










AcMAT genes are transcriptionally active. In addition to the
MAT genes, we identified an EST clone corresponding to the
APN2 gene; however, we did not identify an EST clone corre-
sponding to the SLA2 gene. The predicted intergenic region
between AcMAT1-1-1 and the AcSLA2 gene appeared to be
exceptionally large (Fig. 1). Therefore, we used the 4,184-bp
sequence of this region in a BLASTN analysis of the A. chry-
sogenum EST library and identified the 662-bp EST clone
AcEST.4.744 corresponding to a transcript of this region.
However, the sequence of this transcript has no similarity to
any protein or EST clone transcript in the databases.

Mating type loci in different A. chrysogenum isolates. To
identify a putative MAT1-2 locus and to analyze the distribu-

tion of the two mating types, five A. chrysogenum isolates were
examined using the �-box domain sequence-specific AcMAT1-
1-1 primers. Only a limited set of six isolates was available from
culture collections, including strain ATCC 14553, originally
isolated by Giuseppe Brotzu, and the derivative A3/2, which
stems from an industrial production line (57). In addition, four
other strains collected from at least two different geographic
sites (Table 1) were used for our analysis. All strains most
probably belong to the same taxon since they contain com-
pletely identical internal transcribed spacer sequences (data
not shown). Notably, the ITS2 sequence is highly suitable for
evaluating whether the taxa of a species can potentially inter-
breed and has already been used for this purpose for numerous
eukaryotes (10). In all strains tested, a 336-bp DNA fragment
specific for the AcMAT1-1-1 �-box mating type gene was
present, leading to the conclusion that all A. chrysogenum
isolates analyzed are either heterothallic MAT1-1 strains or
homothallic strains with a MAT1-2 allele elsewhere in the
genome or with only the MAT1-1 locus.

Functional analysis of the AcMAT1-1 locus in P. anserina.
The failure to detect any AcMAT1-2 strains makes it impos-
sible to conduct crossing experiments with strains of the op-
posite mating type. We therefore performed a functional anal-
ysis of the AcMAT1-1 locus with P. anserina as a heterologous
host. This heterothallic ascomycete carries a MAT1-1 locus
with a high degree of sequence similarity to the AcMAT1-1
locus (Fig. 2). Hence, we transferred cosmid clone P2-G5-hph
containing the entire AcMAT1-1 locus into a Pa�MAT strain
(11), yielding the Pa�MAT-AcMAT1-1ect strain carrying ec-
topically expressed AcMAT1-1 (Fig. 5A), since it was shown
recently that an ectopically expressed MAT locus in this dele-
tion strain confers normal fertility in a cross (11, 51, 75). In
contrast, a resident MAT locus was shown previously to inter-
fere with extra copies of MAT locus genes, leading to ascospore
lethality (13).

PCR and RT-PCR analyses confirmed that all three
AcMAT1-1 genes were integrated and transcriptionally ex-
pressed in the P. anserina transformants (Fig. 5B and C). Three
individual transformants carrying the transcriptionally ex-
pressed AcMAT1-1 locus were then analyzed further by fertil-
ization with spermatia of a PaMAT1-2 (MAT�) strain (Fig.
5A). All three developed further and generated numerous
perithecia, indistinguishable from those produced in P. anse-
rina wild-type matings, in crosses with the tester strain (Fig.

