NOVEL MUTATIONS OF THE A MATING-TYPE IDIOMORPH
IN NEUROSPORA CRASSA
by
LEISA MARY STENBERG
B.Sc., The University of British Columbia, 1988
A THESIS SUBMITTED IN PARTIAL FULFILLMENT OF
THE REQUIREMENTS FOR THE DEGREE OF
MASTER OF SCIENCE
in
THE FACULTY OF GRADUATE STUDIES
(Genetics Graduate Programme)
We accept this thesis as conforming
to the required standard

THE UNIVERSITY OF BRITISH COLUMBIA
February 1993
© Leisa Mary Stenberg, 1993

In presenting this thesis in partial fulfilment of the requirements for an advanced
degree at the University of British Columbia, I agree that the Library shall make it
freely available for reference and study. I further agree that permission for extensive
copying of this thesis for scholarly purposes may be granted by the head of my
department or by his or her representatives. It is understood that copying or
publication of this thesis for financial gain shall not be allowed without my written
permission.

(Signature)

Department of ^e7^C t4_ c: :5
The University of British Columbia
Vancouver, Canada

Date

DE-6 (2/88)

^1-7:1"rua7^H '131

ABSTRACT

The mating-type idiomorphs of Neurospora crassa, A and a, function in the sexual
cycle to initiate mating and meiosis (A x a is fertile) and during vegetative growth to
prevent heterokaryosis (A + a is incompatible). The A and a idiomorphs encode
putative regulatory polypeptides of 288 amino acids (mt A 1) and 382 amino acids
-

(mt a 1), respectively, that are thought to control the expression of mating-specific
-

genes and determine a self versus non-self mechanism of recognition. The present
study is an attempt to isolate new mutants of the A mating-type locus to further
delineate the functional domains of the mt A 1 ORF that controls these seemingly
-

unrelated functions.
Previously, all A mating-type mutants isolated using UV mutagenesis were sterile and
heterokaryon compatible, the result of frameshift mutations within mt A 1. In an
-

attempt to isolate fertile and heterokaryon compatible A mutants, mutational analysis
was performed on mating-type A strains using 6-N-hydroxylaminopurine (H.A.P.), a
chemical mutagen that produces GC-*AT base pair substitutions, in addition to UV.
All of the mutants isolated with UV were heterokaryon compatible and sterile. One
mutant isolated with H.A.P., Am 99 , was heterokaryon compatible and sterile as the
male, but fertile as the female, producing near normal numbers of asci and ascopsores,
although reduced numbers of perithecia. The mutant phenotype segregated with the A
mating-type in all of the progeny tested. Sequencing analysis of the mt A 1 ORF
-

showed that the mutant phenotype was the result of a base pair substitution that changed
Trp-86 to a stop codon that would result in a truncated polypeptide of 85 amino acids.
A second mutant isolated with H.A.P., Am 13 , was heterokaryon compatible and sterile
as the male, but produced near normal numbers of perithecia, but not ascospores, as the
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female. Sequencing analysis of the mt A 1 ORF of Am 13 showed a frameshift mutation
-

at amino acid 208 produced the mutant phenotype. The different phenotypes observed
between Am 99 , Am 13 and A wild-type strains can thus be ascribed to differences in
function of the polypeptides encoded by their mt A 1 ORFs. A model for mt A 1
-

-

function is presented to account for the phenotypes of these mutants in comparison to A
wild-type strains.
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1
INTRODUCTION

Neurospora crassa is a haploid, heterothallic, filamentous fungus belonging to the class

ascomycetes. It has two stable mating types designated A and a which are determined
by co-dominant alleles at the mating type locus on Linkage Group I. As a eukaryote,
N. crassa has proved to be invaluable as a research organism. Not only does N. crassa

have simple nutritional requirements, it propagates quickly, is easily manipulated, and
has straightforward genetics. Thus, N. crassa research has allowed for comparisons to
be made between prokaryotes and eukaryotes, both at the genetic and molecular levels.
During its vegetative phase, N. crassa proliferates as a branching mycelium (Figure 1),
requiring only a few simple salts, trace elements, a single vitamin, biotin, and a
utilizable carbon source. The mycelium is comprised of multinucleate hyphae, which
are segmented by incomplete cross-walls called septae. Cytoplasm and its organelles
(nuclei, mitochondria, etc.) flow through the hyphal system, usually in the direction of
growth. Aerial hyphae develop into two asexual spore forms, large macroconidia
which are multinucleate, and smaller microcondia which are almost always uninucleate
(Fincham et al., 1979).
The sexual cycle is initiated when nitrogen levels have been depleted, and requires both
mating types, (A x a), (Shear and Dodge, 1927), (Figure 1). Either mating type can
produce male structures, (macroconidia, microconidia or a vegetative hyphae), as well
as female structures, (ascogonia). The ascogonium is enclosed in a spherical sheath of
hyphae, the whole known as a protoperithecium. Specialized receptive hyphae of the
ascogonium, (trichogynes), extend from the protoperithecium. Mating occurs when
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Figure 1. Life cycle of Neurospora crassa. (from Fincham et al., 1979).
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these trichogynes grow towards and fuse to male cells of opposite mating type. The
attraction of the trichogynes to male cells of complementary mating type is apparently
mediated by mating type specific pheromones produced by the male cells (Bistis, 1981,
1983).
Fusion of the trichogyne to the male cell initiates a series of developmental events. A
male nucleus is transported down the trichogyne and into the ascogonium where it
associates with the female nucleus. The A and a nuclei divide in synchrony many times
to give rise to the fertile, ascogenous hyphae within the growing perithecium.
Karyogamy eventually occurs in the penultimate cells of each ascogenous hypha, and is
immediately followed by meiosis. The resulting four haploid nuclei then undergo a
round of mitosis to produce the characteristic 8-spored ascus (Fincham et al., 1979).
Upon maturation, the ascospores are shot through the ostiole in the perithecial beak.
In addition to their role in the sexual cycle, the mating type A and a alleles of N.
crassa also function in the vegetative phase to control heterokaryon incompatibility,
(Beadle and Coonradt, 1944; Sansome, 1946; Gross, 1952; Garnjobst and Wilson,
1956; Pittenger, 1957; Newmeyer et al., 1973). If cultures of the same mating type
are mixed, (a+a or A+A), hyphal fusion and mingling of nuclei occurs, resulting in
vigorous growth of the heterokaryon. However, if cultures of complementary mating
type are mixed, (a+A), hyphal fusion results in death of the cell compartments along
the fusion line (Garnjobst and Wilson, 1956), a response known as heterokaryon
incompatibility. The vegetative incompatibility reaction is also seen in strains carrying
a heterozygous duplication of the mating type genes (Newmeyer and Taylor, 1967).
These Ala duplication strains do not result in death, but rather exhibit a drastic
inhibition of growth, accompanied by deposition of a brown pigment and are referred
to as 'dark agar' strains. Both of the mixed mating type heterokaryons and duplication
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strains usually escape from their inhibited growth phenotype and grow at rates similar
to wild-type. In the mixed mating type heterokaryons, escape is due to deletion of one
or the other mating types (DeLange and Griffiths, 1975). In the duplication strains,
escape is the result of a deletion of either mating type or somatic segregation of a from
A through mitotic crossing over (Newmeyer and Taylor, 1967).

As many as ten other vegetative incompatibility loci (het genes) have been identified in
addition to the mating type alleles A and a, and map to five different linkage groups
(Garnjobst, 1953, 1955; Pittenger and Brawner, 1961; Wilson and Garnjobst, 1966;
Mylyk, 1975).
A recessive suppressor of mating type incompatibility has been isolated (Newmeyer,
1970). This suppressor, tol, is unlinked to mating type, and although it has no effect
on a strain's ability to mate during the sexual cycle, it does allow strains of opposite
mating type to form vigorous heterokaryons during the vegetative phase. Thus,
tol A + tol a is compatible. Nuclear incompatibility is also suppressed by tol; a
tol Al a duplication strain grows vigorously.

Vegetative incompatibility of mating type alleles is expressed in N. crassa as well as
the related heterothallic species N. intermedia (Turner and Perkins, 1979). However,
vegetative incompatibility is not expressed in N. sitophila, N. tetrasperma (Mishra,
1971) nor N. discreta (Perkins and Raju, 1986). Introgression of the N. sitophila or N.
tetrasperma mating type alleles into a background that is otherwise largely N. crassa,

elicits a heterokaryon incompatibility response (Metzenberg and Algren, 1973; Perkins,
1977). It appears then, that the lack of vegetative incompatibility in the closely related
species N. sitophila and N. tetrasperma is governed by an unlinked locus or loci like
tol. Indeed, Jacobson (1992) introgressed the wild-type alleles at the tol locus from N.
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crassa (tolc) into N. tetrasperma and from N. tetrasperma (toll) into N. crassa and

found that to/c causes A and a to become heterokaryon incompatible in N. tetrasperma
whereas tolT acts as a recessive suppressor of A + a heterokaryon incompatibility in N.
crassa. Thus the heterokaryon incompatibility response in N. crassa is not an intrinsic

property of the mating type alleles themselves, although they are necessary for it.
The mating type alleles a and A of N. crassa have long been thought of as master
regulatory loci encoding regulatory proteins for entry into the sexual cycle, as well as
for recognition of self versus non-self in the heterokaryon incompatibility response.
However, the exact mechanism as to how these loci carry our these seemingly unrelated
functions remains a mystery. Attempts to separate the two functions by recombination
analysis have proved unsuccessful (Newmeyer et al., 1973), suggesting that both
.

functions are under the control of a single gene. Mutational analysis of these loci, and
their subsequent genetic and molecular characterization, as well as comparison to other
fungal mating systems, may lead us closer to understanding their pleiotropic effects.
Perhaps the best characterized ascomycete both at the genetic and molecular levels is
that of the unicellular, budding yeast Saccaromyces cerevisiae (see Herskowitz,
1988,1989 for reviews).
Haploid cells of S. cerevisiae are of either a or a mating type, determined by codominant alleles at the mating type locus (MAT) on chromosome III. The haploid cells
each produce mating-type specific pheromones. a cells secrete an extracellular peptide,
a-factor (Betz et al., 1987) that acts on a receptor produced by the STE3 gene of a
cells (Hagen et al., 1986). Similarly, a cells secrete an extracellular peptide, a-factor
that acts on a receptor produced by the STE2 gene of a cells (Blumer et al., 1988).
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Binding of the pheromones to their respective receptors leads to the arrest of cell cycle
in the G1 phase, at which time the cells of opposite mating type undergo cytogamy and
karyogamy, thus producing a third cell type, the a/a diploid cell. a/a diploid cells
cannot mate and neither produce nor respond to either factor. The a/a cells are the
predominant vegetative phase. Although nutrient deprivation is not necessary for cells
of opposite mating type to mate, nutrient starvation, (most likely nitrogen limitation)
causes the a/a diploid cell to undergo meiosis and produce two spores containing MATa
and two spores containing MATa.
The DNAs of MATa and MATa have been cloned and sequenced (Nasmyth and
Tatchell, 1980; Astell et al., 1981). Their sequences were found to be completely
dissimilar from one another; MATa is 642 by and MATa is 747 bp. Sequences
homologous to both loci (X and Z1) are found on either side. The term idiomorph has
been introduced by Metzenberg and Glass (1990) to denote those unrelated sequences
of DNA which occupy the same locus on the chromosome. Thus MATa and MATa
will be referred to as idiomorphs.
In addition to MAT, there are two storage sites for a and a cassettes, HMR and HML,
located at opposite ends of chromosome III. HMRa is an unexpressed copy of MATa
and HMLa is an unexpressed copy of MATa (Strathern et al., 1980; Klar et al., 1981;
Nasmyth et al., 1981). The X and Z1 sequences also flank these two loci. Two
additional sequences are present on either side of MAT and HML termed W and Z2.
HMR and HML

serve as donors in mating type interconversion. Homothallic strains,

(those carrying the HO allele), interconvert the MAT idiomorphs at high frequency,
giving rise to cells of both mating types within a population, which can then mate to
form a/a diploids (Hicks and Herskowitz, 1976; Strathern and Herskowitz, 1979).
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This is in contrast to heterothallic (ho) strains which possess a stable mating type.
HMR and HML are under negative control of the unlinked, trans-acting SIR gene

products (Ivy et al., 1986; Rine and Herskowitz, 1987). Mutations in any one of the
SIR loci allow the silent copies to be expressed. The SIR gene products are thought to

regulate HMR and HML through cis acting sequences which flank each locus (Abraham
et al., 1984; Feldman et al., 1984).

