization predicted  that  the A locus 
of the host already contained  the  gene  being trans- 
formed,  no clamp cells developed, as expected. Trans- 
formation  data  confirmed  that A2 and A43 share the 
same a gene  pair. The a2-2 gene  in  the A43 locus is 
inactive (KUES et al1994c),  and it is interesting to note 
that A2 contains  a similar inactive allele that is unable to 
promote clamp cells in the A 5  host that has a potentially 
compatible HD1 partner.  The solo HD2 gene  that occu- 
pies a position corresponding to a  predicted  cgene  pair 
in A 5  failed to promote  clamp cells in any background. 
The  other solo HD2 gene in A 5  found  a compatible 
partner in all other A loci and from its position was 
predicted to be a  compatible HD2 member of the d 
gene  pair and is designated d2-2 in Figure 1. 

Generation of an Ap-null strain: The A archetype 
model assumes that  the a, 6, c and d  gene pairs are 
functionally independent.  To confirm this, we wanted 
to generate  a host strain with an A-null locus into which 

we could introduce  each  gene separately and identify 
precisely  its compatible  partner. Since we could not 
predict other consequences of losing the  entire comple- 
ment of A genes, we generated  an A locus lacking only 
the p gene complex (Ap-null). 

We exploited  a  mutation in the A43 locus that gives 
a self-compatible A phenotype (SWAMY et al. 1984). By 
comparing  the physical maps of the wild-type and mu- 
tant A43 loci, MAY et al. (1991) showed that  the muta- 
tion was the result of a major deletion. Based on  the 
known positions of the genes within  A43 (KUES et al. 
1994) and  on  the transcript analyses  shown in Figure 3 
we now  show that  the  deletion fused the normally inac- 
tive a2-2 HD2 gene  in  the (Y complex to the 3' end of 
the dl-I HDl  gene in the p complex (Figure 3).  The 
separate 2.1- and 2.5-kb transcripts corresponding to 
the a2-2 and  dl-1 genes, respectively, are replaced in 
the  mutant by a 3.6kb transcript. The residual HDl 
gene,  al-2, is detected by a 2.5-kb transcript (Figure 3). 
The resulting gene fusion is predicted to be analogous 
to the  A6mutant fusion gene we have already described 
(KUES et al. 199413) that  encodes  a chimeric HD2:HDl 
protein  that constitutively promotes A-regulated clamp 
cell development. 

We selected a  mutation  that inactivated the fusion 
gene thereby generating  an A locus with a single func- 
tional HDI gene (al-2). We took the A43m strain of 
S ~ A M Y  et al. (1984) (pab-1A43mB43m) that has self-com- 
patible mutations in both  the A and  the B loci and 



90 E. H. Pardo, S .  F. O'Shea and L. A. Casselton 

1.2 

7.0. 
6.5 ' 

5.7 - 

6.5. 

a23 

FIGURE  Z.-Southern blot analyses identify alleles shared by A2 or A5, and  other cloned A loci. Genomic DNAs  were digested 
with Hind111 and probed with fragments containing  the following: al-2 (1.0-kb HindIII), a2-2 (1.0-kb HindIII-Sun), bl-5 (1.5kb 
PstI-BamHI), b2-5(1.0-kb Sun),  dl-1 (0.8-kb HindIII), al-3 (2.1-kb BumHI-EcoRI), a2-3 (0.8-kb BgfiI-EcoRI) b1-4/b2-4 (3.0-kb EcoRI), 
c2-1 (3.6kb BglII-HindIII) and d2-2 (2.4kb BgnI-Safl). 

mimics in appearance  a  true dikaryon with complete 
clamp connections. We identified among 12,000  survi- 
vors  of W mutagenesis a single colony that no longer 

TABLE 1 

Functional  analysis of genes from the A2 and A5 loci by 
testing for compatible gene interactions in host 
strains having molecularly characterized A loci 

Host strains' 

