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The ability of fungi to produce both meiospores and mitospores has provided adaptive advantages in survival
and dispersal of these organisms. Here we provide evidence of an endogenous mechanism that balances
meiospore and mitospore production in the model filamentous fungus Aspergillus nidulans. We have discovered
a putative dioxygenase, PpoC, that functions in association with a previously characterized dioxygenase, PpoA,
to integrate fatty acid derived oxylipin and spore production. In contrast to PpoA, deletion of ppoC significantly
increased meiospore production and decreased mitospore development. Examination of the PpoA and PpoC
mutants indicate that this ratio control is associated with two apparent feedback loops. The first loop shows
ppoC and ppoA expression is dependent upon, and regulates the expression of, nsdD and brlA, genes encoding
transcription factors required for meiospore or mitospore production, respectively. The second loop suggests
Ppo oxylipin products antagonistically signal the generation of Ppo substrates. These data support a case for
a fungal “oxylipin signature-profile” indicative of relative sexual and asexual spore differentiation.

The adaptive success of any organism depends in large part
on its ability to sense and respond appropriately to environ-
mental stimuli. Development and survival are highly depen-
dent on proper responses to extracellular signals. In both pro-
karyotes and eukaryotes a number of developmental signals
are derived from common lipogenic origins, suggesting the
possibility of a conserved cross kingdom cell-to-cell communi-
cation network (11, 20, 42, 56). In the prokaryotic kingdom,
several species of lipogenic diffusible molecules regulate a va-
riety of responses (bioluminescence, virulence, biofilm forma-
tion, etc.) in a density-dependent manner through the quorum-
sensing mechanism (50). In mammals, fatty acid-derived
oxylipins (e.g., prostaglandins and leukotrienes) regulate in-
flammation and other homeostatic responses through an au-
tocrine-paracrine sensing system (19). In plants, similarly
structured oxylipins regulate the expression of host defense
genes against pathogen and pests and play a major role in the
formation of phytohormones and tissue development (5, 17,
34). However, remarkably little is known of lipid signaling in
the development and survival of the highly successful kingdom,
the Fungi.

Fungi are ubiquitous eukaryotes that are estimated to com-
prise a quarter of the entire biomass on earth and consist of
nearly 1.5 million species, with only 5% identified thus far (25).
They are the primary degraders of cellulose and lignin and
devastating pathogens of plants and animals. Their success is

attributed to their multilateral reproductive strategies, which
are uniquely represented by the development of specialized
reproductive cells, the meiospore and mitospore. These two
spores provide the sexual and asexual modes of fungal repro-
duction that occur in distinct reproductive organs (3, 4). Sexual
reproduction is characterized by the fusion of two nuclei, fol-
lowed by meiosis and the production of meiospores, and re-
sults in a high incidence of genetic recombination and the
generation of new genotypes upon which natural selection acts
to adapt readily to a multitude of environmental conditions. In
many fungi, sexual reproduction usually occurs only once a
year and lends adaptive benefits, such as dormancy (overwin-
tering) and drought resistance, to the organism (3, 46, 53). In
general, asexual or somatic reproduction is repeated several
times during the fungal life cycle, contributing to dispersal by
the production of large number of individual mitospores (3, 46,
53). Numerous species in all fungal phyla are able to reproduce
both sexually and asexually, and phylogenetic studies indicate
this to be the ancestral condition of most taxa (37, 53).

The genus Aspergillus comprises a diverse group of species
with many members capable of producing only mitospores, a
few that produce only meiospores, and several that can pro-
duce both spores (49). The homothallic genetic model Aspergil-
lus nidulans is a classic example of the latter, producing both
meiospores (e.g., ascospores) and mitospores (e.g., conidia)
(Fig. 1). Studies examining both modes of reproduction in A.
nidulans describe multiplex tissue development regulated by
myriad nutritional and environmental factors, including com-
ponents of an intrinsic signal transduction pathway that bal-
ance vegetative growth with spore development and control
the onset of ascosporogenesis and conidiation (2, 6, 11). As-
cospore formation in A. nidulans requires the GATA-type
transcription factor NsdD, necessary for cleistothecia (sexual
fruiting bodies bearing the ascospores) and Hülle cell produc-
tion (21). Conidia formation in A. nidulans requires the func-
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tion of BrlA, a zinc finger transcription factor essential for
conidiophore development (45). Deletion of either gene blocks
formation of the respective meiotic or mitotic fruiting body,
resulting in a strict asexual morph (�nsdD) or a strict sexual
morph (�brlA).

In contrast to NsdD and BrlA, which are solely involved in
the regulation of the sexual or the asexual cycle, respectively,
physiological studies of Champe and el-Zayat (12) led to the
identification of secreted lipogenic signal molecules, collec-
tively named “psi factor” (for precocious sexual inducer), that
govern the timing and balance of meiotic to mitotic spore
development. Biochemical analysis showed that A. nidulans psi
factor is an endogenous mixture of hormone-like oxylipins
composed of hydroxylated oleic (18:1), linoleic (18:2), and
linolenic (18:3) acid molecules termed psi�, psi�, and psi�,
respectively (9, 39). The position and number of hydroxylations
of the fatty acid backbone further identifies the psi compounds
as psiB, psiC, and psiA (40). Feeding studies carried out for
linoleic acid-derived psi� molecules reported that psiB� and
psiC� stimulated ascospore and inhibited conidial develop-
ment, whereas psiA� had the opposite effect (12, 13). Studies
were not performed for purified oleic or linolenic derivatives.
A potential role for oxylipins in cross kingdom communication
as well as in balancing the ascospore/conidia ratio in A. nidu-
lans was described by Calvo et al. (10) characterizing the effects
of plant oxylipins on spore development in seed infecting as-
pergilli. Furthermore, numerous biochemical and physiological
studies of oomycetes (protists resembling fungi in lifestyle),
yeasts, and filamentous fungi have associated oxylipin synthesis
with either meiospore or mitospore development (26, 32, 42).
Fatty acids (e.g., farnesoic acid) also regulate morphological

transitions in the human pathogen Candida albicans (43), and
recently a bacterial virulence factor structurally similar to far-
nesoic acid was shown to inhibit the dimorphic transition in C.
albicans (56).

The first genetic evidence to support a role for oxylipins in
directing the meiospore-mitospore balance emerged from
studies by Tsitsigiannis et al. (55), which identified an A. nidu-
lans dioxygenase (enzymes that catalyze oxygenation of unsat-
urated fatty acids), PpoA, required for biosynthesis of the
linoleic psi factor component, psiB�. PpoA localizes in lipid
bodies of conidiophores, Hülle cells, and cleistothecia (Fig. 1).
Deletion of ppoA significantly reduced the level of psiB� and
increased the ratio of conidia to ascospores fourfold. In con-
trast, forced expression of ppoA resulted in elevated levels of
psiB� and decreased the ratio of conidia to ascospores sixfold.
These results correlated with previous studies from Champe’s
research group (12, 13).