Each of the MAT idiomorphs codes for two uninterrupted, divergent transcripts (Astell
et al., 1981; Strathern et al., 1981; Tatchell et al., 1981). MATa encodes two

polypeptides, al and a2, as does MATa, al and a2. Three of these polypeptides, al,
al, and a2 are components of regulatory proteins. The function of a2 is unknown.
MA Ta11 is a 175-aa polypeptide. The polypeptide is basic, a characteristic of DNA

binding proteins, and is a positive regulator of a-specific genes (MFa1 and MFa2;
Fields and Herskowitz, 1985), as well as the a-factor receptor gene (STE3; Sprague et
al., 1983).
MATa2 is a negative regulator, repressing transcription of the a-specific genes (MFa1

and MFa2; Fields and Herskowitz, 1985) as well as the a-factor receptor gene (STE2;
Johnson and Herskowitz, 1985; Hartig et al., 1986). MATa2 shares limited homology
to the homeodomain of the antennapedia gene in Drosophila melanogaster (Shepherd et
al., 1984).

In a cells, the absence of a2 allows for the appropriate set of a-specific genes to be
expressed. The a-specific genes are not expressed in a cells because of the absence of
MATa1. Thus the a cell phenotype is conferred by absence of the cc/ and a2

regulators, and not the al protein itself (Strathern et al., 1981). al function manifests

itself only in ala diploid cells, where it associates with a2, thus producing a novel
regulatory protein, a1-a2.
In a diploid cell, a2 continues to repress a-specific genes, but in association with al,
al-a2 activity turns off synthesis of al, which in turn eliminates transcription of the

a-specific genes. al-a2 also turns off expression of haploid specific genes (HO, RME;
Miller et al., 1985), which are otherwise expressed in both haploid cell types. The
RME gene encodes a product that represses meiosis in haploid cells. a1-a2 diploid

cells repress transcription of RME when cells are nutritionally starved, thus allowing
meiosis and sporulation to take place (Kassmir and Simchen, 1976; Mitchell and
Herskowitz, 1986).
The products of the MAT idiomorphs do not act on their own to regulate cell specific
genes, but rather interact with a protein that is present in all cell types. (Passmore et
al., 1988). This transcriptional factor, PRTF, (for pheromone/receptor transcription

factor) is also known as GRM (for general regulator of mating type) and is the product
of the MCM1 gene. PRTF has binding sites in the upstream regulatory regions of both
the a-specific and a-specific genes (Keheler et al., 1988; Tan et al., 1988, 1990).
In a cells, a/ is thought to enhance binding of PRTF to its binding site ('P' site).
Although PRTF is capable of binding to this site alone, it is not capable of activating
the transcription of a-specific genes without a/ also binding. Tan et al., (1988) have
suggested that binding of a/ adjacent to PRTF induces the active conformation. In a
cells, PRTF is able to bind to the 'P' site in the upstream region of a-specific genes and
alone is able to stimulate transcription. Tan et al., (1988,1990) suggest that when
PRTF binds to the 'P' site it is in the active conformation for stimulating transcription.

Therefore, binding of PRTF to the upstream activating sequences is probably
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accompanied by a structural change, either by binding to the DNA (i.e., STE2) or by
addition of another factor (i.e., MATa1) to activate transcription.
In a cells, a2 acts to turn off the expression of a-specific genes. In the upstream
regions of a-specific genes there are a2 binding sites on both sides of the 'P' site for
PRTF. Repression of a-specific genes appears to be due to a2 binding to either side of

the PRTF 'P' site (Kronstad et al., 1987; Keleher et al., 1988), thus preventing
activation of transcription of a-specific genes by PRTF, most probably by locking
PRTF into an unproductive mode.

In summary, the mating type idiomorphs, MATa and MATa, of S. cerevisiae confer
cell type and mating capabilities by coding for mating-specific polypeptides. MATa
cells produce al which activates the transcription of a-specific genes and a2 which
represses a-specific genes. Both of these polypeptides do not act alone, but rather
interact with another protein, PRTF. MATa cells produce a-specific genes only due to
the absence of MATa1 and MATa2. PRTF binds alone to upstream activation regions
of the a-specific genes to stimulate their transcription. When two cells of
complementary mating type mate, a novel regulatory product, al - a2 represses the
transcription of the mating-specific genes as well as the haploid specific genes including
RME, thereby allowing meiosis to occur when the diploid cell is nutritionally starved.

The unicellular fission yeast, Schizosaccaromyces pombe, also belongs to the class
ascomycetes. Like S. cerevisiae, S. pombe has a simple life cycle consisting of both
haploid and diploid phases. Haploid cells propagate vegetatively as one of two mating
types termed h+ or h (Leupold, 1958). Under conditions of nutrient deprivation, cells
-

of opposite mating type conjugate to form a temporary diploid zygote. The diploid
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zygote immediately undergoes meiosis, resulting in an ascus containing four haploid
spores (Leupold, 1950).
The mating phenotype, h+ or h , is conferred by the allele expressed at the matl locus
-

of the mating type region on chromosome II, either matl-P (plus) or matl-M (minus)
(Beach, 1983; Egel, 1984). Like S. cerevisiae, the two mating type alleles are not
similar in sequence (Kelly et al., 1988) and thus fit the description of idiomorphs.
Two other mating-type regions, mat2 and mat3, contain P and M specific sequences,
respectively. These regions are silent and serve as donors of P and M information to
marl during mating type interconversion (Egel and Gutz, 1981; Beach, 1983). A
physical distance of 15 kb separates marl and mat2 and another 15 kb separates mat2
and mat3. However, no recombinants between the mat2 and mat3 loci have ever been
obtained (Egel and Gutz, 1981; Egel, 1984), suggesting that chromatin structure may
play a role in preventing transcription of these loci. All three loci, matl , mat2, and
mat3, share common regions of homology known as H1 and H2 (Beach, 1983). A
third regions of homology, H3, is common to both mat2-P and mat3-M only. Kelly et
al. (1988) suggest that H3 may play a role in preventing transcription at mat2 and
mat3.
The mating-type idiomorphs, marl -P and matl-M, each contain two divergently
transcribed genes referred to as Pc , Pi, Mc and Mi, each predicted to encode
polypeptides of 118-aa, 159-aa, 42-aa, and 181-aa, respectively (Kelly et al., 1988).
The role of these four polypeptides has begun to be elucidated.
The polypeptides encoded by Pi and Mi appear to play no role in conjugation, but are
required for meiosis and sporulation; strains of genotype Pi Pc + or MOO are able
-

to conjugate normally as h+ and h , respectively, but the resultant diploid zygotes
-
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(Pi Pc 4 1Mi+Mc + and Pi+Pc + /Mr Mc +) are unable to initiate meiosis and
-

-

sporulation.
The polypeptides encoded by Pc and Mc are necessary for both conjugation and
meiosis. Strains of genotype Pi+ Pc or Mi+Mc are not capable of conjugating with
-

-

strains of either h+ or If mating type. In addition, (Mi+Mc +) strains transformed
with only a Pi+ plasmid failed to enter meiosis whereas introduction of the full
complement of P function (Pi+ Pc +) allowed development of abundant haploid,
azygotic asci. Similarly, Mi+Mc strains co-transformed with Pi+ and Pc + plasmids
-

failed to induce haploid sporulation.
In addition to position effect, (only those idiomorphs at matl are expressed), the
transcripts of the mat idiomorphs are also subject to nutritional regulation. During
vegetative growth, Pi and Mi transcripts were undetectable, whereas low levels of Pc
and Mc transcripts were observed. When shifted to nitrogen-limited medium, all four
transcripts were elevated (Kelly et al., 1988). Since neither conjugation not sporulation
occur in nitrogen-rich medium, induction of mat expression is probably essential for the
onset of sexual differentiation.
The predicted protein products of the four mating type transcripts are basic, a
characteristic of DNA binding proteins. The Mc protein includes a motif called the
HMG (High Mobility Group) domain (Einck and Bustin, 1985; Jantzen et a/.,1990).
This motif is a DNA binding domain and is present in some proteins suggested or
known to be regulatory proteins. One such protein is that encoded by the sexdetermining region of chromosome Y in mammals (Gubbay et al., 1990; Sinclair et
al., 1990). Comparison of Pi, Pc, Mi , and Mc amino acid sequences to the al, a2,

and al polypeptides of S. cerevisiae showed that the only significant homology was that
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between the carboxy-terminus of Pi and a2. As mentioned previously, the carboxyterminus of a2 shares limited homology with the homeodomain of the antennapedia
gene in Drosophila melanogaster (Shepard et al., 1984), which in turn shows relation
to sequences identified in Xenopus, mouse, and man (Gehring, 1987). The existence of
a homeobox in Pi is evidence that this gene encodes a DNA binding protein. Whereas
MATa2 represses transcription of the a-specific genes and al-a2 represses transcription

of the haploid specific genes (i.e., RME), Pi is apparently a transcriptional activator
required for the expression of the mei3+ gene.
The mei3 + gene product acts as an inhibitory subunit of a protein kinase encoded by
the rani + gene, a negative regulator of meiosis and sporulation (McLeod and Beach,
1988). The mei3+ gene is only expressed in matl-M+ lmatl -P+ diploids entering
meiosis (McLeod et al., 1987). A mutation in Pi blocks mei3+ transcription in Pi

-

Pc + IMi+ Mc + diploid strains, indicating that Pi is most likely a transcriptional

activator of mei3 + .
In summary, the expression of the fission yeast mat genes is subject to the same
nutritional regulation that triggers sexual differentiation. This is in contrast to S.
cerevisiae in which conjugation occurs in rich medium and sporulation is induced by

starvation. Conjugation only requires Pc and Mc to confer the h+ and mating type,
whereas meiosis requires all four mat products, Pc , Mc , Pi, and Mi. Entry into the
sexual phase requires a positive function encoded by Pi.
Podospora anserina also belongs to the class ascomycetes, but unlike S. cerevisiae and
S. pombe which are unicellular and homothallic, P. anserina is a filamentous fungus

and is pseudohomothallic; that is nuclei of complementary mating type are contained
within a single ascospore (Fincham et al., 1979).
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P. anserina has two mating types designated mat+ and mat . Both strains give rise to
-

male gametes (microconidia) and female gametes (ascogonia). Mating occurs only
between strains of opposite mating type, the end result being a mature perithecium with
many asci containing ascospores (Fincham et al., 1979). Unlike the yeasts where
fertilization is followed by karyogamy, in P. anserina, fertilization is followed by a
series of mitoses before karyogamy occurs in the dikaryotic hyphae. Thus the overall
sexual development in P. anserina is very similar to that of N. crassa.
The mat+ and mat alleles have been cloned and sequenced (Picard et al., 1991;
-