Genes Origin A2 A5 A6 A42 A43 

al-2 A2 - + + + 
(22-2 A2 - - 
61-5 A2 + + + + 
b2-5 A2 - + + + + 
dl-1  A2 - + - 
al-3 A5 - - + + 
~ 2 - 3  A5 + - - + 
bl-4 A5 + - + + + 
b24 A5 + - + + + 
c2-1 A5 - - 
d2-2  A5 + - + + + 

- 
- - - - 

- - 
- 

- 

- - - 

" Host strains were as follos: A2 (LC02), A5 (FA2222), A6 
(LT2). A42 (LN118) and A43 (AT8). +, presence and -, 
absence of clamp cells; -, self host where clamps would not 
be expected. 

produced clamp cells. This mutant  had lost the self- 
compatible A phenotype as shown by its  inability to 
form a dikaryon with an A43 test monokaryon, but re- 
tained A mating function when mated to monokaryons 
with an A locus having a  gene compatible with a residual 
al-Zgene, i.e., A6, A42or A5 (see Figure 1 )  but  not A2, 
which has the same al-2gene.  To rule out  the possibility 
of a suppressor mutation masking the self-compatible 
phenotype,  the  mutant (A43m pabl, MA220) was 
crossed to an A6pab+ strain and 140 progeny examined 
for clamp cell development. The equal segregation of 
the  mutant A and wild-type A6 locus was monitored by 
looking at  the segregation of the pub-1 gene  that maps 
0.5 units from A (66 pabl: 74 pub-l+). None of the 
progeny developed clamp cells,  showing that inability 
to do so segregated with the A locus. 

Identification of compatible gene combinations: Re- 
presentative alleles of genes present in A2, A5, A6, A42 
and A43 were introduced individually into  the @-null 
host strain. Two HD2 genes, a2-1 and a2-3 (from the a- 
complexes of A6/A42 and A5) promoted clamp cell 
development showing that each is a compatible partner 
for  the residual H D I  gene, al-2. Introduction of al-3 
had no effect since this is a second HD1 gene. Introduc- 
tion of  any gene from the &complex, irrespective  of 
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FIGURF 3.-Map of the A43 locus and derivation of the mutant A43 locus containing an n2-2:dl-1 fusion gene that promotes 
constitutive A-regulated development. The approximate fusion point is based on data of MAY et al. (1991). Northern blots were 
probed with three fragments, indicated above the map, containing sequences from the aI-2 (A), a2-2 (B) and dl-1 (C) genes. 

which allele, failed to promote clamp cells confirming 
the conclusions of  classical recombination studies that 
the (Y and ,f3 genes are functionally independent. 

Transformants  containing genes derived from the p 
complex were crossed together in  all  possible combina- 
tions to look for  a compatible A gene interaction. Be- 
cause the &null host strain contained  the B43m muta- 
tion, this overcame the  need  for mating monokaryons 
to have compatible B genes, and development of a di- 
karyon between two transformants indicated that they 
contained compatible A genes. In all  cases the  gene 
combinations that  promoted dikaryon formation were 
an HDl gene from one locus and  an HD2 gene from 
another. All HDl X HDl and HD2 X HD2 gene combi- 
nations were incompatible. Specifically, compatible 
gene combinations were  between different alleles of 61 
and b2 and between dl-I and d2-2 as shown by the  data 
presented in Table 2. This analysis confirmed that  the 
6 and d genes we have identified constitute members 
of functionally independent  gene pairs within the 0- 
complex. 

Analysis of four uncloned A loci: Four other A loci 
are  present in strains in our collection, A3, A40,  A41 
and A44. Using cloned genes to probe genomic DNA, 
we identified genes that were likely to  be  shared be- 
tween the cloned and uncloned loci. We then  intro- 
duced all cloned  genes  into these hosts to test for clamp 
cell development. The results of these two  types of anal- 
ysis are summarized in Table 3 and lead us to propose 
the organization illustrated in Figure 4. 

