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Bioactive small molecules are critical in Aspergillus species during their development and interaction with
other organisms. Genes dedicated to their production are encoded in clusters that can be located throughout
the genome. We show that deletion of hdaAd, encoding an Aspergillus nidulans histone deacetylase (HDAC),
causes transcriptional activation of two telomere-proximal gene clusters—and subsequent increased levels of
the corresponding molecules (toxin and antibiotic)—but not of a telomere-distal cluster. Introduction of two
additional HDAC mutant alleles in a AhdaA background had minimal effects on expression of the two
HdaA-regulated clusters. Treatment of other fungal genera with HDAC inhibitors resulted in overproduction
of several metabolites, suggesting a conserved mechanism of HDAC repression of some secondary-metabolite
gene clusters. Chromatin regulation of small-molecule gene clusters may enable filamentous fungi to success-
fully exploit environmental resources by modifying chemical diversity.

A distinguishing characteristic of filamentous fungi is their
ability to produce a wide variety of small molecules that aid in
their survival and pathogenicity. These include compounds,
such as pigments, that play a role in virulence and protect the
fungus from environmental damage, as well as toxins that kill
host tissues or hinder competition from other organisms.
These secondary metabolites (SM) (27) can also impact hu-
mans in both beneficial and detrimental ways. Many widely
used pharmaceuticals are natural products of fungi, as are
some of the most potent carcinogens yet identified. Genetic
studies, augmented by analysis of whole genome sequences,
have revealed that most fungal SM biosynthetic genes are
found in compact clusters functioning as individual genetic loci
(27). The genus Aspergillus, whose members include toxin-
producing pathogens (Aspergillus flavus and A. fumigatus) and
pharmaceutical-producing species (A. nidulans and A. terreus),
is renowned for prodigious metabolite production and serves
as the model for natural-product exploration. Detailed com-
parison of the genomes of several aspergilli indicates a
genomic landscape in which the greatest diversity between
species is represented in these SM clusters (28).

There has been considerable debate as to the role that
gene clustering plays in the secondary metabolism of fungi.
Such gene arrangement must be advantageous to the fungus;
if natural selection did not favor clustering, one would as-
sume that processes such as gene translocation and unequal
crossing over would have caused dispersal over evolutionary
history. Support for horizontal transfer from prokaryotes, in
which genes are often arranged into operons, exists for the
penicillin biosynthetic cluster (9) but not for other fungal
clusters. A prokaryotic gene transfer hypothesis is weakened
by the fact that fungal SM genes often contain introns and

* Corresponding author. Mailing address: Plant Pathology Depart-
ment, Russell Laboratories, University of Wisconsin—Madison, 1630
Linden Drive, Madison, WI 53706. Phone: (608) 262-9795. Fax: (608)
263-2626. E-mail: npk@plantpath.wisc.edu.

¥ Published ahead of print on 6 July 2007.

1656

employ codon usage typical of other fungal genes. Another
hypothesis holds that clustering provides a selective advan-
tage to the cluster itself in that the arrangement makes
propagation of the genes by means of horizontal transfer
more successful (40). However, the importance of horizon-
tal transfer of gene clusters among fungi has not been ade-
quately explored to determine the merit of this hypothesis.
This study focuses instead on the hypothesis that a common
regulatory mechanism(s) underlies the SM cluster motif
(25). Specifically, we have investigated whether clustering of
SM biosynthetic genes allows coregulation through localized
modification of chromatin structure.

SM clusters in Aspergillus species tend to be located near the
telomeres of chromosomes (28), and a recent genome exami-
nation of the rice blast fungus Magnaporthe oryzae located at
least two SM clusters within 40 kb of its telomeres (32). This
locational bias may reflect in part an increased efficiency of
epigenetic regulation at chromosomal subtelomeres—telo-
mere-adjacent regions characterized by repeated DNA se-
quences (31). Though little is known about subtelomeric gene
regulation events in aspergilli or other filamentous fungi, SM
cluster regulation has been shown to be location dependent.
Translocation of an A. parasiticus SM cluster gene to a chro-
mosomal location outside of its native cluster can exempt it
from coregulation with the rest of the cluster (14). The char-
acterization of the protein LaeA also supports the case for
chromatin-based regulation of SM clusters. LaeA acts as a
global transcriptional regulator of SM clusters in several as-
pergilli and appears to be a protein methyltransferase with
limited homology to histone methyltransferases (4). Impor-
tantly, LaeA also demonstrates a positional bias, as transfer of
genes into or out of an SM cluster leads to gain or loss,
respectively, of transcriptional regulation by LaeA (5). Chro-
matin regulation of gene expression is thought to be directed
by modifications of histones, such as methylation and acetyla-
tion, that form the language of a combinatorial code. Histone
modification patterns likely control the interaction of histones
with transcriptional activators and repressors (23).
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nidulans strains used in this study