Debuchy and Coppin, 1992). The two alleles are completely dissimilar in their DNA
sequence and thus fit the description of idiomorphs. The mat+ idiomorph encompasses
3800 by and the mat idiomorph encompasses 4700 bp. Surrounding the idiomorphs
-

are highly homologous sequences. P. anserina contains only a single copy of either
mating type idiomorph within a haploid genome, and is therefore incapable of mating
type switching like that seen in S. cerevisiae and S. pombe.
A single ORF of mat+, FPR1, is capable of conferring the mat+ phenotype (Picard et
al., 1991). FPR1 is composed of two exons that would encode a 365-aa polypeptide,
and shows sequence similarity to Mc of S. pombe and mt a 1 of N. crassa (discussed
-

later) which includes the DNA binding HMG domain (Debuchy and Copin, 1992).
This suggests that this protein may be a transcriptional factor involved in the control of
mating type. The FPR1 ORF alone appears to carry all the necessary information
required for mating and meiotic function; that is, sequences within the rest of the mat+
idiomorph are not required to obtain a fertile mat+ strain.
Analyses of the mat idiomorph also identified a single ORF, FMR1. Depending on the
-

intron splice sites, FMR1 would encode a polypeptide of 305-aa or 349-aa, and has a
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region of sequence similarity to MATa1 of S. cerevisiae, and therefore may have
similar DNA binding properties. Deletion studies have shown that the entire FMR1
ORF is not required for fertilization. Rather, 288-aa from the N-terminal are sufficient
to confer mating control, whereas reduction of the protein to 158-aa loses this function.
Unlike the FPR1 ORF which alone is capable of conferring mating and meiotic
function, sequences upstream and downstream of the FMR1 ORF within the matidiomorph are necessary for the development of mature fruiting bodies in crosses with
mat+ strains (Debuchy and Coppin, 1992). It is thought that at least one gene in the

upstream region of FMR1 may control post fertilization events. Likewise, a region
downstream, which contains the 3' coding region of FMR1, which is not necessary for
fertilization, may be involved in later stages of development. Analyses of the matidiomorph and its functional regions are presently being performed.
The mating type alleles, A and a, of Neurospora crassa have been cloned and
sequenced (Vollmer and Yanofsky, 1986; Glass et al. 1988; Glass et al. 1990; Staben
and Yanofsky, 1990). Initially the mating type locus was defined as a region which
must be heterozygous if mating is to occur. However, through molecular
characterization, the mating type loci of the A and a alleles were found to be highly
dissimilar in sequence, each flanked on both sides by sequences almost completely
homologous to one another (Glass et al. 1988). Thus the A and a alleles are now
defined as a region of non-homology (dissimilarity) between the A and a mating type
loci and are referred to as idiomorphs (Metzenberg and Glass, 1990). Because the
region of similarity/dissimilarity between the two mating type genomes is sharp, the
a idiomorph has been determined to be 3235 by of DNA, and the A idiomorph, 5301

by of DNA (Figure 2). Examination of N. crassa strains for the presence of silent A or
a idiomorphs revealed that a haploid genome contains a single copy of one mating type

idiomorph or the other. Therefore, mating-type interconversion seen in S. cerevisiae
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and S. pombe is not possible in N. crassa because information for the other mating type
is physically absent (Glass et al., 1988).
Although the a idiomorph is 3235 by of DNA, only 1259 by of this sequence specifies
the vegetative incompatibility and perithecial formation functions (Staben and
Yanofsky, 1990). This segment contains an open reading frame (ORF) interrupted by
two introns of 59 by and 57 bp, thus coding for a spliced mRNA that specifies a 382-aa
polypeptide, mt a 1. All sterile, heterokaryon compatible am mutants (Griffiths and
-

DeLange, 1978; Griffiths, 1982) map within this 382 as ORF and are a result of
frameshift mutations. The unique fertile, heterokaryon compatible mutant, am 33 , is
the result of a base pair substitution changing Arg-258 to Ser.
Comparison of the mt a 1 sequence to sequences in the databank showed that the amino
-

half of the mt a 1 polypeptide shows homology to almost the entire length of the
-

shorter S. pombe mat Me polypeptide, which in turn contains an HMG binding domain.
-

This similarity in sequence suggests that the amino half of the mt a 1 polypeptide may
-

perform functions analogous to the mat Me polypeptide which is thought to be a
-

positive regulator of both conjugation, and meiosis and sporulation (Kelly et al. 1988).
Because S. pombe does not express a vegetative incompatibility function and doesn't
contain sequences like that of the carboxy-half of the mt a 1 polypeptide, it has been
-

suggested that the carboxy-half of the mt a 1 polypeptide of N. crassa may be involved
-

in the vegetative incompatibility function, as the mutation of the fertile, heterokaryon
compatible, am 33 mutant is found in this region (Staben and Yanofsky, 1990). The
mt a1 polypeptide also displays similarities in sequence to the FPR1 gene in P.
-

anserina which is necessary for fertilization. Again, the similarities are localized in the

amino-terminal portion of mt a 1 and in the central portion of FPR1, both of which
-

include the HMG domain.
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Figure 2. The mating-type regions of a and A. The a and A idiomorphs with their
ORFs are represented by hatched and dotted boxes, respectively. Presumed transcripts
with their introns are represented by arrows with indentations. Thick lines indicate
identical sequences bordering the idiomorphs. (from Staben and Yanofsky, 1990).
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Like the a idiomorph, only a fraction of the 5301 by A idiomorph specifies a defined
function. A total of 926 by of the A idiomorph codes for an ORF interrupted by a 59
by intron, thus encoding a translational product of 288-aa (Glass et al., 1990). This
region, mt A 1, specifies both the vegetative incompatibility and rerithecial formation
-

functions. All sterile, heterokaryon compatible Am mutants (Griffiths, 1982)
sequenced thus far are the result of frameshift mutations within the first 550 by of
mt A 1. Because these mutations are frameshifts, it is not known whether the fertility
-

and heterokaryon incompatibility functions have separate domains like those suggested
for mt a 1. Interestingly, deletion constructs of up to 60-aa from the 3' end of mt A 1
-

-

that were used to transform sterile recipients showed no differences from those sterile
recipients transformed with the entire sequence of mt A 1. In both cases perithecia are
-

formed and the vegetative incompatibility function restored. This is similar to the
carboxy-terminal portion of FMR1 in P. anserina, in which the carboxy-terminal
portion is dispensable for fertilization (Debuchy and Coppin, 1992). However,
ascospores are only formed if integration results in gene replacement for those
recipients receiving the entire sequence of mt A 1. Because all transformants receiving
-

the truncated polypeptides are the result of ectopic integration, it is not clear whether
the entire sequence of mt A 1, including the carboxy-terminal portion, is needed for
-

ascospore production.
Comparison of the mt A 1 ORF to sequences of the databank showed a region of
-

similarity between the amino-terminal portion of mt A 1 ORF (amino acids 45-59) and
-

the MATocl polypeptide (amino acids 90-104) of S. cerevisiae (Glass et al., 1990). In
addition, 106 out of 196 N-terminal amino acids are identical between mt A 1 and
-

FMR1 of P. anserina, whereas the carboxy-terminal portion of the proteins are

dissimilar. This similarity in sequence suggests that mt A 1, (and FPR1), may perform
-

functions similar to that of MATa1 polypeptide, a transcription activator which
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regulates the genes for pheromone production and the a-factor pheromone receptor
(Herskowitz, 1988; Sprague et al., 1983). In any case, conservation of this amino acid
sequence between these three fungi suggests that this region is important for function.
Transcriptional activation of the a-specific genes requires that MATa1 protein interact
with a second protein (PRTF) before transcriptional activation at the upstream
activating sequences can take place (Bender and Sprague, 1987). It is possible that
mt A 1 polypeptide also interacts with a PRTF like protein, and/or a factor reflective of
-

-

the physiological status of the organism (i.e., the sexual phase), to nullify heterokaryon
incompatibility function when the two mating types mate, although this has not been
shown.
In addition to the mt a 1 and mt A 1 regions, additional sequences of the 3235 by a
-

-

idiomorph and the 5301 by A idiomorph may be important for completion of the sexual
cycle. Ectopic integration of either A or a idiomorphs transformed into sterile mutants
results in partial fertility whereas insertional events resulting in gene replacement
results in full fertility (Glass et al., 1988). This suggests that cis acting sequences are
important for proper expression of mt a 1 and mt A 1 or that integration at the mating
-

-

type locus is necessary for normal meiosis.
Glass and Lee (1992) have recently shown that a second region of the A idiomorph, in
addition to mt A 1, is required for the successful completion of the sexual cycle.
-

Mutations in this region result in strains that produce abundant perithecia but no
ascospores. Unlike the mt A 1 mutants, the heterokaryon incompatibility function is
-

not affected. This novel class of A mating mutants may represent an incapacity for
nuclear recognition of opposite mating type nuclei prior to ascogenous hypha
formation. Occasionally these mutants produce one or two asci per perithecium
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indicating that meiosis is capable of proceeding normally if opposite mating-type nuclei
happen to pair and undergo karyogamy. It is not known whether there is a similar
region within the a idiomorph although Staben and Yanofsky (1990) suggest that in
addition to mt a 1, there is a second region that determines perithecium differentiation
-

function.
The control of cell type and meiosis by the mating type idiomorphs of N. crassa are
only beginning to be elucidated. Detailed mutational analysis has been performed on
the mating type loci of N. crassa. Griffiths and DeLange (1978) mutated the a mating
type allele using ultra violet light (UV) and N-methyl-N'nitro-N-nitrosoguanidine. A
total of 25 mutants were recovered of which 24 had lost both the mating function and
the heterokaryon incompatibility function. Revertants that regained the fertility
function also regained the heterokaryon incompatibility function. Only one mutant,
am 33 , retained full fertility function even though heterokaryon incompatibility function
was lost. Griffiths (1982) performed similar experiments on A mating-type strains
using UV. In all, 35 mutants were recovered that had simultaneously lost both mating
and incompatibility functions. All the sterile mutants form female and male
reproductive structures and thus are phenotypically indistinguishable from wild type.
However, when used as the male parent in a cross, the conidia/hyphae of the sterile
mutants did not attract trichogynes of the opposite mating type. Likewise, when used
as the female parent in a cross, the trichogynes failed to respond to the presence of the
opposite mating type ( G. Bistis, personal communication). This apparent inability to
control cell type and cell recognition may be due to non-functional mating type product
that can no longer regulate target genes for pheromones and their respective receptors.
Indeed, a gene encoding a pheromone has recently been cloned (T. Randall and R.
Metzenberg, personal communication). This gene is approximately 2 kb to the right of
the mating-type A idiomorph; in the Am mutants, no transcript of the pheromone gene
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is present. Analysis of the a idiomorph pheromone/receptor is presently being
performed.
In addition to its role in conferring cell type and cell recognition to initiate sexual
reproduction, there is evidence that the mating type products are also needed for the
completion of meiosis. When a heterokaryon between an Am or (am) strain and a wild
type strain of the same mating type is taken through a cross, only ascospores of wild
type nuclei can be recovered (Griffiths, 1982). These observations imply that the
mating type products are required at a later step in meiosis, most probably when the
two nuclei are compartmentalized within the ascogenous hyphae (Glass and Staben,
1990). Because fusion of the same mating type nuclei does not occur in N. crassa,
(asci always contain 4 ascospores of each mating type), one function of the mating type
products might be to mark nuclei as either A or a mating type so only opposite mating
type nuclei undergo karyogamy.
A number of other genes that affect sexual differentiation and meiosis may be targets
of, or indirectly controlled by effectors of, the mating type products. One such gene is
that of the fmf 1 (female-male fertile) gene (Johnson, 1979), which is a single locus
-

linked to mating type, but separable by recombination. It is necessary for crossing both
as the female and male component. This mutant blocks the development of perithecia
when they are approximately one-third the size of wild-type and contain no asci. The
male sterile (mb) mutants may also be directly or indirectly controlled by the mating
type products (Weijer and Vigfusson, 1972; Vigfusson and Weijer, 1972). These
mutants produce phenotypes that range from the production of immature brown
perithecia to the production of almost mature perithecia but with very few if any spores
when used as the fertilizing parent, but are fully fertile when used as the female parent.
None of the mb mutants map to the mating type locus. A new class of sexual
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development genes (sdv) have recently been isolated (Nelson and Metzenberg, 1992)
The sdv genes are expressed preferentially during the sexual cycle and most require a
functional A mating-type product; transcripts are at very low levels or not detectable in
Am mutants. Again, it is not know whether the A mating-type product directly
regulates expression of theses genes, or if control is mediated through other effectors.
The role of the a mating type product on the expression of the sdv genes is currently
under investigation. Finally a number of meiotic mutants may be under some control
by the mating type products (Smith, 1975; DeLange and Griffiths, 1980 I and II;
Perkins, 1982).
In the vegetative phase, the mutant, to/ (Newmeyer, 1970), which suppresses mating
type heterokaryon incompatibility, may be a target gene of or interact with the a and A
mating type products.
Whatever the target genes of mt A - 1 or mt a- I may be, it seems likely that the mating
type idiomorphs encode transcriptional regulators that activate target genes to display a
particular mating phenotype. If mt A - 1 or mt a - 1 are disrupted, the cell is no longer
capable of mating. Once mating has occurred, the mating type products may combine
to form new regulatory activities that function in meiosis and sporulation, perhaps in
combination with other proteins that are not specific to cell type.
The control of heterokaryon incompatibility function and mating function by the mating
type locus in N. crassa has yet to be resolved. Further genetic dissection and
molecular analysis may provide a greater understanding as to how the mating-type
locus controls both of these seemingly unrelated functions.
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The present study is an attempt to isolate new mutants of the A mating-type locus to
further delineate the functional domains of the mt A 1 ORF that control heterokaryon
-

incompatibility and mating. Although extensive mutational analysis has been
performed on both the a and A mating-type loci using UV. (Griffiths and DeLange,
1978; Griffiths, 1982), all of the mutants isolated, except am 33 , were phenotypically
sterile and heterokaryon compatible. Sequencing analysis determined that these
mutants were the result of single frameshift mutations within the a and A ORF's.
Frameshift mutations are not particularly useful in delineating domains(s) of function
within a polypeptide, since any function(s) downstream of the frameshift will also be
affected, and any function upstream of the frameshift may be affected due to improper
folding of the polypeptide. Only one mutant, am 33 , has been isolated in which only
the heterokaryon incompatibility function has been lost. This heterokaryon compatible,
fertile mutant was the result of a single base pair substitution within the mt a 1 ORF,
-

rather than a frameshift mutation which appeared to be typical of UV mutagenesis in N.
crassa.

