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ABSTRACT

Classical genetic studies identified nine mating-type specificities at the Aa locus of the Basidiomycete
fungus Schizophyllum commune. We have used Southern blot hybridizations to generate EcoRlI restriction
maps of the Aa locus for 18 strains, including all nine specificities. Aal, Aa3 and Aa4 DNA was subcloned
from three cosmids and used as probes. A unique region of DNA was found for each of the three cloned
specificities. Hybridization was detected in this region only if the probe(s) and the blotted genomic DNAs
were from strains with the same Aa specificity. DNAs from strains with the same A« specificity hybridize
regardless of geographic origin, but DNAs from strains with different Aa specificities do not cross-
hybridize. The results demonstrate two size classes of unique Aa DNA. This unique DNA is about 4.5 kb
in Aal strains and about 7.0-8.5 kb in other strains. Transcription regulators Z and Y, which were deduced
previously from the DNA sequence of the Aa 1, Aa3 and Aa4 loci, are probably encoded by all non-Ac 1
loci. The smaller AeI loci appear to encode only Y and lack sequence for Z. No evidence was found for
alocus that encodes only Z. The lack of hybridization detected between Aa loci with different specificities

suggests that the evolution of Aa has resulted from extensive sequence divergence.

CHIZOPHYLLUM commune is a model organism

for the study of tetrapolar mating type in Basidio-
mycetes (reviewed by RAPER 1983, 1988). Mating type in
S. commune was initially thought to be determined by
two unlinked loci termed the A and B factors (KNiEp
1920). Subsequently, each factor was found to consist of
two linked loci designated Aa and AB, and Ba and B,
respectively (PAPAZIAN 1951; KOLTIN et al.. 1967). For two
homokaryons to be sexually compatible, i.e., differen-
tiate into fertile dikaryotic mycelium after fusion, the
two homokaryons must have different A and B factors.
Differences at either a or B, or both are sufficient for
differentiation (PapPaziaN 1951; KOLTIN et al. 1967). Ge-
netic studies show 9 A, an estimated 32 AB, 9 Ba, and
9 BB specificities exist in nature. The combinations of «
and B specificities constitute potentially 23,328 different
mating types of S. commune.

The structure of the Aa locus has been determined
for three specificities (Stankis ef al. 1992). The Aal, Aa3
and Aa4 specificities are dissimilar in DNA sequence,
but the Aa alleles are clearly homologous. Thus, they
cannot be termed idiomorphs (METZENBERG 1990). Aa 3
and Aa 4 loci each encodes an allele of two putative tran-
scription regulators termed Z and Y. Aal encodes an
allele of Y, but lacks sequence for Z. DNA sequences that
flank the three loci show about 90% identity, whereas
comparable Aa sequences show only small regions with
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70-80% identity; the majority is about 50% identical
(STANKIS et al. 1992).

Although the structure of the Aa locus in three strains
with Aal, Aa3 and Aa4 specificities had been deter-
mined (STANKIS et al.. 1992), nothing was known about
the structures of Aa encoding the remaining six speci-
ficities (A2, Aab—Aa9). The degree of natural varia-
tion that might exist in the structure of Aa in strains
with the same specificity, but from different geo-
graphic regions was also unknown. To gain a more
complete understanding of the Aa locus we have used
probes from the three cloned Aa loci and from flank-
ing regions in Southern blot hybridizations to con-
struct restriction maps of the Aa locus of 18 strains in-
cluding all nine Aa specificities. Several of the loci
were from strains with the same Aa specificity in order
to assess the degree of natural variation in Aa. Seven
Aal loci were mapped in order to determine if each
locus encodes only the Y protein.

MATERIALS AND METHODS

§. commune strains and their culture: Strains used in this
study are from the collection of ]. R. RAPER, Harvard University,
currently maintained at the University of Vermont (Table 1).
The Aa specificity of each strain was previously determined
(RaPEr et al. 1960). Genotypes of strains used for DNA-
mediated transformations and matings with transformants are
described (Table 2). Mycelia were grown using complete yeast
extract medium (CYM, HorrMaN and RaPer 1974) or CYM
supplemented with 4 mM tryptophan (CYMT).

