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Abstract Developmental mutants with defects in fruiting
body formation are excellent resources for the identifi-
cation of genetic components that control cellular dif-
ferentiation processes in filamentous fungi. The mutant
pro4 of the ascomycete Sordaria macrospora is charac-
terized by a developmental arrest during the sexual life
cycle. This mutant generates only pre-fruiting bodies
(protoperithecia), and is unable to form ascospores.
Besides being sterile, pro4 is auxotrophic for leucine.
Ascospore analysis revealed that the two phenotypes are
genetically linked. After isolation of the wild-type leu1
gene from S. macrospora, complementation experiments
demonstrated that the gene was able to restore both
prototrophy and fertility in pro4. To investigate the
control of leu1 expression, other genes involved in leu-
cine biosynthesis specifically and in the general control
of amino acid biosynthesis (‘‘cross-pathway control’’)
have been analysed using Northern hybridization and
quantitative RT-PCR. These analyses demonstrated that
genes of leucine biosynthesis are transcribed at higher
levels under conditions of amino acid starvation. In
addition, the expression data for the cpc1 and cpc2 genes
indicate that cross-pathway control is superimposed on
leucine-specific regulation of fruiting body development
in the leu1 mutant. This was further substantiated by
growth experiments in which the wild-type strain was
found to show a sterile phenotype when grown on a
medium containing the amino acid analogue 5-methyl-
tryptophan. Taken together, these data show that pro4
represents a novel mutant type in S. macrospora, in

which amino acid starvation acts as a signal that inter-
rupts the development of the fruiting body.
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Introduction

In filamentous fungi, meiospores develop in fruiting
bodies, which can be considered as aggregations of dif-
ferentiated hyphae. During the meiotic cycle in ascomy-
cetes and basidiomycetes, sexual spores within sporangia
arise from dikaryotic hyphae, which carry two geneti-
cally distinct nuclei per septum. In basidiomycetes, the
dikaryotic hyphae participate in fruiting body formation.
In contrast, fruiting bodies in ascomycetes arise from
non-dikaryotic, sterile hyphae that surround the dik-
aryotic cells (Braus et al. 2002; Moore and Frazer 2002).

Previous genetic analyses have provided considerable
evidence for polygenic control of fruiting body devel-
opment in mycelial fungi and, consequently, develop-
mental mutants with defects in fruiting body formation
have proven to be excellent material for the identifica-
tion of components that control fungal morphogenesis
(Moore 1998). A forward genetic approach was there-
fore chosen to probe the developmental pathway for
fruiting body formation in the pyrenomycetous asco-
mycete Sordaria macrospora (Nowrousian et al. 1999;
Kück and Pöggeler 2004). At least 114 genes are now
known to be involved in the formation of the multicel-
lular fruiting bodies, or perithecia, which arise during
sexual propagation (S. Masloff and U. Kück, unpub-
lished data). One major step in this differentiation
process is the morphological transition from spherical
pre-fruiting bodies (protoperithecia) to flask-like fruiting
bodies (perithecia). In our case, we selected develop-
mental mutants which arrest after protoperithecia for-
mation and labelled these with the prefix ‘‘pro’’.
Recently, we were able to characterize two mutants of
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this type. One lacks the gene for a C6 binuclear zinc-
finger transcription factor and is directly involved in the
developmental control of fruiting body formation
(Masloff et al. 1999, 2002), the other has a defect in a
gene for a WD-repeat protein that can be functionally
replaced by its mammalian homologue (Pöggeler and
Kück 2004).

In this report, the molecular analysis of a further
‘‘pro’’-type mutant, designated pro4, is described. Like
other S. macrospora mutants with defects in fruiting
body formation, pro4 is sterile and thus unable to form
ascospores (Masloff et al. 1999; Nowrousian et al.
1999). However, this strain is the only one in our col-
lection of developmental mutants that also shows an
amino acid auxotrophy. pro4 is shown here to lack the
leu1 gene for b-isopropylmalate dehydrogenase, and
further expression data indicate that genes encoding
leucine pathway-specific enzymes, as well as those in-
volved in CPC, play a role in fruiting body development
(Braus et al. 2004).

