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ABSTRACT

The homothallic, filamentous ascomycete Sordaria macrospora is self-fertile and produces sexual fruiting
bodies (perithecia) without a mating partner. Even so, S. macrospora transcriptionally expresses two
pheromone-precursor genes (ppgl and ppg2) and two pheromone-receptor genes (prel and pre2). The pro-
teins encoded by these genes are similar to a-factor-like and a-factor-like pheromones and to G-protein-
coupled pheromone receptors of the yeast Saccharomyces cerevisiae. It has been suggested that in S. macrospora,
PPG1/PRE2 and PPG2/PRE1 form two cognate pheromone-receptor pairs. To investigate their func-
tion, we deleted (A) pheromone-precursor genes (Appgl, Appg2) and receptor genes (Aprel, Apre2) and
generated single- as well as double-knockout strains. No effect on vegetative growth, fruiting-body, and
ascospore development was seen in the single pheromone-mutant and receptormutant strains, respectively.
However, double-knockout strains lacking any compatible pheromone-receptor pair (Apre2/Appg2, Aprel/
Appgl) and the double-pheromone mutant (Appgl/Appg2) displayed a drastically reduced number of
perithecia and sexual spores, whereas deletion of both receptor genes (Aprel/Apre2) completely eliminated
fruiting-body and ascospore formation. The results suggest that pheromones and pheromone receptors are

required for optimal sexual reproduction of the homothallic S. macrospora.

HE life cycle of ascomycetes can be either het-
erothallic or homothallic. Sexual reproduction in
heterothallic fungi is possible only between cells of
opposite mating type. However, homothallic ascomy-
cetes are self-fertile and able to complete the sexual
cycle without a mating partner. It has been shown that
signaling through interaction of pheromone-receptor
pairs plays an essential role during the mating of two
cells of a heterothallic fungus (BOLKER and KAHMANN
1993; KoTHE 1999; CasseLTON 2002; Souza et al. 2003).
So far, the best-described model of pheromone involve-
ment in the mating process is the pheromone-response
system in the heterothallic ascomycetous yeast Saccha-
romyces cerevisiae. Here, pheromone-receptor interaction
triggers a G-protein-linked signal-transduction pathway,
which induces the expression of mating-specific genes
(BARDWELL 2005). Cells of one mating type (MATa)
secrete a-factor lipopeptide pheromones, derived from
precursors with C-terminal CaaX (C, cysteine; a, ali-
phatic; and X, any amino acid residue) motifs, whereas
cells of the other mating type (MATw) secrete a-factor-
peptide pheromones (CALDWELL et al. 1995; CASSELTON
2002). Each kind of pheromone is able to bind only to
cell-surface receptors present on cells of the opposite
mating type. In S. cerevisiae, the pheromone receptor for
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the a-factor and the afactor are Ste2p and Ste3p, re-
spectively (JENNESS et al. 1983; HAGEN et al. 1986). Both
are members of the large family of G-protein-coupled
receptors (GPCRs), containing seven-transmembrane
(7-TM) domains.

Interestingly, genes encoding two different phero-
mone precursors have been found not only in several
heterothallic filamentous ascomycetes, such as Neuros-
pora crassa, Podospora anserina, Magnaporthe grisea, and
Cryphonectria parasitica, but also in the homothallic
filamentous ascomycete Sordaria macrospora (ZHANG
et al. 1998; SHEN et al. 1999; POGGELER 2000; BoBROWICZ
et al. 2002; CopPIN et al. 2005) . Like the closely related .
crassa, the homothallic ascomycete S. macrospora has two
pheromone-precursor genes, termed ppgl and ppg2,
and two pheromone-receptor genes, named prel and
pre2. The pheromone-precursor gene ppgl is predicted
to encode an oa-factor-like peptide pheromone and the
ppg2 gene an a-factorlike lipopeptide pheromone
(POGGELER 2000). The deduced gene products of prel
and pre2 show structural similarities to the yeast a-factor
receptor Ste3p and the a-factor receptor Ste2p, re-
spectively (POGGELER and KUck 2001). Similar to yeast,
the expression of pheromone genes and pheromone-
receptor genes is supposed to be controlled directly by
transcription factors encoded by the mating-type genes
(DEBUCHY 1999). In heterothallic filamentous ascomy-
cetes, either mat A or mat a mating-type specific tran-
scription factors are present in mat A or mat a strains.
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Thus, pheromone-encoding genes of heterothallic as-
comycetes are predominantly expressed in a mating-
type-specific manner (ZHANG el al. 1998; SHEN el al.
1999; BoBrowicz et al. 2002; Kim et al. 2002; TURINA
et al. 2003; CopPIN el al. 2005). However, both types of
mating-type regulators are expressed in the same in-
dividual in the homothallic ascomycete S. macrospora
(POGGELER et al. 1997). For this reason, not surprisingly,
both pheromone-precursor genes and pheromone-
receptor genes of S. macrospora have been shown to be
transcriptionally expressed during the entire sexual
development (POGGELER 2000; POGGELER and KUck
2001).

Recently, it was demonstrated that male and female
fertility of heterothallic mycelial ascomycetes depends
on interactions of pheromones with their specific re-
ceptors. When pheromone genes were deleted, male
spermatia were no longer able to fertilize the female
partner, proving that pheromones are crucial for the
fertility of male spermatia (Kim et al. 2002; TURINA et al.
2003; CopPIN et al. 2005). In P. anserina, the function of
pheromones is restricted to fertilization, while the N.
crassalipopeptide-pheromone gene mfa-1 has also been
shown to be involved in female sexual development,
ascospore production, and vegetative growth of both
mating types (Kim et al. 2002; CoprpPIN et al. 2005). Kim
and BorkovicH (2004) demonstrated that deletion of
the N. crassa pre-1 pheromone-receptor gene does not
affect vegetative growth or male fertility. However,
protoperithecia from Apre-1 mat A mutants were shown
to be female sterile because their trichogynes are unable
to recognize and fuse with mat a spermatia.

