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Abstract
Histone deacetylases (HDACs) play an important role in regulation of gene expression through
histone modifications. Here we show that the Aspergillus fumigatus HDAC HdaA is involved in
regulation of secondary metabolite production and is required for normal germination and vegetative
growth. Deletion of the hdaA gene increased the production of several secondary metabolites but
decreased production of gliotoxin whereas over-expression hdaA increased production of gliotoxin.
RT-PCR analysis of 14 non-ribosomal peptide synthases indicated HdaA regulation of up to 9 of
them. A mammalian cell toxicity assay indicated increased activity in the over-expression strain.
Neither mutant affected virulence of the fungus as measured by macrophage engulfment of conidia
or virulence in a neutropenic mouse model.
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Introduction
Both the structure and function of chromatin are affected by posttranslational modifications of
histones, which include acetylation, methylation, ubiquitination, and phosphorylation (Turner
et al. 2007). A recent genome-wide analysis in yeast shows the importance of chromatin
modifiers in transcriptional regulation (Steinfeld et al. 2007). Among histone modifications,
acetylation and methylation are the most widely studied and best understood (Brosch et al.
2008; Kurdistani and Grunstein 2003; Berger 2007). Both of these types of chromatin
modifications have been demonstrated to have important effects on the production of fungal
secondary metabolites (Shwab et al. 2007; Bok et al. 2009), which range from toxins to
important antibiotics. Unlike genes involved in primary metabolic pathways, secondary
metabolite (SM) pathway genes are almost always clustered in fungi. This fact makes fungal
SMs well suited to regulation by localized modifications of chromatin structure. Fungi treated
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with methytransferase and histone deacetylase (HDAC) inhibitors were found to have
increased diversity in natural product formation (Shwab et al. 2007; Williams et al. 2008).

It is generally known that the acetylation status of histones - controlled by the opposing actions
of histone acetyltrasferases and histone deacetylases (HDACs) - plays an important role in
transcriptional regulation; however, the underlying mechanism is inconclusive. Some studies
suggest that the acetylation status of histones affects chromatin structure. Hyperacetylation
often favors euchromatin formation, leading to gene activation, while hypoacetylation favors
heterochromatin formation and gene inactivation (Bulger 2005; Robyr et al. 2002; Trojer et al.
2003). Other studies seem to indicate that acetylation status could affect the interaction of
regulatory proteins with histones rather than directly altering the structure of chromatin itself
(Loidl et al. 1994; Loidl et al. 1998).

HDACs are enzymes that catalyze the removal of acetyl groups from lysine residues of core
histone tails, but it is suggested that they also act on nonhistone substrates (Leipe et al. 1997).
Several HDACs have been identified in filamentous fungi and their functions have been
analyzed (reviewed in Brosch et al. 2008). In Aspergillus nidulans, HdaA, a major class 2
histone deacetylase, is involved both in normal growth under oxidative stress conditions and
in regulation of telomere-proximal SM gene clusters (Tribus et al. 2005; Shwab et al. 2007).
In addition, the production of SMs increased substantially in the hdaA deletion strain, though
this effect was observed only with the telomere-proximal SM sterigmatocystin (ST) and
penicillin (PN) clusters and not with the telomere-distal terraquinone (TR) gene cluster (Shwab
et al. 2007). Moreover, HDACs seem to regulate SM clusters in other fungi. Treatment of a
variety of fungi with the class 1 and class 2 HDAC inhibitor trichostatin A (TSA) as well as
other HDAC inhibitors including suberohydroxamic acid, vaplroic acid and suberoylanilide
hydroxamic acid increased production of numerous natural products, suggesting that HDACs
may function in the regulation of SM among a broad range of fungal genera (Shwab et al.
2007, Williams et al. 2008).

SM production has been implicated as a factor in A. fumigatus virulence. Deletants of LaeA,
a global regulator of SM clusters in Aspergillus and Penicillium species (Bok and Keller
2004, Kale et al. 2008, Kosalková et al. 2009), and deletants of genes specifically involved in
production of a single metabolite, gliotoxin, have yielded A. fumigatus mutants impaired in
pathogenicity (Bok et al. 2005, Kwon-Chung and Sugui 2008, Sugui et al. 2007, Spikes et al.
2008). Interestingly, SM was restored in an A. nidulans ΔlaeA background when combined
with the ΔhdaA locus (Shwab et al. 2007), again supporting a role for chromatin remodeling
in SM production. In this study, the A. fumigatus hdaA ortholog was deleted in order to
determine its effect on SM production in this species. We find that ΔhdaA strains are aberrant
in SM production in culture with many metabolites up-regulated but with the virulence factor
gliotoxin repressed in production. Conversely, over-expression strains of hdaA produced more
gliotoxin than wild type in culture. HdaA is also required for wild type germination and radial
growth but its loss does not affect macrophage uptake of conidia or virulence in a neutropenic
mouse model.