Cloning of the Aa3 locus: The Aa 3 locus was isolated es-
sentially as described for the Aa I locus (GIASSON et al. 1989).
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TABLE 1

Strains of S. commune used in Southern blot hybridizations

Designation

Strain Aa AB for this study Origin
UVM 4-39 1 1 1a¢ Massachusetts
UVM 1-15 1 9 1b »?
UVM 1-23 1 5 1c Massachusetts
UVM 1-44 1 3 1d ?
UVM 1-59 1 5 le Pennsylvania
UVM 1-103 1 15 1f Costa Rica
UVM 1-113 1 7 1g North Carolina
UVM 2-19 2 1 2 Australia
UVM 1-71 3 1 3a? Brazil
UVM 141 3 5 3b Massachusetts
UVM 440 4 6 42® Massachusetts
UVM 12 4 7 4b Illinois
UVM 1-87 4 16 4c North Borneo
UVM 143 5 1 5a Alabama
V45 5 7 5b ?
UVM 221 6 1 6 New Guinea
UVM 2-22 7 1 7a Massachusetts
UVM 1-116 7 3 7b ?
UVM 2-23 8 1 8 Mozambique
UVM 2-24 9 1 9 Russia

? The Aa locus from each of these strains has been cloned and are
being sequenced.
? indicates that origin is unrecorded.

TABLE 2

S. commune strains used as recipients in transformation or
strains for the analysis of transformants in the isolation

of the Aa3 locus
Strain Genotype *
UVM 8-106 Aa3 AB5 Bax BBx trpl ural
UVM 12-43 Aa3 AB5 Ba2 BB2 ural
UVM 8-87 Aa5 AB7 Bax BBx trpl
UVM 8-108 Aa5 AB7 Ba3 BR2 trpl

® “x” has been used when the specificity of the individual Ba or BB
locus is unknown. The B factor determined by Bax, Bfx is different
from the B factor determined by Ba2, BB2.

A genomic library was constructed with DNA isolated from an
Aa3 strain, UVM 1-71. DNA (partially digested with Sau3A)
was ligated to BamHI cut cosmid vector pTC20, which contains
the Schizophyllum TRP1 gene as a selectable marker for trans-
formations (GIASSON et al. 1989). DNA was packaged using
lambda extracts (Stratagene). Escherichia coli strain DH 1 was
transfected, and ampicillin resistant colonies were selected.

DNA flanking the Ao locus exhibits high sequence identity
among strains. This DNA from an Aa4 cosmid was used to
identify clones bearing DNA from the Aa3 strain by colony
hybridization. Cosmids were shown to have Aa3 mating-type
specificity by DNA-mediated transformation of homokaryotic
strains. Recipients had either Aa3 or non-Aa3 mating-type
specificities. Trp* transformants were paired with tester strains
that had the same A factor and different B factors as the re-
cipient. The pairings were scored microscopically for forma-
tion of dikaryotic hyphae.

Subcloning: Restriction fragments were subcloned from
cosmids into pUCI8 or pIBI30 and transformed into E. coli
strains DH5a, JA228, HBI0I or NM522 by standard methods
(SAMBROOK ¢t al. 1989).

DNA extractions: Purification of total genomic DNA from
Schizophyllum mycelium has been described (SPECHT et al.

1982). Plasmid DNA was extracted from E. coli by the cleared
lysate method (CLEWELL 1972) and purified by two rounds of
centrifugation in CsCl-ethidium bromide gradients. Cloned
DNA fragments to be used as probes in Southern hybridiza-
tions were purified from agarose gels following electrophoresis
(SAMBROOK et al. 1989).