Materials and methods

Plasmids and gene probes

Plasmid pleu11, which carries the leu1 gene from Neu-
rospora crassa, was a generous gift from George Marzluf
(Ohio State University, Columbus, OH). Cosmid G2
was isolated from our indexed cosmid library (Pöggeler
et al. 1997) and contains a 40-kb insert encompassing
the leu1 gene region from S. macrospora. A 400-bp
fragment of the coding region of the S. macrospora gpd
gene (M. Nowrousian, personal communication) was
used as a loading control in northern hybridization
experiments. All other hybridization probes were gen-
erated by PCR amplification using specific primers
(listed in Table 1), as detailed in the text.

Strains and culture conditions

The wild-type strain K of Sordaria macrospora (S 17736),
the fertile mutant fus1 (which produces brownish
ascospores), and the sterile mutant pro4 were obtained
from our laboratory collection. The developmental
mutant pro4 was generated as described previously
(Masloff et al. 1999): for morphological analysis and
mRNA isolation, strains were grown on rich corn meal
(CM) medium with 0.8% malt extract (Esser 1982).
Prototrophic and auxotrophic strains were differentiated
on minimal (MM) medium (11.5 mM glucose, 1.8 mM
KH2PO4, 1.8 mM K2HPO4, 8.3 mM urea, 1 mM
MgSO4, 5 lM biotin, and trace elements, pH 6.7). For
growth of the auxotrophic mutant pro4 on MM, the
medium was supplemented with 10 mM leucine. Star-
vation for single amino acids was induced by the addi-
tion of 12 or 24 mM 3-amino-1,2,4-triazole (3AT) or
4 mM 5-methyl-tryptophan (5MT) to liquid or solid
complete medium (CM). The fertile/sterile phenotype
was monitored after growth for at least 2 weeks on
supplemented medium. RNA, for northern hybridi-
zations and 9RT-PCR experiments, was isolated after
strains had been grown for 2–7 days under conditions of
amino acid starvation.

Crosses and spore analysis

Crosses were set up by inoculating a plate containing
solid CM medium with the sterile pro4 mutant and a
second strain, fus1, carrying a spore colour mutation.
Perithecia containing recombinant asci that form in the
zone of contact between the mycelia can be recognized
because they contain four black and four brown
ascospores. Tetrad analysis, random spore analysis, and
ascospore germination on sodium acetate medium were
conducted as described by Esser (1982).

Table 1 Oligonucleotide
primers used for conventional
PCR

a See Fig. 2.

Primer Sequence (5¢ fi 3¢) Locationa

1758 AAGCGGCCGCATGAGCGGGGATCAGCTGGCTTGCAG 5¢ ncu 6233
1759 GTAGGGACGACGATAAGACC 3¢ ncu 6233
1760 TTGCGGCCGCTTATGTGCCAGCGGTGACCC 3¢ ncu 6233
1761 ATGGCTACTCATAACATTGTTGTGTTCG 5¢ leu1
1762 TTAAGCCTTAAGGATCTTCTCC 3¢ leu1
1764 CCCGCGCTCGTACTGGTCCC 5¢ ncu 6231
1765 TTGCGGCCGCTTATTCAGGAGCGAAAATAC 3¢ ncu 6231
leu2-1 ATGCCGTCAGCAGAGAGTACC Nc 5¢ leu2
leu2-2 GCAGAACTCGATGACGGCCACC Nc 3¢ leu2
leu4-1 GGCTGGAGCCGATCGAGTGG Nc 5¢ leu4
leu4-2 GGCGAGCTGGATCGGTCGG Nc 3¢ leu4
leu6-1 ATGGCCGACACAGCAGCCGTCG Nc 5¢ leu6
leu6-2 GCGCTTGCCCTGCATGCGGGC Nc 3¢ leu6
1763A ATGTCGTCAAGAAACCCAACAACC 5¢ ncu 6231
cpc1-1 TCCAACATGGGCACTGTCTCGCC Nc 3¢ cpc1
cpc1-2 GGTGCGCCAAAGCCAAGTTCTTCC Nc 5¢ cpc1
1095 CGCCGTTTCGTCGGCCACACC Sm 5¢ cpc2
1096 CGCAGAGCCAGTAGCGGTTGG Sm 3¢ cpc2
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Nucleic acid analysis

Protoplast preparation and isolation of nucleic acids
were carried out as described by Pöggeler et al. (1997).
Restriction digests and mRNA preparations were frac-
tionated by gel electrophoresis, transferred onto nylon
membranes, and hybridized with radioactively labelled
dsDNA probes, according to conventional methods
(Sambrook et al. 1989). 32P-labelled hybridization
probes used for colony blots and Southern hybridiza-
tions were generated by random oligonucleotide priming
(Feinberg and Vogelstein 1984) or by PCR amplification
as indicated. All other recombinant DNA techniques
were applied according to standard protocols.