Here we describe the characterization of another A. nidulans
putative fatty acid dioxygenase, PpoC, responsible for forma-
tion of the oleic acid-derived psi factor component, psiB�.
PpoC and PpoA exhibit distinct antagonistic regulation of
meiospore and mitospore development. In contrast to the
�ppoA mutant, deletion of ppoC significantly increased ascos-
pore production and decreased conidial development. ppoC
and ppoA regulation of spore development appeared to be
mediated by brlA and nsdD. Biochemical and transcriptional
examination of the PpoA and PpoC mutants also indicated
that their products may serve as antagonistic molecular signals
of lipogenic genes through regulatory feedback loops in the
cellular machinery of the fungus. We hypothesize the existence
of a fungal “oxylipin signature-profile” that plays a role in

FIG. 1. Life cycle of A. nidulans. Both asexual mitotic spores (conidia) and sexual meiotic spores (ascospores) can germinate, produce hyphae,
and create a mature colony. The asexual fruiting body called conidiophore bears the conidia on the top of conidiogenous cells called phialides that
arise on metulae, a layer of cells over the vesicle surface. The sexual fruiting body called the cleistothecium contains asci with eight ascospores each
and is covered with the thick-walled Hülle cells.
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modifying fatty acid biosynthesis and provides a fitness mech-
anism (46) to the organism by temporally balancing meiospore
(dormancy) to mitospore (dispersal) development.

MATERIALS AND METHODS

Fungal strains, growth conditions, and genetic manipulations. The A. nidulans
strains used in the present study (Table 1) were grown on glucose minimal
medium (GMM) (9) with appropriate supplements as needed at 37°C in contin-
uous dark or white light. Sexual crosses and protoplast transformation of A.
nidulans strains were conducted according to standard techniques (44, 58). De-
velopmental cultures were grown on GMM, and asexual and sexual induction
was performed as previously described (21, 55). The cultures of RNA shown in
Fig. 6 to 8 were grown by inoculating 30 ml of liquid GMM with 106 spores of the
appropriate strain/ml before incubation for 14, 24, 48, and 72 h (stationary
conditions) prior to harvesting. Radial growth tests were performed in triplicate
with �1,000 conidia centered on 30-ml GMM plates, and growth rates were
recorded as the colony diameter over time. For germination tests, A. nidulans
wild-type and �ppoA, �ppoC, and �ppoA �ppoC mutant strains were inoculated
into minimal medium at 106 spores/ml and then shaken for 24 h at 300 rpm at
37°C. Samples were examined at 2-h intervals and germination rate was deter-
mined by counting 100 conidia. For microscopic observations of the different
strains in liquid cultures, the same experimental procedures were used and
samples were examined every 24 h for asexual and sexual related structures over
a period of 7 days. Mycelial weight of lyophilized tissue was assessed after 5 days
cultures in liquid GMM. Stereoscopic analysis of the different developmental
stages of the �ppoC single and double mutants was performed with cultures
grown on solid GMM under dark or light conditions, recording the observations
on a daily basis. Cells were visualized by using an Olympus BX60F-3 microscope
and an Olympus SZ-60 stereoscope, and images were captured by an Olympus
digital camera (Olympus America, Inc.).

Nucleic acid manipulations. Construction, maintenance, and isolation of re-
combinant plasmids were performed by using standard techniques (48). Fungal
chromosomal DNA was extracted from lyophilized mycelia by using previously
described techniques (36). Total RNA was extracted from lyophilized mycelia by
using TRIzol reagent (Invitrogen Co.) according to the manufacturer’s recom-
mendations. Approximately 20 �g of total RNA were used for Northern analysis
with a 1.2% agarose–1.5% formaldehyde gel transferred to Hybond-XL mem-
brane (Amersham Pharmacia Biotech). The PCR product obtained with primers

ppoC-F16 (5�-TTTGCTTTTCCCGTCGCCGTCTC-3�) and ppoC-R18 (5�-CA
TTAGATCAGAGAACAACGA-GAC-3�) with the cosmid pLCJ14 as a tem-
plate was used as a ppoC DNA probe for Southern and Northern hybridizations.
Expression studies for the different genes were performed with appropriate
probes: a 1.7-kb SalI-NdeI odeA fragment from plasmid pAMC30.4 (9), a 1.4-kb
EcoRI-XhoI sdeA fragment from pRAW10 (57), a 1-kb HindIII-SphI sdeB frag-
ment from pRAW18 (57), a 4.5-kb SalI brlA fragment from pTA111 (1), a 1-kb
fasA PCR product obtained with the primers fasABF1 5�-GGATGGCCGGTA
AGGTATTT-CTGG-3� and fasABR1 (5�-GGTACACATGCCCTCCG-3�) (8),
a 2.5-kb fox2 PCR product (amplified by the primers 5�-CCGTATCATCAACA
CCGCCT-3� and 5�-GCGTTACGATGAAAA-AATTG-3�) (38), a 3-kb
SREBP-1 PCR product obtained with the primers SREBP1-5� (5�-GATTTCC
AACTCTTCTCTCCCGC-3�) and SREBP1-3� (5�-GGACTCTCCCACAAGCG
CAGGTT-3�), a 0.8-kb SREBP-2 PCR product obtained with the primers
SREBP2-5� (5�-ATGTCTCCTGATCCCCTGTCGGC-3�) and SREBP2-3� (5�-
AACAGTATGCATTTGCTC-TTCTCTC-3�), a 4-kb ppoA PCR product ob-
tained with primers ppoA-F2 and ppoA-R2 (55), and a 1.3-kb nsdD PCR product
obtained with nsdD-5� (5�-CCACATCTCCTGCTCCTCTCGTT-3�) and
nsdD-3� (5�-AGTGTCTTGGGTTTGAGGTTCGA-3�) (21). Detection and
quantification of signals were carried out with a PhosphorImager-SI and Image-
Quant software (Molecular Dynamics). Nucleotide sequences were analyzed and
compared by using the Sequencher (Gene Codes Co.) and CLUSTAL W (http:
//www.ebi.ac.uk/clustalw/) software programs.

Molecular cloning, disruption, and cDNA isolation of the A. nidulans ppoC
gene. The ppoC gene was identified by tblastn search of the CEREON Genomics
A. nidulans database (Monsanto Microbial Sequence Database), based on the
amino acid sequence of linoleate diol synthase (Lds) cloned from Gaeumanno-
myces graminis (28) that was used as the query sequence. Oligonucleotides
ppoC-F1 (5�-ACTACAACCCCCGCAACCTG-3�) and ppoC-R1 (5�-TGGTCG
TAGTGGCGTGTAGG-3�) were designed based on the obtained contig
ANI61C9558 predicting a fragment with high identity to Lds and PpoA. These
primers were used to amplify a 1.2-kb fragment by PCR, with A. nidulans
genomic DNA as a template. This PCR product was used as a probe to screen the
A. nidulans pLORIST genomic cosmid library (Fungal Genetics Stock Center,
Kansas City, Kans.). Two strongly hybridized overlapping cosmids, pLDF08 and
pLCJ14, were identified and were further used as templates to sequence the
entire open reading frame (ORF) of the ppoC gene, as well as �2,000 bp of the
5�- and the 3�-untranslated flanking regions in both DNA strands. A 9.1-kb
SacII-SpeI fragment from the cosmid pLCJ14 containing the ppoC gene was