Materials and Methods
Fungal strains and culture conditions

A. fumigatus strains used in this study are listed in Table 1. They were routinely grown on
glucose minimal medium (GMM) amended with supplements as needed at 37°C (Shimizu and
Keller 2001). For pyrG auxotrophs, GMM was supplemented with 5 mM uridine and uracil.
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Molecular genetic manipulation, Southern, and Northern analysis
DNA manipulations, Southern, and Northern analysis were conducted according to standard
procedures (Sambrook and Russell 2001). Fungal DNA was isolated as described (Shimizu
and Keller 2001) and RNA was extracted using Trizol (Invitrogen) following the
manufacturer’s instructions. Primers for probes are listed in Table 2.

Disruption of the hdaA gene and complementation of ΔhdaA
A vector for the hdaA gene disruption, pIHL2, was constructed by insertion of a 1.1 kb upstream
and a 1.0 kb downstream fragment of the hdaA gene on either side of the pyrG gene in pLMH26.
The upstream and down stream fragments were obtained by PCR (Sambrook and Russell
2001) using TripleMaster polymerase (Eppendorf). Primers for PCR were designed based on
the genomic sequence of the A. fumigatus hdaA gene (Gene ID: Afu5g198) (Broad Institute,
http://www.broad.mit.edu/annotation/genome/aspergillus_group/MultiHome.html) and are
listed in Table 2. The AatII/NcoI fragments (upstream flanking fragments, primers AfuhdaAF1-
F and F1-RNCOI) and SpeI/MluI fragments (downstream flanking fragments, primers
AfuhdaAF2-F and F2-RMLUI) of PCR products were ligated to the equivalent restriction
enzyme sites on either side of the pyrG gene in pLMH26 to construct pIHL2. The deletion
construct (Fig. 1) was amplified using primers AfuhdaAF1-F and F2-RMLUI and the template
pIHL2 and then used to transform A. fumigatus AF293.1 (a pyrG auxotroph, Xue et al. 2004)
as described elsewhere (Bok et al. 2005). Transformants were screened for disruption by PCR
using primers hdaA-intF and hdaA-disR. The site-specific disruption of the hdaA gene was
confirmed by Southern analysis of the candidates screened by PCR. For Southern, standard
procedure was used using a 32P labeled KpnI/SalI fragment of pIHL3 that covers the hdaA
ORF and both upstream and downstream flanking sequences. As a control for Westerns, the
clrD gene was also disrupted following details in Palmer et al. (2008) with the only difference
being that clrD was replaced with A. fumigatus pyrG and not A. parasiticus pyrG in this study.

To construct a plasmid for ΔhdaA complementation, the hdaA gene was recovered by PCR
using primers AfuhdaAF1-F and F2-RKpnI. The primer F2-RkpnI was the same as F2RMLUI
except for having the restriction enzyme site of KpnI instead of MluI. The KpnI/SalI framents
of PCR products were ligated to the same sites of pUCH2–8, which contains the selectable
marker hygromycin B phosphotransferase (Alexander et al. 1998), to create pIHL3. A
ΔhdaA disruption mutant, TIHL1.24, was used for complementation. The complementation
was confirmed by PCR using primers hdaA-intF and AfhdaA-R.

Phenotypic characterization and secondary metabolite analysis on solid media
Colony growth radius and spore production were measured as previously described (Jin et al.
2002). Germination rates of the strains were analyzed as described in Dagenais et al. (2008).
SM production was assessed by thin-layer chromatography (TLC). For TLC, 10 µl of 1 ×
103 spore/µl was point-inoculated on the center of glucose minimal medium (GMM) or Czapek
yeast agar (CYA) and cultured for 72 hr at 37°C. An agar plug of the center of colonies was
removed and extracted for SMs according to the Smedsgaard’s method (Smedsgaard 1997).
Extracts (15µl/sample) were loaded onto UV-coated silica TLC plates (Whatman, PE SIL G/
UV, Maidstone, Kent, England) and metabolites were separated in the developing solvent
toluene:ethyl acetate:formic acid (TFA, 5:4:1). Photographs were taken following exposure to
UV radiation at 254 nm and 366 nm wavelengths.