It has recently been demonstrated that the disruption
of the S. macrospora ppgl gene, encoding the a-factor-like
peptide pheromone, prevents production of the pep-
tide pheromone. However, this does not affect vegeta-
tive growth, fruiting-body, and ascospore development
(MAYRHOFER and POGGELER 2005). Using a heterolo-
gous yeast system, it has been shown that the S. macro-
spora receptor PRE2 facilitated all aspects of the S.
cerevisiae pheromone response in S. cerevisiae MATa cells
lacking the Ste2p receptor, when activated by the S.
macrospora peptide pheromone. Therefore one may
conclude that the receptor encoded by the pre2 gene
functions as a GPCR in S. macrospora, too (MAYRHOFER
and POGGELER 2005).

In contrast to the heterothallic N. crassa, fruiting-body
development is an apandrous process in the homothal-
lic S. macrospora and lacks the cooperative interaction
of two opposite mating-type strains. In S. macrospora,
fruiting-body development starts with the formation of
female gametangia called ascogonia. The ascogenous
cells are enveloped by sterile hyphae to form protoperi-
thecia as fruiting-body precursors; conidiospores, sper-
matia, and trichogynes are lacking. After autogamous
fertilization (i.e., pairwise fusion of nuclei present
within the ascogonium, without cell fusion having taken

place), the protoperithecia differentiate inner ascus
initials, embedded in sterile paraphyses, and an outer-
pigmented peridial tissue. The mature fruiting bodies,
termed perithecia, harbor 200-300 asci. Meiosis and a
postmeiotic division lead to eight meiotically derived
ascospores in each ascus (ESSER and STRAUB 1958; ESSER
1982). The life cycle of S. macrospora suggests that pher-
omones are needed neither for attracting a mating
partner nor for initializing fertilization events. Thus,
S. macrospora is an ideal model system for analyzing the
effects of pheromones on postfertilization events.

In an attempt to understand the role of pheromones
and pheromone receptors during postfertilization events,
we deleted the prel a-factor-like and the pre2 a-factor-like
receptor gene as well as the a-factor-like pheromone-
precursor gene ppg2of S. macrospora. Deletion (A) of the
pheromone-precursor gene ppg2 or the pheromone-
receptor genes resulted in no obvious phenotype. We
therefore generated double-mutant strains to invalidate
both pheromone systems. Double-mutant strains Apre2/
Appg2, Aprel /Appgl, and Appgl/Appg2 displayed drasti-
cally reduced fruiting-body, ascus, and ascospore de-
velopment, while the double-receptor mutant Aprel/
Apre2 was not able to produce any fruiting bodies or
ascospores. These results suggest that pheromone sig-
naling is important for optimal sexual reproduction of
homothallic ascomycetes.

MATERIALS AND METHODS

Strains and culture conditions: Cloning and propagation of
recombinant plasmids was done under standard conditions
(SAMBROOK et al. 2001). The Escherichia coli strain SURE was
used as the host for plasmid amplification (GREENER 1990). All
fungal strains used in this work are summarized in Table 1. The
S. macrospora strain K (S17736) has a wild-type phenotype and
was derived from our laboratory collection (Department of
General and Molecular Botany, Bochum, Germany). All S. macro-
spora strains were cultivated on cornmeal medium or complete
medium (EsSEr 1982; NOWROUSIAN et al. 1999). S. macrospora
strains used for the isolation of RNA were grown in Westergaard’s
synthetic medium (WESTERGAARD and MITCHELL 1947).

Construction of knockout and rescue plasmids: As de-
scribed for knockouts of N. crassa genes, the deletion construct
for the knockout of the S. macrospora pheromone-receptor
gene prel was created utilizing homologous recombination
in yeast (http:/www.dartmouth.edu/~neurosporagenome/
protocols.html). The 5'- and 3'-regions of the prel gene were
amplified from genomic DNA of the S. macrospora wild-type
strain with primer pairs P1-5f/P1-5r and P1-3f/P1-3r, respec-
tively. Within these PCR reactions specific 29-bp overhangs
were added to the 5'- and 3'-prel fragments, homologous to
plasmid pRS426 and the hygromycin-resistance cassette (%ph),
respectively. The sequences of all PCR primers used in this
work are summarized in Table 2. The hph cassette was
generated from plasmid pCB1003 (CARROLL et al. 1994) by
PCR using primers hph-f and hph-r. All three PCR fragments
were cotransformed together with FEcoRI-Xhol linearized
plasmid pRS426 (CHRISTIANSON et al. 1992) into yeast strain
J69-4A (JAMES et al. 1996), where homologous recombination
took place (http:/www.dartmouth.edu/~neurosporagenome/
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protocols.html). The resulting plasmid pPRE1-KO was iso-
lated from yeast strain J69-4A according to the method
described at http:/www.dartmouth.edu/~neurosporagenome,/
protocols.html. Plasmid pPRE1-KO was used as a template to
amplify the prel-hph cassette with oligonucleotides P1-5f and
P1-3r as primers. The 3222-bp PCR fragment obtained was
transformed into a S. macrospora wild-type strain to achieve a
knockout of the prel gene via homologous recombination
(Figure 1).

Deletion of the S. macrospora pheromone-receptor gene pre2
was generated as follows. The 5'- and 3'-regions of the pre2
gene were amplified by PCR from genomic DNA of the wild-
type S. macrospora strain. The oligonucleotide pairs Prez31/
Prez32 and Prez33/Prez34 were used as primers (Figure 1;
Table 2). Amplification with Prez33 and Prez34 generated
Apal sites at the ends. A pre2 fragment (1138 bp) containing
the 5'-region of the pre2 gene was inserted into vector pGEM-T
(Promega, Mannheim, Germany), resulting in plasmid
p488.3. Plasmid p490.1 was generated by cloning the 1114-bp
3'-pre2 fragment into pGEM-T. The 1.1-kb Apal fragment
encoding the 3'-pre2 region was then inserted into the Apal
site of plasmid p488.3. The resulting plasmid p509.881 in-
cluded the 5'-region of the pre2 gene adjacent to the 3'-region
of the gene. The two sequences were separated by a single
EcoRI restriction site. Next, the 1.4-kb EcoRI Zph cassette of
pCB1003 (CARROLL et al. 1994) was inserted into the single
EcoRlI site of plasmid p509.881. The resulting plasmid pPRE2-
KO was used as a template to amplify the pre2-hph cassette with
oligonucleotides Prez31 and Prez34 as primers. The 3652-bp
PCR fragment obtained was transformed into a S. macrospora
wild-type strain to create a knockout of the pre2 gene by
homologous recombination (Figure 1).