TABLE 1. A. nidulans strains used in this study

Fungal straina Genotype Source or reference

RDIT12.3 biA1 argB2 metG1 �ppoA::metG veA 55
RDIT44.10 pabaA1 biA1 pyroA4 metG1 veA1 trpc801 55
TTMK1.97 argB2 metG1 �ppoC::trpC veA1 trpC801 This study
RDIT30.92 argB2 metG1 veA1 trpC801 55
RTMK22.13 pabaA1 biA1 pyroA4 metG1 �ppoA::metG veA trpC801 This study
RDIT58.21 argB2 �ppoA::trpC pyroA4 metG1 veA trpC801 This study
RDIT55.7 pyroA4 veA trpC801 This study
TDIT11.12 argB2 �ppoC::trpC ppoC::pyroA methG1 veA trpC801 This study
RDIT58.3 �ppoC::trpC pyroA4 veA trpC801 This study
TU85 pabaA1 biA1 argB2 pyroA4 �brlA::argB veA L. Yager
RDIT2.1 metG1 veA This study
RDIT86.7 argB2 �brlA::argB veA This study
KHH52 pabaA1 yA2 �argB::trpC �nsdD::argB trpC801 21
KHH62 pabaA1 yA2 �argB::trpC niiA(p)::nsdD trpC801 21

Prototrophic isogenic strains
RDIT9.32 veA 55
RDIT12.9 metG1 �ppoA::metG veA 55
RDIT58.12 �ppoC::trpC veA trpC801 This study
RDIT54.7 �ppoC::trpC metG1 �ppoA::metG veA trpC801 This study
RDIT92.6 �ppoC::trpC ppoC::pyroA veA trpC801 This study
RDIT81.10 metG1 �ppoA::metG veA gpdA(p)::ppoA::trpC 55
RRAW5.2 argB2 �odeA::argB veA R.A. Wilson
RDIT87.8 niiA(p)::nsdD veA This study
RDIT88.13 �nsdD::argB veA This study

a Strains starting with a “T” are original transformants, and strains beginning with an “R” are recombinants after a sexual cross. Some of the strains are not described
in the text but were used for sexual crosses to create the final prototrophic strains.
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subcloned into pBluescript, generating the plasmid pTMK2.2. The ppoC gene
has been assigned accession no. AY613780 in the GenBank database.

The 	ZAP 24-h developmental cDNA library from A. nidulans (Fungal Ge-
netics Stock Center) was used to isolate the ppoC cDNA according to the
supplier’s protocols. 5� and 3� ends were further confirmed by using RACE
(rapid amplification of cDNA ends) technology and the Gene Racer kit (Invitro-
gen Co.). Pfu polymerase (Invitrogen) was used to amplify the corresponding
fragments. Sequencing analysis of the resulting clones was performed to deter-
mine the positions of the introns and the amino acid sequence of the ppoC.

The ppoC deletion construct pTMK6.15, which included the trpC marker gene
and ppoC flanking sequences, was constructed in the following manner. First, the
modified primer pairs ppoC-5DF1-SacII (5�-CCCTCCCCGCGGGTGACTAT
AAT-3�) and ppoC-5DR1-XhoI (5�-GCAACATTGTGGGTCTCGAGAAGC-
3�) were used to PCR amplify a 1.2-kb flanking region at the 5�-untranslated
region (5�UTR) of the ppoC ORF with the plasmid pTMK2.2 as a template. The
resulting amplified SacII-XhoI PCR fragment was subcloned into pBluescript,
yielding the vector pTMK3.12. Next, the modified primers ppoC-3DF1-XhoI
(5�-TACTGTAATGACTCGAGGACGAGG-3�) and ppoC-3DR2-KpnI (5�-TG
CTTGAAGGGTACCTTATATGCCT-3�) were used to amplify the 1,000-bp
flanking region at the 3�UTR of the ppoA ORF with the cosmid pTMK2.2 as a
template. The amplified XhoI-KpnI 3� flanking region was further ligated into
XhoI-KpnI-digested pTMK3.12, generating the plasmid pTMK5.16 Finally, the
4,164-bp XhoI fragment from the pTA11 plasmid (7) containing the A. nidulans
trpC cassette was inserted into the XhoI site of the pTMK5.16. The resulting
disruption vector pTMK6.15 was used to transform the A. nidulans strain
RDIT30.92 to tryptophan prototrophy, creating the transformant TTMK1.97,
where the entire ppoC ORF was deleted. Gene replacement and ectopic inte-
gration were confirmed by PCR and Southern analysis. The �ppoC allele was
introduced in a veA background by sexual recombination of TTMK1.97 with
RDIT55.7 to give the prototrophic strain RDIT58.12. The double mutant �ppoA
�ppoC was created by a sexual cross between TTMK1.97 and RTMK22.13
(Table 1).

Complementation of the �ppoC strain RDIT58.21 was achieved by using the
vector pBJK2.6. The plasmid pBJK2.6 was created by inserting the 9.1-kb SacII-
SpeI fragment from the plasmid pTMK2.2 containing the promoter, the coding
sequence, and the termination cassette of ppoC into pJW53 (J.-W. Bok and N.
Keller, unpublished data). pJW53 harbors a 1.8-kb fragment of the 5� portion of
the A. nidulans pyridoxine gene, which can complement pyroA4 mutation by
single crossing over. TDIT11.12 was one of the pyridoxine prototrophs contain-
ing the ppoC::pyroA allele. TDIT 11.12 was further crossed with RDIT58.3 to
give the complemented �ppoC prototroph RDIT92.6.

Fatty acid analysis. The strains were grown on 15 ml of liquid GMM in petri
dishes under stationary conditions at 37°C under a dark regime. Mycelial mats
were collected after 72 h, lyophilized, weighted, and homogenized mechanically
by using an Ultra-Turax T25 dispenser (Ika Werke GmbH & Co. KG). Fatty acid
methyl esters (FAMEs) were prepared by incubation of the mycelial homogenate
in 2% H2SO4 in methanol at 80°C for 90 min. FAMEs were extracted into an
equal volume of a n-hexane–chloroform (4:1 [vol/vol]) mixture and subsequently
washed with distilled water. This step was repeated three times. Collected hexane
fractions were combined, concentrated under a nitrogen stream, and dissolved in
a small volume of hexane. To convert hydroxylated FAMEs (OH-FAMEs) into
corresponding trimethylsilyl ether (TMSi) derivatives, the methanol phase was
removed in vacuo, and the remaining residue was dissolved in 80 �l of a mixture
of N�,O-bis(trimethylsilyl)trifluoroacetamide and trimethylchlorosilane (99:1
[vol/vol]; Sylon BFT kit; Supelco). The reaction was incubated at 90°C for 30 min,
and OTMSi-FAMEs were recovered with in a small volume of hexane. Both
FAMEs and OH-FAMEs were separated by gas chromatography (Thermoquest
Trace GC) on an RTX-5MS 0.25-�m fused silica column (Restek Corp., Bel-
lafonte, Pa.) and identified by mass spectrometry on an inline Finningan Polaris
mass spectrometer. One microliter of the sample was injected into gas chromato-
graph equipment programmed as follows: 80°C (held for 2 min), increased at
20°C min
1 up to 220°C, followed by 30°C min
1 to 300°C, and then held at
300°C for 2 min. The injector temperature was 300°C. Helium (1 ml min
1,
constant flow) was used as a carrier gas. For mass spectrometry electron impact
mode was used, and the ion source was 280°C. The electron energy was 70 eV,
the ionization current was 100 �mA, and the scan speed was 0.6 s per decade.
Scans were recorded in a range from 35 to 600 atomic mass units (amu). Fatty
acids were identified by comparison of retention times with a set of authentic
fatty acids standards, whereas hydroxylated derivatives of fatty acids were iden-
tified by mass spectrometry on the basis of their fragmentation patterns reported
elsewhere (9, 18, 55).