FIG. 3. Phylogenetic tree of MAT1-1-1 �-box domains generated
by maximum-parsimony and neighbor-joining analyses. Fifty-four
amino acid positions were included in the analyses. The tree shown is
based on a consensus tree calculated with the PHYLIP programs
PROTPARS and NEIGHBOR. The numbers (percentages) indicate
the support based on 1,000 replications of the neighbor-joining analysis
(numbers to the left of the slashes) and of the maximum-parsimony
procedure (numbers to the right of the slashes). Accession numbers
corresponding to the analyzed amino acid sequences are as follows: A.
chrysogenum, AM983455; Fusarium culmorum, CAD59609.3; Gib-
berella zeae, A9CCT5; Fusarium poae, CAD59610.3; Gibberella fujiku-
roi, O93925; Fusarium sacchari, BAE94379.1; Fusarium guttiforme,
AAQ18160; Colletotrichum musae, CAD59611.3; Gibberella avenacea,
CAD59608.4; Cordyceps takaomontana, BAD95880.1; Cordyceps mili-
taris, BAD72600.1; Verticillium fungicola var. flavidum, BAE93605.1;
Tolypocladium inflatum, BAE93602.1; Epichloe typhina, BAD72612.1;
Ephelis japonica, BAD72608.1; Claviceps purpurea, BAD72604.1;
Metarhizium anisopliae, BAE93598.1; Sordaria macrospora, O42837;
Neurospora crassa, P19392; P. anserina, P35692; Chaetomium globo-
sum, XP_001222681.1; Magnaporthe grisea, BAC65091.1; Aspergillus
fumigatus, AAX83123.1; Emericella nidulans, Q7Z896; Aspergillus
oryzae, Q2U537; Penicillium chrysogenum, AM904544; Penicillium
marneffei, Q1A3S7; and S. cerevisiae, YP_087100.1.

FIG. 4. Transcriptional expression of the genes AcMAT1-1-1, Ac-
MAT1-1-2, and AcMAT1-1-3. Primer pairs as indicated in Materials
and Methods were used to generate cDNA or DNA fragments specific
for the three ORFs of the AcMAT1-1 locus. RNA transcripts (cDNA)
either with (� RT) or without (� RT) reverse transcriptase were
amplified by RT-PCR. gen. DNA, genomic DNA.

6010 PÖGGELER ET AL. APPL. ENVIRON. MICROBIOL.

 on June 12, 2013 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


6A). However, in most cases, ascus rosettes of perithecia com-
prised only 3 to 20 asci and the number of asci with fewer than
four ascospores was significantly increased compared to the
number of such asci produced by the wild type (Fig. 6B). P.

anserina has a pseudohomothallic life cycle and develops four-
spored asci, in which ascospores contain two nuclei, one of
each mating type. A typical binucleate spore is a heterokaryon,
i.e., it contains both mating types, and can therefore give rise to
a self-fertile mycelium (Fig. 6C). Only a few asci contain five
spores, three binucleate and two small uninucleate spores,
which produce homokaryons.

To investigate the inheritance of the heterologous MAT
locus, 30 randomly isolated ascospores of the fertilized
Pa�MAT-AcMAT1-1ect strain were then tested for simulta-
neous expression of the endogenous PaMAT1-2-1 (FPR1) gene
and the heterologous AcMAT1-1 genes (Fig. 5C). Only 2 of 30
transformants expressed the MAT genes from both loci, while
the other 28 seemed to express only the AcMAT1-1 genes (Fig.
5A and C). Thus, these results demonstrate that the
AcMAT1-1 locus is transcriptionally expressed and can drive
sexual reproduction in P. anserina.

Identification of sex-related genes in A. chrysogenum. Know-
ing that AcMAT1-1 is able to carry out fertilization functions in
P. anserina, which suggests the potential of A. chrysogenum for
sexual reproduction, we then performed in silico analyses to
identify sex-related genes in A. chrysogenum. Two different
classes of pheromones are known to be involved in sexual
reproduction in heterothallic as well as in homothallic filamen-
tous ascomycetes. One class of genes encodes peptide phero-
mone precursors that contain multiple copies of the mature
peptides flanked by protease cleavage sites, while the other
class of pheromone genes encodes a small protein with a
CAAX motif at the carboxy terminus. This motif is expected to
produce a mature lipopeptide pheromone with a C-terminal
carboxymethyl isoprenylated cysteine (12, 33, 39). Therefore,
to identify putative pheromone precursors encoded by the A.
chrysogenum genome, amino acid sequences of the peptide and
a lipopeptide pheromone precursor of known fungal phero-
mone precursors were used as query sequences in TBLASTN
searches. No significant hits were found. However, a cDNA
encoding a putative pheromone receptor and EST clones en-
coding putative homologues of proteins involved in the pro-
cessing of pheromone precursors in S. cerevisiae were identi-
fied in the EST library (Table 2).

