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In filamentous fungi, secondary metabolism is often linked with developmental processes such as conidia-
tion. In this study we analyzed the link between secondary metabolism and conidiation in the main industrial
producer of the B-lactam antibiotic penicillin, the ascomycete Penicillium chrysogenum. Therefore, we generated
mutants defective in two central regulators of conidiation, the transcription factors BrlA and StuA. Inactiva-
tion of either briA or stuA blocked conidiation and altered hyphal morphology during growth on solid media,
as shown by light and scanning electron microscopy, but did not affect biomass production during liquid-
submerged growth. Genome-wide transcriptional profiling identified a complex StuA- and BrlA-dependent
regulatory network, including genes previously shown to be involved in development and secondary metabo-
lism. Remarkably, inactivation of stud, but not brid, drastically downregulated expression of the penicillin
biosynthetic gene cluster during solid and liquid-submerged growth. In agreement, penicillin V production was
wild-type-like in bri4-deficient strains but 99% decreased in stuA-deficient strains during liquid-submerged
growth, as shown by high-performance liquid chromatography (HPLC) analysis. Thus, among identified regu-
lators of penicillin V production StuA has the most severe influence. Overexpression of sfu4 increased the transcript
levels of briA and abaA (another developmental regulator) and derepressed conidiation during liquid-submerged
growth but did not affect penicillin V productivity. Taken together, these data demonstrate an intimate but not

exclusive link between regulation of development and secondary metabolism in P. chrysogenum.

The filamentous fungus Penicillium chrysogenum plays an
important role in biotechnology as the main industrial pro-
ducer of the B-lactam antibiotic penicillin, a secondary metab-
olite. A better understanding of parameters which directly or
indirectly influence biosynthesis of penicillin is fundamental
for optimizing industrial production of penicillin and possibly
secondary metabolites in general. Previous studies revealed an
association of fungal secondary metabolism with developmen-
tal processes such as asexual reproduction, termed conidiation
(12). Both processes are associated with the stationary growth
phase (3). In agreement, it recently has been shown that inac-
tivation of either VelA or LaeA, both components of the
velvet-like complex, decreases conidiation and penicillin pro-
duction in P. chrysogenum (27). On the other hand, inactivation
of the Ga subunit of a heterotrimeric G protein, Pgal, in-
creases conidiation but decreases production of penicillin and
the mycotoxin roquefortine, another secondary metabolite, in
P. chrysogenum (19). Regulation of conidiation has been ex-
tensively studied in the ascomycete Aspergillus nidulans, but
little is known about regulation of conidiation in P. chrysoge-
num. In response to nutrient sensing, A. nidulans conidia
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(spores) swell and form germ tubes and subsequently septated
hyphae. After gaining so-called “developmental competence”
and exposure to air, hyphae initiate conidiation, which starts
with the growth of an aerial stalk followed by the formation of
metulae and phialides. These phialides give rise to chains of
uninucleate conidia (2). Notably, nutritionally sufficient sub-
merged culture allows vegetative growth but represses conidia-
tion in A. nidulans and P. chrysogenum.

Conidiogenesis is under complex genetic control. In A. nidu-
lans, FluG (assumed to be associated with the production of a
small diffusible molecule) and FIbA (regulator of G-protein
signaling) are key upstream activators of conidiation, both
acting via inhibition of the repressive Zn,Cs-type zinc finger
transcription factor SfgA and FadA (ortholog of P. chrysoge-
num Pgal), respectively (36-38, 57). Four additional down-
stream transcription factors, FIbB, FIbC, FIbD, and FIbE, in-
dividually are required for transcriptional activation of briA
and subsequent conidiation (20, 21, 75, 76). Furthermore, a
Pcl-like cyclin (54) and the cyclin-dependent kinase encoded
by nimX<4? of A. nidulans seem to mediate cell cycle events
during developmental cell type formation (54, 55). BrlA to-
gether with AbaA and WetA forms a regulatory cascade, re-
quired for the formation of conidiophores and conidia. The
transcription factors StuA and MedA are developmental mod-
ifiers required for correct conidiophore morphogenesis
through spatial and temporal regulation of brl4 and abaA
expression (5, 39, 44). BrlA is a C,H,-type zinc finger tran-
scription factor, which begins to accumulate shortly after in-
duction of development (52). Two overlapping transcripts orig-
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TABLE 1. P. chrysogenum orthologs of genes previously implicated in conidiogenesis of A. nidulans or A. fumigatus

Gene ID Species P. chrysogenum gene ID e value® Reference
abaA AAA33286 A. nidulans abaA Pc16g09610 0.0 5
abrl XP_756089.2 A. fumigatus abrA Pc21g16380 0.0 68
abr2 ACJ13064.1 A. fumigatus Pc22g08420 0.0 68
albl EAL94057 A. fumigatus Pc21g16000 0.0 68
arpl XP_756093.1 A. fumigatus arpA Pc21g16420 4e-65 68
arp2 XP_756091.1 A. fumigatus arpB Pc21g16430 7e-100 68
asp f4 XP_749515 A. fumigatus asp 4 Pcl6g11310 6e-77 16
aygl EDP55259.1 A. fumigatus aygA Pc21g16440 6e-162 68
brlA AAB48671 A. nidulans brlA Pc06g00470 2e-147 1
catA AAC49254 A. nidulans catA Pc20g06360 0.0 45
dewA CBF73692 A. nidulans dewA Pc16g06690 3e-17 64
fadA AAC49476 A. nidulans pegal Pc13g12240 0.0 19
flbA AAAT3955 A. nidulans fbA Pc15g00600 0.0 36
fIbB CAM35586.1 A. nidulans fIbB Pc12g01640 Te-138 18
fbC ACP28867 A. nidulans fibC Pc12g12190 Se-124 75
fibD AAA61913 A. nidulans fibD Pc13g03170 5e-93 21
fIE ACP28868 A. nidulans fIE Pcl6g12460 2e-47 20
fluG AAC37414 A. nidulans fluG Pc20g02420 1e-120 37
laeA AAQ95166 A. nidulans laeA Pc16g14010 9e-134 7
medA AAC31205 A. nidulans medA Pc22g13450 0.0 10
nimX AAA20597 A. nidulans nimX Pc20g10270 7e-145 54
pclA CAC06384 A. nidulans pclAl Pc16g08700 le-118 55