DNA-mediated transformation of fungal strains

Transformation of S. macrospora was carried out as
described by Masloff et al. (1999), with some modifica-
tions. Using a glass pipette, suspensions of transformed
protoplasts were spread on plates containing MM sup-
plemented with 10.8% sucrose (MMS medium). In the
absence of nutritional supplements, only primary
transformants which were complemented to prototro-
phy were able to grow on this medium. Subsequently,
individual transformants were recovered and maintained
on either solid or liquid MM medium.

Isolation and sequencing of genomic and cDNA clones

A PCR amplification strategy, using two sets of oligo-
nucleotide primers (Table 1), was employed to amplify
fragments of the leu1 gene region and adjacent DNA
sequences. For the isolation of gene fragments from S.
macrospora, primers based on the N. crassa genome se-
quence (available at http://www-genome.wi.mit.edu/
annotation/fungi/neurospora/) were used in PCRs to-
gether with genomic DNA from the wild-type strain of
S. macrospora as template. The resulting PCR products
were cloned into the vector pDrive (Qiagen, Hilden,
Germany) and further analysed by DNA sequencing,

which was performed by the custom-sequencing services
of Qiagen and MWG Biotech (Ebersberg, Germany).
FASTA (Pearson 1990) was used for comparisons of
nucleotide and amino acid sequences. Alignments were
made using the CLUSTAL W program (Thompson
et al. 1994) provided by the European Bioinformatics
Institute. The nucleotide sequences have been deposited
in GenBank under the Accession no. AY386218. S.
macrospora protein sequences were used as query se-
quences in BLASTP searches.

Quantitative RT-PCR

Quantification of mRNAs derived from the leu1,leu2,
leu4,leu6, cpc1, and cpc2 genes was done in an Opticon 2
(MJ Research, Watertown, MA) as described recently
(Nowrousian et al. 2005). Mean Ct values (threshold
cycles) for an amplicon derived from the SSU rRNA
were used as a reference for normalization. The oligo-
nucleotide primers listed in Table 2 were used for 9RT-
PCR.

Results

The developmental mutant pro4 is sterile and
auxotrophic for leucine

As previously reported (Masloff et al. 1999), conven-
tional mutagenesis has been used to generate develop-
mental mutants of S. macrospora that show defects in
fruiting body formation. During this programme, we
have isolated more than 100 sterile mutants, each of
which is defective in a single genetic locus. This collec-
tion of sterile mutants includes a class of strains that is
unable to execute the transition from protoperithecium
(the immature pre-fruiting body) to perithecium (the
mature fruiting body). These mutants were labelled
with the prefix ‘‘pro’’. Protoperithecia and perithecia
differ in size and shape, and can therefore be distin-
guished quite easily. While protoperithecia are about
30–70 lm in size, perithecia are always larger than

Table 2 Oligonucleotide
primers used in 9RT-PCR
experiments

Primer Sequence (5¢ fi 3¢) Target gene

NcSSU1 ATCCAAGGAAGGCAGCAGGC SSU rRNA
NcSSU2 TGGAGCTGGAATTACCGCG SSU rRNA
Smcpc1for AGCGGTCGTCACTCTTCGGT cpc1
Smcpc1rev GCTTCATGGCAACGACATCG cpc1
Smcpc2for AGCTTCTCCGCCGACAACC cpc2
Smcpc2rev GCCCTTCTCGGTGATGGTG cpc2
Smleu1-10-for CAACTTCGCTTCCGAGTCCC leu1
Smleu1-10-rev TCGCCGAAGTAGATACCGCC leu1
Smleu2-10-for TACCTCCGAGGTCGAGCACG leu2
Smleu2-10-rev CCTTGGAGCTAACACCGGGC leu2
Smleu4-10-for TGACTTGGTTACCCTGGCCC leu4
Smleu4-10-rev TGCACTCCTCCACGGTCTTG leu4
Smleu4-11-for AGGATCGCCGACGAGAAGG leu4
Smleu4-11-rev GACAATGTTGAAGCGCGGGT leu4
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150 lm. Protoperithecia can be viewed as an aggrega-
tion of hyphae and are of spherical shape, whereas
perithecia form a neck, giving them a beacon-like form.
According to this classification, pro4 belongs to the
‘‘pro’’ category of mutants. pro4 can only be propagated
on MM if the medium is supplemented with 10 mM
leucine. On CM medium, pro4 shows a growth rate of
1.6 cm/day, like the wild-type strain. With an average
size of about 70 lm, the protoperithecia in pro4 are
larger than those observed in other pro-mutants, which
are about 40 lm in diameter (Masloff et al. 1999; S.
Pöggeler and U. Kück, unpublished results).