In the yeast S. cerevisiae, after the binding of the phero-
mones to a cell type-specific receptor, the signal is transmitted
by the interaction of a heterotrimeric G protein composed of
G� (Gpa1p), G� (Ste4p), and G� (Ste18p) through a down-
stream mitogen-activated protein (MAP) kinase cascade en-
coded by STE20, STE11, STE7, and FUS3. Homologues of all
these genes, along with other conserved genes of the S. cerevi-
siae pheromone response pathway, except FAR1, STE5, KSS1,
DIG1, and DIG2, were identified in the A. chrysogenum EST
library (Table 3).

DISCUSSION

Filamentous ascomycetes lacking any sexual stages have tra-
ditionally been placed within the phylum Deuteromycota or
have been termed Fungi Imperfecti. This artificial group in-
cludes plant and human pathogens, as well as biotechnologically
important fungi, such as the �-lactam-producing fungi Penicillium
chrysogenum and A. chrysogenum. Recently, however, there has
been a proliferation of reports describing the detection of MAT

FIG. 5. Rescue of the function of the P. anserina mating type locus
by the AcMAT1-1 locus. (A) Flow diagram depicting the origin of
strains obtained from the mating (	) of a transformant Pa�MAT-
AcMAT1-1ect (MAT�) strain with the PaMAT1-2 (MAT�) strain.
(B) Molecular phenotypes of PaMAT1-2, PaMAT1-1, and Pa�MAT
strains and of the transformant Pa�MAT-AcMAT1-1ect strain express-
ing the AcMAT1-1 locus, as well as of the biparental ascospore isolates
(bip#1 and bip#2) and 2 of the 28 uniparental ascospore isolates
(unip#1 and unip#2). (C) Transcriptional expression of the
AcMAT1-1 locus, as well as the PaMAT1-2-1 (FPR1) and PaMAT1-1-1
(FMR1) genes, in P. anserina strains as indicated above the gel. �RT
and � RT, with and without reverse transcriptase; gen. DNA, genomic
DNA. The sizes of the DNAs and cDNA amplicons are the first and
second values, respectively, given at the right margin.
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genes and homologues of genes known to be required for sexual
pheromone production within species of this group. Thus, there is
accumulating evidence suggesting that an increasing number of
Fungi Imperfecti have a cryptic sexual cycle and that asexual
ascomycetes have the genetic machinery to mate and to develop
fertile fruiting bodies, as well as to undergo a full meiotic sexual
cycle (3, 21, 26, 32, 50, 67, 76).

A. chrysogenum has a MAT1-1 mating type locus. In this
study, A. chrysogenum strains were shown to carry a MAT1-1
locus structurally similar to MAT loci from heterothallic Sor-
dariales and Hypocreales. The MAT1-1 locus from A. chryso-
genum contains at least three genes, AcMAT1-1-1, AcMAT1-
1-2, and AcMAT1-1-3, encoding proteins with conserved
domains: an �-box domain, an HPG domain, and an HMG
domain, respectively (Fig. 2).

Since we did not succeed in detecting an AcMAT1-2 strain,
the exact extension of the MAT1-1 locus cannot be defined.

Recently, the sequences in close proximity to MAT loci from
diverse ascomycetes were investigated, and it emerged that in
an ancestral configuration, MAT loci lie between homologues
of S. cerevisiae APN2 and SLA2 (9, 15). Similarly, in A. chry-
sogenum, APN2 and SLA2 homologues were identified down-
stream of the AcMAT1-1-3 and AcMAT1-1-1 genes, respec-
tively (Fig. 1). An APN2-SLA2 gene arrangement identical to
that in A. chrysogenum is also present in Neurospora crassa, P.
anserina, several Gibberella species, Aspergillus fumigatus, and
Neosartorya fischeri (15, 21, 61). Hence, according to the con-
figuration of the flanking genes, the AcMAT1-1 locus exhibits
a rather ancestral structure.