Southern blot hybridizations: Genomic DNA (1-2 pg) was
restricted with EcoRI; electrophoresed in 1% agarose and
transferred to Zeta-probe membranes (Bio-Rad) as described
by SouTHERN 1975. HindIIl digested ADNA served as the
standard for estimating the size of DNA fragments. Cloned
DNA fragments to be used as probes were labeled with
[aP*}dCTP by random primer synthesis (Pharmacia) to spe-
cific activities ca. 1 X 10® cpm/pg. Hybridizations were for
20 h at 65° in 5 X SSC, pH 7.0; 5 X Denhardt’s solution;
0.1% sodium dodecyl sulfate (SDS); 0.5% Carnation pow-
dered milk; 100 pg/ml denatured, herring sperm DNA; and
ca. 2 X 10° cpm/ml of labeled probe. Exposures to X-ray
film were made after filters were rinsed three times for 20
min in 2 X SSC, 0.1% sodium pyrophosphate, 0.1% SDS at
65° (low stringency rinse) and again following two rinses for
20 min in 0.1 X 8SC, 0.1% sodium pyrophosphate, 0.1%
SDS at 65° (high stringency rinse).

DNA sequence comparisons: DNA sequence alignments
were made to coincide with amino acid alignments of respec-
tive coding regions. Alignments were facilitated by the Bestfit
program (GCG, Wisconsin). A percent identity was calculated
every 50 bases along each alignment.

RESULTS

Cloning the Aa3 locus: Three cosmid clones with
overlapping sequences were isolated from the Aa3
genomic library by probing with DNA that flanks the
Aa4 locus. DNA-mediated transformations with these
cosmids were done using homokaryotic recipients.
Strain UVM 8-106 with Aa3 specificity yielded 120 Trp*
transformants with no alteration of A factor activity as
evidenced by pairing with UVM 1243 (same A factor,
different B factor as UVM 8-106). Homokaryotic
strain UVM 8-108 with Aab specificity yielded 30 Trp*
transformants of which 10 mated with strain UVM 8-87
carrying Ao and AB identical to the transformation re-
cipient. We conclude from these results that the Aa3
locus is contained within each of the cosmids that
were isolated.

Restriction maps of A« loci as determined by South-
ern blot hybridizations: EcoRI restriction maps of the
three Aa loci that were cloned (Aal and Aa4, GIASSON
et al. 1989; Aa 3, reported here) are shown in Figures 1,
2 and 3. Probes from one Aa4 strain, Aa4a (Table 1),
were used to map the EcoRI fragments in other strains
(Figure 1). Aada probes, C and D, showed no evidence
of hybridization to DNA from non-Aa4 strains (Figure
1). In hybridizations to non-Aa4 DNA, probe E bound
weakly with every Ae DNA after a low stringency rinse
and bound only to A9 after a high stringency rinse. In
the case of each Aa, fragment E bound to Aa fragments
that are consistent with E mapping between sequences
identified with probes B and F.

Aala probe M (Figure 2) hybridized, following low
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g —— b= FIGURE 1.—FEcoRI restriction maps of
the Aa locus for 20 strains of S. com-
mune. The number and letter combina-
1a | A |8 e_F G __JeH] ! 1 tions in the left column designate the Aa
strain numbers as in Table 1. The map of
* L2 12 L ol I I Aa4a (at top) with EcoRI sites indicated
1e | A 8 | e_r G H ! | by vertical lines was generated by tradi-
1d | A |B] B* F | G H| | | tional restriction enzyme mapping of the
cloned cosmid DNA. Boxes indicate the
Te | A | B B F | G ) | coding region for a putative metallo-
11 | A |8 E* F | & H | [ endopeptidase (MEP), and Aa4a tran-
scription regulators AZ4, and AY4
19 | A |8 B F | G |GH ! ] (STANKIS et al. 1992). The other strains
2 | A | B | E* | F G Hp L] | were mapped by a series of Southern blot
hybridizations using Ac4a DNA probes
3a | A B | & FIF| G H ! | to identify homologous EcoRI restriction
s | A | B | E* F o G H] | | fragments in genomic DNA prepared
from each strain. Probes (designated
a | A | B | D E|l F | I L] ! | A-I, top) are shown as horizontal lines
4b | A |B D E| F |G|G]|G|H| | | below the restriction map. Aa4a probes
that hybridized at high stringency to
4c | A B 0| E F G H| ! | each fragment are indicated by the letter
Sa | A |8 E* F | G H| I | or letters assigned to that fragment.
Fragments that hybridized only at low
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6 | A |B E* F | G H| | |  E* Homologous EcoRlI restriction frag-
ments for each strain were ordered ac-
a | A |8 E F_IG] & A ! | cording to the position of the Aada
™ | A B E* F G |H] } | probe or probes that identify them.
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stringency washes, only to DNA from Aal strains. Aala
probe N (Figure 2) hybridized to the same fragments
from non-Aal strains as did Aad4a probes B and F
(Figure 1). Aala probes ], K, and L hybridized after high
stringency rinses to DNA from all seven Aal isolates
(Aala-Aalg, Figure 2).