Strain

Genotype

Strains used in experiments”
RDIT 2.3

veAl

AstcE::argB veAl wA3
AlaeA::metG veAl wA3

AlaeA::metG AstcE::argB veAl wA3

AhdaA::pyrG veAl wA3
AhdaA::pyrG AstcE::argB veAl wA3
AhdaA::pyrG AlaeA::metG veAl wA3

AhdaA::pyrG AlaeA::metG AstcE::argB veAl wA3

AhstA::argB veAl wA3
AhstA::argB AstcE::argB veAl wA3

AhstA::argB AlaeA::metG veAl wA3

AhstA::argB AlaeA::metG AstcE::argB veAl wA3
AhosB::argB veAl wA3

AhosB::argB AstcE::argB veAl wA3

AhosB::argB AlaeA::metG veAl wA3

AhosB::argB AlaeA::metG AstcE::argB veAl wA3
AhdaA::pyrG AhstA::argB AhosB::argB AstcE::argB veAl wA3

TIW 65.7

AhdaA::;pyrG AhstA::argB AhosB::argB AlaeA::metG AstcE::argB veAl wA3

Strains for sexual crosses”

AtdiB::pyrG pyroA4 veAl

biAl argB2 veAl

AhdaA::pyrG riboAl chAl yA2 veAl pyrG89
AhstA::argB biAl veAl argB2
AhosB::argB biAl veAl argB2

RDIT 30.12

AlaeA::metG AstcE::argB trpC801 pyrG89 veAl wA3
trpC801 argB2 metG1 veAl

RDIT 55.12

trpC801 argB2 metG1 pyrG89 pyroA4 veAl

REKS 1.1

AhdaA::pyrG argB2 pyroA4 veAl

“ Strains were used directly in experiments described in this paper.
b Strains were used only for sexual crosses or transformation.

Arguably the most widely studied and best understood
histone modification is acetylation. Histone acetylation
states are dynamic and are controlled by the opposing ac-
tions of histone acetyltransferases and histone deacetylases
(HDAG:s). As a general rule, hypoacetylation of histones
tends to be associated with heterochromatin and gene si-
lencing, while hyperacetylation is more commonly associ-
ated with euchromatin and gene activation (34, 39). Hy-
poacetylation of chromatin is also predominant in subtelomeric
chromosomal regions (24). In the model fungus 4. nidulans, the
HDACs have been studied in particular detail (20, 38, 39).
Therefore, this group of enzymes was chosen to study the
effects of histone deacetylation on small-molecule production.
We examined the effects of HDAC loss on the three best-
characterized SM clusters in A. nidulans, the sterigmatocystin
(ST) (a member of the carcinogenic and insecticidal aflatoxins)
cluster (8), the penicillin (PN) (an antibiotic) cluster (7), and
the terraquinone A (TR) (an antitumor agent) cluster (6). All
three clusters are positively regulated by LaeA (3, 4). We
created isogenic lines differing only in loss of one or more of
the HDAC genes, hdaA, hosB, and hstA. The class 2 enzyme
HdaA is responsible for the majority of HDAC activity in A.
nidulans (38). HosB is an enzyme belonging to the HOS3-like
subcategory of HDAC:s that is apparently unique to fungi (39),
and HstA is an HDAC with homology to the NAD *-depen-
dent sirtuin class. Sirtuin HDACs are known to be involved in
the formation of heterochromatin in a broad range of species,
including a number of fungi (10).

MATERIALS AND METHODS

Fungal strains. Knockout procedures for hdaA, hosB, and laeA have been
described previously (4, 38). AstA deletion mutants were generated by replacing
the gene with the selection marker argB in the A. nidulans strain A89 (Table 1).
PCR with primers Asir2kof and Asir2kor (Table 2) was used to amplify /isz4 and
flanking sequence from the cosmid W23D09. The amplification product was
ligated into a pGEM-T vector, and the coding sequence of /ist4 was eliminated
with BamHI/NarI and replaced by a BamHI/Clal-excised argB fragment. The
resulting AstA deletion construct consisted of argB and ~1,400 bp of the flanking
region upstream and downstream of hstA. Transformation of A. nidulans was
performed after elimination of the pGEM vector with Apal and Spel. The
excised fragment was gel purified, and 7.5 ug of the DNA fragment was used for
the transformation procedure. Putative deletion strains were verified by PCR and
Southern blot analysis.