Tetrad analysis indicates that the loci responsible for
sterility and leucine auxotrophy in pro4 are closely
linked

To determine whether the auxotrophy and sterility
phenotypes are genetically linked, tetrad analysis was
performed using ten tetrads from a cross between pro4
and the fus1 marker strain. The fus1 mutant produces
brownish ascospores, but shows normal fertility. The use
of the fus1 mutant in genetic crosses enables one to
easily distinguish between recombinant and non-re-
combinant asci. In parallel analysis, 100 randomly iso-
lated ascospores were tested for prototrophy and
fertility. None of the tested ascospores gave rise to iso-
lates that were sterile and prototrophic or fertile and
auxotrophic. This finding implies that the genetic
determinants responsible for the sterile and auxotrophic
phenotypes are tightly linked. In addition, the fus phe-
notype (brownish ascospores) showed the expected
random segregation in all ascospore isolates.

The pro4 mutation is a deletion that includes the leu1
gene encoding b-isopropylmalate dehydrogenase

The genetic analyses described above indicate that pro4
carries a mutation in a gene involved in leucine bio-
synthesis, which is also responsible for the develop-
mental defect. Therefore, a Southern analysis was
performed using the leu1 gene encoding b-isopropylm-
alate dehydrogenase from N. crassa as a heterologous
probe (Jarai et al. 1990; Li et al. 1993). Genomic DNAs
from wild-type S. macrospora and the pro4 mutant were
digested with EcoRI, BamHI, SacI, XbaI, and NcoI. As
a control, DNA from the cosmid clone G2, which shows
homology to the leu1 gene from N. crassa, was isolated
from an indexed S. macrospora library (Pöggeler et al.
1997) using the leu1 gene from N. crassa as the probe.
Wild-type and pro4 genomic DNAs showed different
hybridization patterns. Some fragments were of identical
size in both, whereas others were clearly different. As an
example, the patterns generated by digestion with SacI
and PstI are shown in Fig. 1. Interestingly, nearly all of
the hybridizing fragments from the wild-type and pro4
were also detectable in the cosmid clone G2. Analysis of

the Southern data revealed a size difference of about
6 kb between the wild-type and the mutant strain,
indicating that pro4 carries a genomic deletion. This
deletion was further characterized with three different
probes generated by PCR using S. macrospora genomic
DNA as the template. Due to the high degree of se-
quence similarity and conservation of overall genomic
organization (Nowrousian et al. 2004), the N. crassa
sequence was used to design two primer pairs to amplify
probes specific for genes that are adjacent to leu1 in the
S. macrospora genome. Southern hybridization with
both probes revealed that pro4 lacked leu1 and the
adjacent gene smu06233, but not the smu06231 gene
(data not shown).

Isolation and sequencing of the leu1 gene
from S. macrospora

Using primers 1759 and 1764 (Table 1), a 5.5-kb DNA
fragment was amplified from the wild-type strain, and
sequence analysis demonstrated that it carried the
complete leu1 gene including upstream and downstream
sequences. Using RT-PCR with the oligonucleotides
1761 and 1762 (Table 1), we also generated a 1.1-kb
cDNA clone, pLeu1c (Fig. 2). Both primers are
homologous to the N. crassa leu1 sequence and contain
the start and termination codons, respectively. Com-
parison of the genomic and cDNA sequences revealed
that the S. macrospora leu1 ORF encodes 368 amino
acids and is interrupted by three introns located at the
same positions as those in the leu1 gene of N. crassa