The genus Acremonium is considered to be a highly
polyphyletic genus containing distantly related species (25).
Phylogenetic analyses based on partial sequences of the 18S
rRNA revealed the affiliation of A. chrysogenum with the order
Hypocreales (25). Likewise, the MAT1-1-1 trees obtained from

FIG. 6. Microscopic investigation of P. anserina strains expressing the AcMAT1-1 locus. (A) Perithecium from a strain obtained from the mating
of Pa�MAT-AcMAT1-1ect (MAT�) and PaMAT1-2 (MAT�) strains. (B) Ascus rosette from the strain shown in panel A. (C) For comparison, an
ascus rosette from a strain obtained from a PaMAT1-1 (MAT�) and PaMAT1-2 (MAT�) wild type cross.

TABLE 2. A. chrysogenum EST clones encoding putative pheromone-processing enzymes

S. cerevisiae
protein Function E valuea Corresponding cDNA clone/length

(bp)/accession no.
Closest homologue (GeneID no.)

and E valueb

Kex1p Carboxypeptidase 8e�020 AcEST.4.7623/678/FM200412 Gibberella zeae hypothetical protein
(FG10145.1), 4e�45

Ste13p Dipeptidyl aminopeptidase 2e�005 AcEST.4.379/797 (may
correspond to another
dipeptidyl aminopeptidase)/
FM200421

Gibberella zeae hypothetical protein
(FG01095.1), 2e�88

Ste24p CAAX prenyl protease 2e�033 AcEST.4.3818/734/FM200424 Gibberella zeae hypothetical protein
(FG0590.1), 2e�89

Ste23p Secreted/periplasmic Zn-dependent
peptidases

3e�048 AcEST.4.726/1,100/FM200423 Gibberella zeae hypothetical protein
(FG06911.1), 1e�108

Ram1p Prenyl transferase, � subunit 9e�006 AcEST.4.6556/681/FM200414 Gibberella zeae hypothetical protein
(FG08771.1), 1e�23

Ram2p Prenyl transferase, � subunit 2e�016 AcEST.4.17786/621/FM200415 Gibberella zeae hypothetical protein
(FG05911.1), 8e�66

Ste6p ABC-type multidrug transport
system

2e�043 AcEST.4.3111/1,079/FM200417 Gibberella zeae hypothetical protein
(FG06881.1), 1e�115

a Result from TBLASTN.
b Result from BLASTX.
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maximum-parsimony and neighbor-joining analyses show a
common branching pattern for A. chrysogenum and species of
the order Hypocreales and a close relationship to species of the
family Clavicipitaceae (Fig. 3). Clavicipitaceous fungi and re-
lated anamorphs contain diverse econutritional groups such as
pathogens of plants, insects, nematodes, and fungi, as well as
endophytes of plants and saprophytes. Divergent groups of the
Clavicipitaceae, including the species Cordyceps takaomontana
and Cordyceps militaris, are known to lack the mating type gene
MAT1-1-3, while more ancient members of this family, e.g.,
Claviceps purpurea and Metarhizium anisopliae, possess a
MAT1-1-3 gene (77). Given that the MAT1-1 locus of A. chry-
sogenum contains a MAT1-1-3 homologue, it may be consid-
ered to be a phylogenetically old member of the Clavicipita-
ceae family.

In addition to the three conserved MAT genes, a fourth
putative ORF corresponding to a 662-bp EST clone,
AcEST.4.744, was identified between AcMAT1-1-1 and SLA2.
In Neurospora crassa, two genes encoding anonymous tran-
scripts (eat) with mating type-specific size differences were
identified in the region surrounding the MAT idiomorphs. One
of these genes, eat-2, encodes a protein with a domain highly

similar to a domain present in plasma membrane ATPases
(58). However, the sequence of AcEST.4.744 bears no similar-
ity to that of either Neurospora crassa eat-2 or eat-1 or to that
of any other EST clone in the databases. Due to the lack of an
AcMAT1-2 strain, mating type-specific transcript differences
could not be analyzed.