pclA2 Pc03g00090 8e-63

pclA3 Pc22g26190 2e-69
phiA CAA09585 A. nidulans phiA Pc22g00190 3e-52 40
ppoC AAT36614 A. nidulans ppoC Pc18g00240 0.0 69

rodA AAA33321 A. nidulans rodA Pc22g14290 Se-52 63
rodB XP_753093.1 A. fumigatus rodB Pc21g18350 2e-19 51
sfgA AAY99779 A. nidulans sfgA Pc21g18560 3e-177 57
stuA CBF70741 A. nidulans stuA Pc13g04920 9e-180 41
tmpA AAP13095 A. nidulans tmpA Pc21g07830 2e-170 38
veA AAD42946 A. nidulans velA Pc13g13200 2e-112 61
velB ABQ17967 A. nidulans velB Pc22g22320 2e-77 11
vosA ABI51618 A. nidulans vosA Pc22g06890 3e-104 46
wetA AAA33330 A. nidulans wetA Pc22g03220 3e-138 39

“ Homology (at the amino acid level) of the P. chrysogenum gene product to the corresponding Aspergillus nidulans or Aspergillus fumigatus gene product.

inate from the briA locus, brlAa and briAB, both having
essential functions for normal development (25). brlA-deficient
mutants are blocked in development at an early stage in the
transition from polar growth of the conidiophore stalk to the
swelling of the vesicle. The stalks somehow elongate indeter-
minately and fail to differentiate, which gives the mutants a
“bristle” appearance (14). Furthermore, the mutants fail to
accumulate other developmentally regulated transcripts like
abaA and wetA (9). Forced expression of brlA in submerged
cultures is sufficient to transcriptionally activate abaA and wetA
and to induce conidiation (1). StuA is a basic helix-loop-helix-
like transcription factor with an APSES DNA-binding motif
(17). Expression of stuA is upregulated with the onset of de-
velopmental competence and remains at that level during
conidiation (41). Similarly to brlA expression, sfuA expression
results in two overlapping and differentially regulated tran-
scripts. Conidiophores of stuA null mutants have shortened
stalks and reduced vesicles and lack metulae and phialides. In
contrast to brlA mutants, stuA mutants still produce few
conidia, which directly bud from the vesicle as shown in A.
nidulans and A. fumigatus (42, 58). In A. nidulans, deficiency in
StuA, but not BrlA, also impairs sexual development (35, 78).

BrlA orthologs are present only in Aspergillus, Neosartorya,
Penicillium, and Talaromyces species. In contrast, StuA is evolu-
tionary widely conserved and orthologs have been shown to reg-

ulate development in A. fumigatus, Penicillium marneffei, Neuros-
pora  crassa, Fusarium oxysporum, Glomerella cingulata,
Saccharomyces cerevisiae, and Candida albicans (6, 8, 22, 50, 58,
62, 67, 72). In Aspergillus fumigatus, 6 of 22 putative secondary
metabolite-encoding gene clusters were found to be StuA depen-
dent (15, 70), including clusters for biosynthesis of gliotoxin,
pseurotin A, and the alkaloids fumigaclavin and fumitremorgin,
whereas BrlA affects expression of only 2 of these gene clusters:
fumigaclavin positively and fumitremorgin negatively. In A. nidu-
lans, the synthesis of the mycotoxin sterigmatocystin is influenced
positively by FluG and FIbA but negatively by FadA. In contrast,
penicillin production is positively affected by FadA (26, 57, 65).

The genetic program controlling development in P. chryso-
genum appears to be highly similar to that of aspergilli, as the
P. chrysogenum genome encodes orthologs of all regulators
identified in A. nidulans (Table 1). In this study, we demon-
strate that in P. chrysogenum inactivation of either brlA or stuA
blocks conidiation but affects expression of genes involved in
development and secondary metabolism partially differently.
In particular, penicillin production was found to be absolutely
dependent on stuA but not briA.

MATERIALS AND METHODS

Strains and culture conditions. Escherichia coli strain K-12 Fusion-Blue (recA
endA) was used for plasmid construction (In-Fusion Dry-Down PCR cloning kit;
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Clontech). Reproduction and maintenance of plasmids were done according to
standard protocols (53). P. chrysogenum carrying APcku70 (herein referred to as
the Aku70 mutant) (28), derived from P2niaDI8 (herein referred to as the
niaD18 mutant) carrying a mutated niaD gene (29), served as the parental strain
in all transformation experiments (see Table S1 in the supplemental material).
Additionally, most assays included the niaD18 mutant as an additional control.
Fungal strains were cultivated in liquid complete CCM (43) or minimal MM1
medium for 48 to 120 h at 25°C and 230 rpm or on solid minimal medium MM2
as already described (23). For sporulation assays, strains were grown on solid
complete medium CM2 [3.5 gfliter (NH,),SO,, 2 g/liter K,SO,, 0.2 g/liter
KH,PO,, 1 g/liter of soy flour, 5 g/liter limestone powder, 50 g/liter lactose, 20
g/liter agar] for transcript analysis on CM2 on sterile membranes (Supor-200;
Pall Life Sciences, USA) or in liquid production medium (28). Cultures were
inoculated with 5 X 10* spores for point inoculations on plates, with 2 X 10°
spores for inoculation of whole plates (sporulation assay and microarrays) and
1 X 107 spores for liquid cultures. In studies including nonsporulating mutants,
cultures were inoculated with 5 pl, 200 pl, and 500 wl of liquid 72-h CCM
cultures for point inoculation, whole plate assays, and liquid cultures, respec-
tively.