TABLE 2. PCR primer sets used in Ast4 knockout and to generate
probes for Northern blot assays

Gene Primer Sequence

hstA Asir2kof 5’ACGAGAATATATCTCCCG3'
Asir2kor 5'CAACGCAAAGCATATATCG3’

Actin ActF 5'CTCTCCCCTTCTCTCCTCCACTT3’
ActR 5'CCGCACTCATGGTACTCCTGCTT3'

AN2647.3 penSF3 S'TTCTTGTGACGTAGGAATTGGCC3’
penSR3 5S'TGATCTGTGAGCCTGGCCTCC3'

AN7830.3 upSTF 5'GAAGAGTTCTTGAATGAATTTGACG3’
upSTR 5'GCAGCGTAGGCATTTGCCCTC3'

penDE penDEF 5’ACGAATCCGGTTGGCATCGGC3’
penDER 5S'TGAGCTCTGTGACCTGCTGGC3'

tdiA tdiAF 5S'TCTGCTGCATCAGGCAGAGGC3’
tdiAR S'TATTGATGCGGTGGATGATAGCG3'

tdiB NAIf1 5'AGCACTCCTTCCTCCCTCGTG3'
NAIr1 5S'TCCTATACTTGCCACTCAGCCC3’
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FIG. 1. Chromosomal locations of ST, PN, and TR gene clusters and flanking genes. The Roman numerals to the right of the diagram indicate

chromosome numbers. Distances are not to scale.

Table 1 lists all of the 4. nidulans strains used for this study. All strains were
maintained as glycerol stocks. Some strains are not discussed in the text but were
used for sexual crosses to obtain the strains of interest. Sexual crosses of A.
nidulans strains were conducted according to standard methods (30). Strain
genotypes were identified by PCR amplification of the correct allele, followed by
confirmation of the allele by Southern blot analysis according to standard pro-
cedures (36). Strains of Alternaria alternata and Penicillium expansum were wild-
type strains provided by the laboratory of Craig Grau at the Department of Plant
Pathology, University of Wisconsin—Madison.

SM analysis. Published procedures were used to extract and analyze ST; its
precursor; norsolorinic acid (NOR) (regulated identically to ST and derived
from the same cluster) (12); PN; and TR (3, 4). Prior to ST and NOR extractions,
all A. nidulans strains were point inoculated onto solid glucose minimal medium
(GMM) in 10-cm-diameter petri dishes and incubated for 72 h at 37°C (37). ST
extractions were also performed at 48 h, yielding similar results (data not shown).
Prior to SM extraction, A. alternata and P. expansum strains were point inocu-
lated onto solid GMM in 10-cm-diameter petri dishes and incubated for 72 h at
37°C on solid potato dextrose agar (Difco Laboratories, Sparks, MD). Solid-
medium plates for all fungal strains were point inoculated with approximately 10*
spores in 10 pl of water. For experiments involving H,O,, the chemical was
added to media following autoclaving, after the media had cooled to 50°C; 30%
(wt/wt) H,O, in water was added to molten GMM agar to produce final con-
centrations of 0, 1, 2, or 3 mM. Dilutions of H,O, were made with water so that
an equal volume was added to the media to produce each of these concentra-
tions. Prior to the PN assay, strains were inoculated into 50 ml liquid GMM at
a spore concentration of approximately 10° spores/ml and incubated for 72 h at
37°C with shaking at 280 rpm. For experiments involving trichostatin A (TSA)
(Invitrogen, San Diego, CA), the TSA was suspended in 100% ethanol and
added to molten medium (GMM or potato dextrose agar) after it cooled to 50°C.
TSA was dissolved in ethanol (0.45 mg/ml) and added to media to obtain a final
concentration of 1 uM TSA. In control plates, an equal volume of ethanol was
added. Prior to TR extraction, conidia of A. nidulans strains were inoculated into
50 ml liquid GMM to a concentration of approximately 10° conidia/ml and
incubated for 72 h at 37°C with shaking at 280 rpm. For ST visualization, dried
extracts from all culture types were resuspended in 100 .l of chloroform, and 5
wl was separated in a liquid phase consisting of toluene-ethyl acetate-acetic acid
(8:1:1) on silica-coated thin-layer chromatography (TLC) plates. For TR visual-
ization, a mixture of hexane-ethyl acetate (4:1) was used as the liquid phase for
TLC. The AtdiB strain TIW 65.7 was used as a reference to determine the TR
migration distance (3). Quantification of ST and TR from A. nidulans extracts
and unknown compounds from A. alternata and P. expansum on TLC plates was
accomplished using a CAMAG II densitometer, according to the manufacturer’s