Physiological and morphological studies. All strains used for physiological
studies were prototrophic. RDIT9.32 (55) strain was used as the wild type.

Asexual and sexual spore production studies were performed on plates contain-
ing 30 ml of solid 1.5% GMM. For each plate, 5 ml of top layer with cool melted
0.7% agar–GMM containing 106 conidia of the appropriate strain was added.
Cultures were incubated in continuous dark or light at 37°C. Illumination was
carried out in an incubator equipped with General Electric 15-W broad-spectrum
fluorescent light bulbs (F15T12CW) placed 50 cm below the plates. A core 12.5
mm in diameter was removed from each plate at the appropriate time interval
and homogenized for 1 min in 3 ml of sterile water supplemented with 0.01%
Tween 80 to facilitate the release of the hydrophobic spores. Asexual and sexual
spores were counted by using a hemocytometer. The experiments were per-
formed with four replicates. Spore data were statistically compared by analysis of
variance and Fisher least significant difference by using the Statistical Analysis
System (SAS Institute, Cary, N.C.).

RESULTS

PpoC encodes a putative fatty acid dioxygenase. Disruption
of A. nidulans ppoA led to a strain defective in producing the
linoleic acid- derived oxylipin psiB� (55). To further charac-
terize genes involved in psi factor biosynthesis, we compared
the A. nidulans publicly available genome database (Cereon
Genomics; Monsanto) with the oxylipin-producing linoleate
diol synthase (lds) gene (a ferric hemeprotein with fatty acid
dioxygenase and hydroperoxide isomerase activities) from the
filamentous fungus G. graminis var. graminis (28). A DNA
fragment likely to encode a fatty acid dioxygenase was identi-
fied and used to characterize the gene, termed ppoC (for psi-
producing oxygenase; GenBank accession number AY613780).
Genomic and cDNA analysis showed that PpoC encodes an
1,117-amino-acid polypeptide containing 11 introns (Fig. 2).
Comparative sequence analysis by using CLUSTAL W indi-
cated that there is 44% identity between PpoC and PpoA and
40% identity between PpoC and G. graminis Lds. PpoC shares
also high similarity with the Magnaporthe grisea linoleate diol
synthase (15) and the Ssp1 protein from Ustilago maydis (29),
as well as with various predicted proteins from existing fila-
mentous fungal databases. PpoC orthologs are absent in the
yeasts Saccharomyces cerevisiae, Schizosaccharomyces pombe,
and Candida albicans but present in the human dimorphic
pathogen Histoplasma capsulatum.

Analysis of the PpoC protein by using the PFAM database
(http://pfam.wustl.edu) indicated that the PpoC residues 181 to
650 have domains similar to animal heme peroxidases and
residues 765 to 1080 have domains similar to cytochrome P450
oxygenase (Fig. 2). The PpoC peptide contains six possible N
glycosylation sites that might play a role in the maturation of
PpoC, three cAMP-dependent protein kinase phosphorylation
sites, and several protein kinase C phosphorylation sites. The
PpoC amino acid sequence, like those of PpoA and Lds, shared
high similarity with various mammalian cyclooxygenases or
prostaglandin synthases, ranging from 25 to 26% identity and
38 to 42% similarity. PpoC also contains a putative hydropho-
bic subdomain known as a “proline knot” that is characteristic
for targeting plant proteins to lipid bodies (Fig. 2). PpoA and
Ssp1 also contain the proline knot motif and are localized to
lipid bodies (29, 55). Taken together, these data suggest that
PpoC is a paralog of PpoA and G. graminis Lds.

Creation of a �ppoC strain. A ppoC deletion mutant was
generated by replacing the wild-type copy of ppoC with the
trpC gene. Random screening of 100 transformants by PCR
and Southern analysis revealed three transformants with iden-
tical phenotypes showing the DNA size fragments expected for
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a trpC replacement of ppoC (data not shown). One transfor-
mant was selected and crossed to produce a prototrophic
�ppoC strain, which was used for further physiological and
molecular analyses. The �ppoA �ppoC double mutant was also
obtained by a sexual cross. Complementation of the �ppoC
strain with a functional copy of ppoC restored the wild-type
phenotype, thus confirming that the effects on sexual and asex-
ual sporulation described below were solely due to the deletion
of ppoC (data not shown).

Oxylipin and total fatty acid composition are altered in the
�ppoC strain. The role of PpoC as a putative fatty acid dioxy-
genase was explored by analyzing both oxylipin and fatty acid
composition of the �ppoC mutants. Assessment of the two
most abundant psi factor components, the oleic acid-derived
psiB� [8-HOE or 8-hydroxy-9(Z)-octadecanoic acid] and the
linoleic acid-derived psiB� [8-HODE or 8-hydroxy-9(Z),
12(Z)-octadecadienoic acid] revealed that deletion of the ppoC
allele resulted in almost complete elimination of psiB� mole-
cules (in Table 2, hydroxylation of the fatty acid backbone
designates the psi compounds as psiB [8� hydroxy-], psiC [5�,8�
dihydroxy-], and psiA [the lactone ring of psiC at 5� position])
(40). Previous studies showed that deletion of ppoA resulted in
a strain deficient in producing psiB�. The double mutant was
deficient in the production of both oleic and linoleic acid-
derived psiB factors (Table 2). The presence of linoleic or oleic
acid-derived psiA or psiC was not detected in any samples in
accordance with previous studies (9, 55; data not shown).
These data demonstrated that PpoC is involved in the produc-
tion of psiB oxylipins and suggested that oleic acid is a pref-
erable substrate for PpoC.

Fatty acid composition was analyzed from mycelia grown
under dark conditions at 37°C at the same conditions that psi
analysis was carried out. Table 3 shows the fatty acid profile of
the wild-type and �ppoA, �ppoC, and �ppoA �ppoC mutant
strains. In each strain palmitic, stearic, oleic, and linoleic acids

are the most prevalent fatty acids. The �ppoA strain showed no
statistical differences in the amount of the individual fatty acids
compared to the wild type. However, �ppoC showed an in-
crease in palmitic acid and a decrease in stearic acid compared
to the wild type. The same pattern was maintained in the
double mutant. Deletion of ppoC also led to a twofold increase
in the total fatty acid composition per gram of mycelium,
whereas �ppoA strain showed a small but significant decrease
in total fatty acid composition. The double mutant did not
show a statistically significant alteration in the amount of total
fatty acids compared to the wild type.