The data indicate that A40, A6 and A42 share  the 

same (Y complex as do A44 and A5. None of the cloned 
a genes hybridize to A3 and A41 genomic DNA, indicat- 
ing  that these loci contain new  alleles.  Both members of 
the a gene  pair  are  present in A3 because a compatible 
interaction was promoted with either an HDl or an 
HD2 a gene, but only HD1 genes promoted clamp cells 
in A41, indicating that an active HDl member of the 
pair is absent. The only  loci seen to share alleles of 
the b gene pair are A6 and A3. Transformation data 
confirmed this and also demonstrated that both mem- 
bers of the  gene  pair were present in all four loci. dl- 
1 was not present in  any other locus, but d2-2 cross- 
hybridized to genomic DNA from strains having A3, 

TABLE 2 

Identification of two sets of paralogous genes in  the 
A@-complex  using an @-null host  to  express individual 

genes and test  their  function by mating 

HD2 genes 

HD1 genes b2-1 b2-2 b2-3 b2-4 62-5 d2-2 

bl-1 + + + + 
61-2 + - + + + 
61-3 + + - + + 

- - 
- 
- 

6 1 4  + + + - + - 
bl-5 + + + + 
dl-1 - 

- - 
- - - - + 

The AD-null host was NAB2 (AA B 4 3 m p a b l l ~ l . l ; l . 6 ) .  +, 
a  successful mating between transformants  having  the genes 
indicated as recognized by formation of a  dikaryon; -, failure 
to mate. 
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TABLE 3 

Identification of three  paralogous  pairs of  genes in four uncloned A loci  using  a  combination  of  genomic 
DNA hybridization  and  transformation with characterized  genes 

Host strains" 

A3  A40 A41 A4 

Genes  Origin H C H C H C  H C 

+ 
+ 

a2-1 A42 - + + - - 

al-2 A4? - + - + 
a2-2 A43 - 

al-3 A5 - + + + + 
a2-3 A5 - + + 
bl- l  A42 - + - + - + 

- - 

- + - 

- - - - - - - 
- - - 

- - - - - 

- + 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

b2-1 A42 - + - + - + 
bl-2 A43 - + - + - + 

- 

- 

b2-2  A4? - + - + - + 
+ 
+ 
+ 

b2-4 A5 - + - + - + 
bl-5  A2 - + - + + 
b2-5 A 2  - + + + 
cl-1 A42 - 
c2-1 A5 - 
dl-1 A42 - + - + + 
d2-2 A5 + - - + + + 

Genes present a l ,  a2, bl ,  b2, d 2  a2, bl, b2, d2 a2, b l ,  b2, d2 a l ,  a2, b l ,  b2, d l ,  d2 
New alleles a l ,   a2  bl,  b2, d2 a2 61, b2, dl ,   d2  

- 

bl-? A6 + - - + 
b2-3 A6 + - + 
bl-4  A5 - + + 

- - 
- - - 

- - - 

- 

- - 

- - - 

- - - - - - - 

- - - - - - - 

- + - 
- - 

A? (218), A40 (LC07), A41 (LC05) and A44 (NL1).  H, Southern analysis; C, clamp cell development in 
transformed  host; +, DNA hybridization or presence of clamp cells; -, absence of either DNA hybridization 
or clamp cells. 

A41, and A44. Based on all our  other analyses, we ex- 
pected all three loci to contain d2-2, however, transfor- 
mation data showed  this to  be  true only for A3 and A41 
where d2-2 fails to elicit clamp cells. A44 contains genes 
that  are compatible partners  for  both dl-1 and d2-2and 
is the first locus we have identified with a complete d 
gene pair. The HD2 gene  cannot be d2-2 but  had suffi- 
cient DNA homology to cross-hybridize. A40 lacks  ei- 
ther of the identified d genes, as  shown by Southern 
analysis, but  the compatible interaction with dl-1, but 
not d2-2, indicates that it contains only a new  allele of 
d2. c l  and c2 failed to elicit clamp cells  in  any host. 