A similar strategy was followed to create the deletion of the
ppg2 pheromone-precursor gene. The 1046-bp ppg2 5'-region
was amplified from genomic DNA from S. macrosporawild type
by PCR using oligonucleotides sall and sal2 as primers.
Amplification with sall created a Sall restriction site. The
PCR amplicon was ligated into PCR-cloning vector pDrive
(QIAGEN, Hilden, Germany) to generate p433.14. Plasmid
p428.4 contained the ppg2 3'-region. It was obtained by am-
plifying a 1176-bp fragment with the primer pair sal3/sal4,
both generating Apal ends, followed by cloning the amplicon
into vector pPGEM-T. The 1.2-kb Apal fragment of plasmid p428.4
was afterward inserted into the Apal site of p433.14. The
resulting plasmid containing the promoter and terminator
regions of the ppg2 gene, separated by a single Sall site, was
termed p443.7. The ppg2 deletion construct pPPG2-KO was
generated by cloning the 1.4-kb Sall hph cassette of pCB1003
(CARROLL et al. 1994) into the single Sall site of plasmid
p443.7. The 3.6-kb PCR fragment, which was amplified with
oligonucleotides sal2/sal4 from plasmid pPPG2-KO, was
used for transformation of S. macrospora wild type to achieve
deletion of the ppg2 gene by means of homologous recombi-
nation (Figure 1).

Two different rescue vectors were designed to complement
double-mutant strains with the coding sequences of the pre2
and the ppg2 gene, respectively. For these experiments, the
nourseothricinresistance gene natl was used as a selectable
marker for transformation (KRUGEL el al. 1993). In plasmid
pNat-1, the natl gene was put under the control of the gpd
promotor and the #rpC terminator of Aspergillus nidulans (U.
Kuck and S. POGGELER, unpublished results). To complement
the pre2 deficiency in the S. macrospora double-mutant strains
Apre2/Appg2 and Aprel/Apre2, plasmid pNatpre2 was gener-
ated, which contained a wild-type 2.2-kb PstI-pre2 fragment.
The lack of ppg2 in the double-mutant Apre2/ Apng was
complemented by pNatppg?2. This plasmid carried a genomic
1.9-kb SspI-ppg2 fragment.

Single-mutant strains Aprel, Apre2, and Appg2 were identi-
fied by Southern blot analysis (supplemental Figure S1 at
http:/www.genetics.org/supplemental/). Genomic DNA was
isolated as described previously (POGGELER et al. 1997). Suc-
cessful homologous recombination was confirmed by PCR
amplification. The 5'-flanking region of the prel gene was am-
plified with primers P1-1 and trpCl, whereas hph3 and Pko-r
verified the 3'-flanking region. Primers Prez36 and trpC1 were
used for the 5'-flanking region and primers Prez35 and hph3
for the 3'-flanking region of the pre2 gene. To confirm the
deletion of the ppg2 gene, primers sal0 and hph3 were used
for the 5'-flanking region and primers trpCl and sal5 for the
3’flanking region (Figure 1; supplemental Figure S1 at http:/
www.genetics.org/supplemental/).

Transformation of S. macrospora: Transformation of S. macro-
spora was performed according to NOWROUSIAN et al. (1999).
Fungal protoplasts were transformed with linear PCR frag-
ments amplified from plasmids pPRE1-KO, pPRE2-KO, and
pPPG2-KO, respectively. Homologous recombination of the
PCR fragments introduced into the S. macrospora genome re-
sulted in disruption of the corresponding genes (Figure 1).
Transformants were selected on hygromycin-B-containing
medium (110 units/ml). For complementation of the double-
mutant defects, strain Apre2/Appg2 (S61357) was transformed
either with rescue plasmid pNatppg2, carrying the ppg2 gene,
or with plasmid pNatpre2, carrying the pre2gene. Additionally,
we complemented the double-receptor mutant (SA1-4, Aprel/
Apre2) with pNatpre2. Rescued transformants were selected
on nourseothricin-containing medium (50 wg/ml).

Preparation of nucleic acids and hybridization protocols:
DNA isolation was performed as described by POGGELER et al.
(1997). Total RNA was isolated from S. macrospora at 3—7 days of
growth using the method of HoGE et al. (1982). Southern and
Northern blotting were performed according to SAMBROOK
et al. (2001).

PCR analysis: To obtain DNA fragments for further cloning
or to confirm knockout transformants, PCR amplification was
performed as described previously (POGGELER et al. 1997).
The different primers used are shown in Table 2. PCR prod-
ucts used for the transformation of S. macrospora strains were
amplified with HotStarTaqg DNA polymerase (QIAGEN) as
described by the manufacturers.

For RT-PCR, total RNA was treated with RNase-free DNase
to remove any residual DNA and was then reverse transcribed.
PCRs were performed with specific oligonucleotide-primer
pairs MrezS2/Mrez32 and PrezS3/PrezS4 generated from the
prel and pre2 sequence, respectively. In addition, gpd-specific
primers (N-gpd/Cgpd) were used as a control (Table 2; Figure
2). Corresponding DNA fragments were amplified with each
primer combination from S. macrospora wild type to serve as
further controls, as well as PCRs without reverse-transcribed
RNA as template (Figure 2).

Conventional genetic analysis: Fungal transformants are
often heterokaryotic and mycelia carry transformed and non-
transformed nuclei. Therefore, homokaryotic single-spore
isolates of primary transformants carrying the single knock-
outs were created by selfing the primary transformant and
selecting the hygromycin-resistant progeny. The single-spore
isolates were then crossed with the nontransformed S. macro-
spora spore-color mutant fusI-1. The latter produces brown
ascospores. Conventional genetic analysis of >10 ordered
tetrads from the cross of $2.2-1 X fusi-1, S60289 X fusI-1, and
S54761 X fusl-1 revealed a Mendelian 1:1 segregation of
hygromycin-resistant and nonresistant progeny. Southern anal-
ysis indicated that in the hygromycin-resistant progeny the Aph
gene was integrated only into the prel, pre2, and ppg2 locus,
respectively (supplemental Figure S1 at http:/www.genetics.
org/supplemental/). In addition, we isolated the Apre2/ fusi-1
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mutant (S60447) and the Appg2/ fusl-1 mutant (S59786) from
these crosses (Table 1).