Transformation of P. chrysogenum. Transformation was performed as de-
scribed by Windhofer et al. (77) with some modifications. Liquid CCM medium
cultures were incubated for 48 h at 25°C and 230 rpm. Protoplasts were trans-
formed by linear PCR, restriction fragments, or circular plasmids 4.103, 4.104,
4.122, 4.127, 4.128, 4.196, 4.181, 4.182, and 4.177 (see Table S2 in the supple-
mental material). Transformants were selected on either terbinafine (0.9 pg/ml)
or phleomycin (45 pg/ml) containing MM2 supplemented with 0.5 g/liter argi-
nine and either 2.5% xylose or 2.5% glucose depending on the promoter used for
the selection marker gene. Screening of positive clones was performed by PCR
(data not shown). To obtain homokaryotic transformants, colonies from single
homokaryotic spores were picked and homologous integration of the constructs
was verified by Southern blot analysis.

Identification of P. chrysogenum genes stuA and brid. The genomic sequence of
P. chrysogenum ATCC 28089 (71) served as a source for the sequences used here.
The sequences for the P. chrysogenum genes briA (CAP79040.1) and stuA
(CAP91561.1) were obtained from the public database NCBI Entrez (http://www
.ncbi.nlm.nih.gov/sites/gquery). Protein sequence alignments were performed
with the ClustalW program (66).

Preparation of nucleic acids, hybridization protocol, and PCR. Fungal
genomic DNA for Southern blot analysis was isolated from hyphal cells, grown
for 3 days at 25°C and 230 rpm in liquid CCM medium, based on protoplasting
as previously described (80). RNA extraction for microarray and quantitative
real-time PCR (qRT-PCR) analysis from mycelia grown on solid complete CM2
or in liquid production medium was done using Trizol reagent (no. 15596-018;
Invitrogen), the RNeasy midikit (no. 75144; Qiagen) and the DNase I kit (no.
79254; Qiagen) for DNase I treatment according to manufacturer’s protocols.
For PCR analysis, transformants were grown on solid complete CM2 medium for
6 days at 25°C and mycelia or spores were washed off with H,O. A 5-ul portion
of this suspension was used for DNA extraction with the REDExtract-N-Amp
seed PCR kit (no. 086K6825; Sigma).

For clonings, PCR amplifications were performed with the Accu Prime Pfx
DNA polymerase (no. 12344-024; Invitrogen) with “proofreading” activity, for
screening approaches with the REDTaq DNA polymerase (no. R4775; Sigma),
according to the manufacturer’s instructions.

Southern hybridization was carried out with Duralon-UV membranes (no.
420101; Stratagene) and digoxigenin-labeled probes (PCR DIG probe synthesis
kit, no. 11636090910; Roche). The attached probes were detected with the DIG
luminescence detection kit (no. 11363514910; Roche). All techniques were used
according to the method of Sambrook and Russell (53).

Quantification of penicillin (penicillin V) and biomass production. For quan-
tification of penicillin productivity, 5 g culture broth from shake flask cultures
grown for 144 h at 25°C and 230 rpm in a production medium were analyzed by
high-performance liquid chromatography (HPLC) (56). For quantification of
biomass production, 5-ml portions of culture broth (grown as mentioned above)
from each sample were filtered and dried for 18 h at 100°C.

Quantification of conidiation. Spores (2 X 10°) were spread on four indepen-
dent CM2 plates per strain and incubated for 168 h at 25°C. Areas of 1 cm in
diameter were cut out from each plate, pooled, and vortexed together with five
small glass balls in 5 ml M3 (8.5 g/liter NaCl, 1 ml/liter Tween 80) for 1.5 min.
Spores of each sample were counted three times in the Thoma chamber.

Microarray analysis. The custom-designed Affymetrix GeneChip
DSM_PENa520255F, representing the genome of P. chrysogenum Wisconsin54-
1255, was used for gene expression quantification (71). RNA was isolated from
the strains carrying the Aku70, AbriA, and AstuA mutations after 36, 48, 60, 72,
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and 96 h of growth on solid complete CM2 plates separated from the medium by
dialysis membranes. RNA of three biological replicates was pooled for sample
preparation and microarray hybridization (28). Differentially expressed genes
were determined using the R/Bioconductor packages limma and aftylmGUI (60,
74); raw data were preprocessed using the implemented RMA algorithm (31,
32). Correlation analysis was performed using GeneSpring 7.2 (Silicon Genetics)
and a correlation coefficient of =0.9. Heat maps were generated with the pro-
gram TreeView by Michael Eisen (version 1.60; Howard Hughes Medical Insti-
tute, University of California at Berkeley [http://rana.lbl.gov/EisenSoftware
.htm]).

Quantitative real-time PCR (qRT-PCR). RNA was extracted from three bio-
logical replicates of the niaD18, Aku70, AbrlA and AstuA strains in a time course
experiment on solid CM2 plates (see microarray analysis). Furthermore, from
three biological replicates of the Aku70 and stuA-OE strains, RNA was isolated
in a time course experiment in liquid production medium after 48, 72, 96, 120 and
144 h. From all RNA samples, cDNA was synthesized with the High-Capacity
c¢DNA archive kit (no. 4322171; ABI). qRT-PCR was carried out with 4 to 8
ng/pl cDNA. Detection was based on the SYBR green I dye detection system
(no. 4309155; ABI) and measured with a 7900HT Fast-Realtime PCR system
(Applied Biosystems). qRT-PCR assays were performed in triplicate for each
sample. Data analysis was performed according to the method of Nowrousian et
al. (48). All values were normalized to the housekeeping gene actA (Pc20g11630)
encoding y-actin.

Scanning electron microscopy. Strains were grown on solid complete CM2
plates at 25°C for 48 h and fixed with 2.5% glutaraldehyde in 0.1 M phosphate
buffer (pH 7.3). A brief washing in the same buffer was followed by 1 h of
postfixation with 1% aqueous OsO,, gradual dehydration with ethanol, and
critical point drying with liquid CO, (Bal-Tec CPD 030; Balzers, Liechtenstein).
Specimens were mounted on aluminum stubs with Leit C (Gocke, Plano GmbH),
sputtered with 10 nm Au/Pd (MED 020; Balzers, Liechtenstein), and examined
with a Zeiss field emission scanning electron microscope (FESEM, Gemini 982).