Aca3a probe O (Figure 3) binds only to DNA from the
two Aa3 isolates tested (Aa3a, Aa3b) following low strin-
gency rinses. Aa3a probes P and Q hybridized to Aa3
DNAs after high stringency rinses (Figure 3). In both
Aa3 isolates probe P identified a 0.3-kb fragment that
had not been detected by Aa4a probes.

Two assumptions were made in order to assemble
the maps from the hybridization data. The first as-
sumption considered the order of restriction frag-
ments to be conserved among Aa loci. The second as-
sumption, which was required when the order of
fragments was in question, considered Ec¢oRI restric-
tion sites to be conserved among loci. When the order
could not be determined, e.g., Aa2 and Aa8 with
probe I, an arbitrary order was assigned.

The accuracy of the maps is reasonably certain. The
maps of strains Aala, Aa3a and Aa4a determined here
by hybridizations serve as controls to be compared to the
maps of the cloned Aala, Aa3a and Aa4a loci gener-
ated first by standard restriction mapping methods and
also from sequence data. These comparisons show no
discrepancies between the data generated by these three
methods. What is the likelihood of undetected frag-
ments? For nine strains probes B and F hybridized to the
same fragment, which eliminates the possibility of un-
detected fragments in each. In nine other strains probes
B and F hybridized to different fragments; however,
seven are Aal, Aa3 and Aa4 strains, and each map has
been corroborated by probing with Aal, Aa3 and Aad
probes, respectively (Figures 1-3). Therefore, only in
strains 2 and 9 (Figure 1) is there the possibility of un-
detected Aa fragments.

DNA homology at the Aa locus: The results in Figure
1 show that there is a region of the Aa4a DNA that is
unique to strains with Aa4 mating-type specificity. That
region is spanned by probes C, D and E which do not
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FIGURE 2.—EcoRI restriction maps for seven Aa I loci. The
EcoRl restriction map of cloned Aa 1a DNA (at top) with EcoRI
sites indicated by vertical bars. Coding regions for MEP and,
Aala transcription regulator AY1, are boxed. Maps of frag-
ments defined by hybridizations with probes J and K are in-
dicated with letters J and K. Results with probes M and N are
discussed in the text.
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FIGURE 3.—EcoRI restriction maps of two Aa3 loci. The
EcoRl restriction map of cloned Aa3a DNA (at top) has EcoRI
sites indicated by vertical bars. Coding regions for MEP and,
Aa3a transcription regulators AZ3and AY3, are boxed. Probes
O, P and Q are designated by horizontal bars. EcoRI restriction
fragments identified by hybridization with probes O, P or Q are
lettered, respectively.

hybridize to DNA from non-Aa4 strains following high
stringency washes (one exception noted, probe E to
Aa9). These results indicate that substantial DNA het-
erogeneity exists between Aa4 DNA and other Ao DNAs.
Similar heterogeneities were detected when Aal frag-
ment M and Aa3 fragment O were used to probe the
DNAs of the other Aa specificities.

Since probe E did show weak hybridization following
low stringency washes to non-Aa4 DNA, and weak hy-
bridization to Aa9 following high stringency washes,
probe E shares greater homology to DNA sequences
among Aa loci in the region between probes D and F.