instructions. A wavelength of 245 nm was used for all analyses. Quantification of
PN from A. nidulans extracts was determined by measuring the diameter of
bacterial clearing around each well containing extract (4). All experiments were
performed in triplicate.

Nucleic acid analysis. The extraction of DNA from fungi, restriction enzyme
digestion, gel electrophoresis, blotting, hybridization, and probe preparation
were performed by standard methods (36). Total RNAs were extracted from A.
nidulans strains by use of Trizol reagent (Invitrogen) according to the manufac-
turer’s instructions. Extractions were made from mycelia of cultures (10° spores/
ml) grown in 50 ml liquid GMM at 37°C for 12, 24, 36, 48, or 72 h with shaking
at 280 rpm. For experiments involving H,O,, the chemical was added to media
following autoclaving, after the media had cooled to 37°C; 30% (wt/wt) H,O, in
water was added to 50 ml of liquid GMM to produce final concentrations of 0,
1, 2, or 3 mM. Dilutions of H,0, were made with water so that an equal volume
was added to the media to produce each of these concentrations. RNA blots
were hybridized with a 0.7-kb SacII-KpnI fragment from the plasmid pRB7
containing the stcU coding region, a 1.3-kb EcoRV-Xhol fragment from plasmid
pJW19 containing the afiR coding region, or a 1.1-kb EcoRI-HindIII fragment
from the plasmid pUCHH(458) containing the ipnA coding region. PCR with
gene-specific primers was used to generate probes for actin, AN2647.3,
AN7830.3, penDE, tdiA, and tdiB. Primer sequences are shown in Table 2. All
experiments were performed in duplicate or triplicate.

Statistical analysis. For statistical analyses, a probability of type I error of less
than 0.01 was considered statistically significant. Where only two treatments were
compared, the significance of variation was determined using Student’s ¢ test.
Where more than two treatments were compared, analysis of variance was used
to determine the significance of overall variability among treatments, followed by
a Neumann-Keuls test to compare individual pairs of treatments. The Microsoft
Excel data analysis package was used to perform analysis of variance and ¢ tests.
Neumann-Keuls tests were performed by hand.

RESULTS

Location of clusters. Several HDACs are known to regulate
genes located in subtelomeric regions of other genomes (15,
19, 21, 22, 34, 41); thus, we were interested in identifying the
locations of the three SM clusters in our study. Two of the
three clusters are within 100 kb of the telomere: the ST cluster
is 90 kb from the chromosome IV telomere, and the PN cluster
is 30 kb from the chromosome VI telomere. In contrast, the
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FIG. 2. Production of ST, PN, and TR in the AhdaA mutant. (A) TLC plate showing ST extracted from wild-type (WT) and AhdaA strains. ST
was extracted from 72-h cultures on solid media in triplicate. Similar results were obtained from 48-h cultures (data not shown). (B) Bacterial
growth inhibition assay plate showing PN production by WT and AhdaA strains in lae4A and AlaeA genetic backgrounds. The relative sizes of
bacterial growth inhibition zones correspond to relative production of PN. The right half of the plate is a control treated with B-lactamase. PN was
extracted from 72-h liquid shake cultures in triplicate and quantified using a bacterial growth inhibition assay. (C) TLC showing production of TR
by WT and AhdaA strains. TR was extracted from 72-h cultures in liquid media in triplicate. The AtdiB strain, which does produce TR (3), was

used as a reference to determine the TR migration distance.

TR cluster is 700 kb distal from the nearest telomere on chro-
mosome V (Fig. 1). Both the ST and PN clusters functionally
fulfill the definition of subtelomeric, as the intervening se-
quence between the clusters and telomere is characterized by
repeated DNA found at the majority of A. nidulans chromo-
some ends. Such repeated sequences were not identified in the
areas surrounding the TR cluster (Fig. 1). Subtelomere lengths
vary considerably among eukaryotes; while Kluyveromyces lac-
tis subtelomeres span only about 30 kb (17), those of humans
may reach over 300 kb in length (33), and in trypanosomes,
subtelomeric regions may make up the majority of the chro-
mosome (13).