Double-knockout strains were generated by crossing the
single-knockout strains. We crossed S52063 [Appgl (MAYRHOFER
and POGGELER 2005)] X S59786 (Appg2/fusl-I) to obtain a
double-pheromone mutant (Appgl/Appg2) and S2-2.1 (Aprel) X
S60447 (Apre2/fusi-I) to produce the doublereceptor knock-
out (Aprel/Apre2). Double-knockout strains without compatible
pheromone-receptor pairs Apre2/Appg2 and Aprel/Appgl were
generated by crossing S60446 (Apre2) X S59786 (Appg2/ fusl-1),
S59784 (Appg2) X S60447 (Apre2/fusl-1), or S2.2-1 (Aprel) X
S66385 (Appgl/fusl-1). From the progeny of these crosses, we
chose for further analyses the singlespore isolates S66197
(Appgl/Appg2), S61357 (Apre2/Appg2), S61352 (Apre2/Appg2/
Jusl-1),SD4-2 (Aprel/Appgl), and SA1-4 (Aprel/Apre2) (Table 1).

Microscopic investigation: The Zeiss Axiophot microscope
was used for light microscopy. Pictures were captured with an
AxioCam camera. Recorded images were edited using Adobe
Photoshop 6.0.

Quantitative analysis of fruiting-body production was done
at X50 magnification under the microscope. The number of
protoperithecia and perithecia from wild-type and mutant
strains produced per 2.4 mm® were counted at eight different
sections of two agar plates each. The diameters of all proto-
perithecia and perithecia found in these sections were mea-
sured under the microscope using the Zeiss Axiovision digital
imaging system. Nuclei were stained with 4',6'-diamidino-2-
phenylindole (DAPI; 0.5 ug/wl).

RESULTS

Construction of the S. macrospora single- and double-
knockout strains: Our aim was to determine the role of
the pheromones and pheromone receptors during the
vegetative and sexual development of the homothallic
ascomycete S. macrospora. To investigate this, we first
generated Aprel, Apre2, and Appg2single-mutant strains.
The disruption of the ppgl gene was recently described
(MAYRHOFER and POGGELER 2005).

Both S. macrospora pheromone-receptor genes are
predicted to encode G-protein-coupled 7-TMD recep-
tors with an extracellular N-terminal tail, three outer
and three cytoplasmic loops, and an inner C-terminal
tail. The prel gene codes for a 717-amino-acid protein,
which shares homologies to the yeast Ste3p a-factor
receptor, whereas the 554-amino-acid a-factor receptor
PREZ2 is homologous to Ste2p of S. cerevisiae (POGGELER
and Kuck 2001). In a recent study, we reported the prel
ORF much shorter (1232 bp interrupted by one intron
of 56 bp). RT-PCR analysis performed during this study
revealed the presence of a second intron in the prel
OREF. This intron is 70 bp in length with conserved 5’
donor and 3’ acceptor sequences (POGGELER 1997).
When the second intron is spliced from the prel
transcript, 326 amino acids are added to the N-terminal
376 amino acids of the previously defined 391-amino-
acid PRE1 protein (POGGELER and Kuck 2001). The
prel cDNA encoding the 391-amino-acid polypeptide
was amplified by RT-PCR using a primer located within
the second intron (POGGELER and Kiock 2001), in-

dicating that the second intron is not removed in a
portion of the prel transcripts.

The prel and pre2 knockouts were generated as
described in MATERIALS AND METHODS and confirmed
by Southern analysis and PCR (Figure 1; supplemental
Figure S1 at http:/www.genetics.org/supplemental/).
After homologous recombination, a 141-bp fragment (47
amino acids, corresponding to TMD VII of the receptor)
within the prel coding sequence was replaced by the
hygromycin-resistance cassette. The desired prel knock-
outstrain (single-spore isolate S2.2-1, Table 1) was selected
as described in MATERIALS AND METHODS. Successful
knockout of the prel gene was confirmed by Southern
blot and PCR amplification (Figure 1; Table 2; supple-
mental Figure S1, A and B, at http:/www.genetics.org/
supplemental/).

Replacement of a 1087-bp fragment within the pre2
coding sequence deleted 362 amino acids of the PRE2
receptor corresponding to TMD III-TMD VII and the
largest part of the C terminus. The selection procedure
(see MATERIALS AND METHODS) of the pre2 knockout
identified the homokaryotic Apre2 single-spore isolate
560289. After crossing S60289 X fusI-1, we isolated the
Apre2 mutant (S60446) and the Apre2/fusl-1 mutant
(S60447) from the progeny (Table 1). The pre2 knock-
out was confirmed by Southern blot and PCR analysis
(Figure 1; Table 2; supplemental Figure S1, C and D, at
http://www.genetics.org/supplemental /).

The S. macrospora pheromone-precursor gene ppg2
encodes a 24-amino-acid polypeptide. The precursor is
thought to be N- and C-terminally processed and fur-
ther modified by farnesylation and methylation at the
C-terminal cysteine residue (POGGELER 2000). Deletion
of the S. macrospora ppg2 gene was achieved by a strategy
similar to the one used for the knockout of the pre2gene
and is described in MATERIALS AND METHODS (Figure 1).
However, in this case the entire coding region was re-
placed by the hph cassette. The hygromycin-resistant
single-spore isolate S54761 was selected after selfing of
a primary transformant carrying the Appg2 knockout
(Table 1). We then isolated the Appg2 mutant (S59784)
and the Appg2/ fusl-1 mutant (S59786) from the result-
ing progeny of the cross S54761 X fusI-1 (Table 1). The
correct deletion in knockout strains was confirmed by
Southern blot and PCR analysis (Figure 1; Table 2; sup-
plemental Figure S1, E and F, at http:/www.genetics.
org/supplemental/).