RESULTS AND DISCUSSION

Identification of the P. chrysogenum stuA and brid orthologs.
P. chrysogenum brlA and stuA were identified by homology
searches as described in Materials and Methods. P. chrysoge-
num brlA encodes a protein of 433 amino acids showing 63%
and 62% identity to the orthologs of A. nidulans and A. fu-
migatus, respectively (see Fig. S1 in the supplemental mate-
rial). P. chrysogenum stuA encodes a protein of 8§18 amino
acids. Alignment of the predicted P. chrysogenum StuA protein
shows 62% to 67% identity with the corresponding published
amino acid sequences of A. flavus, Neosartorya fischeri, A. nidu-
lans, and A. fumigatus, with A. flavus StuA being the most
similar ortholog. Interestingly, compared to the A. nidulans
and A. fumigatus orthologs, which are annotated as proteins
622 and 635 amino acids in length, respectively, the annotated
StuA orthologs of P. chrysogenum, A. flavus, and N. fischeri
contain an “N-terminal extension” of about 200 amino acids.
TBLASTN searches revealed that the amino acid sequence of
the N-terminal extension also is highly conserved in the A.
nidulans and A. fumigatus orthologs, indicating misannotation
of these two StuA-encoding orthologs (see Fig. S2 in the sup-
plemental material).

Generation of briA and stuA deletion strains. Deletion of
either the brl4 or the stuA locus was performed by replacement
of the respective coding region with the terbinafine resistance
gene ergA under the control of the xylose-inducible xylP pro-
moter (59, 80) using the bipartite marker technique (47) in a
Aku70 mutant (28), as described in Fig. S3A and B and “Gen-
eration of transformation fragments” in the supplemental ma-
terials. A total of 42 brlA knockout strains out of 221 transfor-
mants and 27 stuAd knockout strains out of 50 transformants
were verified by Southern blot analysis after reisolation. South-
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FIG. 1. Characterization of AbrlA and AstuA strains compared to the recipient Aku70 and niaD18 mutant strains. (A) Colony phenotypes on
solid complete CM2 after growth for 168 h at 25°C. Quantification of conidial formation in mutant and complemented strains was performed in
triplicate and repeated twice with two independent primary transformants of each strain; bars show standard deviations. (B) Scanning electron
microscopy of AbrlA and AstuA mutants. Both mutants lack conidia and conidiophores (yellow arrow indicates conidia on conidiophores in the
Aku70 mutant); the AbriA strain displayed zigzag growth and increased and abnormal branching (red arrows); AstuA strain hyphae were bundled
at the surface of the cultures (green arrow) and showed increased fragmentation (orange arrow).

ern blot analysis confirmed the homologous integration of the
selection marker as well as the loss of the gene to be deleted
(see Fig. S3A and B in the supplemental material). In conclu-
sion, the homologous brl4 and stuA recombination frequencies
correspond to about 19 and 54%, respectively, clearly reinforc-
ing the qualification of the P. chrysogenum Aku70 mutant as a
valuable recipient for gene deletion experiments. For simplic-
ity, only three deletants each of brl4 and stuA were used for
further analysis.

For reconstitution of the Abrl4 mutant, a functional copy of
the brl4 gene was inserted ectopically. This was achieved by
transforming the Abrl4A mutant with plasmid p4.122 containing
the brl4 gene and the erg4 selection marker gene driven by the
P. chrysogenum gene -y-actin promoter (Pc20g11630). This pro-
moter exchange enables a second selection on terbinafine with
glucose instead of xylose as a carbon source in the selection
medium, which represses the xyl/P-driven expression of ergA
(80). Four transformants, designated brl4-kom, were proved to
carry the brlA gene after single-spore reisolation and Southern

blot analysis (see Fig. S3C in the supplemental material). For
reconstitution, the AsfuA strain was transformed with plasmid
p4.196 carrying a functional copy of the stuA4 gene and the Tn5
phleomycin selection marker gene of E. coli driven by the ipnA
promoter of P. chrysogenum. Three transformants were iden-
tified as positive complementation strains (designated stuA-
kom), after single-spore reisolation and Southern blot analysis
(see Fig. S3D). Interestingly, further PCR and Southern blot
analyses (data not shown) demonstrated that in all three sfuA-
kom strains the entire plasmid p4.196 integrated homologously
at the stuA locus by single crossover.

Inactivation of either bri4 or stud blocks conidiation and
causes aberrant hyphal morphology. Primary transformants
lacking briA or stuA did not produce conidia and therefore had
to be propagated in hyphal form. Growth tests starting with
point inoculation of defined amounts of vegetative hyphae on
CM2 plates confirmed that both Abri4 and AstuA strains are
completely blocked in conidiation, as evident from visual (Fig.
1A) and light microscopic inspection (data not shown). In
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FIG. 2. Expression of briA, stuA, abaA, and medA in niaDIS8,
Aku70, AbriA, and AstuA strains in a time course experiment measured
by qRT-PCR. The results are given as means *+ standard deviations of
results for independent biological triplicates with technical triplicates.
Black diamonds, niaD18; black squares, Aku70; light gray triangles,
AbriA; medium gray circles, AstuA.

contrast, stuAd deficiency in both A. nidulans and A. fumigatus
results in the production of extremely shortened conidiophores
that lack metulae and phialides but produce conidia directly
from buds formed on the conidiophore vesicle (2, 58).

The complemented brlA-kom and stuA-kom strains showed
restored conidiation, demonstrating that the conidiation defect
was indeed caused by the deletion of the respective gene.
Interestingly, the AbriA strain formed wild-type-like white my-
celia whereas the Asfu4 mycelia were brown pigmented, indi-
cating deregulation of pigment biosynthesis (see below).