Production of SMs and expression of biosynthetic genes in
the AhdaA mutant. Prior experimentation had shown HdaA to
exhibit most of the detectable HDAC activity in A. nidulans
(38), and thus, our first studies examined the effect of loss of
this allele on SM production. Production levels of ST; its pre-
cursor, NOR; PN; and TR were compared between the wild
type and the AhdaA strain. The AhdaA mutant, which showed
a wild-type growth rate, had increased production of subtelo-
meric metabolites (ST and PN) but unaltered TR levels (Fig.
2). As expected, NOR production paralleled ST production in
the mutant (data not shown).

We used representative genes of the ST and PN clusters to
examine whether the increased ST and PN production in the
AhdaA strain correlated with mRNA production. For the ST
cluster, these genes included aflR, which encodes a DNA-
binding transcription factor required for expression of biosyn-
thetic genes in the cluster (18, 43), and stcU (formerly verAd),
encoding a ketoreductase essential for ST production (26).
afiR expression should correlate with expression of the entire
cluster, while expression of stcU serves as an additional check,
as this gene is known to be under the control of AfiR and the
two genes are located toward opposite ends of the cluster (Fig.
1). For the PN cluster, we examined two of the three genes in
the cluster, ipn4 and penDE (aatA), encoding an isopenicillin
N synthetase and an isopenicillin N acyltransferase, respec-
tively. Both genes are essential for PN production (7).

Transcription of the ST cluster is not readily observed until
between 40 and 48 h of growth in the wild type (Fig. 3A), but
stcU and afiR were strongly up-regulated in the AhdaA strain

after only 36 h of growth, in contrast to no effect on an adjacent
noncluster gene (AN7830.3) (Fig. 1 and 3A) and actin control
(Fig. 3A). Neither the wild type nor the AhdaA strain showed
transcription of ST genes at 24 h, and by 48 h, both strains
showed approximately equal amounts of ST gene expression
(Fig. 3A). Similar results were obtained for the PN cluster.
Although some level of PN cluster expression was observed in
the wild type at even the earliest time points examined, tran-
scription of ipnA and penDE was considerably up-regulated in
the AhdaA strain at 24 h (Fig. 3B), in contrast to an adjacent
non-PN cluster gene (AN2647.3) (Fig. 1 and 3B) and actin
control (Fig. 3B). ipnA transcription was also strongly in-
creased at 12 h, but by 48 h, expression in the AhdaA strain was
only slightly above wild type (Fig. 3B). Thus, in the cases of
both the ST and PN clusters, HdaA appears to be involved in
suppressing cluster expression during early stages of fungal
development. As expected, expression of genes in the TR clus-
ter, tdiA and tdiB, was not affected by hdaA loss (Fig. 3C).
Thus, HdaA regulation specifically targets the two subtelo-
meric SM clusters.

HosB and HstA contributions to SM regulation. We were
also interested in determining if other HDAC:sS affected expres-
sion of the two HdaA-regulated clusters. NOR and PN pro-
duction were examined and compared in all single HDAC
mutants, as well as a triple mutant created by sexual cross. As
shown in Fig. 4, only the AhdaA strain had a significant effect
on metabolite production (an approximately 2-fold increase in
NOR and 2.5-fold increase in PN) over the wild type. How-
ever, a mutant in which all three HDAC genes were nonfunc-
tional showed an approximately threefold increase in produc-
tion of NOR compared to the wild type (Fig. 4A), suggesting
that the effects of the HDACs may be additive for some clus-
ters.

Oxidative stress and SM cluster expression. As the AhdaA
mutant is known to have increased susceptibility to oxidative
stress due to deficient production of the enzyme catalase (38),
we considered the possibility that the observed effects of this
mutation on SM cluster expression might be the result of
increased oxidative stress. In order to determine if oxidative
stress mimics the gene expression phenotype of the AhdaA
strain, we examined expression of the ST, PN, and TR cluster