To confirm the successful knockout of prel, pre2, and
ppg2 in the single-knockout strains on transcript level,
we performed Northern and RT-PCR analysis. Previous
expression studies of the pheromone-receptor genes
prel and pre2 revealed only weak pheromone-receptor-
specific signals in Northern hybridizations with en-
riched poly(A) mRNA (POGGELER and Kuck 2001).
Thus, we performed RT-PCR with total RNA of wild-
type, Aprel (S2.2-1), and Apre2 (S60446) strains (Figure
2A). The RT-PCR analysis indicated that Aprel and
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Apre2 are knockout mutants with no detectable prel and
pre2 transcript, respectively. As expected, the pre2
transcript was present in the Aprel single-knockout
strain and the prel transcript in the Apre2 mutant. As a
positive control, we amplified the gpd transcript (Figure
2A). Corresponding DNA fragments were amplified to
serve as controls. RT-PCR of the prel and gpd transcript
revealed differently sized amplicons when DNA and
cDNA was used as a template. This result can be
explained by the presence of an intron within the
amplified sequence. Primer pair MrezS2 and Mrez32
used for amplification of the prel ¢cDNA framed the
second intron of the prel ORF. As mentioned above, the
second intron of the prel transcript seems to be
optionally spliced. Thus, the two bands present after
amplification of the prel ¢cDNA in wild type and the

Apre2 mutant can be attributed to completely and
partially spliced forms of the prel transcript.

To confirm the knockout of ppgl and ppg2in the Appgl
and Appg2 mutants on transcript level, respectively, and
to investigate whether the absence of receptor genes
altered the expression of pheromone-precursor genes,
Northern blot analyses were performed (Figure 2B).
Total RNA was isolated from the wild-type strain and
from mutant strains Appgl (S52063), Appg2 (S59784),
Aprel (S2.2-1), and Apre2 (S60446) at day 3, 5, and 7 of
sexual development. In our experiments, sexual de-
velopment started 2 days after inoculation with the
appearance of ascogonia and ended with the discharge
of mature ascospores from perithecia 7 days after inoc-
ulation. Figure 2B shows that in the wild-type strain both
pheromone-precursor genes were transcribed during
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TABLE 1
S. macrospora strains used in this study
Strain Genotype Reference
S17736 Wild type Lab collection”
523443 JusI-1 Lab collection”
$52063 Appgl:: hph MAYRHOFER and POGGELER (2005)
S66385 Appgl:: hph/fusl-1 S. MAYRHOFER and S. POGGELER (unpublished results)
$2.2-1 Single-spore isolate Aprel:: hph This study
S60289 Single-spore isolate Apre2:: hph This study
S54761 Single-spore isolate Appg2:: hph This study
S59784 Appg2:: hph This study
S59786 Appg2:: hph/ fusl-1 This study
S60446 Apre2:: hph This study
S60447 Apre2:: hph/ fusl-1 This study
S66197 Appgl::hph/ Appg2:: hph This study
SAl1-4 Aprel:: hph/ Apre2:: hph This study
SD4-2 Aprel::hph/ Appgl:: hph This study
S61352 Apre2:: hph/ Appg2:: hph/ fusl-1 This study
S61357 Apre2::hph/ Appg2:: hph This study
“Department of General and Molecular Botany, Ruhr-University of Bochum, Germany.
the entire sexual phase and that until day 7 the ppgl the transcript level of both pheromone-precursor

and ppg2 mRNA levels increased. As expected, no ppgl genes seemed to be downregulated in the Aprel and
and ppg2 mRNA was detected in the Appgl and Appg2 Apre2 mutant strains, suggesting that loss of the phero-
mutant strains, respectively. As can be seen in Figure 2B, mone receptors indirectly had a negative effect on the

TABLE 2

PCR primers used in this work

Oligo Sequence (5'-3")

P1-5f GTAACGCCAGGGTTTTCCCAGTCACGACGCCAAGAACGAAATGGCCCTC
P1-5r CCAAAAATGCTCCTTCAATATCAGTTAACTTCTGTCGTTGTGAACGAGAC
P1-3f GAGTAGATGCCGACCGGGAACCAGTTAACCCAAGCTGTATCAAGAATACG
P1-3r GCGGATAACAATTTCACACAGGAAACAGCTCCTAGAGTGGTGTTCTTGTG
hph-f GTTAACTGATATTGAAGGAGCATTTTTGG

hph-r GTTAACTGGTTCCCGGTCGGCATCTACTC

Prez31 TCACATCCAGCGACCCGTGCT

Prez32 GAATTCGGGGATGCTGAGCACAGTGG

Prez33 GGGCCCGTGAGAATTGAGTGGACAATTG

Prez34 GGCCCGTAGTTATAAGGGGTGTCAAGA

sall CCATGGTGATGGTTTTAGGGTTGTTTGATA

sal2 CCATGGTGCCGCGTGGGTGGTCATC

sal3 GGGCCCTCACAGTTGTCTTGAAGGG

sal4 GGGCCCGTTCAGTCTGGCATTTCTGG

trpCl GATCCGCCTGGACGACTAAACC

hph3 ACTCGTCCGAGGGCAAAGGAATAG

P1-1 ATGAACAACACTTTCTACACCACCG

Pko-r TCCTTCTGGGAAGACCACACG

Prez36 GACAATAAGACATTCTGGATGTCTC

Prez35 GTCGATGCCTGCACGCGCGAA

salO CGGAGTGAAGTTGCCGTTGCCG

salb GATATCTGTTGATGTGGTTTCATG

MrezS2 AGTATACGAACCGCGAAGACAA

Mrez32 TTTCTGAATTCCTCATATGGAGAA

PrezS3 CTCATGACGCCCCGCCGTCGGTT

PrezS4 TGGTCCACATGTGCATGACCA

C-gpd TTGGTGGTGCAAGAGGCGTTG

GGCATCAACGGTTTCGGCCG
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F1GUrE 2.—Transcript analysis of S. macrospora

wild-type and mutant strains. (A) RT-PCR. prel

(MrezS2, Mrez32)-, pre2 (PrezS3, PrezS4)-, and

gpd (C-gpd, N-gpd)-specific oligonucleotide pairs

were employed in an RT-PCR of S. macrospora

total RNA. D, DNA template (S. macrospora wild

type); -RT, RNA template (S. macrospora wild

Apre2 type), no reverse transcription prior to PCR.
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(B) Northern analysis. Twenty micrograms of to-
tal RNA, isolated at different time points during
the life cycle of wild-type and single-mutant
strains (at 3, 5, and 7 days) was loaded per lane.
Northern blots were probed using a ppgl and
ppg2 gene-specific probe, respectively. As a con-
trol, the blots were striped and reprobed with a
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expression of both pheromone genes. The Northern
blots shown are representatives of Northerns from three
independent samples.