Liquid culture secondary metabolite analysis
All A. fumigatus strains (107 spores/ml) were inoculated and grown in 50 ml liquid GMM at
25°C for 72 h, 96 h, and 144 h with shaking at 220 rpm. Biomass of all liquid cultures was
collected through filtration using Miracloth (Calbiochem, EMD Chemicals Inc., La Jolla, CA,
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USA) and lyophilized with the RCT60 lyophilizer system (Jouan Inc., Winchester, VA, USA)
to adjust ethyl acetate volume for SM dilution. After the appropriate time period, 30 ml ethyl
acetate was added to 50 ml whole culture and the mixture was agitated for 30 min at room
temperature. The ethyl acetate extraction was then dried completely at room temperature and
resuspended in 1 ml ethyl acetate. TLCs were performed as described above for solid culture.
Gliotoxin is visualized at 255 nm.

Western analysis of histone modifications
Nuclei were prepared from the fungal strains TIHL3.4, TIHL1.24, TIHL5.7 and TIHL4.3
(Table 1). Spores (106 spores/ml) were inoculated into 200 ml of GMM and cultures were
incubated for 48 hr at 37°C. Mycelia were collected by vacuum filtration and frozen in liquid
nitrogen. Frozen mycelia were ground to powder in a pre-chilled mortar under liquid nitrogen.
Ground mycelia were transferred to 250 ml centrifugation tubes with 80 ml of nuclei isolation
buffer (1 M sorbitol; 10 mM Tris-HCl, pH7.5; 0.15 mM spermine; 0.5 mM spermidine; 10
mM EDTA; 2.5 mM PMSF) on ice. Samples were centrifuged in a GSA rotor (Sorvall,
Asheville, NC) at 1,000 × g for 10 min at 4°C. The supernatant was filtered through a double
layer of Miracloth (Calbiochem, La Jolla, CA, USA). The filtrate was centrifuged at 10,000 ×
g in a GSA rotor for 15 min at 4°C. Supernatant was removed and pellet was resuspended in
12 ml of suspension buffer (1 M sorbitol, 10 mM Tris.HCl, pH 7.5, 0.15 mM spermine, 0.5
mM spermidine, 1 mM EDTA, 2.5 mM PMSF) on ice. The suspension was centrifuged in a
JA-20 rotor (Sorvall) at 9,700 × g for 15 min at 4°C. Supernatant was removed and the pellet
was resuspended in 0.5 ml of ST buffer (1 M sorbitol; 10 mM Tris-HCl, pH7.5; 3 µl/ml protease
inhibitor cocktail for fungi, Sigma, St. Louis, MO) on ice. The suspension was transferred to
a 1.5 ml centrifuge tube and debris was pelleted by centrifugation at 1,500 × g for 30 sec. The
supernatant was transferred to a 1.5 ml centrifuge tube and kept at −20°C.

For Western analysis, proteins resolved by tricine-SDS-PAGE (Schagger 2006) were
electroblotted onto a nitrocellulose membrane (Schleicher & Schuell, Keene, NH) and then
probed with anti-histone H3 (Upstate, Lake Placid, NY) at 1:5,000, anti-acetyl H3 (Upstate)
at 1:1,000, anti-acetyl H3K9 antibodies (Upstate) at 1:1,000 dilution and anti-H3K9 trimethyl
(Upstate) at 1:2,000. Goat anti-rabbit immunoglobulin G secondary antibodies conjugated to
horseradish peroxidase was used at 1:20,000 dilutions (Pierce, Lockford, IL). Western blot
processing was performed as described by the manufacturer (Pierce).