Many of the maps (Figures 1-3) have a set of restric-
tion fragments of common size on the left, and another
set of fragments of common size on the right of the
heterogeneous DNA defined above. The distance sepa-
rating these fragments is constant for Ao 2-Aa 9lociand
almost constant for the seven Aa I loci. The difference
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FIGURE 4—DNA sequence comparison of Aa3 and Aa4
DNA. The genes encoding MEP, AZ4, AY4, AZ3, and AY3 pro-
teins (boxes) are positioned above EcoRI restriction maps
(horizontal lines with vertical bars to indicate EcoRI sites) of
Aa4 DNA (top line) and Aa3 DNA (bottom line). The shaded
graph indicates the percentidentity calculated along the align-
ment of Aa3 DNA to 9700 bp of Aa4 DNA (x-axis, STANKIS et
al. 1992; A. MARION, personal communication). A double-
headed arrow estimates the length of the heterogeneous DNA
found at the Aa4 locus.
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FIGURE 5—DNA sequence comparison of Aal and Aa4
DNA. The genes encoding MEP, AZ4, AY4, and AYI proteins
(boxes) are positioned above EcoRI restriction maps (hori-
zontal lines with vertical bars to indicate EcoRlI sites) of Aa4
DNA (top line) and Aal DNA (bottom line). The shaded
graph indicates the percent identity calculated along the align-
ment of Aal DNA to 9700 bp of Aa4 DNA (x-axis, STANKIS et
al. 1992; A. MarioN, personal communication). A double-
headed arrow (solid line) estimates the length of the hetero-
geneous DNA found at the Aa 4 locus. A double-headed arrow
(dashed line) estimates the length of DNA missing in the Aa 1
locus.

in lengths between maps of Aa I loci and non-Aa 1 loci
is about 3.5 kb and appears to be confined to the region
of DNA that is unique to each mating-type specificity.
The size of the region of heterogeneous DNA found
in the Aa loci was more precisely estimated by sequence
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comparisons of Aala, Aa3a and Aada DNAs as shown in
Figures 4 and 5. Left and right boundaries indicated by
arrows were arbitrarily selected where the percent iden-
tity dropped and remained below 90%. The comparison
of Aa3a and Aa4a DNAs (Figure 4) shows the hetero-
geneous DNA in the Aa3 and Aa4 loci to be about 7.3
kb (7.2 kb for Aa3and 7.3 kb for Aa4). The comparison
of Aala and Aa4a DNAs (Figure 5) shows the hetero-
geneous DNA in the Aa I locus to be about 4.6 kb and
about 8.4 kb in the Aa4 locus. Similar lengths of het-
erogeneous DNAs were defined by comparing Aalaand
Aa3a DNAs (4.6 and 8.3 kb, respectively, data not
shown). The size of the heterogeneous region of A I is
about 3.8 kb less than Aa3 or Aa4 due in part to the
absence of the region that encodes Z. This difference is
similar to the difference of 3.5 kb estimated from the
Southern hybridization data described above.

The DNA sequence comparisons clarify the Southern
hybridization results. DNA probes Aa4a: C, D, E; Aala:
M; and Aa3a: O did not hybridize to genomic DNAs with
non-self specificities following high stringency rinses.
Each DNA probe has, on average, less than 60% identity
to the other sequenced DNAs. Hybridization was de-
tected following low stringency rinses only with DNA
probe Aa4a: E. There are short stretches that show about
80% identity to Aala and Aa3a DNA. These stretches
may have provided sufficient homology for detectable
hybridization. Probes that hybridized to genomic DNA
following high stringency rinses probably have regions
of about 90% identity as found in the flanking DNA of
the sequenced Aa loci.

DISCUSSION

PapaziAN (1951) in his study of strains with non-
parental mating-type specificities first perceived and
proved that the genetic structure of the A mating-type
determinant was more complex than a single locus. He
demonstrated that the novel (i.e., non-parental) speci-
ficities were the result of genetic recombination be-
tween two linked elements he termed a and B, of the A
factor. Subsequent studies by KOLTIN e al. (1967) simi-
larly showed a bipartite structure of the B factor. There-
fore four loci, Aa, AB, Ba and Bf3 determine mating-
type specificity in Schizophyllum. It was deduced that
differences at individual loci enabled two haploid strains
to be sexually compatible. We conclude from the South-
ern hybridization data presented here that the nine Aa
specificities identified by RAPER et al. (1960) are defined,
at least in part, by extensive differences in DNA se-
quence unique to each specificity in agreement with the
degree of dissimilarity established between the Aala,
Aa3aand Aa4aloci (STANKIS ¢f al. 1992). And, as might
be anticipated, isolates from different geographic loca-
tions which have the same Aa specificity have similar
DNA sequences. Confirmation of our findings will re-
quire the cloning of additional Aas.