To analyze strains lacking any compatible pheromone-
receptor pair, we generated double-knockout strains by
crossing the single mutants in different combinations.
As described in MATERTIALS AND METHODS, we obtained
a double-pheromone knockout (S66197, Appgl/Appg2),
a double-receptor knockout (SA1-4, Aprel /Apre2), as well
as strains containing no cognate pheromone-receptor
pair: Aprel/Appgl (SD4-2), Apre2/Appg2 (S61357), and
Apre2/Appg2/fusl-1 (S61352).

Phenotype of single- and double-knockout strains:
All mutant strains generated were examined for defects
in vegetative and sexual development. No abnormality
in vegetative growth and mycelial morphology was seen
when single-mutant strains and double-knockout strains
were compared to S. macrospora wild type. The devel-
opment of sexual reproductive structures was analyzed
on cornmeal medium. After 7 days on this fructification
medium, the single-mutant strains Aprel, Apre2, Appgl,
and Appg2 produced protoperithecia (<200 wm) and
perithecia (>200 pm), which were different in size and
developmental stage. This was very similar to the de-
velopment of the wild-type strain (Figure 3).

However, all double mutants were impaired in fruiting-
body development and predominately formed pig-
mented protoperithecia with a diameter of ~100 wm.
Formation of fully differentiated perithecia (>200 pm,
with necks) was completely prevented in the double-
receptor mutant Aprel /Apre2, while perithecia produc-
tion was only 4% and 8% of wild-type level in the Apre2/
Appg2 and Aprel /Appgl double-mutant strains, respec-

5.8S rRNA-specific probe.

tively (Figure 3B). The least impairment in respect to
fruiting-body development was observed in the double-
pheromone mutant Appgl/Appg2. In this mutant strain,
perithecia development was 36% of wild-type level
(Figure 3B). Prolonged incubation did not increase the
number of perithecia in the double-knockout strains.

To confirm that the defects in sexual development
observed in the double-mutant strains were due to the
deletion of the pheromone- and pheromone-receptor
genes, complementation assays were performed. Strain
Apre2/Appg2 (S61357) was transformed either with
rescue-plasmid pNatppg2, carrying a wild-type copy of
the ppg2 gene (Apre2/Appg2 + ppg2), or with plasmid
pNatpre2, containing a wild-type copy of the pre2 gene
(Apre2/Appg2 + pre2). In addition, strain Aprel/Apre2
was transformed with pNatpre2 (Aprel/Apre2 + pre2).
The introduced plasmids complemented the double-
knockout strains and restored normal fruiting-body
development (data not shown). This phenotype is in agree-
ment with the observations made in the Aprel, Apre2, and
Appg2 single mutants lacking any phenotypic defects.

In addition, the morphology of all mutant strains and
the wild-type strain as a control was examined under the
microscope in more detail. We looked at different time
points during their sexual development when grown
under homothallic conditions (Figure 4; supplemental
Figure S2 at http://www.genetics.org/supplemental/).
Similar to wild type, the single-knockout strains Aprel,
Apre2, Appgl, and Appg2 developed ascogonia, young
and pigmented protoperithecia, as well as perithecia
all containing 200-300 asci with eight ascospores
(supplemental Figure S2 at http:/www.genetics.org/
supplemental/). No formation of perithecia with asci
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Ficure 3.—Distribution
of protoperithecia and peri-
thecia produced by the S.
macrospora wild-type, single-,
and double-mutant strains.
(A) Microscopic analysis of
fruiting-body development
on solid cornmeal medium
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and ascospores was observed in the double-receptor
strain Aprel/Apre2. The Aprel/Appgl and Apre2/Appg2
double-knockout mutants rarely produced perithecia
(8% and 4% of wild-type level, respectively). Most of
these (60%) harbored undifferentiated asci and no vi-
able ascospores (Figure 4). Protoperithecia of ~100 pum
did not contain any croziers or ascus initials (data not
shown). To analyze the defect within the reproductive
structures of the Apre2/Appg2 double mutant, DAPI
staining was performed. This staining of nuclei revealed
that the development of fruiting bodies was blocked in
most cases at the stage of hook-cell formation or young
ascus initials (Figure 5, A and B). In 30% of analyzed
perithecia, ascus rosettes were found to be composed of
only 3-20 asci (Figure 5C). Normal developed ascus
rosettes were observed in only 10% of the rarely pro-
duced perithecia (Figure 5D). With respect to ascospore
production, the phenotype of the Aprel /Appgl mutant
was very similar to that of the Apre2/Appg2 mutant.
However, the double-pheromone mutant Appgl/Apgel
showed less impairmentin ascospore production. In the
Appgl/Appg2 mutant, 20% of the analyzed fruiting
bodies contained wild-type ascus rosettes with 200-300
asci, 50% of the fruiting bodies were composed of only
a few asci, and 30% of the perithecia were blocked at

Appg2 Apre2 Appg2?

the stage of hook-cell formation or young ascus initials
(data not shown).

In summary, double-mutant strains lacking a func-
tioning pheromone-receptor system showed drastically
reduced fruiting-body, ascus, and ascospore production.