In order to generate A mating-type mutants similar to that of am 33 , a chemical
mutagen, 6-N-hydroxylaminopurine (H.A.P.) was used in addition to UV mutagenesis.
H.A.P. mainly produces GC—>AT base pair substitutions, (although it can produce
frameshifts), and therefore it was used to hopefully circumvent frameshift mutations
and rather produce base pair substitutions (Brockman et al., 1989).
The selection system used to detect mating type mutants is one in which the
heterokaryon incompatibility function has been abolished (see Materials and Methods).
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This screening procedure might be expected to result in the isolation of two mutant
phenotypes as the result of a mutation at the A mating-type locus:
1. mutants which are phenotypically sterile and heterokaryon compatible
2. mutants which are phenotypically fertile and heterokaryon compatible
Both of these mutant types are desirable in further discerning how the mating-type
locus controls both of these functions. Mutants that are the result of a base pair
substitution will be particularly useful in determining the domains of the mt A 1
-

polypeptide that function to control heterokaryon incompatibility and mating.
Base pair mutations of the A mating-type locus that produce fertile, heterokaryon
compatible mutants would be useful in revealing the domain(s) of the mt A 1
-

polypeptide that govern vegetative incompatibility. For example, the base pair
substitution in the carboxy-half of the mt a 1 ORF of the am 33 mutant has provided
-

evidence that this region is responsible for heterokaryon incompatibility in mating-type
a strains.

Base pair substitutions that affect both functions of the mating-type locus would be
useful in determining the region(s) of the polypeptide that is important for the fertility
function. For example, a base pair substitution in the amino-half of the polypeptide
that results in sterility would provide evidence that this region of the polypeptide is
important for fertility function.
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A selection system based on the loss of the heterokaryon incompatibility function might
not be expected to produce heterokaryon compatible, fertile A mutants using H.A.P.,
as drastic protein alterations could be required to eliminate the heterokaryon
incompatibly function and would therefore too, result in sterility. This might prove to
be a consequence for using a selection system based on the heterokaryon
incompatibility function, but if this is true, then one might conclude that the mt a 1
-

polypeptide has a greater function in determining the heterokaryon incompatibility
response between opposite mating types, than does the mt A 1 polypeptide. However,
-

because the a m33 mutant has been isolated with the same selection system, it might be
possible to isolate an A mating-type mutant with a similar phenotype by using a
mutagen which causes base pair substitutions.
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MATERIALS AND METHODS

STRAINS
The following mutant alleles were used: ad 3A (2-17-814), ad 3B (2-17-114) IL,
-

-

cyh 1 (KH52) IR, nic 2 (43002) IR, un 3 (55701-t) IL, f/ (f1P) IIR.
-

-

-

The strains Am42, Am44 A54 Am56, and AmM were obtained from the fungal
,

,

genetic stock center, #'s 4569, 4570, 4571, 4572 and 4573, respectively.
The order of the alleles on LGI, with the approximate distances in map units between
them, is as follows:
un 3 (0.04 to 0.1) A/a (18) ad 3A (0.01 to 0.07) ad 3B (4) nic 2 (>40) cyh 1
-

-

-

-

-

(Perkins, et al., 1982)
This study is based on two strains. The first strain is of genotype un 3, ad 3A, nic 2,
-

-

-

cyh 1 A and is referred to as the treatment strain. The second strain is of genotype
-

ad 3B a and is referred to as the reference strain. All strains were Oak Ridge, had the
-

same het loci, and were to/±.
The markers of these strains are important in the overall experimental design. The
auxotrophic ad 3 alleles (complementing), and the nic 2 allele are used as heterokaryon
-

-

forcing markers. The ad 3A and ad 3B alleles also produce a purple pigment with low
-

-

concentrations of adenine, thus permitting direct visualization. The cyh 1 allele confers
-

resistance to cycloheximide (10mg/1) and is recessive in heterokaryons unless nuclear
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ratios are skewed. This enables the cyh-1 component in the heterokaryon to be isolated
and purified. The non-supplementable un-3 allele is heat-sensitive and is tightly linked
to mating type. Strains with the un-3 allele will not grow at 370 C, and therefore it is
used as a marker to 'tag' A mating type in the following studies. Strains with the fl
(flujj57) allele are aconidial and highly fertile, producing many protoperithecia. These

strains are used as the protoperithecial parent in mating type reaction tests.

MEDIA AND GENERAL PROCEDURES
All media and general procedures used were standard and are described in Davis and
DeSerres (1970).
Vegetative cultures and crosses were maintained at 25°C. Spot testing for parental
genotypes was carried out at 25 0 C unless testing for the presence of the un-3 marker,
in which case the tests were performed at 37°C.
Dissection of perithecia was performed at different stages during their development.
Individual perithecia were picked from a cross, placed in a drop of water on a
microscope slide and carefully squashed using a dissecting needle. The extruded
rosette of asci was photographed (T-Max 100) under a light microscope at 10X and
40X magnification.
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MUTAGENESIS
Two mutagens, namely ultraviolet radiation (UV) and 6-N-hydroxylaminopurine
(H.A.P.), were used in this study. UV mutagenesis mainly produces frameshift
mutations in studies performed thus far (Glass et al., 1990; Staben and Yanofsky,
1990) and therefore a chemical mutagen (H.A.P.) was also used due to its mutagenic
behavior in mainly producing GC —p AT base pair substitutions.
UV mutagenesis, performed by subjecting a stirred 10m1 conidial suspension of the
treatment strain to UV irradiation at 5 x 10 3 ergs/cm2 for 60 seconds, 75 seconds, and
90 seconds, was based on the experimental times used by Griffiths and DeLange,
(1978).
6-N-hydroxylaminopurine (H.A.P.) was purchased from Sigma Chemical Co.
Mutagenesis using H.A.P. was performed according to the method of Brockman et al.,
(1987). H.A.P. was dissolved in 100% dimethyl sulfoxide (DMSO) and appropriate
dilutions were added to 18x150 mm test tubes containing vegetative medium with 2%
agar to bring the final concentrations to 5 µg/ml, 10 µg/ml, 20 fig/ml, 50 pg/ml, and
100 pg/m1 and the final volume of medium to 10m1 /tube. These concentrations of
H.A.P. were shown by Brockman et al., (1987) to have the greatest mutagenicity rate
per 10 6 survivors. After solidification of the media, 10 6 conidia of the treatment
strain were inoculated onto the slant and incubated at 25 0 C for seven days.
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MUTANT ISOLATION
The methods used to isolate A mating-type mutants are similar to those used by
Griffiths and DeLange (1978). The selection system used in the first part of the study
was based on the heterokaryon incompatibility function. Strains of compatible het
genotype but of opposite mating type do not form a vigorous heterokaryon. On the
contrary, an incompatibility reaction is observed; that is, very low numbers of aconidial
mycelia form with a brown pigment on the surface of the medium. Thus, any
mutational event at the mating type locus associated with heterokaryon incompatibility
function can be selected if growth on minimal medium is observed.
The treatment strain un-3, ad-3A, nic-2, cyh-1 A was mutagenized with UV or H.A.P.
Approximately 10 6 conidia of the treatment strain were mixed with approximately 10 8
conidia of the reference strain (ad-3B a) in 100 ml of dH2O. Each of 100 petri plates,
containing a sorbose/fructose/glucose medium supplemented with 50 mg/1 nicotinic
acid and 1 mg/1 of adenine sulphate, was spread with 1 ml of the conidial suspension
for a final conidial concentration of 10 4 treated:10 6 reference. The nicotinic acid and
limiting adenine sulphate ensure heterokaryotic contact between the strains by allowing
sufficient growth of each prior to heterokaryon formation (Griffiths and DeLange,
1978). Three experiments using UV irradiation at 60 seconds, 75 seconds and 90
seconds were performed, and five experiments using H.A.P. at 5 µg/ml, 10 µg/ml, 20
[1,g/ml, 50 pg/ml, and 100 [1,g/m1 were performed. These will be referred to as
experiment I, II, III, IV, V, VI, VII, and VIII, respectively, in the Results 1 section.
Seven days after plating, rare dense colonies were observed on a weak background
lawn of growth. These colonies contained the presumptive mutations affecting the
incompatibility function, thus allowing for heterokaryotic growth. These colonies were
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picked off and grown on slants of minimal medium. After several days of growth the
colonies were suspended in dH2O and plated on minimal medium at low densities and
single colonies were reisolated. This procedure was repeated twice more to purify
heterokaryons containing only reference strain nuclei and mutated nuclei from the
background genotypes.
To recover the mutated A nuclei as homokaryons, the heterokaryons were plated on
medium supplemented with adenine sulphate, nicotinic acid and cycloheximide
(10mg/1); only the vegetative segregants carrying the recessive cyh 1 marker will grow,
-

and these should produce a purple pigment when adenine has been depleted.

GENOMIC DNA ISOLATION
Genomic DNA was isolated according to the Selker/Sachs Fast Neurospora genomic
DNA prep (provided by R. Metzenberg) adapted from Oakley et al., (1987).
Neurospora was grown in 20 ml of liquid Vogel's medium (2% sucrose) for 3-4 days.

The mycelial mats were harvested by vacuum filtration (1 MM Whatman paper),and
rinsed with 50 mis 0.9% NaCl. The mycelial mats were dried overnight in a vacuum
dessicator, then pulverized, resulting in a fine powder. The powder was transferred to
a microfuge tube and suspended in 400 ill salt/detergent solution (4mg/ml sodium
deoxycholate, 10mg/m1 polyoxyethylene 20 cetyl ether, 2M NaCl), for 20 minutes.
The microfuge tube was then spun for 10 minutes and the clear supernatant collected.
Four volumes of trichloroacetic acid/ethanol solution (47.1g NaTCA, add dH2O until
the weight of solution is 71.5g, add 50m1 ethanol) was added to precipitate the nucleic
acids, mixed gently then placed on ice for 30 minutes. The nucleic acids were pelleted
by centrifuging for 2 minutes then washed with 70% ethanol and dried briefly in a
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speed vacuum. The DNA pellet was resuspended in 300g1 of freshly prepared RNase
A solution (2.95 ml dH2O, 4 ill 7.5 M ammonium acetate, 45 10mg/m1 RNase A),
and incubated for 60 minutes at 500 C. An equal volume of chloroform:isoamyl
alcohol (24:1) was added, mixed gently then spun for 5 minutes to pellet carbohydrates
between the phases. The aqueous phase (the top phase) was then transferred to a fresh
microfuge tube and 0.4 volumes of 5.0 M NH4OAc and then an equal volume of
isopropanol was added, mixed gently, and incubated at room temperature for 10
minutes. The sample was then spun for 2 minutes, washed with ice cold 70% ethanol,
and dried in a speed vacuum. Finally, the pellet was resuspended in 50 Tris-EDTA
(10 mM Tris, 1mM EDTA; pH 8).