1660 SHWAB ET AL.

EUKARYOT. CELL

actin

AN7830.3

48 hours

rRNA

48 hours

72 hours

FIG. 3. Expression of ST, PN, and TR cluster genes in the AhdaA mutant. (A) Northern blots showing expression of the ST cluster genes stcU and
afiR, as well as AN7830.3 (a gene approximately 16 kb telomere proximal from the ST cluster), and actin, by wild-type (wt) and AhdaA strains of A.
nidulans. RNA was extracted after 24, 36, or 48 h of growth in liquid shake cultures in duplicate. (B) Northern blots showing expression of the PN cluster
genes ipnA and penDE, as well as AN2647.3 (a gene approximately 50 kb telomere distal from the PN cluster) and actin, by WT and AhdaA strains of
A. nidulans. RNA was extracted after 12, 24, or 48 h of growth in liquid shake cultures in duplicate. (C) Northern blots showing expression of the TR
cluster genes tdiA and tdiB, as well as actin. RNA was extracted after 24, 36, or 72 h of growth in liquid shake cultures in duplicate.

genes in cultures of wild-type A. nidulans grown in liquid media
containing concentrations of the oxygen radical-producing
compound H,O, ranging from 0 mM to 3 mM (Fig. 5) at times
showing the greatest AhdaA effects (e.g., 36 h for the ST cluster
and 24 h for the PN cluster) (Fig. 3). Figure 5 demonstrates
that neither afIR nor ipnA was affected by H,O, treatment, nor
were flanking genes or actin. Concomitantly, H,O, had no
discernible effect on ST production (Fig. 5C). Interestingly,
H,O, did appear to affect expression of ¢diB, for which low
concentrations stimulated and high concentrations inhibited
expression (Fig. 5B). As the presence of H,O, does not pro-
duce effects resembling those of the AhdaA strain, we conclude
that the effects on SM cluster expression observed in this mu-
tant are not the result of oxidative stress.

Effects of HDAC loss on the AlaeA phenotype. Since loss of
laeA (AlaeA) leads to a repression of global SM production in
all aspergilli examined (4), we investigated whether LaeA
might function by interfering with and/or activating hetero-
chromatin formation, postulating that the AlaeA phenotype
would be rescued by HDAC loss. Addition of AhdaA to a
AlaeA background resulted in wild-type levels of NOR and PN
production in the double mutant (Fig. 6); however, the in-
crease in production was not equivalent to that of the AhdaA
mutation alone. Thus, the loss of LaeA appears not to affect
the function of HdaA, and vice versa. This suggests that, al-
though HdaA and LaeA have opposing effects on ST and PN
production, they operate through different mechanisms. This
observation is supported by the fact that LaeA, unlike HdaA,
positively regulates the telomere-distal TR cluster in addition

to the two subtelomeric clusters (3, 4). Global regulation of
both telomere-proximal and -distal SM clusters by LaeA is also
seen in A. fumigatus (29).

As the single Ahst4A and AhosB mutations did not affect
production of NOR or PN (Fig. 4), we did not expect to see any
effect on metabolite production when these alleles were placed
in the AlaeA background. Unexpectedly, the AhosB AlaeA mu-
tant did show increased production of PN over AlaeA alone,
suggesting that this HDAC may play a role in regulating PN
production under some circumstances. Combination of the
three HDAC loss-of-function mutants with Alae4 increased
NOR, but not PN, production over the AhdaA AlaeA double
mutant, again arguing for an additive effect of all three
HDAC:S on repression of the ST cluster.

Effects of HDAC inhibition on SM production in other fun-
gal genera. To determine whether HDAC regulation of SM
clusters might extend to other species, we investigated fungi of
two genera notable for their small-molecule arsenals. Repre-
sentative isolates of the species A. alternata and P. expansum
were treated with the class 1 and class 2 HDAC inhibitor TSA
(35, 42). TSA treatment resulted in a statistically significant (P
< 0.01) increase of numerous unidentified SMs in both species
(Fig. 7). Thus, HDACs may function in the regulation of sec-
ondary metabolism among a broad range of fungal genera.

DISCUSSION

The data presented here constitute strong evidence for a
role for HdaA in suppression of cluster-derived small-molecule
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FIG. 4. Production of NOR and PN in the Ahst4 and AhosB mu-
tants. (A) TLC plates were scanned for quantification of NOR by
wild-type (WT), AhdaA, AhstA, AhosB, and triple HDAC mutant
strains and depicted as a histogram. The growth conditions were the
same as those in Fig. 2A. (B) Histogram showing relative production of
PN by WT, AhdaA, AhstA, AhosB, and triple HDAC mutant strains.
Growth and assay conditions were the same as those in Fig. 2B. For the
histograms, WT production levels were assigned a value of 1, and all
other production levels are presented relative to the WT. Different
letters above the bars represent statistical differences at P < 0.01. The
error bars represent *1 standard deviation.