Outcrossing of double mutants: Recently, SEO et al.
(2004) demonstrated that in the homothallic ascomy-
cete A. nidulans strains lacking both pheromone-
receptor genes are not able to form cleistothecia and
ascospores under homothallic (selfing) conditions.
However, double-knockout strains could be forced to
form heterokaryons. Under these heterothallic condi-
tions, they produced normal cleistothecia containing
ascospores with wild-type-level viability. It was therefore
suggested that heterokaryon formation may obviate the
need for pheromone receptors during sexual develop-
ment (SEO et al. 2004).

We outcrossed double-knockout strains to investigate
whether pheromones and receptors are required for
sexual development under heterothallic conditions in
S. macrospora. As mentioned above, even Apre2/Appg2
strains produced perithecia, although less numerously
than in wild-type strains. Since S. macrospora is a homo-
thallic fungus that produces perithecia by selfing, we
used the spore-color mutant to distinguish between
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F1GURE 4.—Microscopic investigation of sexual developmental stages of the wild-type and double-knockout strains. Differential
interference microscopy identified ascogonia (at 2 days), protoperithecia (at 3 days), pigmented protoperithecia (at 4 days), and
perithecia (at 7 days) in the wild-type and mutant strains. Strains were grown on fructification medium and analyzed after growth
at 25° for the number of days indicated. For examination of ascospore development, the content of perithecia was dissected. The
perithecia of the Appgl/Appg2 mutant contained fewer asci and ascospores than the wild type. The sparsely produced perithecia of
the Aprel/Appgl and Apre2/Appg2 double mutants contain either ascus rosettes with viable ascospores or, in most cases, undif-
ferentiated asci without ascospores. No perithecia, and thus no asci and ascospores, are produced in the Aprel /Apre2 mutant. Bars

represent sizes in micrometers as indicated.

self-fertile and hybrid perithecia in crosses between two
Apre2/ Appg2 strains (Apre2/ Appg2 X Apre2/ Appg2/ fusl-1).
As under the homothallic condition, only very few
hybrid perithecia developed. However, on opening,
10% of these perithecia contained ascus rosettes with
eight viable ascospores. In these asci, the spore-color
marker (fusl-I) was segregated as expected in a 4:4
Mendelian ratio (Figure 6). Similarly, fruiting-body and
ascospore production was not restored or increased
when we outcrossed Aprel/Apre2 or Appgl/Appg2 and
Aprel /Appgl double-knockout strains (data not shown).
In conclusion, we were unable to demonstrate any
change in fruiting-body and ascospore production un-

der homothallic and heterothallic conditions in the
double-knockout strains.

DISCUSSION

Despite being self-fertile, the filamentous ascomycete
S. macrospora carries and expresses two pheromone-
precursor genes and two pheromone-receptor genes.
These genes encode two pheromone-receptor pairs
(PPG1/PRE2 and PPG2/PREL), which upon interac-
tion are supposed to trigger pheromone-induced re-
sponses (POGGELER 2000; POGGELER and KUck 2001;
MAYRHOFER and POGGELER 2005). To determine the
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function of pheromone and receptor genes in S. macro-
spora, we replaced them with an hph resistance-marker
cassette (Figure 1) and generated double-mutant strains
that did not retain any compatible pheromone-receptor
pair. No differences in vegetative growth were observed
in either single- or double-knockout strains compared
to the wild type. The fact that all mutant strains dis-
played normal vegetative growth means that pheromone-
receptor interactions are not required during filamentous
growth in S. macrospora. Similarly, the previously de-
scribed knockout of ppgl in S. macrospora or deletion
of both pheromone genes in P. anserina, and deletion of
the pre-1receptor gene in N. crassa, as well as deletion of
both pheromone-receptor genes in A. nidulans, caused
no changes in vegetative growth (Kim and BORKOVICH
2004; SEo et al. 2004; CoPPIN et al. 2005; MAYRHOFER and
POGGELER 2005). Vegetative growth was delayed and

FIGURE 5.—Microscopic
analysis of ascus develop-
ment in the rarely produced
perithecia of the Apre2/
Appg2 double-mutant strain.
(A) Sixty percent of all
squeezed perithecia contain
few hook cells (solid arrow)
and undifferentiated asci
(ascus initial, open arrow).
(B) DAPI staining identified
nuclei during crozier (solid
arrows) and ascus formation
(ascus initial, open arrow).
(C) Thirty percent of ascus
rosettes carry 3-20 more or
less differentiated asci with
ascospores. (D) Ten percent
of perithecia contents repre-
sent normally developed asci
with ascospores.

reduced only in N. crassa mfa-1 pheromone mutants
(KM et al. 2002).

Throughout this work no rigorous phenotypic changes
regarding sexual development were observed in the S.
macrospora pheromone or receptor single-mutant strains.
They were able to develop fruiting-body precursors,
fruiting bodies, asci, and ascospores (supplemental
Figure S2 at http://www.genetics.org/supplemental/).
These results are in agreement with our earlier findings
that a ppgl mutant strain showed no impairment in
sexual reproduction (MAYRHOFER and POGGELER 2005).
Since S. macrospora does not produce conidia, it was
impossible to investigate whether there were any defects
in male fertility. In the heterothallic ascomycete P
anserina, the deletion of pheromone genes affects only
male fertility without impairing postfertilization events
(CopPIN et al. 2005) . However, deletion of one of the two
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copies of the C. parasitica gene encoding the a-factor-like
pheromone resulted in a pleiotropic phenotype. These
Mf2-2 mutants displayed reduced asexual reproduction.
Crossing of a Mf2-2 mutant (as the female) with a wild-
type strain (as the male) produced only barren perithe-
cia (ZHANG et al. 1993). It has therefore been postulated
that Mf2-2 is required during a developmental phase
after fertilization in C. parasiticaand thatitacts in a dose-
dependent manner in postfertilization events (TURINA
et al. 2003). In additon to this, introduction of mutations
into the mfa-1 gene of N. crassa had several interesting
effects, including delayed conidial germination, drasti-
cally reduced protoperithecial formation, and highly
abnormal perithecial development during homozygous
crosses (Kim et al. 2002). Deletion of one of the two
putative pheromone-receptor genes, ghrA or gprB, in the
homothallic filamentous ascomycete A. nidulans resulted
in the production of fewer and smaller fruiting bodies
with a reduced number of ascospores (SEO et al. 2004).