PpoA and PpoC antagonistically regulate meiospore and
mitospore development. Detailed physiological studies of the
effect of linoleic acid derived oxylipins on A. nidulans devel-
opment suggested that some components decreased the
conidia/ascospore ratio, whereas others had the opposite effect

FIG. 2. Molecular characterization of the A. nidulans PpoC locus. The ppoC genomic DNA sequence contains 11 introns and 12 exons. The
major transcription initiation site was found 136 bp upstream of the first ATG codon, and the polyadenylation site (polyA) is located 128 bp
downstream from the ORF stop codon. The deduced translated 1,117-amino-acid polypeptide contains predicted heme peroxidase and cytochrome
P-450 domains and a sequence that aligns with the proline knot motif, an essential motif for targeting proteins to lipid bodies. Arrows indicate the
conserved proline residues.

TABLE 2. Psi factor composition of mycelia of A. nidulans
oxylipin mutants

Strain

Mean amt (�g) of psi-FAME/g of
mycelium (dry wt)a � SE

psiB�
(8-HOE)

psiB�
(8-HODE)

Wild typeb 5.87 � 0.70 2.19 � 0.87
�ppoAb mutant 7.70 � 0.69� 0.22 � 0.19��
�ppoC mutant 0.98 � 0.81�� 2.37 � 0.86
�ppoA �ppoC mutant 1.31 � 0.69�� 0.53 � 0.27��

a psi-FAME, psi fatty acid methyl esters. The analysis was carried out with
72-h-old mycelia grown in liquid GMM under stationary conditions at 37°C in the
dark. Values are the means of three replications. Statistical analysis was per-
formed by using the Student t test, and significance to wild-type oxylipin com-
position is indicated as follows: �, P � 0.05; ��, P � 0.001. psiB�, 8-HOE
(8-hydroxy oleic acid); psiB�, 8-HODE (8-hydroxy linoleic acid).

b Wild-type and �ppoA values are from reference 54. The psi analysis was
performed at the same time for all the �ppo mutants.
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(10, 12, 13). In particular, psiB� was implicated in increasing
ascospore numbers (12). This finding was genetically sup-
ported by examination of two ppoA mutants. Deletion of ppoA
resulted in a strain devoid of psiB� with an increased conidia/
ascospore ratio, whereas the overexpression of ppoA strain
(OE::ppoA) overproduced psiB� and ascospores (55). Al-
though oleic acid-derived psi factor components were chemi-
cally characterized in A. nidulans, bioassays with purified mol-
ecules have not been described (9, 39, 40). Here we found that,
as with the �ppoA strain, neither the �ppoC mutant nor the
�ppoA �ppoC double mutant had any obvious effects upon the
conidia germination (data not shown), growth pattern (Fig.
4A), or morphology of vegetative hyphae (data not shown).
However, the kinetics of mitospore and meiospore develop-
ment was oppositely regulated in �ppoC and �ppoA �ppoC
mutants compared to the �ppoA strain.

Conidia and ascospore production was assessed on GMM
under light and dark conditions at 37°C (Fig. 3). Spore pro-
duction was measured 4 and 6 days after inoculation. In con-
trast to the �ppoA phenotype, the �ppoC and �ppoA �ppoC
mutants produced significantly fewer conidia but significantly
more ascospores than the wild-type strain under both dark and
light conditions (P � 0.001) (Fig. 3 and 4). These results were
maintained over a time period of 10 days (data not shown).
Overall, the ratio of conidia to ascospores decreased �3-fold
in the �ppoC mutant and 15-fold in the �ppoA �ppoC mutant
after 6 days of cultivation in the dark. In contrast, �ppoA led to
a fourfold increase in the conidium/ascospore ratio (55).

Not only were conidia/ascospore ratios decreased in the
�ppoC and �ppoA �ppoC strains but development proceeded
in an aberrant fashion. Precocious development of Hülle cells,
cleistothecia, and ascospores (Fig. 3 and 4) was visibly appar-
ent in these strains, whereas conidiophore development was
delayed 4 to 5 h for the �ppoC and 8 to 10 h for the �ppoA
�ppoC mutant (Fig. 4A). In radial growth experiments �ppoC
and �ppoA �ppoC strains showed approximately 1- and 2-mm
retardation of the mature conidiophore zone, respectively. In
addition, the �ppoC and �ppoA �ppoC mutants were able to
produce Hülle cells and cleistothecia in liquid shake cultures in
GMM after 24 h in contrast to �ppoA mutant and wild-type
strains, which are unable to form these structures under these
conditions (Fig. 5).

Changes in the meiotic/mitotic spore ratio are correlated
with brlA and nsdD expression. Transcriptional regulators spe-
cific for each spore stage have been described for A. nidulans.
BrlA is a zinc finger transcription factor essential for conidio-
phore development (45), and NsdD is a GATA-type transcrip-
tion factor required for cleistothecia development (21). Loss of

either locus generates strains unable to produce either conidia
(�brlA) or ascospores (�nsdD), although the alternative spore
type is produced normally in these mutants. We were inter-
ested in determining whether the changes we observe in asco-
spore and conidia production in the ppo mutants would be
reflected in brlA and/or nsdD expression.

Mutations in brlA result in the “bristle” phenotype, charac-
terized by the fact that conidiophores lack their normal com-
ponents—vesicles, metulae, phialides, and conidia (Fig. 1).
The brlA locus consists of overlapping transcription units, des-
ignated � and �, with � transcription initiating within � in-
tronic sequences. As shown in Fig. 6A, the accumulation of
brlA transcripts showed a temporal delay by �12 to 24 h in the
�ppoC and �ppoA �ppoC mutants. In addition, the two dif-
ferent brlA transcripts are aberrantly regulated in the �ppoC
mutant, where there is a more pronounced expression of brlA�
than brlA� at 48 h. In contrast, an increase of the brlA tran-
scripts was observed in �ppoA at 24 h. These transcriptional
changes correlated positively with the relative decrease
(�ppoC and �ppoA �ppoC) and increase (�ppoA) in conidial
production.

Deletion of nsdD prevents Hülle cell, cleistothecia, and sub-
sequently ascospore formation, whereas overexpression of
nsdD leads to an increase in sexual development (21). Expres-
sion analysis of the nsdD gene demonstrated that is upregu-
lated in the ascospore-overproducing strains �ppoC and
�ppoA �ppoC especially at 72 h (Fig. 6B), a time point that
coincides with the initiation of sexual development in station-
ary liquid cultures. Loss of ppoA showed a slight decrease in
nsdD expression at 72 h (Fig. 6B).

To further examine possible regulatory interactions between
ppoA/ppoC and brlA/nsdD, expression studies were carried out
in �brlA and �nsdD strains and in strains overexpressing nsdD
grown in stationary liquid GMM. ppoC expression was re-
pressed in �brlA, �nsdD, and OE::nsdD strains, whereas ppoA
expression was not significantly affected in the �brlA back-
ground at the examined time points but was induced in the
�nsdD background and repressed at 24 h in the overexpression
nsdD background (Fig. 6C). These results indicated that there
is a reciprocal regulation between the ppo genes/gene products
and these developmental transcription factors.