Scanning electron microscopy of 48-h surface cultures visu-
alized formation of conidiophores and conidia in the Aku70
mutant, while the AbrlA and AstuA mutants lacked these struc-
tures (Fig. 1B). Moreover, hyphae of the Abrl4 mutant showed
zigzag growth and hyperbranching; hyphae of the Astu4 mu-
tant congregated to thick bundles and displayed numerous
stumps, possibly indicating increased susceptibility to fragmen-
tation (Fig. 1B). Measurement of the biomass production after
144 h in submerged culture indicated that inactivation of either
brlA or stuA has no significant effect on the vegetative growth
rate (see Fig. S4 in the supplemental material).

Inactivation of either bri4 or stuA decreases expression of
developmental regulators. In a time course experiment, sam-
ples were taken after 36 h to 96 h of growth on solid medium.
qRT-PCR measurements revealed an increase of brl4 and
abaA transcript levels, whereas stuAd and medA levels remained
largely constant in both Aku70 and niaD18 strains (Fig. 2). A
difference in threshold cycle values (—AC;) of <—18 (i.e., a
decrease of <18 in C;) confirmed the deletion of the respec-
tive genes in Abrl4 and AstuA mutants (Fig. 2). Remarkably,
brlA was severely downregulated in the Astud mutant (—AC,
of —8, equaling about 250-fold), while stuA transcript levels
remained unaltered in the AbrlA mutant, which indicates that
StuA regulates the brlA transcript level but not vice versa.
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FIG. 3. Schematic summary of the genome-wide comparative ex-
pression profiling of AbriA and AstuA strains compared to the Aku70
strain. Genes were scored as deregulated when their expression was
=3-fold changed at =3 consecutive time points compared to the Aku70
strain. BRE and StRE elements in forward, reverse, or both orienta-
tions within 1,000 bp upstream of the start codons were considered.

Moreover, inactivation of either brl4 or stuA decreased expres-
sion of abaA (—ACy of up to —6, equaling about 60-fold) but
did not affect the medA transcript level. Interestingly, the briA
transcript level was still upregulated during the time course in
the AstuA mutant and the abaA transcript level was still up-
regulated during the time course in the AstuA and AbriA mu-
tants, demonstrating that expression of both bri4 and abaA is
responsive to more than one regulatory mechanism. Taken
together, these data reveal a regulatory cascade with BrlA
activating expression of abaA and StuA activating expression
of brl4 and abaA during conidiogenesis, whereby StuA might
influence abaA indirectly via BrlA.

Microarray analysis of Abri4 and AsfuA mutants reveals a
complex regulatory network. In order to gain more insight into
molecular changes associated with the gene deletions of briA
and stuA, the Aku70, AbrlA and AstuA mutant strains were
compared by genome-wide transcriptome analysis. For a time
course study, RNA was isolated from all strains grown on solid
CM2 for 36, 48, 60, 72 and 96 h. Formation of conidia was
observed after 48 h of growth for the Aku70 mutant but not the
AbrlA and AstuA mutants. All strains showed similar radial
growth rates, and therefore differences in the expression pro-
files of the two mutant strains are not expected to be caused by
differences in growth rate.

In the Aku70 strain, orthologs of 17 genes previously found
to encode regulatory and structural genes upregulated during
conidiogenesis in A. nidulans or A. fumigatus (2, 51, 68) were
upregulated =3-fold at three or more time points compared to
their status at the 36-h time point, e.g., the hydrophobin-en-
coding genes and the pigment biosynthetic genes (Table 1; see
Fig. 4A to D). In contrast, transcript levels of stuAd and medA
did not significantly change during the time course. The mi-
croarray-based expression profiles of brl4, abaA, stuA, and
medA nicely fit to the qRT-PCR analyses shown here (Fig. 2).
A schematic summary of the transcription profiling of the
Aku70, AbriA, and AstuA mutants is shown in Fig. 3. Compared
to the results for the Aku70 mutant, 438 genes were =3-fold
deregulated at three or more consecutive time points in the
AbrlA mutant, with 27% of these genes being upregulated and
73% being downregulated. In the AstuAd mutant, 828 genes
were deregulated, with 50% being upregulated and 50% being
downregulated. A total of 227 deregulated genes are common
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to both AbrliA and AstuA mutants, a majority, 68%, of which
were downregulated (see Table S4 in the supplemental mate-
rial). Within 1 kb of the 5’ upstream region, 58% of these
genes contain at least one BrlA response element (BRE) (M
RAGGGR) (13), 7% contain at least one StuA response ele-
ment (StRE) (WCGCGWNM) (17), and 23% contain both
elements. Taking into account the downregulation of brl4 by
inactivation of stuA4 (see above), these data indicate that StuA
might regulate the majority of these genes rather indirectly via
BrlA. The genes downregulated in both Abrl4 and AstuA mu-
tants enclosed orthologs of nine genes, including abaA, previ-
ously found to be involved in conidiogenesis in A. nidulans
(Table 1; Fig. 4B). Gene expression correlation analysis indi-
cated that 93 genes are coregulated with abaA (see Table S5 in
the supplemental material), 85 of which are downregulated in
both AbriA and AstuA mutants, including seven of the nine
orthologs previously identified to be involved in conidiogenesis
in A. nidulans (Fig. 4B). Of the 154 genes downregulated in
both AbriA and AstuA mutants and of the 93 genes coregulated
with abaA, 93.5% and 94.6%, respectively, contain at least one
AbaA-responsive element (CATTCY, identified in A. nidulans
[5]) within 1 kb of the 5’ upstream region. These data indicate
that the majority of genes downregulated in the AbriA and
AstuA mutants and coregulated with abaA are regulated via
AbaA. Interestingly, this gene set also includes an ortholog of
Asp F4 (Table 1), an allergen of A. fumigatus (16), which
indicates developmental regulation of allergen formation. Or-
thologs of seven other genes previously found to be involved in
conidiogenesis in A. nidulans, including wetA, were downregu-
lated in the Abrl4A mutant but upregulated at early time points
in the AstuA mutant (Table 1, Fig. 4C). Analysis of wetd
coregulated genes identified six of these seven genes and ad-
ditional 38 genes (Fig. 4C; see Table S6 in the supplemental
material). This suggests that these genes are activated by BrlA
(possibly via AbaA) but are temporally repressed by StuA, in
both cases most likely via WetA. A proposed regulatory
scheme is summarized in Fig. S5 in the supplemental material.