Within the region of DNA sequence unique to each
specificity are encoded alleles of two transcription regu-
lators, the Z and Y proteins (STANKIS et al. 1992). Acti-
vation of A-regulated development requires the inter-
action of Z and Y proteins from Aa loci with different
specificities (SPECHT et al.. 1992). Hypothetically, three
types of Aa loci could satisfy this criterion: loci that en-
cade different alleles of protein Z, loci that encode dif-
ferent alleles of protein Y, or loci that encode different
alleles of both proteins Z and Y. The Aa3 and Aa4 loci
have been shown to encode both proteins and the Aa 1
locus to encode only the Y protein (STANKIS et al. 1992).
A comparison of the restriction maps and region of dis-
similarity in DNA sequence as determined by Southern
hybridizations of the 17 Aa loci that were not sequenced
supports the following conclusions. The Aal locus in
general encodes only the Y protein. The Aa2-Aa 9 loci
contain additional DNA and probably all encode both
Z and Y proteins. A locus about the size of Aal (e.g.,
Aalb-g in Figures 1 and 2) that does not hybridize with
Aala probes would be indicative of a locus that encodes
only the Z protein. Such an Aa locus was not found
based on results shown in Figure 2.

The large difference in DNA sequence of different Aa
mating-type specificities suggests that the evolution of
different specificities was by extensive sequence diver-
gence. Recombination between alleles of Yand Z is pro-
hibited as a result. The absence of recombination has
prevented self-activation of A-regulated development
and promoted outbreeding of S. commune.

Other mating-type loci that encode multiple mating-
type specificities (alleles) have recently been described
for two other Basidiomycetes and can be contrasted to
Aa of S. commune. The b locus of Ustilago maydis en-
codes a pair of genes: bE and bW (KroNSTAD and LEONG
1990; ScHULTZ et al. 1990, GILLISSEN et al. 1992). Dif-
ferent alleles of each gene, together, constitute an es-
timated 33 different b mating types. 4 loci that deter-
mine different b mating types, however, have
undergone less sequence divergence than have the dif-
ferent Aa specificities of S. commune. Southern hybrid-
izations cannot be used to distinguish & loci.

The Aa and A loci determine the A mating type of
Coprinus cinereus. In C. cinereus the A mating type loci
controls clamp cell formation as Aa and AB do in S.
commune (see RAPER 1966). The Aa locus of C. cinereus
like the Aa locus of S. commune is about 50 kb from the
PABI gene found in each organism (GIASSON et al. 1989;
MutasA et al. 1990). Given the biological and genetic
evidence of similarity of the Aa locus for each fungus it
is now becoming apparent that the coding regions also
have similar features. Both loci encode one or two tran-
scriptional regulator proteins each with homeodomain
motifs. The genes comparable to Zand Yin S. commune
are respectively, al and a2 in C. cinereus (KUES et al.
1992; Kuks and CASSELTON 1993). A counterpart to Ae I
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in S. commune is a2-1 of the A42 mating type in C. ci-
nereus; each Aa locus encodes only one gene.

In 8. commune A and AB are linked at 5 cM (RAPER
et al. 1958). In C. cinereus Ao and AB are linked at 0.07
cM (Day 1960). Because Aa and AP are functionally
redundant and tightly linked, classical genetics is too
difficult to determine the repetoire of different speci-
ficities for Aa or A in C. cinereus. However, Aa and AB
in C. cinereus encode dissimilar DNA such that DNAs
of different specificities do not always cross-hybridize
(Mutasa et al. 1990; MAY et al. 1991; KUES et al. 1992).
DNA encoding new specificities at each locus can be
identified by lack of hybridization to DNA of known
specificity (MAY et al. 1991; Kues and CaSSELTON 1993).
This reinforces the importance of Southern hybridiza-
tions to readily identify different specificities at mating-
type loci like Ao and AB of C. cinereus and Aa of S.
commune and prepare restriction maps to aid in their
cloning.
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