Interactive regulatory loops connect ppoA and ppoC expres-
sion. We considered that the balance of ascospore and conidia
production by PpoA and PpoC could implicate a regulatory
relationship between these two factors and/or their products.
Experiments to test this hypothesis were carried out at the
transcriptional level. Previous data demonstrated that ppoA
expression is correlated with the initiation of asexual and sex-

TABLE 3. Fatty acid composition of mycelia of A. nidulans oxylipin mutantsa

Strain
Mean wt (%) of major FAMEb � SE Total fatty acid

(%) � SEPalmitic acid (16:0) Stearic acid (18:0) Oleic acid (18:1) Linoleic acid (18:2)

Wild type 31.10 � 0.85 14.80 � 1.20 14.70 � 3.30 37.20 � 3.75 1.09 � 0.32
�ppoA mutant 30.00 � 2.25 13.30 � 0.15 17.70 � 0.75 39.90 � 1.60 0.68 � 0.03
�ppoC mutant 38.18 � 1.70 10.36 � 0.25 14.35 � 2.15 34.15 � 0.15 2.10 � 0.06
�ppoA �ppoC mutant 34.42 � 1.85 10.28 � 0.05 14.96 � 0.85 37.84 � 1.10 0.83 � 0.06

a The analysis was carried out with 72-h-old mycelia grown in liquid GMM under stationary conditions at 37°C in the dark. Values are the means of three replications.
b FAME, fatty acid methyl esters. The weight percent FAME is based on the lyophilized weight of mycelia.
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ual fruiting body formation in A. nidulans (55). ppoC is not
expressed under vegetative conditions (liquid cultures; Fig. 7A,
time points 
2 and 0), but mRNA studies performed through-
out the asexual and sexual life cycle of A. nidulans showed that
ppoC is expressed after induction over a longer time and at
significantly higher levels than ppoA (Fig. 7A and B). The
OE::ppoA strain, which accumulates high levels of psiB� (55),
led to a significant suppression of ppoC transcript (Fig. 7C1).
In addition, mRNA analysis showed that ppoC was upregu-
lated and that ppoA was significantly downregulated in the
�odeA mutant (OdeA is a �12-oleic acid desaturase converting
oleic acid to the polyunsaturated linoleic acid) (Fig. 7C2), a
strain that accumulates high levels of psiB� and no psiB� (9).

Antagonistic regulation of fatty acid anabolic genes by ppoA
and ppoC. The fatty acid composition of �ppo mutants dem-
onstrated that the total percentage of the fatty acids was de-
creased in the �ppoA strain and increased in the �ppoC strain
(Table 3). To see whether the biochemical difference was re-
flected at the transcript level, we examined the expression of
several fatty acid biosynthetic genes in the mutant strains
grown under the same conditions that fatty acid extraction was
performed. Fatty acid synthase �-subunit (fasA) encodes the
central enzyme in de novo lipogenesis (8), catalyzing the con-
densation of acetyl coenzyme A (acetyl-CoA) and malonyl-
CoA into long-chain fatty acids. fasA expression was signifi-
cantly upregulated in the �ppoC mutant and downregulated in

FIG. 3. �ppoC and �ppoA �ppoC have decreased conidia and increased ascospore production compared to wild-type under both dark and light
conditions (P � 0.001). Cultures of A. nidulans wild-type, �ppoA, �ppoC, and �ppoA �ppoC were grown at 37°C under dark and light conditions
in GMM. Conidium production of 4- and 6-day-old cultures grown in the dark (A) or in light (B) and ascospore production of 4- and 6-day-old
cultures grown in the dark (C) or in light (D). Values of ascospores in the dark (4 days) for wild-type, �ppoA mutant, and �ppoC mutant strains
were low and cannot be represented in the graph (wild type, 390 � 158; �ppoA, 120 � 69; �ppoC, 330 � 102). Values are the mean of four
replicates, and error bars represent standard errors. Columns with asterisks represent values for the same day that differ significantly from the wild
type (P � 0.001).
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the �ppoA strain (Fig. 8). This correlated with the total fatty
acid content shown in Table 3. Similar expression patterns
were obtained for the desaturase genes sdeA and sdeB (both
�9-stearic acid desaturases converting stearic acid to the
monounsaturated oleic acid) (57), odeA (9), and the oxylipin
biosynthetic gene PpoA (55) (Fig. 8). In contrast, gene expres-
sion was closer to that of wild-type for the �ppoA �ppoC
mutant, which did not differ in total fatty acid percentage from
the wild type. It appeared that only the anabolic pathways were
regulated by ppoA and ppoC since expression of foxA, encoding
the catabolic D-bifunctional enzyme (enoyl-CoA hydratase and
hydroxyacyl-CoA dehydrogenase) required for �-oxidation
(38) was not altered in these mutants (Fig. 8).

These results were reminiscent of the feedback regulation of
fatty acid biosynthesis already described in A. nidulans sdeA
and odeA mutants (9, 57) and other eukaryotes, including yeast
(54) and mammals (16). This coordination of lipid homeostasis
is governed by end product feedback regulation of transcrip-
tion. In animals this occurs through the proteolytic release of

transcriptionally active sterol regulatory element binding pro-
teins (SREBPs) from intracellular membranes (47). Mamma-
lian genomes include two SREBP genes (basic helix-loop-helix
leucine zipper transcription factors) that possess considerable
selectivity difference in their target genes and bind to the sterol
regulatory element (SRE) DNA motif in the promoters of
lipogenic genes (46). Polyunsaturated fatty acids, including
oxylipins such as prostaglandins and leukotrienes, appear to
coordinately inhibit lipogenic gene transcription by rapidly re-
ducing the nuclear content of SREBP-1 proteins. Search of the
A. nidulans databases (Whitehead) led to the discovery of two
putative transcription factors that showed similarity with the
mammalian SREBP genes named SREBP-1 (locus AN7661.2,
38 to 40% identity in conserved areas) and SREBP-2 (locus
AN7170.2, 28 to 38% identity in conserved areas). Expression
analysis of these two putative lipogenic transcription factors in
�ppo mutants led to the conclusion that SREBP-1 and
SREBP-2 are significantly upregulated in the �ppoC strain and
downregulated in the �ppoA and �ppoA �ppoC mutants, thus

FIG. 4. ppoA and ppoC genes are essential for balancing conidiophore/cleistothecia formation. Cultures of A. nidulans wild-type (B1, C1, and
D1), �ppoA (B2, C2, and D2), �ppoC (B3, C3, and D3) and �ppoA �ppoC (B4, C4, and D4) were grown at 37°C on solid GMM. (A) Deletion
of ppoC delays conidiophore formation. Five-day-old cultures of point-inoculated strains (inoculum, 103 conidia) under light conditions. (B to D)
Induction of the sexual sporulation and suppression of the asexual fruiting bodies in �ppoC and �ppoA �ppoC strains. The opposite is observed
in the �ppoA mutant. Each strain was inoculated with 106 conidia/plate, and cultures were grown for 2 days under dark (B), 8 days under dark (C),
and 8 days under light (D) conditions. Black balls are cleistothecia (“Cl” in panel D3), fuzzy balls are cleistothecia initials (“Cl In” in B4), and
smaller green spheres are conidiophore heads.
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likely mediating the regulation of the anabolic genes involved
in the fatty acid metabolism described above (Fig. 8). These
results indicated that oxylipins may play a regulatory role in A.
nidulans fatty acid metabolism as they act in mammals.