AMPLIFICATION AND PURIFICATION OF THE A MATING-TYPE ORF
Oligonucleotides used for amplification of the A ORF were synthesized at the Nucleic
Acid and Protein Service Unit, U.B.C. Four oligonucleotides were synthesized
(primer numbers are those already in use by L. Glass):
- primer 1778 5' - TCC ACC TTC ACC CAA ACT TCC CAC C - 3' (25mer)
- primer 3194 5' - ATG GAT CCT CAT CTT CCA CTA ACC C - 3' (25mer)
^
(17mer)
- primer 1875 5' - TGT ATT CGT CAA TCC GG - 3'
^
(17mer)
- primer 1874 5' - CTC GAG GTC GTG AGT GC - 3'
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Primer 1778 is specific for the 5' end of mt A-1 (nucleotides 3802-3826) and
synthesizes the coding strand. Primer 3194 is specific for the 3' end of mt A-1
(nucleotides 4843-4867) and synthesizes the non-coding strand. Primer 1875
(nucleotides 4257-4273) and primer 1874 (nucleotides 4401-4417) are internal primers
of mt A-1 and synthesize the coding and non-coding strands, respectively.
The oligonucleotides were purified according to a procedure adapted from Atkinson et
al., (1984) using a C18 SEP-PAK cartridge purchased from Millipore. After

purification, the A260 was read to determine the concentration of each oligonucleotide.
The oligonucleotides were stored at -20 0 C in Tri s-EDTA
The mating-type A ORF was amplified by the polymerase chain reaction (Saiki et al.,
TM
1988) using the GeneAmp Polymerase Chain Reaction (PCR) reagent kit with

AmpliTaqTm DNA polymerase purchased from Perkin Elmer Cetus. A total of 5 gl of
dH2O containing 10Ong of genomic DNA was added to a reaction mixture containing
66.5 pi dH2O, 10 ml 10x reaction buffer (with 15mM MgC12), 8 p.1 dNTP's mix
(10mM each dNTP), 5 pl primer 1778 (20 p,M), and 5 p1 primer 3194 (20 pM). The
mix was overlayed with 100 ptl of mineral oil to prevent evaporation during the cycling
reaction. The reaction was heated at 95 0 C for 5 minutes to inactivate any proteases.
The 0.5 of AmpliTae DNA polymerase was added to the mix to bring the final
reaction volume to 100^The capped 0.5 ml polypropylene microcentrifuge tube
containing the reaction mix was placed in a Perkin-Elmer Cetus DNA thermal cycler.
The cycling profile used was 94 0 C for 30 seconds (melting), 60 0 C for 60 seconds
(annealing), and 72 0 C for 120 seconds (polymerizing). This profile was repeated 30
times. After the last cycle, the polymerization step was extended by 5 minutes to
complete all strands.
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The PCR products were separated on a 1% low melting point agarose gel. The desired
band was excised, placed in a microfuge tube and purified using the MagicTM PCR
Preps DNA Purification System (Promega). The purified PCR products were eluted in
50 ill of TE buffer.
A total of 10 of the purified PCR product was added to 3 of loading buffer (5%
SDS, 50% glycerol, 0.025% bromophenol blue) and separated on a 0.8% agarose gel
in TAE buffer (40mM Tris acetate, pH 7.6, 2mM EDTA), at 70 volts for one hour.
The gel was stained with ethidium bromide and photographed under short wave UV
illumination using polaroid type 57 film.

SEQUENCING OF THE MATING-TYPE A ORF
DNA sequencing by the dideoxy chain termination procedure of Sanger (1977) was
performed using the dsDNA Cycle Sequencing System, (Bethseda Research
Laboratories). Approximately 1 pmol of primer was 5' end-labeled using [y- 32 P]ATP
(Amersham). Approximately 0.035 of dsDNA (purified PCR product) was used for
the sequencing reaction. All other methods were standard and described by BRL. The
cycling parameters used for the thermal cycler were as follows: 20 cycles of 30
seconds at 95 0 C, 30 seconds at 55 0 C, 60 seconds at 700 C followed by 10 cycles of
30 seconds at 95 0 C, 60 seconds at 70 0 C.
Sixty-five mis of a sequencing gel solution was prepared by mixing 32.8 grams of urea,
25.4 mis dH2O, 10.2 mis of 38%:2% acrylamide:bis solution and 6.5 mis 10x Trisborate (TBE) electrophoresis buffer (108 grams Trizma base, 55 grams boric acid, 9.3
grams disodium EDTA per litre dH2O). Six hundred 1.11 of a freshly prepared 15%
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solution of ammonium persulfate was added to the gel solution and mixed. Twentyfive pl of TEMED was then added and mixed again. This solution was poured between
two sequencing plates and allowed to polymerize for > 60 minutes. The gel was prerun for 60 minutes in lx TBE electrophoresis buffer.
One to 4 ml of sequencing reaction was loaded per lane onto the sequencing gel and run
at 55 Watts for 1 to 6 hours. After completion the plates were separated, and the gel
removed by applying 3 MM Whatman paper to the gel and peeling it back. The gel
was dried for 30 minutes under vacuum at 80 0 C. The gel was autoradiographed
overnight using Kodak XAR (double sided) x-ray film.
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.^RESULTS 1
ISOLATION AND CHARACTERIZATION OF Am MUTANTS

This section describes the results leading to the isolation of mating-type A mutants and
their subsequent characterization. It should be noted that in the following study I treat
three mutants, An12, Am 17 , Am23 , as separate mutations. However, upon sequencing
these mutants it was found that all three mutants were the same; that is, they had the
same mutation within the ORF of the mating-type A idiomorph.
Table I summarizes the results of isolating heterokaryons containing presumptive A
mutant nuclei. A total of 467 colonies were obtained in experiments I through VIII.
Throughout purification, a total of 292 colonies formed vigorous heterokaryons. 175
colonies grew very poorly upon transfer to minimal medium and thus were rejected.
The heterokaryons were plated on cycloheximide-containing medium as described in
Methods and Materials to recover the mutated A nuclei as homokaryons.
A total of 52 mutated A nuclei were recoverable as viable homokaryons, producing
large distinct colonies when plated on cycloheximide (Table 1). The remainder of the
heterokaryons produced small wispy colonies or no colonies when plated on
cycloheximide and were classified as non-recoverable. These non-recoverable colonies
represent heterokaryons with A components not capable of survival as a homokaryon.

Table 1 Isolation of Am mutants
Experiment

No. colonies
isolated

Minimal medium
No growth
Growth

Cycloheximide
Growth^No growth

No. mutants
isolated

I (UV 60 secs)

47

8

39

1

7

1

II (UV 75 secs)

63

45

18

8

37

8

III (UV 90 secs)

200

188

12

39

149

39

IV (H.A.P. 5 12g/m1)

23

12

11

3

9

3

V (H.A.P. 10 µg/m1)

16

3

13

0

3

0

VI (H.A.P. 20 µg/m1)

95

18

77

0

18

0

VII (H.A.P. 50 µg/ml)

15

14

1

1

13

1

VIII (H.A.P. 100 pg/m1)

8

4

4

0

4

0

467

292

175

52

240

52

Totals
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The recoverable A mutants were then tested for their complete set of genetic markers.
All proved to be the expected genotype, un 3, ad 3A, nic 2, cyh 1.
-

-

-

-

The mutants were then combined with the reference strain and heterokaryons were
forced, (Table 2). All mutants produced vigorous orange heterokaryons like that of the
control (ad 3B a + ad 3A a). The standard (A + a) heterokaryon incompatibility
-

-

reaction, (low amounts, of aconidial mycelia with a brown pigment on the surface of the
medium), was observed when the unmutagenized treatment strain was combined with
the reference strain. This confirmed the mutant phenotype of the homokaryic isolates.
The mating behavior of the mutants was then tested. First the mutants were used as the
conidial parent to fertilize protoperithecial fl a orfl A plates, (Table 2). None of the
mutants produced perithecia or ascospores with either fl a orfl A when used as the
fertilizing parent. Next the mutants were used as the protoperithecial parent and
crossed to the reference strain. The 48 mutants isolated with UV mutagenesis produced
no perithecia or ascospores and thus their fertility function had been inactivated along
with their incompatibility function. Of the four mutants isolated with H.A.P., one
mutant, Am 13 , produced many barren perithecia, but development was slow. The
other three mutants, Am 2 , Am 17 , Am 23 , produced perithecia and ascospores, but the
development of perithecia was much slower, and numbers of perithecia were much
fewer than those of the standard (Ax a) mating reaction. This cross was repeated five
times with overall similar results; that is, perithecia were slow to develop and fewer in
numbers. However, the crosses varied in that one set of crosses would produce very
few perithecia and ascospores while another set of crosses would produce a more
pronounced mating reaction with more perithecia and ascospores. Thus it appeared that
the three mutants had retained some female fertility function, although reduced, but had
completely lost their ability to function as the fertilizing, male parent in a cross.

^
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Table 2 Heterokaryon Compatibility and Mating Reactions of Am mutants
Mutant^Experiment^HK compatible
number^ (+ ad-3B a)

^2^UV I^+
6^UV II^+
10^,,^+
14^,,^+
20^
^28^,,^+
33^,,^+
38^,,^+
44^"^+
6^UV III^+
^7^,,^+
15^,,^+
16^
^18^,,^+
19^
^21^,,^+
22^.,^+
25^,,^+
26^,,^+
29^,,^+
31^
^35^,,^+
38^,,^+
42^,,^+
44^,,^+
47^,,^+
49^
^51^,,^+
57^
^79^,,^+
61^,,^+
62^,,^+
63^n^+
74^
^76^,,^+
82^,,^+
86^,,^+
87^,,^+
91^
^119^,,^+
I/^

II^

II^

II

II

+

+

+

^

+

^

+

II^

II^

II^

+

+

+

x protoperithecial parent^x conidial parent
xfl a^x fl A^(X ad-3B a)
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Table 2 cont'd
Mutant
Number

Experiment

122
126
135
140
168
169

UV III
H
u
,,
n

178
179

II

i,
II

HK compatible^x protoperithecial parent^x conidial parent
(+ ad-3B a)
xfl a^x fl A^(x ad-3B a)

+
+
+
+
+

+
+
+

2^H.A.P. IV^+^-^-^+
20 - 50 perithecia
with ascospores

17^H.A.P. IV^+^

-^+
20 - 50 perithecia
with ascospores

23^H.A.P. IV^+^-^

+

20 - 50 perithecia
with ascospores

13^H.A.P. VII^+
many barren
perithecia

Controls

A parent^ -^+^-^+
100' s of perithecia

ad-3A a^+^-^+
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The low numbers of perithecia and their delay in development may have been due to a
threshold effect; that is, the development of perithecia and asci may only be produced
when the concentration of the A mating-type product exceeds some threshold level. If
the Am product has reduced function, then fewer perithecia and a delay in their
development could result due to the lengthened time required to reach the necessary
threshold level. One would predict that the few perithecia that did develop would
contain near wild-type numbers of asci and ascospores; that is, once a required level of
product has been reached, meiosis could occur normally. If, however, there was no
threshold effect and perithecial development was dependent on completely functional
Am product, then the few perithecia that did develop could be attributed to an 'escape'
mechanism and would contain very few asci; that is, only a few nuclei would have the
correct products necessary for karyogamy and meiosis. To determine whether or not
there was some sort of threshold effect, perithecial and ascus development of the Am2 ,
Am 17 , and Am 23 mutants was compared to that of the unmutagenized control treatment
strain. All were crossed as the protoperithecial parent to the reference strain. The
results are summarized in Table 3 and photographic examples of rosettes are shown in
Figures 2 through 9.
Several features of these data are listed below:
1. The unmutagenized parental treatment strain showed a normal mating reaction,
producing many black perithecia with their enlarging ostioles and beaks seven days
after crossing, and shooting many black ascospores onto the surface of the test tube ten
days after mating.
2. The mutants showed a reduced mating reaction. Perithecial development was
much slower than that of the control, taking approximately twice the amount of time to
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develop and shoot ascospores. Ostioles and beaks were not as pronounced as the
control. Perithecial numbers were much fewer (20-50 in total).
3. Rosettes of the control strain also developed normally. Developing asci and
their ascospores could be seen at 7 days after fertilization (Figures 2 and 3), both being
more numerous at 15 days after fertilization (Figures 4 and 5).
4. Rosettes of the mutant strains developed very slowly compared to that of the
control. One to three asci and their developing ascospores could be seen at 15 days
after fertilization (Figures 6 and 7). The mutant rosettes at 21 days resembled those of
the control at 15 days after fertilization, although there were fewer asci and ascospores
(Figures 8 and 9).
5. Ascospores of the unmutagenized control reference strain matured in a more
uniform manner compared to the mutant, although they ranged from lighter to darker
colors representing different stages of maturation. Few, if any, white, aborted
ascospores were apparent.
6. Ascospores of the mutants showed a more diverse range in the stages of
maturation; while some ascospores within an ascus appeared to be just developing,
others were already a dark brown colour. Aborted, white ascospores were more
abundant than in the control, although no obvious segregation pattern was evident.
This apparent increase in the numbers of aborted ascospores, as well as the more
diverse range in maturation of ascospores could be a direct effect of the mutation at the
A

idiomorph itself, or it could be a result of a decrease in nutritional availability due to

the increased length of time it takes these mutants to develop sexually.