The derepression of genes encoding early steps of conidial
melanin synthesis (WA, arpA, arpB, and aygA) combined with
the repression of genes encoding late steps (abrA and yA)
might explain the brownish pigmentation of the AsfuA4 hyphae
(Fig. 1A and 4B and C), in particular as deletion of abr4 and
yA changes the conidial color from green to brown in A. fu-
migatus (34, 68). In agreement, in the Abri4 mutant, all these
pigment genes were repressed, resulting in white hyphae (Fig.
1A and 4B and C).

The 212 genes downregulated in the AsfuA mutant but not
the AbrlA mutant included pclAl and ppoC (Fig. 4D). Inter-
estingly, P. chrysogenum possesses three genes (pclAl, pclA2,
and pclA3) homologous to the single pcl-like cyclin-encoding
pclA of A. nidulans (55), whereas the three paralogs display
different expression patterns (Fig. 4B and D). ppoC encodes a
fatty acid oxygenase, contributing to the production of a se-
creted lipogenic signal molecule, that together with other fac-
tors (ppoA, ppoB) governs timing and balance of sexual and
asexual development in A. nidulans (69).

Other genes implicated in conidiogenesis in A. nidulans were
largely unaffected or affected =3-fold by inactivation of briA4
and stuA, e.g., medA, phiA, sfgA, pgal, velA, laeA, and the
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“flufty” genes fluG, tmpA, flbA, fIbB, fIbC, flbD, and fIbE (Table
1 and data not shown).

Similarly to P. chrysogenum, a complex regulatory network
involving BrlA, StuA, AbaA, and WetA with several feedback
loops controlling conidiogenesis has been characterized previ-
ously in A. nidulans and, in a more fragmentary form, in other
fungal species (1, 8, 49, 58). The numerous genes identified in
this study to be affected by deletion of brl4, stuA, or both, as
well as the genes found to be coregulated with abaA and wetA,
will now aid further elucidation of conidiogenesis of P. chryso-
genum and other fungal species.

Inactivation of stud or brid affects expression of secondary
metabolite-encoding genes. van den Berg et al. (71) identified
51 genes encoding putative nonribosomal peptide synthases
(NRPS), polyketide synthases (PKS), or hybrid enzymes pos-
tulated to be part of 39 gene clusters. This indicates that P.
chrysogenum has the potential to produce a variety of second-
ary metabolites. The genome-wide expression profiling re-
vealed that inactivation of either BrlA or StuA deregulates
expression =3-fold of six of these putative secondary metabo-
lite-encoding clusters (for the cluster definition, see the legend
to Fig. 4) and nine single genes encoding NRPS or PKS (Fig.
4E and F). Of these gene clusters, only one has been function-
ally characterized and shown to be responsible for biosynthesis
of the B-lactam antibiotic penicillin. The cluster containing the
putative NRPS Pc21g15480 and the tryptophan dimethylallyl
transferase Pc21g15430 (dmaW) most likely encodes the bio-
synthesis of the mycotoxin roquefortine C (33, 71). Roque-
fortine C, a prenylated indole derivative containing tryptophan
and histidine moieties, was isolated first from Penicillium
roqueforti and identified later in many Penicillium strains,
including P. chrysogenum. Roquefortine C is also the pre-
cursor for further prenylated indole alkaloids such as me-
leagrine, oxaline, and glandicolines (79). Among all StuA-
or BrlA-regulated gene clusters, the pencillin and roquefor-
tine C biosynthetic gene clusters were affected most signif-
icantly. Expression of both clusters was largely unaffected in
the AbrlA strain but drastically downregulated in the AstuA
strain (Fig. 4E). qRT-PCR analysis confirmed downregula-
tion of the penicillin biosynthetic genes pcbAB (—AC; of
—7, equaling about 130-fold), pcbC (—AC of —7, equaling
about 130-fold), and penDE (—AC, of —9, equaling about
500-fold) in the AstuA mutant but not the AbrlA mutant at
all time points (Fig. SA).

stuAd but not bri4 is essential for PENV production. To
further analyze the involvement of stud and brlA in secondary
metabolism, penicillin V (PENV) production was measured in
liquid cultures. In agreement with expression patterns of
PENYV biosynthesis genes scored on solid medium, PENV pro-
duction was wild-type-like in the Abrl4 mutant and 99% re-
duced in the AstuA mutant (Fig. 5B). Complementation of
AstuA with a functional stud copy restored productivity to
wild-type levels, reinforcing the crucial role of stuA in penicillin
biosynthesis. qRT-PCR analysis confirmed that inactivation of
stuA but not briA blocks PENV production by transcriptional
downregulation of the penicillin biosynthetic genes pcbAB,
pcbC, and penDE in liquid medium cultures (Fig. 5C) as well as
in solid medium cultures as shown above (Fig. 5A). These data
also show that the developmental regulator StuA, which is
essential for conidiation, also plays a role during submerged



978 SIGL ET AL. APPL. ENVIRON. MICROBIOL.

E) &
"M N .
3 <« I8
33 =3 -3
x X Q x 0 x
< 49 <9

£cccco
©COON®
o O~ O

36h
48h
60h
72h
96h
36h
48h
60h
72h
96h

Pc06g01470 hypothetical protein

Pc06g01480 MFS maltose transporter, putative

Pc06g01490 MFS amine transporter, putative®

Pc06g01500 conserved hypothetical protein®

Pc06g01510 conserved hypothetical protein®

Pc06g01520 cytochrome P450 monooxygenase, putative*®
Pc06g01530 NmrA family transcriptional regulator, putative*®
Pc06g01540 dular NRPS-like enzyme, putative*®
Pc06g01550 transcription factor, putative