Based on the fact that we identified only MAT1-1 strains of
A. chrysogenum, we cannot rule out that a MAT1-2 strain does
exist. The failure to identify it may be due to the small sample
size used in this study. However, at this stage we cannot decide
whether A. chrysogenum has a heterothallic or homothallic
lifestyle. There are four ways fungi can be homothallic: (i) they
can harbor a fused MAT locus comprising both idiomorphs, (ii)
they can harbor both MAT alleles at different loci in the ge-
nome, (iii) they can switch the mating type locus, or (iv) they
can sexually reproduce but carry only one MAT locus (34). The
AcMAT1-1 locus appears not to have a MAT1-2-1 homologue,
which can be found in MAT loci of homothallic members,
either fused or located in close proximity to the �-box domain
gene in Soradiomycetes and Dothidiomycetes (15, 52, 55).
Thus, homothallism due to a fused MAT locus can be ruled
out. In the genomes of the homothallic Emericella nidulans and

TABLE 3. A. chrysogenum EST clones encoding putative components of a pheromone response pathway

S. cerevisiae
protein(s) Function E valuea Corresponding cDNA clone/length

(bp)/accession no.
Closest homologue (GeneID no.)

and E valueb

Ste2p Peptide receptor No hits
Ste3p Lipopeptide receptor No hits AcEST.4.6856/427c/FM200413 Gibberella zeae PRE1 (FG07270.1),

6e�012
Gpa1p � subunit of G protein 8e�065 AcEST.4.13545/2,030/FM200411 Fusarium oxysporum fga1 product

(Q96VA7), 1e�179
Ste4p � subunit of G protein 2e�074 AcEST.4.8282/1,535/FM200416 Gibberella moniliformis G protein �

subunit (Q1PBD2), 0.0
Ste18p � subunit of G protein 3e�009 AcEST.4.18338/1,039/FM200422 Magnaporthe grisea G protein � subunit

(MGG1), 2e�31
Cdc24p Guanine nucleotide exchange

factor for Rho/Rac/Cdc42-
like GTPases

1e�004 AcEST.4.7446/759/FM200408 Gibberella zeae hypothetical protein
(FG10511.1), 9e�63

Cdc42p Small Rho-like GTPase 8e�080 AcEST.4.22441/1,035/FM200409 Coccidioides immitis cell division control
protein 42, 3e�54

Bem1p Scaffold protein for
complexes including
Cdc24p, Ste5p, Ste20p, and
Rsr1p

7e�020 AcEST.4.4166/660/FM200407 Gibberella zeae hypothetical protein
(FG05261.1), 1e�47

Ste20p p21-activated kinase 5e�032 AcEST.4.15304/1,283/FM200419 Gibberella zeae hypothetical protein
(Q4IBC4), 1e�164

Ste11p MEK kinase 8e�083 AcEST.4.15304/1,283/FM200419 Gibberella zeae hypothetical protein
(Q4IBC4), 1e�164

Ste7p MAP kinase kinase 2e�037 AcEST.4.10992/1,216/FM200418 Gibberella zeae hypothetical protein
(FG07295.1), 1e�177

Fus3p MAP kinase 4e�065 AcEST.4.17143/1,160/FM200410 Gibberella zeae MAP kinase
hypothetical protein (MGV1 protein;
FG10313.1), 1e�145

Ste12p Homeobox transcription
factor

No hits AcEST.4.5637/1,324c/FM200420 Gibberella zeae transcription factor
Fst12 (Q8NKD8), 1e�107

Kss1p MAP kinase No hits
Ste5p Scaffold protein No hits
Far1p Cyclin-dependent kinase