Table 3 Perithecial and Ascus Development of Am mutants Crossed as the Protoperithecial Parent
Number of Days
after Fertilization
2

7

A(unmutagenized treatment) X a(reference)

A m * X a(reference)

-protoperithecia beginning to enlarge and darken

-no reaction visible

-100's of perithecia visible
-beaks are beginning to form

-no reaction visible

-rosettes with asci and ascospores are beginning to develop

-pronounced ostioles and beaks are visible on perithecia
-perithecia have begun to shoot ascospores

10

-asci and ascospores are more numerous in the rosette
-spores range from light to dark shades, representing
different stages of development
-a few white (aborted) ascospores are visible

-protoperithecia beginning to enlarge and darken

-20 to 50 perithecia are visible
-no obvious sign of a beak on perithecia

15

-almost all perithecia have shot their ascospores
-ascus initial is present
-2 to 3 asci with ascospores are developing

Table 3 cont' d.
Number of Days
after Fertilization

A(unmutagenized treatment) X a(reference)

Am* X a(reference)
-perithecia are larger and have begun to shoot spores
-beaks are visible, but not very pronounced

20

rosettes are similar to that of the unmutagenized
cross, but asci and spores are fewer in numbers
-ascospore colors range from light to dark shades
-white (aborted) ascospores are present

25

-almost all perithecia have shot their ascospores

*Am2 Arn17 Am23 all show similar perithecial and asci development
,

,
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Figure 3. A normal rosette of maturing asci from an Aunmutageized x areference cross
7 days after fertilization -- 75x.

Figure 4. Normal asci with maturing ascospores from an Aunmutagenized x areference
cross 7 days after fertilization --- 300x.
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Figure 5. A normal rosette with maturing asci from an Aunmutagenized x areference
cross 10 days after fertilization -- 75x.

Figure 6. Normal asci with maturing ascospores from an Aunmutagenized x areference
cross 10 days after fertilization -- 300x.
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Figure 7. A mutant with three maturing asci from an Am x areference cross 15 days
after fertilization -- 75x.

Figure 8. Figure 6 enlarged to show the three maturing asci with developing
ascospores 15 day after fertilization -- 300 x.
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Figure 9. A mutant rosette of maturing asci from an Am x areference cross 21 days
after fertilization --75x.

Figure 10. Mutant asci with maturing ascospores from an Am x areference cross 21
days after fertilization -- 300x.
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Thus it appears that there is some threshold effect in these mutants. If only one or two
asci had developed, one might reason that only a few nuclei had the correct products to
allow karyogamy and meiosis in the ascogenous hyphae. In the mutants, the numbers
of asci and ascospores are close to that of the unmutagenized parent, and therefore it
appears that the perithecia that do develop, as a whole have enough functional product
to allow karyogamy and meiosis.
Because the heterokaryon incompatibility function had been abolished in Am2 , Am 17
and Am 23 , the female fertility function observed in these mutants could be attributed to
their forming heterokaryons with the reference strain, rather than trichogyne
fertilization. To determine that the mutants were not forming a heterokaryon first and
that this was enabling them to go through a cross without a trichogyne response,
heterokaryons were forced between the three Am mutants and the reference strain on
minimal medium and allowed to grow for several days. The forced heterokaryons were
then plated onto crossing medium. If, in fact, a heterokaryon was being formed in the
initial crosses, then this procedure should result in an increase in fertility, as
heterokaryons formed between (to! A + tol a) form no trichogynes, and presumably
mating occurs by heterokaryon formation rather than by fertilization (G. Bistis,
personal communication). However, in this case no increase in fertility was observed.
The pattern of development and numbers of perithecia were similar to those
summarized in Table 3. Thus, it did not appear that Am2 , Am 17 and Am 23 were
mating via heterokaryon formation, but that the three mutants were in fact mating via
trichogyne fertilization.
To determine that the mutation truly segregated with the A mating-type idiomorph and
that the reduced female fertility phenotype was not the result of an additional mutation
elsewhere in the genome, 50 black ascospores from a cross of Am x a (reference) were
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isolated into 10 x 75 mm test tubes containing the appropriate supplemented medium
and heat shocked for 30 minutes at 60 0 C. A total of 31 ascospores germinated, (62%
germination frequency), and these were tested for the un- 3 marker (growth at 37 0 C) to
confirm their mating type, the ad- 3A and ad- 3B markers (colour), to confirm that they
were homokaryons and the cycloheximide marker, to determine if there was lack of
recombination between the two parents (Table 4). The cross exhibited a normal 1:1
segregation pattern (15A:16a) and all A and a progeny secreted a purple pigment under
low concentrations of adenine, thus confirming their ad-3A and ad- 3B genotypes,
respectively. The presence of five cyh a and four cyh+ A progeny confirmed that
-

normal meiosis with recombination between the two parents had taken place, although
one might expect the number of these recombinants to be greater, since the cyh - 1 allele
should segregate independently from mating type. Next the heterokaryon
incompatibility function, and fertility function of the progeny were tested (Table 4 ).
All progeny of A mating-type proved to be heterokaryon compatible when combined
with the reference strain. These A progeny were sterile when used as the conidial
parent in crosses to f/ a, and showed reduced fertility like that of the mutagenized
parent strain when used as the protoperithecial parent. All progeny of a mating-type
proved to be heterokaryon incompatible when combined with the A unmutagenized
treatment strain, and fertile when used as either the protoperithecial or conidial parent.
Again, the mutant phenotype appears to be the result a mutational event(s) at the A
mating-type idiomorph and segregates with it.

Table 4 Analysis of Progeny from Am 23*^ad-3B a

Progeny
number
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23

Colour
purple
II
'I
'I
II
II
II
II
'I
II
II
II
II
II

Growth at Growth on
roc
cyclohex.
+
+
+
+
+
+
+
+
+
+

+
+
+
-

II
II

+

II
II
II
'I
II
II

+
+
-

+

+
+
+
+

+

x f/ A

(a mating rxn)

+
+
+
+
+

+
+

+
+
+
+

+
+

-

+
+
+

+
-

xfl a

(A mating rxn)

Mating
type

-^a
-^a
A
a
a
a
A
a
A
a
-^a
a
a
-^a
A
A
a
A
a
A
A
a
A

HK comp.

x conidial parent**
(ad-3B a)

# perithecia^ascospores

+

+
+
+
+
+
+
+
+

17

+

20

+

18

+

31
24

+
+

16

+

20
23

+
+

20

+

Table 4 coot' d.

Progeny
number

Colour

24
25
26
27
28
29
30
31
controls
Am 23

purple

A (parent)
ad-3B a

Growth at Growth on
37oc
cyclohex.

xfl A

(a mating rxn)

xfl a

(A mating ocn)

A
A
a
A
A
A
a
A

11

+
+
11

+

Mating
type

+
-

+
+

* Am 2 and Am 17 produced progeny with similar phenotypes
** perithecial development was very slow, like that of their mutagenized parent

A
A
a

HK comp.

x conidial parent**
(ad-3B a)

N perithecia^ascospores

25
17
+
+
+

18
32
21

+
+
+

26

+
-

33
100's

+
+
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REVERSION STUDIES
Reversion studies were performed on Am 2 , Am 17 and Am 23 . Due to the length of
time that it took these mutants to develop perithecia and shoot ascopsores, initially it
was thought that all three mutants were sterile as both the female and male in a cross,
and therefore experiments to study reversion to fertility function were performed
(versus reversion to the incompatibility function which is difficult to detect). Although
the mutants eventually proved to be fertile as the female parent, results were obtained
from the reversion studies and are presented here. Conidial suspensions of the three
mutants were grown up on medium containing H.A.P. at concentrations of 5 µg/ml and
10 1.1g/m1 and then used to fertilize fl a protoperithecial parents grown on petri plates.
Approximately 10 6 conidia were used to fertilize each of 50 petri plates. Potential
revertants were detected by rare perithecia and ascospores developing on the plates.
Am 17 produced no perithecia at either concentration of H.A.P. Am 2 produced no
perithecia at 10 µg/ml, but 4 perithecia at 5 ^H.A.P. Am23 produced 7
perithecia at 5 14/m1 H.A.P. and 4 perithecia at 10 µg/ml H.A.P. Because each of the
Am cultures was grown in one tube containing the respective H.A.P. concentrations,
the development of multiple perithecia for each of the H.A.P. concentrations could
represent separate reversion events or a single reversion event that had mitotically
multiplied. Thus there were at least three potential revertants, and as many as 15.
A total of 25 ascospores were isolated from each of the 15 potential revertants, heat
shocked, and tested for their genetic markers. All progeny were tested for their
incompatibility and fertility function. Those progeny of a mating type all exhibited a
heterokaryon incompatibility response when forced with an A unmutagenized treatment
strain, and crossed normally to fl A plates, producing many black perithecia and
ascospores. All progeny of A mating-type were heterokaryon compatible when
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combined with an a reference strain, and all initially appeared to be sterile when used
as the conidial parent to fertilize fl a protoperithecial parents. Because of the large
numbers, a small sample of A progeny cultures was randomly selected from each of the
15 potential revertants to further test the fertility function. All of the A progeny
cultures examined were fertile as the protoperithecial parent, and showed the same
reduced fertility phenotype of the original Am parents. Interestingly, several of the
selected A progeny cultures were fertile when crossed to protoperithecial fl a plates
producing anywhere from one to thirty perithecia that shot ascospores. However, these
results were not entirely reproducible; that is, upon repeating the same cross several
times, some of the A progeny would shoot as the conidial parent in one crossing
reaction, but not in another. Again, the development of perithecia was very slow, and
perhaps the plates had dried out before perithecial development could take place. This
study was not pursued any further due to the finding that the three Am mutants had
retained some female fertility function. However, it is interesting that some of the
progeny from this attempted reversion were fertile as the conidial parent. This
indicates that either the three Am mutants might have retained some male fertility
function, although this was not observed, or that there had been a second site mutation
that allowed increased mating as the male in the progeny. No control was performed in
these reversion experiments, but the fact that Am 17 proved to be the identical
mutational event as Am 2 and Am 23 (Results 2), could be considered one; as noted,
attempts to revert Am 17 were unsuccessful. Thus, the progeny from this reversion
experiment may indeed be revertants of the male fertility function. However, due to
the small numbers of progeny examined, and their varied phenotypes, no clear
segregation patterns could be identified. More of the progeny would have to be
examined for their fertility functions and possibly sequenced.
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RESULTS 2
SEQUENCE ANALYSES OF Am MUTANTS

The following study is a sequencing analysis of the A idiomorph of strains Am 2 , Am 17 ,
Am 23 and Am 13 . The first three mutants were chosen to sequence because of their
reduced female fertility function. Although Am 13 produced no ascospores it did
produce many perithecia, showing an overall increase in mating reaction than the other
mutants. H.A.P. mutagenesis most likely produces GC ---> AT base pair substitutions
whereas UV mutagenesis has produced only frameshift mutations within the A matingtype idiomorph thus far. Because it has yet to be resolved if the fertility and
heterokaryon incompatibility functions have separate domains, sequencing the A 13
mutant would prove interesting if a base pair substitution were the result of its sterile,
heterokaryon compatible phenotype.

, Am23 and Am13
Genomic DNA was isolated from Am2, Am17^and
the mt A-1
sequence from each was amplified by the polymerase chain reaction using
oligonucleotide primers corresponding to sequences for the 5' end of mt A-1, primer
1778, and for the 3' end, primer 3194, which span the entire ORF. The amplified
region was purified and the results shown in Figure 11. A fragment of just over 1 kb
containing the mt A-1 is the result, which corresponds to the 1066 nucleotide fragment
that was amplified for each of the mutants.
The amplified fragment from each mutant was sequenced using primers 1778 and 3194
as well as two internal primers, 1875 and 1874. A portion of the sequencing gel for
Am2 Am17 an d Am23 is shown in Figure 12. This gel indicates that all three mutants
,
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are the result of the same mutation, and will now be referred to as Am 99 . This is not
unusual since all three mutants were isolated from the same mutational treatment. The
mutation results from a GC —> AT base pair substitution which is expected for H.A.P.
mutagenesis. This mutation changes Trp-86 to a stop codon, resulting in a truncated mt
A 1 polypeptide of 85-aa (Figure 13). Interestingly, four of the previously isolated,
-

sterile, heterokaryon compatible Am mutants, Am42, Am54 Am56 Am64 (Figure 13),
,

,

are found downstream of this mutation and are the result of frameshift mutations.
Because perithecial development was greatly delayed in Am 99 , it was necessary to
ascertain whether these mutants were fully sterile as either the male or female parent or
whether they exhibited a similar delay in perithecial development like that of the Am 99
mutant which had not been noticed. Am42, Am54 Am56 Am64 and an additional
,

,

frameshift mutant, Am 44 , found upstream of Am 99 , just before the intron splice site,
were crossed as both the female and male to the reference strain. When crossed as the
fertilizing parent to the reference strain, these mutants proved to be completely sterile,
producing no visible mating reaction. When crossed as the protoperithecial parent to
the reference strain, all five of the mutants exhibited a delay in perithecial development
similar to that of Am 99 , and produced a small number of perithecia,( approximately 5
to 10), similar in size to the unmutagenized A treatment strain. However, unlike Am 99
which produces asci and ascospores, the perithecia had no beaks and were barren.
Thus, the Am 99 mutant exhibits a truly different phenotype from all other mutants
isolated; that is, the first heterokaryon compatible A mating-type mutant to be
successfully crossed.
The Am 13 mutant produces the strongest mating reaction as the female in a cross to the
reference strain, producing many perithecia, but no ascospores. This mutant is the
result of a deletion of nucleotide A-4607 (Figure 13), producing a frameshift 59
nucleotides before the Pst I site.
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Apts

.