Pc16g00300 RNA splicing protein mrs2, mitochondrial, putative
Pc16g00310 FAD binding domain-containing protein*°+
Pc16g00320 conserved hypothetical protein*+

Pc16g00330 conserved hypothetical protein*

Pc16g00340 short-chain dehydrogenase/reductase family protein, putative*
Pc16g00350 conserved hypothetical protein

Pc16g00360 cytochrome P450 monooxygenase, putative*°+
Pc16g00370 6 ylsalicylic acid sy , putative PKS
Pc16g00380 para-hy y polyprenyltr p
Pc16g00390 amidohydrolase family protein*

Pc16g00400 cytochrome P450 oxidoreductase, putative*
Pc16g00410 transcription factor, putative

Pc169g09860 patatin-like serine hydrolase, putative

A)

Aku70 -
Aku70 36h
AbriA -
Aku70
AstuA -
Aku70

}
|

60h
72h
96h

briA (Pc06g00470)*°+
stuA (Pc13g04920)°

pclA2 (Pc03g00090)*°+

abaA (Pc16g09610)=+ Pc169g09870 carboxyphosph Ipyruvate ph h like protein®
5 e Pc16g Yy p
-"'"'X(P°2°91°27°) i Pc16g09890 hypothetical protein®
abrA (Pc21g16380)*°+ Pc O: ase,
g y ) P
rodB (Pc21g18350)*°+ Pc16g09910 O y ase, p i

yA (Pc22g08420)*°+
rodA (Pc22g14290)*°+

dewB (Pc13g16010)*°+
PclA3 (Pc22926190)*°+

Pc169g09920 cytochrome P450 monooxygenase, putative*®
Pc1 30 mor dular NRPS-like y p! i
Pc16909940 20G-Fe(ll) oxyg family oxidored p
Pc conserved protein

Pc16g permease, p

Pc16g09970 transcription factor, putative

Pc21g01680 hypothetical protein

Pc21g01690 MFS boxylate ter, p
Pc21g01700 mitochondrial enoyl p i
Pc21g01710 NRPS, putative*

Pc21g01720 amino acid transporter, putative®
Pc21g01730 MFS quinate transporter, putative

Pc21g15400 hypothetical protein
Pc21g15410 transposon, putative®

yp

dewA (Pc16g06690)*

wA (Pc21g16000)*°+

arpA (Pc21g16420)*+
arpB (Pc21g16430)*+
aygA (Pc21g16440)*+
wetA (Pc22g03220)*+
catA (Pc20g06360)*°+

Pc21g15420 efflux pump antibi i protein, p ive®+ o
pclA1 (Pc16g08700)°+ Pc21g15430 dimethylallyl tryptog Y putative (dmaW)°+ ¥
ppoC (Pc18900240)° Pc21g15440 UbiE/COQS5 family methyltransferase, putative®+ 5

Pc21g15450 cytochrome P450 monooxygenase, putative®+ §

Pc21g15460 MAK1-like monooxygenase, putative®+ S

Pc21g15470 cytochrome P450 oxidoreductase, putative®+ =

Pc21g15480 NRPS, putative®+

Pc21g15490 protein phosphatase, putative

Pc21g21360 hypothetical protein &

Pc21g21370 acyl yme A:iPN acy ase AAT/PenDE® £

Pc21g21380 isopenicillin N synthase ips/PcbC® ‘E’

Pc21g21390 alph: i dipyl-cysteiny line NRPS PcbAB/AcvA® 3

Pc21g21400 hypothetical protein

-
o

Pc12g13170 dular NRPS-like p ive*+
Pc13g08690 PKS, putative*°+

Pc13g14330 NRPS, putative*°+

Pc14g01790 NRPS-like enzyme, putative®

Pc16g04690 NRPS, putative®

Pc20g12670 NRPS-like enzyme, putative®

Pc21g00960 PKS, putative®

Pc21g04840 PKS, putative®

Pc22g09430 NRPS-like enzyme, putative®

n
o
o

log2

FIG. 4. Heat map representation of the microarray analysis of Abrl4 and AstuA mutants compared to the Aku70 mutant, including orthologs
of genes previously implicated in conidiogenesis in A. nidulans or A. fumgatus and genes potentially involved in secondary metabolism. (A) briA
and stuAd mutants. (B) Conidiogenesis-related genes downregulated in both Abri4 and AstuA mutants. (C) Conidiogenesis-related genes down-
regulated in the AbrlA mutant. (D) Conidiogenesis-related genes downregulated in AstuA4 mutant. (E) Gene clusters containing NRPS- or
PKS-encoding genes deregulated in either the Abri4 or the AstuA mutant or both. (F) Individual NRPS- or PKS-encoding genes deregulated in
either the AbriA or AstuA mutant. The left column displays the time course expression in the Aku70 mutant, with all values normalized to the
respective 36-h value; +, genes upregulated =3-fold at three or more consecutive time points compared to results at the 36-h time. The right
column displays the change in transcript levels in Abrl4 and AstuA mutants, respectively, normalized to the same time point as the Aku70 mutant.
Values are shown in log 2 scale in green for downregulation and red for upregulation. * and °, genes deregulated =3-fold at three or more
consecutive time points compared to Aku70 in AbriA and AstuA strains, respectively. abaA coregulated and wetA coregulated genes are shown in
blue and red, respectively. Gene clusters were regarded as deregulated when three or more genomically neighboring genes were =3-fold
deregulated at three or more consecutive time points; gaps of single less-regulated genes were allowed for three or more neighboring genes; the
heat map representation of regulated gene clusters includes the flanking unregulated genes. NRPS and PKS in panel E are shown in blue.