inhibitor
No hits

Dig1p, Dig2p Regulatory proteins required
for MAP kinase-imposed
repression

No hits

a Result from TBLASTN.
b Result from BLASTX.
c STE2 was selected by the homologous protein of Gibberella zeae.
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Neosartorya fischeri, MAT1-1 and MAT1-2 loci are on separate
chromosomes, and in the homothallic Chaetomium globosum,
in addition to a MAT1-1 locus, a MAT1-2 locus on another
supercontig was identified previously (15, 21, 61). Unfortu-
nately, the genome sequence of A. chrysogenum is still not yet
available, and therefore, the possibility of an unlinked second
MAT locus encoding a MAT1-2-1 homologue in the A. chry-
sogenum genome cannot be excluded. It may also be possible
that A. chrysogenum has silent MAT loci and can undergo
mating type switching, as described previously for several fila-
mentous ascomycetes (14, 34). Interestingly, in some ho-
mothallic species of the genus Neurospora (Neurospora afri-
cana, Neurospora lineolata, Neurospora galapagonensis, and
Neurospora dodgei), only the MAT1-1 locus is present in the
genome (23, 24, 53). It has been speculated that in these
species, either sexual reproduction does not require the HMG
domain protein encoded by the MAT1-2 locus or the function
of this protein can be replaced by the MAT1-1-3-encoded
HMG protein (40). Alternatively, A. chrysogenum may be a
heterothallic fungus with a predominantly homothallic life cy-
cle. Unmated MAT1-1 strains of the heterothallic ascomycete
Sordaria brevicollis can form ascospores, whereas MAT1-2
strains are able to form only barren fruiting bodies (59). Thus,
the unequal distribution of mating types in A. chrysogenum may
be due to a preference for the unisexual mating of MAT1-1
strains. More than 99% of clinical and environmental isolates
of the heterothallic basidiomycete Cryptococcus neoformans
are MAT�, and it was shown previously that predominantly
haploid MAT� strains can produce basidiospores by unisexual
mating, a modified form of sexual reproduction that involves
diploidization and meiosis (36, 37). Quantitative-trait-locus
mapping revealed that the MAT� allele enhances hyphal
growth during unisexual mating as a quantitative trait locus
and may explain why MAT� isolates predominate in nature
(35).

Sequence analysis of all AcMAT1-1 genes provided no evi-
dence of loss-of-function mutations, indicating that the MAT
locus may still contain transcriptionally expressed functional
genes that have not been subjected to pseudogene formation,
which would be expected to occur if A. chrysogenum had
evolved to be asexual. In addition, we showed that A. chryso-
genum possesses and transcriptionally expresses some genes
crucial for pheromone processing and signal transduction. This
finding further supports our hypothesis of a sexual cycle in A.
chrysogenum. Homologues of the S. cerevisiae FAR1, STE5,
KSS1, DIG1, and DIG2 genes were not identified in the A.
chrysogenum EST library. However, since these genes were
also absent in Penicillium marneffei, Emericella nidulans, and
Aspergillus fumigatus (76), filamentous ascomycetes may use
alternatives to the proteins encoded by these genes in phero-
mone signal processing and transduction.

The MAT1-1 locus of A. chrysogenum induces perithecial and
ascospore development in the heterothallic fungus P. anserina.
A functional characterization of the AcMAT genes was carried
out by heterologous expression in a Pa�MAT strain. Interest-
ingly, Pa�MAT-AcMAT1-1ect strain fungi carrying an ectopic
copy of the AcMAT1-1 locus developed fertile perithecia con-
taining rosettes of asci with ascospores (Fig. 6). These results
indicate that the AcMAT1-1 locus is not only structurally but
also functionally similar to the PaMAT1-1 (MAT�) locus and

are consistent with previous findings showing that cloned MAT
genes of homothallic and asexual species are functional in
heterothallic species (3, 24, 55, 56, 67). Like the asci and
ascopores produced by the transgenic strains in this study, asci
and ascospores produced by the transgenic Pa�MAT and Co-
chliobolus heterostrophus �MAT strains expressing heterolo-
gous MAT genes were found previously to be less abundant
than those produced by wild-type strains (3, 51). The Ac-
MAT1-1-1 and AcMAT1-1-3 proteins have highly conserved
�-box domain and HMG box DNA-binding motifs (Fig. 2) and
therefore may bind to the same target genes driving fertiliza-
tion and postfertilization processes. However, interaction with
other transcription factors, e.g., MCM1 and STE12, involved in
fruiting body development and ascosporogenesis in Sordariales
(43, 44) may be affected, thereby altering the transcriptional
expression of the target genes and leading to decreased ascus
and ascospore production. In our study, RT-PCR analysis re-
vealed that ectopic integrated AcMAT1-1 genes were tran-
scriptionally expressed in P. anserina (Fig. 5C). In contrast, in
a previous study, the Aspergillus fumigatus MAT1-2-1 mating
type gene ectopically introduced into an Emericella nidulans
�MAT strain was not properly expressed and consequently did
not support either fruiting body or ascospore development.
The Aspergillus fumigatus MAT1-2-1 gene locus is able to con-
fer full fertility only when it is driven by the Emericella nidulans
MAT1-2-1 promoter and integrated by homologous recombi-
nation into the Emericella nidulans MAT locus (56).