production in A. nidulans and suggest that a role for HDAC in
SM regulation may be conserved in other filamentous fungi.
Elimination of HdaA, a major HDAC of 4. nidulans, results in
early and increased gene expression of two telomere-proximal
small-molecule clusters and production of their corresponding
metabolites. Transcriptional suppression by HdaA is precise,
since neither actin nor the nearest expressed flanking genes to
the ST and PN gene clusters were up-regulated in the AhdaA
mutant. In this respect, HdaA presents cluster demarcation
specificity similar, although in an opposing fashion, to that of
LaeA (3, 6). However, in contrast to LaeA, where location of
LaeA-regulated clusters ranges from telomere proximal to in-
ternal on chromosomal arms in both A. nidulans and A. fu-
migatus (3, 29), our current evidence supports a role for HdaA
only in regulating telomere-proximal clusters.

This is congruent with findings in Saccharomyces cerevisiae,
which, though devoid of SM clusters, does exhibit HDAC-
dependent regulation of select subtelomeric genes. Hdal, the
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FIG. 5. Expression of ST, PN, and TR cluster genes in media con-
taining H,O,. (A) Northern blots showing expression of the PN cluster
gene ipnA, as well as actin and the PN cluster flanking gene AN2647.3,
by wild-type A. nidulans grown for 24 h in medium containing, 0, 1, 2,
or 3 mM H,0,. (B) Northern blots showing expression of the ST
cluster gene afiR, the ST cluster flanking gene AN7830.3, the TR
cluster gene tdiB, and actin by wild-type A. nidulans grown for 36 h in
media with the same concentrations of H,0O, as in panel A. RNA was
extracted from liquid shake cultures in duplicate. (C) Histogram de-
picting quantified TLC data for ST production by wild-type A. nidulans
after 72 h of growth on solid media containing the aforementioned
concentrations of H,O,. Treatments were performed in triplicate. Pro-
duction levels at 0 mM H,O, were assigned a value of 1, and all other
production levels are presented relative to this. Different letters above
the bars represent statistical differences at P < 0.01. The error bars
represent *+1 standard deviation.

S. cerevisiae homologue of HdaA, demonstrates an overall
targeting bias for telomere-proximal genes (34). This HDAC is
known to be involved in silencing of the subtelomeric adhesin
gene FLOI1. Significantly, relocation of FLO!I to a telomere-
distal region has been shown to release the gene from epige-
netic silencing, suggesting that proximity to the telomere is
important for such silencing to occur (21). Hdal also is known
to regulate clusters of metabolically unrelated subtelomeric
genes, known as HAST (Hdal-affected subtelomeric) domains.
These are comprised of a variety of genes that are activated in
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FIG. 6. Production of NOR and PN in HDAC mutant strains with
AlaeA genetic backgrounds. (A) Production of NOR by Alae4 mutant
strains with additional individual AhdaA, AhstA, or AhosB mutations or
with all three HDAC knockouts. NOR was extracted from 72-h cul-
tures on solid media in triplicate. (B) Production of PN by AlaeA
mutant strains with additional individual AhdaA, AhstA, or AhosB
mutations or with all three HDAC knockouts. PN was extracted from
72-h liquid shake cultures in triplicate and quantified using a bacterial
growth inhibition assay. For the histograms, wild-type (WT) produc-
tion levels were assigned a value of 1, and all other production levels
are presented relative to the WT. Different letters above the bars
represent statistical differences at P < 0.01. The error bars represent
+1 standard deviation.
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response to adverse environmental conditions, including genes
involved in gluconeogenesis, fermentation, alternate carbon
source utilization, and responses to various types of stress (34).

Epigenetic regulation of subtelomeric regions is also critical
in the pathogenicity of several microbes. A prime example is
the regulation of the subtelomeric var gene clusters of the
malaria agent Plasmodium falciparum. HDAC-mediated regu-
lation of these genes allows the protozoan to vary antigen
display on the surfaces of infected host cells, thus evading the
immune response (19). The subtelomeric EPA gene clusters of
Candida glabrata, involved in biofilm formation and essential
for pathogenicity, are regulated epigenetically by the NAD™-
dependent HDAC Sir2p (15). These genes are turned on in
response to the low-nicotinic acid environment of the host
urinary tract, resulting in adhesion and subsequent infection
(16). Thus, this system allows adhesin production only in the
proper environment.