Fig. 1 Determination of the extent of the deletion in pro4. DNA
from the wild-type or pro4 strain was digested with the indicated
restriction enzymes and blotted for Southern hybridization. The
radiolabelled DNA from cosmid G2 was used, carrying the leu1
gene region, as the probe. For comparison, DNA from cosmid G2
was used in parallel
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(Li et al. 1993). The predicted gene product shows a high
degree of identity to other fungal proteins involved in
leucine biosynthesis, including the N. crassa LEU1
(98.4%), Saccharomyces cerevisiae Leu2p (63.6%) and
the Phanerochaete chrysosporium LEU2 (53.8%). The
gene isolated from S. macrospora was designated leu1
because of its close resemblance to the leu1 gene from
N. crassa. Upstream of the S. macrospora leu1 ORF we
found a 1,340-bp sequence that includes a predicted
promoter sequence, which is 71.4% identical to that
adjacent to N. crassa leu1.

leu1 is required for both prototrophy and fertility
in S. macrospora

To verify the dual function of the leu1 gene with respect
to amino acid biosynthesis and fertility, cosmid G2 and
several of its subclones were tested for the ability to
complement the pro4 mutant. This analysis demon-
strated that all clones containing the full-length ORF of
the leu1 gene are able to restore fertility in pro4 (Fig. 2).
The corresponding transformants formed wild-type
fruiting bodies containing mature ascospores. In addi-
tion, all fertile transformants showed a prototrophic
phenotype on MM. Even the full-length cDNA clone of
the leu1 gene was able to restore the wild-type pheno-
type, despite lacking its promoter sequence. Most
probably, ectopic integration of the transformed DNA
occurred, as at least some transformants could trans-
criptionally express the transformed leu1 gene fragment.
As expected from the high degree of sequence identity
between the S. macrospora and N. crassa leu1 genes, the
N. crassa gene could also be used to restore the wild-type
phenotype in pro4 (data not shown). These genetic data
were confirmed by feeding experiments. While pro4
generates only sterile protoperithecia on CM medium,
supplementation of the medium with at least 10 mM
leucine resulted in the formation of perithecia, and thus
in the restoration of fertility. Conversely, wild-type

strains kept on media containing 4 mM 5MT, an amino
acid analogue that induces starvation for tryptophan,
showed a sterile phenotype, which resembled that of the
mutant pro4 insofar as only protoperithecia were
formed. However, feeding with 12–36 mM 3AT (which
induces starvation for histidine) did not result in a sterile
phenotype, most probably due to limited uptake of this
amino acid analogue (data not shown). The effect of
5MT can also be observed when the levels of leu1 and
leu4 transcripts are measured (see the following section).
From the above data, it may be concluded that, as in
Aspergillus nidulans (Eckert et al. 1999; Hoffmann et al.
2000), starvation for single amino acids causes the arrest
of sexual development in S. macrospora.

Transcriptional expression of genes involved in amino
acid biosynthesis

In yeast, leucine biosynthesis is controlled by the general
control (GC) of amino acid biosynthesis, which is
analogous to the cross-pathway control (CPC) of amino
acid biosynthetic pathways seen in filamentous fungi
(Kohlhaw 2003). In A. nidulans, both amino acid bio-
synthesis and sexual development are controlled by the
CPC, which is activated during amino acid starvation by
the transcription factor CPCA (syn. CPC1). Conversely,
in the presence of amino acids, the network is repressed
by transcription factor CPCB (syn. CPC2) (Braus et al.
2004).

The expression of leucine pathway-specific and cross-
pathway-specific genes was therefore investigated at the
transcriptional level in S. macrospora. Using the above-
mentioned N. crassa genomic sequence, PCR primers
(Table 1) were designed to generate amplicons (for use
as hybridization probes) encoding leucine pathway or
cross-pathway-specific polypeptides from S. macrospora:
leu2 (b-isopropylmalate isomerase), leu4 (a-isopro-
pylmalate synthase), leu6 (cytoplasmic leucyl tRNA
synthetase), cpc1 (activator of CPC of amino acid bio-
synthesis) and cpc2 (repressor of CPC of amino acid
biosynthesis).

mRNA derived from the wild-type or the pro4 strain
was isolated at different times (2–7 days) after plating
and subjected to northern analysis. For mRNA quan-
tification, all experiments were conducted at least three
times and blots were reprobed with a gpd probe to check
for equality of loading. For optimal detection of the