For the most part,  there is a good correlation between 
cross-hybridization to a hosts' genomic DNA and failure 

to elicit clamp cell development. Where a  gene fails to 
both elicit clamp cells or cross-hybridize, this may be 
due to the absence of a compatible partner, as occurs 
for the a2-3 gene in the A40 or A41 hosts (Table 3 ) .  
While there is a general lack  of sequence similarity  be- 
tween the different allelic and paralogous versions of 
the genes, cross-hybridization can be misleading as 
shown by our data for the d2-2 gene. 

DISCUSSION 

It is estimated that  there  are 160 versions  of the A 
locus (MER 1966). Our analysis of nine A mating type 
loci  of C. cinereus allowed  us to demonstrate  that these 

a-pair b-pair  d-pair 

A 3 -  - 
bl-3 b2-3 d2-2 

A40 ---" - - in four uncloned A loci. HDl and HD2 genes 
FIGURE 4.-Predicted a, band d genes present 

d - 1  
are distinguished by the black and white boxes, 
respectively. 

A41 - - 
d2-2 



The Copn'nus A Locus 93 

large numbers could be  accounted  for by a small num- 
ber of multiallelic forms of three paralogous pairs of 
genes. With the small sample of A loci that we have 
analyzed, we have identified at least four alleles  of the 
a genes, six  alleles  of the b genes and  three alleles  of 
the d genes. 

It is essential that  the two members of a  gene  pair, 
when present,  are always kept  together since recombi- 
nation would generate  a compatible combination capa- 
ble of promoting A-regulated development. However, if 
paralogous gene pairs can be  recombined in all  possible 
combinations, we have identified sufficient alleles to 
generate  at least 72 different A loci. 

MAY and MATZKE (1995) have addressed the problem 
of A locus variation and used Southern blotting to iden- 
tify three variable regions within the A locus that corre- 
spond  to those containing  the a, b and d gene pairs and 
some homologous flanking sequence. These authors 
analyzed 16 strains all  with different A loci and taken 
from locations around  the world. They confirmed that 
the members of a particular gene pair are always found 
together  but  that  the  three blocks  of sequence,  repre- 
senting paralogous pairs, were in linkage equilibrium 
indicating that all three could be recombined despite 
their physical  proximity. Our molecular analysis  has 
shown that members of a  gene  pair  are  separated by 
nonhomologous  sequence  that  should prevent recom- 
bination between them (KUES et al. 1992,1994 and  pres 
ent study) but  that  the a and b gene pairs are  separated 
by  7.0  kb  of homologous sequence  that  should  permit 
recombination. The b and d gene pairs in the loci we 
have examined  are not separated by homologous se- 
quence, and it is unlikely that  the genes in these loci 
can be  recombined. 

The active gene combination that triggers develop 
ment is an HDI gene from one mate and  an HD2 gene 
from the  other. This we have  previously deduced from 
transformation studies (KUES et al. 1994c), but  here we 
provide direct evidence by generating  a transformation 
host containing an AP-null  locus and into which we 
could  introduce single genes to test-compatible combi- 
nations. Where both members of a  gene  pair  are pres- 
ent,  and this is  always true  for  the b pair, two equally 
effective HDl-HD2 combinations result on mating. For 
the a and d pairs many  loci  have just a solo HD1 or 
HD2 gene,  but this is sufficient to generate  a single 
compatible interaction if the  appropriate  partner is 
found in another locus. 

The existence of two classes of mating type proteins 
with  dissimilar homeodomains is not  unique to the ba- 
sidiomycete fung.  The a1 and a 2  proteins  encoded by 
the alternative forms of the mating type  locus  of the 
budding yeast Saccharomyces  cermasiae (MATa and 
MATa) have homeodomains  that  are analogous to the 
HD2 and  HDl domains, respectively. a1  and a 2  pro- 
teins heterodimerize on mating and generate  a new 
transcription factor complex that binds unique  opera- 