growth. StuA has the most severe influence on PENV produc- 22 putative secondary metabolite-encoding gene clusters were
tion among all identified regulators yet. Recently, deficiency in found to be StuA dependent (15, 70), including those for
LaeA and VelA was shown to decrease PENV production in synthesis of gliotoxin, pseurotin A, and the alkaloids fumiga-
the same P. chrysogenum strain grown under identical condi- clavin and fumitremogen. Moreover, the StuA ortholog was
tions by approximately 80% (27). In Aspergillus fumigatus, 6 of found to play a crucial role in production of the mycotoxin
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FIG. 5. Penicillin biosynthesis by Abri4 or AstuA. (A) qRT-PCR analysis of the expression of penicillin biosynthetic genes in a time course
experiment. (B) Quantification of PENV production by HPLC analysis. Mean values = standard deviations are derived from biological sextupli-
cates. (C) qRT-PCR analysis of the expression of the penicillin biosynthetic genes in panel B. The results are given as means * standard deviations
of three independent biological with three technical triplicates. Black diamonds, niaDI; black squares, Aku70; light gray triangles, Abrl4; medium

gray circles, AstuA.

alternariol in Stagnospora nodorum (30), underlining the im-
pact of StuA orthologs on secondary metabolism.
Overexpression of stud derepresses conidiation during sub-
merged growth but does not affect PENV production. To fur-
ther analyze the role of sfud in conidiogenesis and PENV
production, stuA was overexpressed by replacement of its na-
tive promoter by the Pc22g-P promoter, which drives the con-
stitutively highly expressed gene Pc22¢10010 (28) in the Aku70
strain as described in “Generation of transformation frag-
ments” in the supplemental material. Six of 13 transformants,
termed stuA-OE, were proved, by single-spore reisolation and
Southern blot analysis, to carry the promoter replacement (see
Fig. S3E in the supplemental material). stuAd-OE colonies ap-
peared phenotypically identical on CM2 plates compared to
the recipient strain but displayed an approximately doubled
production of conidia (Fig. 1A). Remarkably, overexpression
of stuA resulted in heavy conidiation during submerged growth
(Fig. 6A), causing dark green staining of the culture broth.
qRT-PCR demonstrated that the promoter replacement in-
deed caused overexpression of stuAd, up to 4 —AC, units,
equaling about 16-fold (Fig. 6B). Moreover, qRT-PCR analy-
ses proved that stuA overexpression causes upregulation of

brlA (—AC; of up to 3, equaling about 8-fold) and abaA
(—ACy of up to 6, equaling about 60-fold), which underlines
the positive role of stuA in regulation of brlA and abaA iden-
tified in the stuAd deletion analysis (see above). Consequently,
the induction of conidiation during submerged growth might
be due to upregulation of stuA, brlA, abaA, or a combination.
In A. nidulans, overexpression of either fluG, flbA, tmpA, fibC,
or flbD but not flbB was shown to induce brl4 expression and
conidiation in submerged cultures (2, 18, 38). Moreover, over-
expression of brlA induces the expression of abaA and wetA
and conidiation during submerged growth in A. nidulans (1,
24), while overexpression of abaA, stuA, and wetA does not
result in conidiation (17, 24, 39). In further contrast to results
with P. chrysogenum, forced expression of stuA in submerged
cultures leads to repression of abaA in A. nidulans, indicating
differences despite the general conservation of the regulatory
system in these two species.

In contrast to conidiation, stuA overexpression did not
influence PENV production (Fig. 5B). In agreement, the
transcript levels of the penicillin biosynthesis genes pcbAB,
pcbC, and penDE were similar in stuA-OFE and Aku70 strains
(Fig. 6B).
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FIG. 6. (A) stuA overexpression derepresses conidiation in sub-
merged growth in minimal medium. MM1-containing flasks were in-
oculated with Aku70 and stuA-OE-1 strains and incubated for 120 h at
25°C. (B) Expression of penicillin biosynthetic genes, stuA, brlA, and
abaA in stuA-OE-1 and Aku70 strains, measured by qRT-PCR. The
results are given as means * standard deviations of independent bio-
logical triplicates with technical triplicates. Black squares, Aku70; light
gray triangles, stuA-OE-1.

Analysis of a putative StuA-binding site in the penDE pro-
moter. A search in the promoter regions of pcbAB, pcbC, and
penDE strains for a putative StuA response element (StRE)
(WCGCGWNM) identified in A. nidulans (17) revealed a sin-
gle putative StRE 50 bp upstream of the penDE start codon. In
order to analyze its functionality, StuA-binding activity was
inactivated by mutation of two nucleotides within the core
sequence, as described previously in A. nidulans (17). Native
and mutated penDE promoters were fused to the E. coli uidA
reporter gene and integrated at the Pcku70 locus using the
terbinafine resistance gene ergA as a selection marker, driven
by the acnP promoter, as described in “Generation of trans-
formation fragments” in the supplemental material. After sin-
gle-spore reisolation, Southern blot analysis demonstrated that
3 out of 9 transformants carried the reporter constructs with
the native promoter (strain GUS) and 9 out of 27 transfor-
mants with the mutated promoter (strain GUS-m) (see Fig.
S3F in the supplemental material). Notably, growth rate,
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conidiation, and penicillin production were wild-type-like in all
reporter strains, indicating that the transformation procedure
did not result in side effects (data not shown). qRT-PCR ana-
lyses did not reveal differences in the expression of uidA in the
reporter strains carrying the native and mutated penDE pro-
moter (see Fig. S6 in the supplemental material), indicating
either that the putative StuA-binding site is not functional or
that the performed mutation did not inactivate StuA binding.

Conclusion. Taken together, these data indicate an intimate
but not exclusive link between regulation of conidiation and
secondary metabolism in P. chrysogenum. Inactivation of stuA
was demonstrated to block both conidiation and PENV pro-
duction. Consistently, deficiency in LacA and VelA was re-
cently shown to decrease conidiation and PENV production in
the same P. chrysogenum strain grown under identical condi-
tions by 80% (27), underlining the link between development
and secondary metabolism. On the other hand, inactivation of
the Ga subunit of a heterotrimeric G protein, Pgal, increases
conidiation but decreases production of penicillin and roque-
fortine C (19), and inactivation of brl4 blocks conidiation but
does not affect PENV biosynthesis in P. chrysogenum (see
above).
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