A

m2

m17

A

A

m23

A

m13

Figure 11. Gel electrophoresis of the amplified products of A P•t•s•(unmutagenized
parental treatment strain), Am 2 , Am 17 , Am 23 , and Am 13 after purification. A purified
product of approximately 1000 by was obtained from each. 10 pl/lane.

Figure 12. Portion of a sequencing gel of Am 2 , Am 17 , Am 23 and A P•t.s. (unmutagenized parental treatment strain) coding
strands showing the GC—>AT base pair substitution. Am2, Am 17, and Am 23 are the same mutant.

^
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3601 AGCTGTTATGTGTTATGTAATCCAAGCCCTCGCTGAAAGITGTGCCCCCAAGGCAGCAAGCCCCCCCCCCCCCCCCCCCCCCCCCCCACC 3690

3691 CCCCTCCCTCCTCTCCCCCGCGGTCGTCAAGTGAAGGGAGAGAGAAGCCGCTCCACCCAAATTAACCAACCAACCCCATGTCTCCTATTT 3780
3781 AAGAAAGCCCAGTTCATC11TTCCACLIICACCCAAACTTCCCACCATCTTTCCCCGAACATCAACTTCGCAACCAAAATCTCGGCAGCA 3870

1
MetSerGlyValAspG1nIleValLysThrPheAlaA
3871 CTACCTCACGTGTTCAGTGCTCTCCAATCAATAATCCATCCACCAGAAACACGATGTCGGGTGTCGATCAAATCGTCAAGACGTTCGCCG 3960
30
spLeuAlaGluAspAspArgGluAlaAlaMetArgAlaPheSerArgMetMetArgArgGlyThrGluProValArgArglleProAlaA
3961 ACCTCGCTGAGGACGACCGTGAAGCGGCAATGAGAGCTTTCTCAAGGATGATGCGTAGAGGTACCGAACCTGTTCGCCGAATCCCCGCGG 4050
54

laLysLysLysValAsnGlyPheMetGlyPheArgS
4051 CAAAGAAGAAGGTCAACGGCTTCATGGGIITCAGATGTGAGTCAAATCTGAATCAACATTGTCGTTGATCCATGGCTGATTGCTCTTCAT 4140
ipm44
56^
erTyrTyrSerProLeuPheSerGlnLeuProGInLysGluArgSerProPheMetThrIleLeuTrpG 1 nHisAspProPheHi
4141 TTCAGCGTACTATTCCCCGCTC,TTCTCTCAGCTCCCGCAAAAGGAGAGATCGCCCTTCATGACTATTCTCTGGCAGCATGATCCCIICCA 4230

4231

4321

4411

4501

86
sAsnGluTrpAspPheMetCysSerValTyrSerSerIleArgThrTYrLeuGluGInGluLysValThrLeuGlnLeuTrpIleHisTy
CAATGAGTGGGATTTCATGTGCTCGGTGTATTCGTCAATCCGGACCTACCT1GAGCAGGAGAAGGTTACTCTGCAACTCTGGATTCACTA
TAm64
IAm42^
tAM99^
rAlaValGlyMisLeuGlyValIleIleArgAspAsnTyrMetAlaSerPheGlyTrpAsnLeuValArgPheProAsnGlYThrHisAs
TGCTGTCGGCCATCTGGGAGTGATTATCCGCGACAACTACATGGCATCCTTTGGCTGGAACCTCGTCCGTTTTCCCAACGGCACTCACGA
146
pLeuGluArgThrAlaLeuProLeuValG1nHisAsnLeuGlnProMetAsnGlyLeuCYsLeuLeuThrLysCYsLeuGluSerGlYLe
CCTCGAGCGCACGGCTCTTCCTTTGGTTCAGCACAATCTCCAGCCCATGAACGGCTTATGCCTGCTCACCAAGTGCCTCGAGAGCGGATT
TAmS4TAm56
176^
uProLeuAlaAsnProHisSerValIleAlaLysLeuSerAspProSerTyrAspMetIleTrpPheAsnLysArgProHisArgGlnG1
GCCTCTTGCCAATCCTCACTCTGTCATCGCCAAGCTTTCAGATCCTAGCTACGACATGATCTGGTTCAACAAGCGTCCTCACCGTCAGCA

4320

4410

4500

4590

THind III
206^
nGlyHisAlaValG1nThrAspGluSerGluValGlyValSerAlaMetPheProArgAsnHisThrValAlaAlaGluValAspGlYI1
4591 GGGACACGCCGTTCAAACTGATGAATCTGAAGTTGGAGTTTCGGCGATGTTCCCTCGCAATCACACGGTCGCTGCAGAGGTAGATGGCAT 4680
TPst I
236^tAm 13 ^
eIleAsnLeuProLeuSerHisTrpIleGlnGlnGlyGluPheGlyThrGluSerGlyTyrSerAlaGlnPheGluThrLeuLeuAspSe
4681 CATCAATCTTCCTCTCTCCCATTGGATTCAGCAGGGAGAATTCGGTACCGAGTCTGGATACTCAGCTCAGTTTGAGACCTTGTTGGATTC 4770
288
266^
rIleLeuGluAsnGlyHisAlaSerSerAsnAspProTyrAsnMetAlaLeuAlaIleAspValProMetMetGlyEnd
4771 AATTCTCGAGAATGGACACGCCTCCAGCAATGACCCTTACAACATGGCTCTGGCTATCGATGTTCCCATGATGGG^IAGTGGAAGATGAG 4860
4861 GTACCATCTTGCAAAACTTTACCCGTGTGCTAACCGATTAACAGGATTTAACGGAGGAGCATAGAAGCACGGCGCAGTCACCGTTTTCTT 4950
4951 TCCTTGTCACATCTGGATTTCGTGTTACGGGCATACAAAGCGAGGGCGAAAAGGGTCTAGTTAGGTTTl.11 GTGCATACATTGGGCAAT 5040
5041 CATGAGACTTCAGAATCGACGGGGTGGAATGGGCAATTACACGGCAAGGAGACAGGTACGCCTAGAAGGCGAAAGAGTATCAAATAAAAT 5130

Figure 13. DNA sequence and deduced amino acid sequence of the A idiomorph
region containing the heterokaryon incompatibility and fertility functions. Arrows
indicate the location of the Am mutants, including Am 13 and Am 99 . The 5' and 3'
splice junctions of the intron are double underlined. The polypyrimidine tract, CAAT
sequence, and polyadenylation sequence are underlined. (based on Glass et al., 1990).
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DISCUSSION

A total of 52 mutants was recovered from mutagenesis using UV and H.A.P. All of
the mutants were heterokaryon compatible and sterile as the male parent. Only three of
the mutants, Am 2 , Am 17 and Am 23 , were capable of crossing as the female parent,
producing anywhere from 20 - 50 fully developed perithecia with beaks and ascospores.
However, the time required for perithecial development in these mutants was
approximately twice as long as compared to the unmutagenized parental strain. The A
progeny resulting from such a cross exhibited the same phenotype as their mutant
parent, (reduced female fertility and loss of the heterokaryon incompatibility function),
while a progeny from such a cross exhibited a completely normal phenotype (fully
fertile and heterokaryon incompatible). Thus, the mutant phenotype segregates with
the A mating-type idiomorph.
Comparisons of Am 2 , Am 17 and Am 23 rosettes of asci to the wild-type rosettes shows
that although the three mutants are delayed in their development, they ultimately
produce numbers of asci and ascospores similar to that of the unmutagenized parental
strain. Although ascospore development is variable and the numbers of black
ascospores are fewer in the mutants compared to the unmutagenized parental strain, this
could be a direct result of a decrease in nutritional availability due to the delay in
development, rather than the mutation itself. In any event, these mutants appear to be
capable of being recognized by opposite mating type, as well as recognizing nuclei of
opposite mating type within the ascogenous hypha since they do undergo karyogamy
and meiosis. Therefore, the low numbers of perithecia and the delay in their
development appear to be caused by events prior to karyogamy and meiosis.
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There are four possibilities to explain the low numbers of perithecia, the delay in their
development, as well as the lack of male fertility function:
1. The pheromone/receptor function may be dysfunctional. In the sterile,
heterokaryon compatible Am mutants (Griffiths, 1982), mutant trichogynes were not
attracted to wild-type conidia of opposite mating type, nor did mutant conidia attract
wild-type trichogynes of opposite mating type (Bistis, personal communication).
Therefore in Am2 , Am 17 and Am 23 the same may be happening and mating may only
occur by chance; i.e., a conidium of opposite mating-type 'falls' on the trichogyne.
However, an increase in fertility (i.e., perithecia and their related ascospores) was not
observed when heterokaryons were forced between Am2 , Am 17 , Am 23 and the a
reference strain. Presumably mating could occur by heterokaryon formation (rather
than trichogyne fertilization), which might result in an increase in fertility if this were
indeed the only function affected in these mutants.
2. Fusion of the trichogyne to the conidium may be dysfunctional.
Pheromone/receptor function may not be involved in the fusion of the trichogyne to the
conidium, but only required as a 'homing' device if conidia are not in direct contact
with the trichogyne. R. Metzenberg (personal communication) has recently mutated
the pheromone gene in A mating-type cultures and has found that the mutants are still
fully fertile as the male component, although mating is delayed by a few days; female
mating capabilities are unaffected. Thus, it is probable that a functional pheromone is
not necessary for mating, (although it would enhance it), but rather that mating is
reliant upon the trichogyne fusing with the conidium. Fusion may require another
product(s) activated by the A mating-type idiomorph not yet identified. This might
explain the reduced female fertility function and absence of male fertility function in
Am2 , Am17 and Am23. As the female parent, the mutant trichogynes may eventually
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fuse to an a mating-type conidium in direct contact if enough 'diffusable product' from
surrounding conidia reach it. As the male parent, the mutant conidia do not produce
enough of the 'product', if any, and thus the wild-type trichogynes do not respond and
hence no fusion occurs. However, once again, heterokaryons forced between the Am
mutants and the reference strain do not show an increase in fertility when plated on
crossing medium, even though trichogyne fertilization is presumably not necessary.
3. Migration of the nucleus down the trichogyne may be affected. A and a function
may be required for migration of the male nucleus down the trichogyne into the
protoperithecium. As the female, the mutants may produce the A function, but at
reduced levels, thus resulting in a substantial time for the a nuclei to reach the interior
of the protoperithecium. As the male parent, the A function may be abolished or
required at greater levels than as the female parent, rendering the mutants male sterile.
Again, no increase in fertility is seen when heterokaryons between the mutants and the
reference strain are forced.
4. A and a function may be required for the establishment of the ascogenous hypha.