DISCUSSION

A central issue in fungal biology lies in elucidating the ex-
ogenous and endogenous factors required for meiospore and
mitospore reproduction. Aside from their pivotal roles in fun-
gal dissemination and survival, fungal spores comprise mainly
the primary and secondary infection particles of plant patho-
genic fungi (3, 4). Usually, the asexual spore serves as both
primary and secondary inoculum of infection, whereas in some
ascomycetes the overwintering sexual spore is the source of
primary inoculum (3, 4). The experiments presented here show
two genes that can influence the process of meiospore and
mitospore development relative to each other. In the present
study, we characterized ppoC, encoding a putative fatty acid
dioxygenase in the model organism A. nidulans. PpoC is in-
volved in the production of oleic acid-derived psi factor and
has an opposing function to the previously characterized
PpoA. Both enzymes serve as essential signaling regulators of
mitotic-meiotic spore balance. To our knowledge, this is the
first genetic study identifying a mechanism integrating an an-
tagonistic orchestration of asexual and sexual reproduction.

PpoC is involved in the production of oleic acid oxylipins.
Chemical analysis of the �ppoA, �ppoC, and �ppoA �ppoC
mutants demonstrated that PpoC, in contrast to the previously
characterized PpoA, is probably involved in the production of
psiB�. The double mutant is crippled in its ability to produce

both psiB� and psiB� (Table 2). However, we cannot exclude
the possibility that PpoA and PpoC are involved in the pro-
duction of other oxylipin species: either downstream products
of psiB� and psiB� and/or derivatives of alternative fatty acids.
Oxylipin-generating enzymes (dioxygenases, lipoxygenases, cy-
clooxygenases, etc.) frequently exhibit activity toward more
than one substrate. For example, the G. graminis dioxygenase
Lds can oxygenate oleic, �-linolenic, and ricinoleic acid, as well
as linoleic acid (52). Since the double mutant still produces
some psiB molecules, our results also suggest the presence of
another enzyme capable of generating these products. This is
similar to the situation in plants in which several lipoxygenases
are involved in producing the same oxylipins (reference 17 and
references therein).

Regulatory links between ppoA and ppoC: mechanism for an
oxylipin signature. Champe’s physiological and biochemical
characterization of psi factor in the 1980s was among the first
studies to uncover a mechanism that shifted the meiospore-
mitospore balance in fungi and was certainly the first to impli-
cate the role of oxylipins in this phenomenon (12, 13). The
phenotype of the ppoA mutant seemingly supports his findings.
However, since Champe and coworkers did not assay the ef-
fects of purified oleic acid oxylipins on A. nidulans, we are
unable to directly compare the �ppoC phenotype to any pub-
lished work. We also note that the application of a purified
metabolite differs in many respects to the absence of a gene.
Because deletion of ppoA and ppoC showed pleiotrophic ef-
fects, including changes in oxylipin make-up, fatty acid com-
position, and gene expression, we hesitate to attribute a par-
ticular role to a single oxylipin species. Rather, we suggest that

FIG. 5. Deletion of ppoC induces sexual development in liquid cultures. Cultures of A. nidulans wild-type (A), �ppoC (B), and �ppoA �ppoC
(C) were grown at 37°C in liquid GMM. Abundant presence of Hülle cells after 2 days growth in liquid cultures of �ppoC and �ppoA �ppoC strains
(B and C). The double mutant was able to produce mature and fertile cleistothecia after 2 days of growth (C2 and C3). Hu, Hülle cells; Cl,
cleistothecium; As, ascospores.
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oxylipin molecules as a whole are important in generating
differentiation processes in A. nidulans in a manner similar to
that described in plants.

In-depth analyses of plant oxylipin pathways have uncovered
complex and tight control of oxylipin production, presumably
required for appropriate development in changing environ-
mental milieus (5). The temporal and spatial activity of differ-
ent oxylipin biosynthetic enzymes appears to be of fundamen-
tal importance for normal growth; this is especially true for
lipoxygenase isoforms (17). Activities and compartmentaliza-
tion of the biosynthetic oxylipin enzymes is of paramount im-
portance in determining the oxylipin profiles that will lead to
the appropriate developmental pathway. Recent analyses indi-
cate that the phyto-oxylipin pool of a given organelle, tissue,
plant, or species confers an “oxylipin signature” to that respec-
tive entity (24, 35). It is proposed that the oxylipin signature is
predictive of the execution of specific developmental pathways
for the organism (5, 17).

Our findings suggest a similar conserved complex control
exists in fungi and that a fungal oxylipin signature could be
predictive of meiospore and mitospore development in any
given fungal isolate. The expression profiles of ppoA and ppoC

suggested that ppoA transcripts are important for the initiation
of conidiophores and cleistothecia but ppoC needs to be at
significantly higher transcriptional levels after asexual induc-
tion for normal sporulation (Fig. 7A and B). Inhibition of ppoC
expression in a ppoA overexpression strain suggests the possi-
bility of feedback regulation between ppoA and ppoC, osten-
sibly via oxylipin production (Fig. 7C and Fig. 8). This latter
point is supported from results showing suppression of ppoA
and induction of ppoC in a �odeA strain (Fig. 7C). Inactivation
of OdeA (9), a �-12 desaturase required for linoleic acid bio-
synthesis, results in a strain that produces a sixfold increase in
the oleic acid-derived psiB� but no psiB�. We speculate that
fungal oxylipin production is dependent on stimuli that can
lead to alterations of the developmental schedule to withstand
adverse or favorable environmental conditions.

BrlA and NsdD: mediators of oxylipin signaling? The ab-
normal sporulation patterns of the �ppo mutants led us to
investigate the expression profiles of the major developmental
transcription factors BrlA and NsdD. The proper expression of
brlA during asexual spore formation in A. nidulans is critical for
the development of the conidiophores and for the activation of
other developmentally specific genes (2). Our experiments in-

FIG. 6. BrlA and NsdD are involved in the regulation of meiospore/mitospore ratio in A. nidulans. (A and B) Gene expression analysis of the
spore specific transcriptional regulators brlA (asexual) (A) and nsdD (sexual) (B) in wild-type and �ppoA, �ppoC, and �ppoA �ppoC mutant
strains. (A) Temporal delay of brlA transcripts (� and �) in the conidium-deficient �ppoC and �ppoA �ppoC mutants. (B) nsdD gene is upregulated
in the ascospore-overproducing �ppoC and �ppoA �ppoC mutant strains. (C) ppoA and ppoC expression is altered in �brlA, �nsdD, and
overexpression nsdD (OE::nsdD) strains. Strains were grown in stationary liquid GMM at 37°C, and mycelia were harvested at the indicated time
points. Equal loading of total RNA (20 �g) is depicted by ethidium bromide staining of the rRNA.
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dicated that the delay in conidiation in �ppoC and �ppoA
�ppoC mutants was at least partially mediated by the delay and
alteration in the expression of brlA� and brlA� that are indi-
vidually essential for the formation of morphologically normal
conidiophores (22, 23). brlA� contains two ORFs: a small
ORF, �ORF, that is located upstream of the brlA initiation
codon, and a large ORF that encodes brlA�. The translation of
�ORF inhibits the translation of brlA� ORF (BrlA) that in
turn is required for brlA� transcription, leading to the activa-
tion of a series of conidiation genes. In our studies, brlA� was
more abundant in ppoC mutants (Fig. 6A), indicating a role for
PpoC and/or its enzymatic products in regulating the transcrip-
tional ratio of brlA�: brlA� or translation of the �ORF that
restricts the synthesis of brlA�. Examination of the promoter