tor sites that  cannot be recognized in unmated cells. 
There is  now evidence from studies in both U. maydis 
(WPER et al. 1995) and C. cinereus (BANHAM et al. 1995) 
that development is triggered by a similar heterodimeri- 
zation between bE and bW proteins and between HDl 
and HD2 A proteins, respectively.  However, unlike S. 
cermisiae, the basidiomycete mating type  loci contain 
genes that  encode  both classes  of proteins and, more- 
over, there  are multiple versions  of these proteins. Pro- 
teins already present in the cell must be distinguished 
from many nonself proteins  that  are potentially compat- 
ible. In the cells  of C. cinereus, homologous gene prod- 
ucts must also be distinguished from paralogous gene 
products. In  a mating between monokaryons having 
A42 and A 5  loci, there  are five HDl proteins and five 
HD2 proteins resulting in four compatible protein com- 
binations and 21 incompatible ones. In both U. maydis 
and C. cinereus discrimination has been shown to be 
effected by an N-terminal domain in both proteins 
classes that permits compatible but  not incompatible 
proteins  to heterodimerize (BANHAM et al. 1995; 
WPER et al. 1995). 

By generating mutations in a bE gene, WPER et al. 
(1995) were able to introduce  amino acid changes that 
allowed the  protein  to dimerize with  its  normally incom- 
patible partner  encoded by the bWgene in the same b 
locus. The substitutions conferred changes in charge 
or hydrophobicity and led the  authors to propose a 
model to account  for  the compatible and incompatible 
interactions of proteins encoded by at least 25 different 
versions  of the b locus based on four polar or hydropho- 
bic amino acid contacts. 

Coiled  coil  motifs  have been implicated in dimeriza- 
tion of  several proteins  including  the  a1 and a2 mating 
type proteins of S. cermisiae (Ho et al. 1994). Changes 
in charge  are likely to affect the stability  of dimerization 
via coiled coils where these affect the e and g positions, 
flanking the hydrophobic a and d positions of the 3,4 
heptad  repeat (O'SHEA et al. 1992). Significantly, 
GIESER and MAY (1994) and BANHAM et al. (1995) pre- 
dicted the presence of  two coiled coil  motifs  within the 
N-terminal domains of the HDl A proteins of C. cinereus 
and suggested that these were  likely to be involved  in 
dimerization. Particularly interesting was the prediction 
that  the positions of these motifs  were  exactly the same 
in the  proteins  encoded by three different alleles  of 61 
(amino acid positions 15-33 and 73-99) but  that they 
were displaced in the  protein  encoded by the paralo- 
gous dl-I gene (37-59 and 79-100) (BANHAM et al. 
1995). We have  now extended this  analysis to the HDl 
product of another paralogous gene,  al-3, where the 
predicted  amino acid positions are 3-22 and 59-85. 
This analysis  of al-3 lends further  support to our hy- 
pothesis that paralogous gene  products  are distin- 
guished by the position of the dimerization interface. 

The odd inactive c genes that we found in the A42 
and A5 loci may represent  the remains of a  gene pair 
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that has largely been eliminated, or alternatively these 
genes may have been  introduced by illegitimate recom- 
bination events. DNA sequence analysis of the A 5  c2-1 
gene has failed to identify a homeodomain  encoding 
region and this gene can have no functional signifi- 
cance. Upon subjecting the  cl-1 protein  sequence to 
the coil  analysis, we concluded  that this is likely to be 
a pseudogene rather  than a member of a fourth  gene 
pair. Only a single coil could be  predicted at position 
9-28 that  more nearly corresponds to  the first  coil  posi- 
tion in al-3. cl-1 may have been derived from an a1 
gene  that has been accidently inserted into  the p com- 
plex and inactivated by losing part of its dimerization 
domain. 

The a2-2 gene was inactive in all host strains used. 
Interestingly, the constitutive A43 fusion gene  that we 
inactivated to  generate a partial null-A host contains 
the a2-2 gene as its H D 2  component. The regulatory 
activity  of the fused protein is clearly unimpaired, and 
it seems likely that  the defect in a2-2  is in its N-terminal 
dimerization domain. We have  shown for  the analogous 
A6 fusion protein  that this domain is only essential for 
recognition of a compatible dimerization partner  and 
is dispensible if this function is no longer  required 
(BANHAM et al. 1995). 
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