As the female parent, a wild-type A mating-type product may transcriptionally activate
a second product necessary for synchronous division of the nuclei within the
ascogenous hypha, resulting in enlargement of the protoperithecium. A dysfunctional
A product may not be capable of normal transcriptional activation of this product, but

instead activation may be reduced, thus increasing the normal time needed to reach
threshold levels necessary for synchronous division of the nuclei. As the male parent,
either the product required is not transcriptionally activated, or it is needed in higher
levels than that of the female parent and thus a threshold level required for synchronous
division of the nuclei is never established. If this were the case, then no increase in
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fertility would be seen in forced heterokaryons between the mutants and the reference
strain when plated on crossing medium.
Whether or not the forced heterokaryon mating test used by Bistis is valid in these
strains needs to be questioned. In such a test, plating a forced heterokaryon may allow
either mating type to randomly produce the female protoperithecial structures, which
may then be fertilized by the opposite mating type which has not undergone such
development. If this is the case, it does not rule out any of the above possibilities; any
one, or all of the functions may be affected. In any event, the mating system in Am2 ,
Am 17 and Am23 is not fully functional as the female parent, and is abolished as the
male parent, as a result of a mutation(s) at the mating-type A idiomorph, and that the
mutational event results in some malfunction prior to karyogamy, as once established in
the ascogenous hypha, these mutants do undergo karyogamy and meiosis.
The Am 13 mutant produced by H.A.P. mutagenesis also produced a delayed mating
response, but numbers of perithecia were similar to perithecial numbers of the
unmutagenized strain. However, these perithecia formed no beaks and were barren.
Compared to the above mutants, Am 13 has greater fertilization capacity in that it
produces many more perithecia, but does not undergo meiosis and sporulation. Thus,
Am 13 may represent a mutant in which the pheromone/receptor function, the
trichogyne/conidial fusion function, and the nuclear migration function are normal, but
that further sexual development is blocked prior meiosis.
The other 48 mutants produced by UV mutagenesis appeared to be completely sterile
and heterokaryon compatible. However, these mutants might exhibit a delayed and
reduced mating response similar to that seen in the Am 2 , Am 17 , Am 23 and A 13
mutants, and thus gone unnoticed. Therefore the fertility functions of these 48
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mutants, especially as the female parent, should be re-tested to confirm their
completely sterile, heterokaryon compatible phenotypes.
Sequencing analysis of the Am 2 , Am 17 and Am 23 mutants showed that these mutants
are, in fact, the same mutation; this mutant strain is now referred to as Am 99 . The
mutation in Am 99 changes the Trp-86 codon to a stop codon, resulting in a truncated
polypeptide of 85-aa. This truncated polypeptide includes the MATa1 box of S.
cerevisiae and therefore, like MATa1, might be capable of binding DNA (Table 5).

Because this mutant is slow to develop low numbers of perithecia, Am 99 might not be
capable of fertilization (i.e., trichogyne/conidial fusion), but rather that mating is a
'chance' event. However, the perithecia that do form contain near normal numbers of
asci, each containing 8 ascospores, indicating that Am 99 is capable of meiosis as the
female parent. Therefore it is reasonable to assume that female meiotic function is
found within this 85-aa truncated polypeptide. As the male parent, Am 99 is completely
sterile.
The mutation in Am 13 deletes an A at base pair 4605 resulting in a frameshift between
the Hind III site and Pst I site. A total of 208 out of 288 amino acids from the aminoterminal region are unaffected in this mutant polypeptide, including those amino acids
within the MATa1 box (Table 5). Phenotypically, as the female parent, Am 13
produces near normal numbers of small, black perithecia although development is
delayed. This is evidence that the carboxyl-terminal portion of the mt A 1 ORF is
-

perhaps dispensable for fertilization. The perithecia that do develop are barren and
thus sexual development appears to be blocked prior to meiosis. As the male parent,
Am 13 is completely sterile.

Table 5 Comparison of Am polypeptides

w.t.

^45aaa59^288-aa ^

Am 99

— 88-aa

Am 13

^208-aa ^

Am42
Am4 4

^

^

A M5 4^

-----

>stop (289)

>stop (89)

HK incompatible
- fully fertile as male and
female parent
-

- HK compatible
- male sterile
- low numbers of perithecia as female
- asci and ascospores similar to w.t.

>stop (230)

- HK compatible
- male sterile
- many perithecia produced as female
- perithecia barren

100-aa^>stop (120)

^
53-era /
>stop (73)

oveve...."...,"arveson....,....-oevr,

163 aa

^>stop (192)

AM 56^165-aa ^
AM64^ 111-aa^

>stop (192)
>stop (189)

- HK compatible
- male sterile
- slow development of approximately 5-10
barren perithecia as female
- probably represent the null phenotype
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Fertilization patterns similar to that of Am 99 are seen with Am42 Am44 Am54 Am56
,

,

,

,

and Am 64 when used as the female parent; that is, perithecial numbers are few and
slow to develop. However, meiosis and ascospore production are absent. These
mutants are also male-sterile. Am 42 , Am 54 , Am 56 and Am 64 are frameshift mutations
downstream of Am 99 , but upstream of Am 13 , and retain a functional MATa1 binding
domain(Table 5). Because the four mutants retain the functional 85-aa region of Am 99 ,
it can be argued that these frameshift mutants have extended 'gibberish' polypeptides
which may interfere with normal meiotic function. Am 44 is the result of a frameshift
upstream of Am 99 , and results in disruption of the MATa1 binding domain. All five of
these previously isolated mutants exhibit the same phenotype and could therefore be
presumed null.
In general, all mutants function to inactivate female fertility function (fertilization and
perithecial development) to a greater (Am 99) or lesser (Am 13 ) degree. The delay in
perithecial development may be attributed to a 'threshold level' principle which might
apply to the mt A 1 polypeptide itself, or some target gene that it activates. If the mt A-

1 polypeptide must reach some threshold level to activate a mating-type target gene,

then a reduced function, perhaps due to a higher turnover rate, would result in longer
times to reach critical levels. If the function of the mt A 1 polypeptide is to activate
-

some mating-type target gene(s), which in turn has to exceed a threshold level to turn
on a mating cascade, a reduced function would result in less activation of the target
gene(s), which would then take longer to reach necessary levels to turn on a mating
cascade.

All of the mutants (except Am44 ) retain the region of similarity to MATa1 of
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S. cerevisiae, and thus like MATa1,

might be capable of binding DNA. Am44, which

lacks the potential DNA binding domain, but still develops a few perithecia, may
represent the null phenotype, indicating that some female fertility can result in either
the absence or reduced function of mt A-1. The degree to which the mutants vary in
numbers of perithecia may indicate that an enhancer of female fertility region lies
somewhere between Am 56 and Am 13 .
The Am 99 mutant is the only one that produces perithecia and ascospores. Because the
other Am mutants only produce perithecia, it appears that mt A-1 function is not only
necessary for normal perithecial development (i.e. fertilization) but is also required
post-fertilization. If this were not the case, then those mutants that produce perithecia
should in turn produce ascospores. The 85-aa truncated protein of Am 99 appears to
contain the necessary information required for female meiotic function, and perhaps
female fertilization function, although this is questionable. In any event, the aminoterminal portion of the mt A-1 ORF is important for meiosis and ascosporgenesis.
Although the frameshift mutants all contain this 85-aa portion (except Am44), the extra
amino acids on the end of the polypeptide perhaps interfere with normal meiotic
function.
Common to all mutants is the loss of heterokaryon incompatibility function and the
abolition of male fertility function. Heterokaryon compatibility appears to be the result
of major protein alterations, and male fertility appears to be completely dependent upon
functional mt A-1. Because the carboxyl-terminal portion of the mt A-1 polypeptide is
absent in all mutants, it is probable that this region is required for both of these
functions.
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MODEL FOR mt A-1 FUNCTION
The proposed model is based on the present knowledge of MATal in S. cerevisiae,
which acts in conjunction with a second protein (PRTF) to positively regulate a-specific
genes by binding to upstream activating sequences. The interaction of MATa1 with
PRTF

forces PRTF into the active conformation. Because mt A-1 contains a region of

similarity with that of MATa1, it most probably acts as a DNA binding protein.
The present model proposes that during the vegetative phase, nutrient deprivation
induces high expression of mt A-1. The mt A-1 product acts in a manner similar to
MATa1 in S. cerevisiae to enhance female fertility, rather than act as the sole regulator
of A-specific genes. This would account for the differences in phenotypes amongst all
Am mutants (refer to Figures 14 and 15). For example, Am 99 mt A-1 polypeptide
includes an unaffected MATa1 region, and thus is still capable of binding DNA,
upstream of A specific genes. However, because it is truncated, it is missing a
downstream activation (or protein interaction) domain that is necessary to bind (or
enhance binding of) a PRTF-like protein which may be the true activator of the A
specific genes. In the absence of the activation domain of mt A-1, the affinity for the
PRTF-like

molecule is decreased and therefore only occasionally binds. This would

result in decreased activation of the A-specific genes, and in turn affect perithecial
development, both in numbers and time. Am 13 , however, contains both the MATal
domain and the activation/enhancer domain and is thus capable of binding DNA and
enhancing fertility by binding the PRTF-like protein. However, the extra amino acids
on the end of the polypeptide may interfere with this enhancement function at times,
which would account for the delay in development and the fewer numbers of perithecia
compared to wild type. This model also accounts for the phenotypes of Am 42 , Am 54 ,
Am 56 , and Am 64 . These mutants are capable of binding DNA, but their frameshifts
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result in an altered activation domain which decreases the affinity for the PRTF-like
protein. Am 44 is missing the MATa1 domain and is therefore not capable of binding
DNA. In all five of these mutants, the PRTF-like protein is still capable of
occasionally binding to activate female A-specific genes required for fertilization and
hence, perithecial development.
The expression of mt A-1, and in turn activation of A-specific genes would mark the
nucleus as A, with fusion only occurring between nuclei of unlike mating type. In the
resulting diploid cell, the amino-terminal portion of mt A-1 interacts with mt a-1 (or
other sex-specific factors) to form a novel regulatory product, mt A-1/mt a-1,
performing functions that mt A-1 and mt a-1 alone cannot accomplish. This A/a diploid
might then perform functions analogous to that in the a/a diploid in S. cerevisiae, to
turn off a meiotic repressor gene thus allowing entry into meiosis and ascosporgenesis.
In the proposed model, mt A-1 99 would be capable of forming a regulatory product
with mt a-1 and binding to DNA to turn off a meiotic repressor gene. Thus meiosis
would be normal in this mutant. mt A-1 13 would also be capable of interacting with mt
but the extra amino acids would interfere with the product binding to the DNA,
thus preventing repression of the meiotic repressor gene. mt A-1 42, 54, 56, 6—4 would
a-1,

all exhibit similar phenotypes in regards to meiosis as that of Am 13 ; that is, they would
be capable of forming a novel regulatory product with mt a-1, but the extra amino acids
on the end of the polypeptides would interfere with binding. mt A-1 44 is missing the
MATal

domain and therefore would not be able to bind DNA even if it formed a

product with mt a-1.
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A cells - female perithecial development

Figure 14. Model for female mt A 1 function during perithecial development. (a) The
wild-type A polypeptide binds to upstream activating sequences (UAS) of perithecial
development genes and through its carboxy-terminal portion (C) directs (enhances) binding
of a PRTF like molecule (X) to the UAS. Binding of X activates perithecial gene
transcription. (b) The truncated Am 99 polypeptide is missing the C-portion and therefore
cannot enhance the binding of X, which will periodically bind on its own. (c) The Am 13
frameshift polypeptide (C) retains a functional protein interaction domain at the carboxyterminal and thus can enhance the binding of X, resulting in numbers of perithecia similar
to wild-type.
-

-
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A/a diploid cells - meiosis

Figure 15. Model for mt A-1 function during meiosis. (a) Amino-terminal portion (N) of
wild-type A polypeptide interacts with a polypeptide to induce a conformational change.
The Ala product binds to upstream sequences of meiotic repressor genes (RME) to turn off
their transcription, thus allowing meiosis. (b) Am 99 truncated polypeptide retains both a
functional amino-terminal portion and DNA binding domain and therefore interacts with
the a polypeptide to produce the A/a product which binds DNA to repress the RME genes.
(c) The Am 13 frameshift polypeptide retains a functional amino-terminal portion and
therefore forms the A/a product through interactions with a polypeptide. The RME genes
are not repressed due to the interference by the 'gibberish' carboxy-tail (C) of the Am 13
polypeptide, which prevents the A/a product from binding.
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To summarize the proposed model, female fertility (i.e., fertilization and perithecial
development) can function in the absence or reduced function of mt A-1, whereas male
fertility is completely dependent upon functional mt A-1. Enhancement of female
fertility requires a downstream protein interaction domain that increases the binding of
a second protein which activates transcription of the female A-specific genes required
for fertilization and perithecial development. During the sexual cycle, the aminoterminus of mt A-1 interacts with mt a-1 (or other sex-specific factors) within the A/a
diploid cell to form a novel regulatory product that turns off a repressor of meiosis
gene, thus permitting entry into meiosis and ascosporgenesis.
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