Although it is the sirtuin HDAC that is involved in C. gla-
brata subtelomeric gene regulation, under our conditions, we
did not find a significant effect of ist4 (or hosB) loss on NOR
or PN production. However, the combination of these dele-
tions with AhdaA did cause an increase in NOR production
(Fig. 4), and the combination of AhosB with AlaeA also re-
sulted in greater production of PN than in the AlaeA mutant
alone (Fig. 6). It is interesting that Ahst4 and AhosB demon-
strate a synergistic effect with AhdaA, but neither of the former
HDAC mutants has a significant individual effect on SM pro-
duction. Studies with yeast have shown that cooperative re-
pression of chromosomal regions by multiple HDACs is com-
mon. While the S. cerevisiae HDACs Hdal, Rpd3 (a homolgue
of the A. nidulans HDAC RpdA [20]), and Sir2 (a homologue
of HstA) are each involved in the suppression of a unique
set of genes, they also contribute to the silencing of numerous
shared genes (1). Likewise, the Schizosaccharomyces pombe
HDAC:S Clr3, Clr6, Sir2, and Hos2 (homologous to A. nidulans
HdaA, RpdA, HstA, and HosA [20], respectively) repress both
unique and shared genes (22, 41). The genes repressed by Clr3
and Sir2 demonstrate particularly strong overlap and also tend
to overlap with genes regulated by the heterochromatin-asso-
ciated protein Swi6 (41). Similar to the pattern we observed for
NOR production in the triple HDAC mutant (Fig. 4), disrup-
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FIG. 7. Effects of TSA on secondary metabolism of A. alternata and P. expansum. (A) Histogram of relative SM production levels in
TSA-treated and untreated cultures. SM production levels in the absence of TSA were assigned a value of 1, and TSA-treated production levels
are presented relative to untreated levels. The numbers on the x axis of the graph correspond to metabolites indicated on the TLC plates shown
in panels B and C. The differences presented for individual compounds represent statistical differences at P < 0.01. The error bars represent *1
standard deviation. SMs were extracted from 72-h cultures on solid media with or without 1 WM TSA in triplicate.
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tion of the genes encoding both S. pombe Clr3 and Clr6 results
in upregulation of many genes to a degree higher than that
resulting from individual mutation of either gene, and often to
an extent greater than a merely additive effect. A large portion
of these synergistically regulated genes were found to be sub-
telomeric (22). While the effects of st4 and hosB on ST/NOR
and PN production were not as dramatic as those observed for
hdaA, this is not to say that other natural products are not
more strongly affected by mutation of these genes. More com-
prehensive studies are required to determine the extent to
which these HDACs are involved in SM regulation. It should
be noted that A. nidulans also possesses at least two additional
HDACs, RpdA and HosA, that may well be important in this
complex regulatory process.

Our data regarding the effects of the HDAC inhibitor TSA
on the secondary metabolism of Fusarium and Penicillium pro-
vide evidence that HDAC-mediated regulation of small-mole-
cule production may be a widespread phenomenon in filamen-
tous fungi, which we speculate may have evolved as a tool to
allow SM production under optimal environmental conditions.
Pragmatically, as a variety of chemical HDAC inhibitors are
readily available, treatment of fungi with such compounds
could potentially provide a means of increasing production of
beneficial metabolites and could also aid in the identification
of novel natural products that may not have been previously
detected due to low production levels under normal growth
conditions.

The findings of our study support a role for epigenetic reg-
ulation of SM clusters. We hypothesize that epigenetic regu-
lation of secondary metabolism is an efficient way for filamen-
tous fungi to ensure that energetically costly molecules are
synthesized only when production is likely to be advantageous.
For example, HdaA-mediated repression of SM clusters occurs
early in development (Fig. 3). It has long been observed that
SM production is generally nil in the initial exponential growth
phase and increases when nutrients are limited and growth is
restricted (11). A global mechanism(s) to suppress expression
of SM clusters during initial vegetative growth and yet allow
SM production once sufficient biomass is established should
yield competitive advantages for filamentous fungi and provide
the fungus with an efficient means of responding to changing
foraging and competitive pressures. Evidence suggests that at
least two such mechanisms may be operating in the aspergilli:
telomere-proximal SM cluster suppression by HdaA and a less
spatially limited positive regulation by LaeA. Certainly, loss of
laeA in A. fumigatus yields a less pathogenic organism with
increased vegetative growth (2, 29).
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