Fig. 2 Physical and genetic map of the leu1 gene region from
S. macrospora. The DNA fragments generated by PCR amplifica-
tion and used for DNA-mediated transformation and sequencing
are indicated below the map. The cDNA, generated by RT-PCR,
was used to determine exon/intron boundaries and this clone was
also used to test for complementation of the pro4 mutant. The
location of all oligonucleotide primers used for PCR amplifications
are indicated by the numbered arrows
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various transcripts, mRNA was isolated after incubation
for 2 or 5 days on CM medium, or for 5–7 days on MM
medium.

Although the corresponding cDNA could be gener-
ated, the leu1 transcript, like the leu2 and leu4 RNAs,
was barely detectable in the wild-type strain under the
growth conditions described above. However, when
pro4 was grown on supplemented MM, leu2 and leu4
transcripts (Fig. 3) and, to a much lesser extent, leu6
transcripts (data not shown) were clearly detectable.
When the wild-type strain was starved for amino acids
by plating in the presence of the amino acid analogue
3AT (which is expected to deplete histidine levels), the
leu4 transcript was induced to detectable levels after
5 days on CM medium (Fig. 3). These data were verified
and extended by examining gene expression using
quantitative RT-PCR (qRT-PCR). These experiments
were performed with RNA from cultures which had
been kept for 5 days under conditions of amino acid
starvation. As can be seen in Fig. 4, levels of the leu1,-
leu2, and leu4 transcripts were increased at least twofold
under amino acid starvation. Note that, in Fig. 4, the
relative expression levels (presence/absence of analogue)
are plotted as log2 values (i.e. a value of 1 on the his-
togram corresponds to a twofold increase in expression
in the presence of analogue). In the case of the leu4
transcript, the dramatic up-regulation in the presence of
either analogue confirms the results of the northern
analysis shown in Fig. 3. These results provide clear
evidence that the leucine biosynthesis genes assayed
specifically respond to the imposition of starvation for
other amino acids.

Analyses of the expression of cpc1 and cpc2 mRNAs
have demonstrated that both genes are part of a CPC of
amino acid biosynthesis that induces the transcription of
several amino acid biosynthesis genes upon starvation
for any single amino acid in A. nidulans, N. crassa and
S. cerevisiae (Sachs 1996; Braus et al. 2004). Interest-

ingly, in yeast, the target genes include those involved in
branched amino acid biosynthesis except the gene
encoding b-isopropylmalate dehydrogenase (the leu1
homologue in yeast). In order to provide a detailed
analysis of cpc1 and cpc2 expression in S. macrospora,
both quantitative northern hybridization and qRT-PCR
were performed. As can be seen in Fig. 5, the cpc1
transcript shows an almost threefold increase after
growth of the wild-type for 4 days under conditions of
amino acid starvation. For comparison, when the wild-
type strain was kept on glucose-containing medium, no
change in transcript levels was seen (Fig. 5b). This dif-
ference in mRNA levels was also observed after 7 days
on medium supplemented with 24 mM 3AT (data not
shown). On supplemented MM or CM medium, no
significant differences in levels of cpc1 could be detected
between the wild-type and pro4 strains. However, an
effect of the leu1 deletion on the expression of cpc2 be-
came apparent when the strains were grown for 4 days
on CM medium supplemented with 10 mM leucine.
Under these conditions, the cpc2 mRNA level was five-
fold higher in the wild-type than in pro4 (Fig. 5c). When
pro4 was grown for a prolonged period (5–7 days) on
CM medium, with or without leucine supplementation,
the cpc2 mRNA level increased significantly (data not
shown). Overall, these data suggest that leu1 expression
is also subject to CPC. To further confirm these data, the
wild-type strain was grown for 4 days on four different

Fig. 4 Quantitative RT-PCR analysis of leu gene expression in the
wild-type strain grown in the presence/absence of the amino acid
analogue of 5MT or 3AT. Transcription of the genes leu1,leu2, and
leu4, which are involved in leucine biosynthesis, was examined with
gene-specific primers (see Table 2). Data were normalized to an
internal control (SSU rRNA) and relative expression levels for each
gene were calculated as described previously (Nowrousian et al.
2005). The mean relative change in expression in wild-type cells
grown in the presence versus absence of amino acid analogue is
plotted in log2 values. The analogues were added to CM medium at
a final concentration of 24 mM (3AT) or 4 mM (5MT)