In contrast to the above observations, our experi-
ments revealed no phenotypic defects with respect to
development of perithecia and ascospores as well as
timing of sexual development in S. macrospora single-
pheromone or single-receptor mutants (supplemental
Figure S2 at http://www.genetics.org/supplemental/).
This suggests that, in the absence of one of the two
expressed pheromone-receptor pairs, the remaining
pheromone-receptor pair can compensate for the loss
of the other.

To investigate whether pheromone-receptor inter-
actions are involved in fertilization and/or postfertili-
zation events in the homothallic S. macrospora, we
constructed double-knockout strains and invalidated
both pheromone systems. The resulting double mutants
had no compatible pheromone-receptor pair or no
pheromones or no pheromone receptors (Table 1).
With respect to sexual development, all double mutants
displayed a clear phenotype: fruiting bodies either were
completely lacking or were less numerous than in the
wild-type strain (Figure 3). In the double-knockout
strains, the impairment of sexual reproduction was

FIGURE 6.—Light microscopic investigation of
ascus rosettes resulting from crosses between
Apre2/Appg2/ fusl-1and Apre2/Appg2. Bars repre-

sent sizes in micrometers as indicated.

independent of the choice of medium. Even so, the
transfer of strains on fresh medium did not allevite the
fertility defect. Thus, the defect in sexual development
was not due to energy limitation.

We observed the strongest effect on fruiting-body
formation in the double-receptor mutant Aprel /Apre2.
Similar to our results, a double-knockout of two re-
ceptor genes in the homothallic A. nidulans (strain
AgprA/AgprB) completely abolished fruiting-body and
ascospore formation (Seo et al. 2004). In those cases
where perithecia were produced in S. macrospora double-
knockout strains, ascospore production was predomi-
nantly impaired and only very few hook cells were
formed (Figure 5). Normal sexual development was
restored in the double-knockout strains by introducing
a gene encoding either the missing pheromone or the
receptor. This suggests that at least one pheromone-
receptor system is necessary for proper formation of
dikaryotic ascogenous hyphae and ascus initials. In
filamentous ascomycetes, the nuclear sorting occurring
in the dikaryotic ascogenous hyphae is reminiscent of
the synchronous division of two nuclei in the dikaryotic
hyphae of basidiomycetes (CasseLToN 2002). In con-
trast to ascomycetes, pheromones and receptors are
encoded by one of two mating-type loci in mushroom
fungi and are not needed for the initial fusion of mating
partners. However, they are required to promote nu-
clear migration and clamp cell fusion after the dikaryon
is established (WENDLAND et al. 1995; VAILLANCOURT
et al. 1997; O’SHEA et al. 1998). Pheromones secreted
from the clamp cell are believed to activate receptors
on the surface of the subterminal cell and vice versa
(BRownN and CasserToN 2001). Similarly, one may spec-
ulate that the pheromone-receptor system of filamentous
ascomycetes is also involved in the nuclear migration of
heterogenic nuclei in ascogenous hyphae. It has also
been suggested that, in dikaryotic hyphae, recognition
between nuclei is mediated by mating-type-specific
pheromones and receptors and that the expression of
pheromone and receptor genes is nucleus limited. All
signaling components are thus restricted to the plasma
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region close to the individual nucleus, a feature that is
thought to facilitate recognition between two nuclei
(ScHUURS et al. 1998; DEBucHY 1999; SHIU and GLASS
2000). In the S. macrospora double-knockout strain, the
disturbance of this putative pheromone-triggered nu-
clear recognition system might result in the defects in
crozier and ascus formation, which in turn mightlead to
the reduction in perithecia production. All fruiting-
body structures produced in the Aprel/Apre2 mutant
and the vast majority of fruiting bodies in the other
double-mutant strains contained no ascospores. How-
ever, the pheromone-driven nuclear-recognition system
seemed to be leaky in some cases. Then, probably by
chance or due to nonspecific activation of the phero-
mone receptors, two nuclei come together in the apical
cell of the crozier and undergo regular karyogamy,
meiosis, and ascosporogenesis.

With respect to fruiting-body and ascospore devel-
opment, the least effect was observed in the double-
pheromone mutant Appgl/Appg2, which displayed only
a threefold reduction in perithecia formation in com-
parison to the wild type. Approximately 70% of these
perithecia produced asci and ascospores, although in
most cases to a lesser extent than in the wild type. Thus,
we can conclude from our experiments that phero-
mones seem to be less important than pheromone
receptors for fruiting-body and ascospore formation. It
might be possible that pheromone receptors can be
activated in a nonspecific manner and that this activa-
tion can in turn lead to the formation of ascogenous
hyphae in the double-pheromone mutant. Since the
Aprel /Appgl and Apre2/Appg2 mutants retain only one
intact receptor gene, a nonspecific activation might
occur to a lesser extent. Previously, we have expressed
the pre2receptor gene of S. macrosporain S. cerevisiae and
observed a low nonspecific activation of PRE2 after
incubation of yeast cells with 2% dimethyl sulfoxide
(MAYRHOFER and POGGELER 2005).

Interestingly, outcrossing of A. nidulans receptor-
mutant strains (AgprA/AgprB X AgprA/AgprB) resulted
in fruiting-body and ascospore formation at wild-type
level, suggesting that, in A. nidulans pheromone recep-
tors, GprA and GprB are required only for self-fertilization
and not for sexual development per se (SEO et al. 2004).
However, in contrast to the differences observed under
homothallic and outcross conditions in A. nidulans, our
analysis of S. macrospora mutants revealed no differences
between the two conditions (Figure 6).

In summary, the phenotype of the S. macrospora
double-mutant strains suggests that pheromones and
receptors play an important role in fruiting-body de-
velopment and ascosporogenesis. Similarly to the func-
tion in basidiomycetes, where pheromones regulate
only nuclear migration and clamp-cell fusion in the
dikaryotic mycelium, the pheromone system of a ho-
mothallic ascomycete seems to promote crozier forma-
tion and ensure the stability of the dikaryon.
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