Interestingly, an analysis of the ascospore progeny produced
by the transgenic Pa�MAT strain showed that only 2 of 30
randomly isolated spores were biparental strains expressing the
MAT genes from both loci. All other spore isolates were uni-
parental strains expressing only the AcMAT1-1 genes (Fig. 5).
The production of uniparental progeny by P. anserina can often
be observed among strains with a mutated MAT1-1-3 (SMR2)
gene. In this situation, the genetic markers of the uniparental
progeny come exclusively from the parent containing the mu-
tation. Viable ascospores are formed after a haploid meiosis
event during which the random segregation of chromosomes
results by chance in even distribution (70). One of the muta-
tions leading to uniparental progeny is smr2(E202A) (4, 70).
The analysis of an amino acid alignment of the AcMAT1-1-3
and PaMAT1-1-3 (SMR2) proteins revealed that the amino
acid residue E202 in PaMAT1-1-3 corresponds to A148 in
AcMAT1-1-3. In P. anserina, the wild-type MAT1-1-3 (SMR2)
protein seems to repress MAT1-2 (MAT�) fertilization func-
tions in MAT1-1 (MAT�) sexual organs by interaction with
MAT1-1-1 (FMR1). According to the internuclear recognition
model (70), nuclei carrying a mutated MAT1-1-3 (SMR2) gene
express both the MAT1-1 and MAT1-2 functions required for
internuclear recognition and trigger self-recognition.

Together, the identification of conserved components of the
pheromone response pathway and the functional conservation
of the MAT genes provide the first evidence to suggest a sexual
cycle in A. chrysogenum. To date, there are no reports on
possible reasons for the presence of functional MAT genes in
supposedly asexual filamentous fungi. However, one explana-
tion is that some of the supposedly asexual species may have a
cryptic sexual cycle (8). Another possibility is that sexual re-
production is a rare event that is hard to detect (74) and thus
remains to be described. Nevertheless, the activation of a sex-
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ual cycle in A. chrysogenum would increase options for alter-
native strain improvement strategies.

Further studies are needed to search the A. chrysogenum
genome for other sequences known to be necessary for meiotic
recombination in other fungi and then to examine their func-
tion. To clarify whether the reproductive mode of A. chrysoge-
num is heterothallic or homothallic, the A. chrysogenum ge-
nome should also be further analyzed for the presence of a
MAT1-2-1 mating type gene homologue. Since all A. chrysoge-
num strains analyzed in this study were derived from type
culture collections, we cannot exclude the possibility that they
may have lost fertility during the long time of storage. Thus,
future studies will examine A. chrysogenum strains isolated
directly from the environment for past or ongoing meiotic
recombination. Finally, whether mating type proteins in A.
chrysogenum regulate other genes not directly involved in sex-
ual reproduction remains to be elucidated.
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omone receptors are required for proper sexual development in the ho-
mothallic ascomycete Sordaria macrospora. Genetics 172:1521–1533.

VOL. 74, 2008 MATING TYPE LOCUS OF ACREMONIUM CHRYSOGENUM 6015

 on June 12, 2013 by guest
http://aem

.asm
.org/

D
ow

nloaded from
 

http://aem.asm.org/


40. Metzenberg, R. L., and N. L. Glass. 1990. Mating type and mating strategies
in Neurospora. Bioessays 12:53–59.

41. Minuth, W., P. Tudzynski, and K. Esser. 1982. Extrachromosomal genetics
of Cephalosporium acremonium. Curr. Genet. 5:227–231.

42. Nash, C. H., and F. M. Huber. 1971. Antibiotic synthesis and morphological
differentiation of Cephalosporium acremonium. Appl. Microbiol. 22:6–10.
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51. Pöggeler, S. 2007. MAT and its role in the homothallic ascomycete Sordaria
macrospora, p. 171–188. In J. Heitman, J. W. Kronstad, J. W. Taylor, and
L. A. Casselton (ed.), Sex in fungi: molecular determination and evolution-
ary implications. ASM Press, Washington, DC.
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