Fig. 3 Northern analysis of the expression of genes involved in
leucine biosynthesis. In all cases, mRNA was used. For quantifi-
cation of transcript levels, all filters were re-probed with a gpd
probe, and the corresponding hybridization signal is shown as a
reference. Genes and their products: gpd glyceraldehyde-3-phos-
phate dehydrogenase, leu1 isopropylmalate dehydrogenase, leu2 b-
isopropylmalate isomerase, leu4 a-isopropylmalate synthase,
1·3AT, 2·AT and 1% gluc indicate that the CM medium was
supplemented with 12 mM or 24 mM 3-aminotriazole, or with 1%
glucose, respectively
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media, and mRNA was isolated and used for qRT-PCR
experiments. Primer sets corresponding to the sequences
of cpc1 and cpc2 (Table 2) were used to amplify the
specific cDNAs from strains grown on CM without
supplements or on media supplemented with either
24 mM 3AT or 4 mM 5MT. cpc1 was found to be up-
regulated in response to the amino acid analogues, while
the level of the cpc2 transcript was only marginally in-
creased in the presence of either of the amino acid

analogues, in agreement with the northern data (data
not shown).

Discussion

Our forward genetic approach to S. macrospora has
facilitated the isolation of developmental genes and
helped to elucidate a developmental pathway for fruiting
body formation (Masloff et al. 1999; Nowrousian et al.
1999; Pöggeler and Kück 2001, 2004). pro4 is the second
developmental mutant found to have a defect in a gene
involved in basic metabolism. Previously, we showed that
a mutant lacking ATP citrate lyase (ACL) activity is
sterile due to defects in perithecium formation (Now-
rousian et al. 1999). ACL is specifically induced at the
beginning of the sexual cycle, and produces acetyl-CoA
which is used mainly in fatty acid and sterol biosynthesis.
These compounds are essential for fruiting body forma-
tion. The defect in amino acid biosynthesis in pro4 is
another example for signals derived from basic metabo-
lism that regulate sexual development in S. macrospora.
pro4 lacks the leu1 gene that codes for b-isopropylmalate
dehydrogenase. The function of this enzyme in leucine
biosynthesis has been intensively investigated in a broad
range of microbes (Kohlhaw 2003). Mutations in leu
genes usually result in auxotrophic strains, which are
ideal tools for genetic investigations. A prominent
example for this is the first DNA-mediated transforma-
tion of a eukaryotic organism, which was conducted with
a leucine auxotrophic mutant (leu2-2) of S. cerevisiae
showing a defect in the b-isopropylmalate dehydrogenase
gene (Hinnen et al. 1978).

Fungal leucine biosynthesis has been intensively
studied in N. crassa. Several leucine auxotrophic mu-
tants have been described (Perkins et al. 1982), but a
sterility phenotype in a leu1 mutant has previously only
been mentioned once and very briefly (cited as a
personal communication in Perkins et al. 1982). Levels
of b-isopropylmalate dehydrogenase have been
observed to be proportional to the amount of the leu4
transcript; however, mutants with a defective b-iso-
propylmalate dehydrogenase gene produce large
amounts of leu2 and leu4 gene products (Kohlhaw
2003). This is consistent with our measurement of leu2
and leu4 mRNA levels in pro4 and in the wild-type
strain. In the latter, no leu2 transcript was detectable
under the conditions tested. In N. crassa, the expres-
sion of the structural genes leu1, leu2, and leu4 of the
leucine biosynthetic pathway is controlled by the
product of the regulatory gene leu3 (Jarai et al. 1990;
Li et al. 1993). It is believed that isopropylmalate,
which is an inducer of leu1 expression, forms a complex
with LEU3 (which has a DNA-binding domain) that
then interacts with different target genes, including the
leu1 gene.