regions of ppoA and ppoC revealed the presence of several
putative BrlA response elements (data not shown) (14), fur-
ther supporting our results that the transcriptional regulation
of ppoA and ppoC is under the control of BrlA. In contrast to
brlA expression, expression of the sexual stage transcription
factor nsdD was upregulated in the ascospore overproducing
the �ppoC and �ppoA �ppoC strains and downregulated in the
�ppoA mutant, a strain that produces fewer ascospores than
does the wild type (Fig. 6B). These results suggest that Ppo
regulation of ascospore and conidial development is at least
partially mediated through the nsdD and brlA transcription
factors as summarized in our proposed model in Fig. 9.

Our studies also support a case for reciprocal regulation of
ppo expression by BrlA and NsdD. Figure 6C shows that BrlA

FIG. 7. ppoC and ppoA are differentially regulated under asexually (A) and sexually (B) induced cultures. Mycelia of the wild-type strain were
synchronized by 18 h of vegetative growth in liquid shaken GMM (time zero) and developmentally induced on solid GMM to obtain asexual
(A) and sexual (B) tissue types for RNA isolation at appropriate time intervals under dark or light conditions. Time points represents hours after
asexual or sexual induction, respectively. Induction of asexual sporulation was performed under normal aeration conditions. The time point “
2”
corresponds to 16 h of vegetative growth culture, 2 h before the transfer to solid medium for asexual induction. For the induction of sexual
sporulation 18-h-liquid-grown mycelia were transferred onto solid medium, and the plates were sealed with parafilm for 20 h. After 20 h, the plates
were unsealed, and at different time points samples were collected for RNA analysis (time represents hours after induction: 0 to 36 h). The time
point “T” corresponds to the sample that was collected at the time of transfer to the solid media and before the initiation of sexual induction.
(C) Differential regulation of ppoA and ppoC expression as was demonstrated by their transcript analysis in OE::ppoA (C1) and �odeA (C2) strains.
Equal loading of total RNA (20 �g) is depicted by ethidium bromide staining of the rRNA. The time points of mycelium harvest are indicated
above the lanes.
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acts as a positive regulator of ppoC and a negative regulator of
ppoA and NsdD acts as a negative regulator for both ppoA and
ppoC. Based on these results we speculate that ppoC is regu-
lated by BrlA and NsdD through a feedback mechanism and
serves as a positive regulator of asexual and negative regulator
of sexual development (Fig. 9). The fact that both BrlA and
NsdD act as negative regulators of ppoA and that brlA and
nsdD expression was not greatly affected by the ppoA deletion
may indicate that ppoA acts downstream or in different path-
ways at transcriptional or translational levels to regulate the
asexual and sexual cycles.

This apparent feedback loop between ppoA-ppoC and nsdD-
brlA indicates a mechanism by the organism to maintain tight
control of the meiospore/mitospore ratio and eliminate the
possibility of a failure in the developmental mechanism. We
conjecture that this interaction occurs in the reproductive tis-
sues of the fungus. Our previous study demonstrated that
PpoA accumulates predominantly in lipid bodies found in
Hülle cells, nascent cleistothecia, and mature conidiophores—
the tissues containing the highest concentrations of lipid bodies
(55). PpoC, like PpoA, contains a proline knot motif in the
central domain of the polypeptide (Fig. 2) that is crucial for
targeting and anchoring proteins to lipid bodies (41) and is also
likely to localize to these same tissues. Although no studies are
available showing BrlA or NsdD localization, it is logical to

assume that they would also be present in these tissues, which
are dependent on their function.

Transcriptional regulation of lipid homeostasis. Deletion of
ppoC led to a significant increase in the transcription of genes
involved in fatty acid biosynthesis and a concomitant increase
in the total amount of fatty acids in the fungal thallus. On the
other hand, �ppoA lowered the transcriptional level of the
lipogenic genes. Studies in primary rat hepatocytes and cul-
tured 3T3-L1 adipocytes showed that arachidonic acid-derived
oxylipin metabolites (e.g., prostaglandin E2) suppress the ex-
pression of the fatty acid synthase (FAS) through a G-protein-
coupled receptor prostanoid signal transduction cascade (30).
Thus, in analogy to these studies, we hypothesize that PpoC
and PpoA product(s) modulate SREBP expression indirectly,
perhaps by instigating autocrine-paracrine antagonistic signal-
ing cascades that couple meiospore and mitospore production
to a host of other developmental programs in A. nidulans,
including fatty acid anabolism.

Conclusions. With the characterization of ppoA and ppoC,
we provide evidence of an endogenous system balancing meio-
spore and mitospore production in A. nidulans. Orthologs of
both of these genes are found in filamentous fungi and, cou-
pled with the numerous studies linking oxylipin production
with fungal sporulation (27, 31, 33, 42, 51), support a case for
conservation of an oxylipin-driven mechanism controlling,

FIG. 8. Antagonistic transcriptional regulation of fatty acid biosynthetic genes by PpoA and PpoC. Cultures of A. nidulans wild-type, �ppoA,
�ppoC, and �ppoA �ppoC strains were grown at 37°C in stationary liquid GMM for 72 h and analyzed for the expression profile of fatty acid
anabolic genes. The biosynthetic role of each gene is depicted in the flow chart of fatty acid biosynthesis in A. nidulans. Equal loading of total RNA
(20 �g) is depicted by ethidium bromide staining of the rRNA.
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among other cellular processes, sexual and asexual differenti-
ation. We propose that fungal oxylipins serve as autocrine or
paracrine signals generated in response to—and enabling the
fungus to respond appropriately to—specific environmental
parameters. Since previous studies showed that Aspergillus spp.
respond to seed oxylipins in a manner similar to that of psiB�
and psiB� (10), it is reasonable to postulate that host oxylipins
can mimic and/or interfere with endogenous fungal oxylipins
on a cellular basis, thus affecting the outcome of the host-
fungal interaction. Recent evidence suggests that endogenous
unsaturated fatty acids regulate morphological transitions and
virulence in C. albicans (43) and have structural and functional
homologs in prokaryotes (56), suggesting that fatty acids or the
downstream oxylipins act as signals of cross-kingdom cell-cell
communications. It remains to be examined whether microbial
oxylipins act as virulence factors in these same interactions.
Noverr et al. (42) postulated that microbial oxylipins can mod-
ulate disease pathogenesis and host immunity responses. Cer-
tainly, a better understanding of the molecular mechanisms
that govern fungal oxylipin metabolism could contribute to the
design of novel chemicals or other strategies that can reduce
the survival and spread of pathogenic fungi.
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