In yeast, the leucine pathway is controlled by the
Leu3p–isopropylmalate complex. This pathway also

Fig. 5 a–c Quantitative northern analysis of cpc1 and cpc2
transcripts. a Northern analysis with the indicated probes of
mRNAs isolated from the indicated strains grown under the
indicated conditions. b, c Relative levels of cpc1 (b) and cpc2 (c)
transcripts (normalized relative to the gpd signal). Strains (black
bars, WT; grey bars, pro4) were grown for 2 (CM without 3AT) or
4 days on MM or CM medium supplemented with 3AT or 1%
glucose. Genes and their products: cpc1, activator of cross-pathway
control of amino acid biosynthesis; cpc2, repressor of cross-
pathway control of amino acid biosynthesis; all other abbreviations
are explained in the legend to Fig. 3
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controls the isopropylmalate dehydrogenase gene.
However, superimposed on this regulation is the general
amino acid control mechanism mediated by Gcn4p.
Gcn4p is functionally equivalent to the cpc1 and cpcA
gene products in N. crassa and A. nidulans, respectively.
Leucine pathway-specific genes—with the exception of
the isopropylmalate dehydrogenase gene—are directly
or indirectly regulated by the general amino acid control
system (Kohlhaw 2003). Our data, however, allow the
conclusion that, in S. macrospora, the leu1 gene is also
under CPC, since the level of cpc2 mRNA increases
many fold in the wild-type if leucine is present in the
medium. The same effect can be seen also in the pro4
mutant if it is kept for at least 5 days on CM or MM
supplemented with leucine (data not shown). Thus, the
leucine starvation signal seems to regulate fruiting body
formation in S. macrospora through the CPC that also
regulates genes involved in the biosynthesis of other
amino acids. This proposal is further supported by the
expression data obtained with the highly sensitive 9RT-
PCR analysis, in which several independent samples
were used for the quantification of leucine gene expres-
sion.

The involvement of amino acid biosynthesis genes in
fungal fruiting body development has been well docu-
mented for A. nidulans (Hoffmann et al. 2000). Auxo-
trophic strains showing defects in fruiting body
formation can be rescued by feeding with the appro-
priate amino acids. Braus and co-workers have investi-
gated mutant strains of A. nidulans that are auxotrophic
for histidine, tryptophan, or arginine; all show a sterile
phenotype when grown under conditions of amino acid
limitation (Eckert et al. 1999, 2000; Busch et al. 2001).
Under these growth conditions, the auxotrophic strains
form only microcleistothecia, which can be considered
equivalent to protoperithecia in pyrenomycetes such as
S. macrospora or N. crassa.

Although pro4 is sterile on CM, the formation of
perithecia and ascospores can at least partially be re-
stored when the medium is supplemented with excess
leucine. This may be explained by the fact that biosyn-
thesis of branched-chain amino acids is mainly con-
trolled by pathway-specific regulation.

A. nidulans grown under amino acid starvation con-
ditions, which activate CPC, has been shown to initiate
the sexual developmental programme, but fruiting body
formation is blocked before the completion of meiosis.
In all filamentous fungi investigated to date, the cross-
pathway network is specifically repressed by the product
of the cpc2 (cpcB) gene and, consequently, knock-out
strains lacking the cpc2 gene are unable to undergo the
sexual cycle in A. nidulans (Hoffmann et al. 2000).
Remarkably, in N. crassa, deletion of the cpc2 gene even
prevents the formation of any protoperithecia (Müller
et al. 1995). In agreement with this finding, inhibition of
fruiting body formation occurs when the cpc1 gene, an
activator of CPC, is overexpressed in strains grown on
media supplemented with amino acids. The same phe-
notype was observed when 3AT, a histidine analogue,

was added to the culture medium. This developmental
arrest is also seen in the wild-type strain of S. macros-
pora, when it is kept under conditions of amino acid
starvation.

In summary, in our collection of strains, pro4 repre-
sents a novel mutant type in which leucine starvation
acts as a signal that affects fruiting body development.
So far, pro4 is the only one among 114 developmental
sterile mutants examined (S. Masloff and U. Kück,
unpublished) that shows amino acid auxotrophy.
Moreover, pro4 can be used as a recipient strain for
DNA-mediated transformation in S. macrospora, mak-
ing it an excellent investigational tool. To date, only
limited data are available for S. macrospora describing
auxotrophic strains that are suitable as recipient strains
for transformation. Finally, the leucine auxotrophic
markers present an important alternative when, for
example, a second recombinant gene is to be introduced
into recombinant strains, which already carry the fre-
quently used hygromycin B resistance gene.
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