RNA isolation and real-time RT-PCR analysis
Real-Time PCR was used for detection of relative expression level of NRPSs in A.
fumigatus. All Aspergillus strains (TIHL3.4, TIHL1.24, and TIHL5.7) were grown in GMM
liquid media at 25°C and harvested at three time points: 3 days, 4 days, and 6 days. Total RNA
was extracted from lyophilized mycelium with Iso-RNA Lysis reagent (5 PRIME Inc.,
Gaithersburg, UD). Extracted total RNA was purified with phenol:chloroform:isoamyl alcohol
(25:24:1) and diluted in equal amounts (1 µg/µl per sample). To remove contaminated genomic
DNA, purified RNA was treated twice with DNaseI (New England BioLabs Inc., Ipswich, MA,
USA) according to the manufacturer’s protocol. 1 µg of DnaseI-treated RNA from each strain,
three time points each, were synthesized to cDNA with iScript™ cDNA synthesis kit (Bio-
Rad, Hercules, CA); no reverse transcriptase-treated RNA from each condition were used as
negative controls. Reaction set-up for real-time RT-PCR was conducted with IQ SYBR® Green
supermix (Bio-Rad) in total 20 µl reaction volume. The same real-time RT-PCR primers as in
Cramer et al. (2006) were used for the 14 putative NRPS genes and My IQ™ single color real-
time PCR detection system (Bio-Rad) performed relative expression level analysis.
Temperature gradients for all NRPS primers were analyzed and then melt curve analysis was
performed using the same product to confirm nonspecific products and primer dimers. For
more exact results, real-time efficiency of all NRPS and the actin gene were tested with standard
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curve using the Ct (Threshold cycle) value of each real-time PCR reaction mixture including
1:1, 1:2, 1:4, 1:8, and 1:16 dilution series of cDNA. Relative expression levels were calculated
in IQ™5 optical system software using the 2−ΔΔCt method (Livak and Schmittgen 2001). All
values (3 replications) were normalized with the expression ratio of the actin gene as a reference
and NRPS expression values of the wild type strain as a calibrator.

Macrophage phagocytosis assay
The MH-S and RAW 264.7 cell lines were purchased from ATCC (Manassas, VA) and
maintained in RPMI-1640 supplemented with 10% FBS (Invitrogen, Carlsbad, CA),
gentamycin (Sigma), and 0.05mM 2-mercaptoethanol (Sigma). MH-S (105/ well) and RAW
cells (5×104/well) were incubated overnight (18 hr) at 37°C, 5% CO2 in 16-well chamber slides
(Nunc, Rochester, NY). Macrophages were co-incubated with conidia (2.5×105 conidia/well)
for one hour, washed twice with RPMI media, and incubated an additional two hours before
fixation in 2% formaldehyde. Calcofluor white (Sigma) was used to label and exclude
extracellular conidia from analysis. The percent uptake (number of macrophages with conidia/
total number of macrophages x 100) was determined from triplicate wells, and at least 100
macrophages per well were counted. These experiments were conducted in triplicate.

Mammalian cell toxicity assays
Ethyl acetate extracts, normalized across strains using the total dry biomass, were tested for
mammalian cell toxicity against the RAW 264.7 cell line. 30 µl from each of four replicates
per strain (TIHL3.4, TIHL1.24, TIHL5.7) were combined, evaporated, and resuspended in 360
µl of RPMI media to make the extract stock. Macrophages were cultured at 2×104 cells/well
in 96-well plates for 24 hrs at 37°C, 5% CO2, and spent media was replaced with 80 µl of fresh
RPMI media. 20 µl of 2-fold dilutions of each extract stock were then added in duplicate to
the macrophages for 18 hrs at 37°C, 5% CO2, followed by the addition of 20 µl of 2 mM
resazurin for an additional 2 hrs. Ethyl acetate was used as a control, and wells containing no
compound (cells only) are shown as dilution 12 in the control series. Absorbance (570–600)
was used to indicate cell viability.

Animal model of Aspergillus infection
Virulence of near-isogenic strains of A. fumigatus differing only in presence of hdaA genes
(TIHL3.4, TIHL1.24 and TIHL5.7) was assessed in a lung infection model as described
previously (Bok et al. 2006). Briefly, six week old, outbred Swiss ICR mice (Harlan Sprague
Dawley) weighing 24–27 g were immunosuppressed by intraperitoneal injection of
cyclophosphamide (150 mg/kg) on days –4 and –1, and 3 and with a single dose of cortisone
acetate (200 mg/kg) on the morning of infection. Anesthetized mice (10 mice/fungal strain)
were infected by nasal instillation of 50 µl of 5 × 106 conidia/ml (day 0), and monitored three
times daily for 7 days post-infection.

Results
Deletion of the hdaA gene

Search of the A. fumigatus genome revealed that the A. fumigatus hdaA gene is composed of
8 introns and 9 exons and encodes a polypeptide with 602 amino acids. The complete ORF of
the hdaA gene was deleted and replaced with the A. fumigatus pyrG gene in AF293.1 (pyrG
auxotroph). Site-specific disruption was confirmed by PCR and Southern blot analysis (Fig.
1). Disruption mutants showed the expected pattern of DNA hybridization for a single gene
replacement. A wild type control (TIHL3.4) was constructed by transforming AF293.1 with
pLMA26, which contains the native pyrG gene. Northern blot analysis showed that the
expression of the hdaA gene was lost in disruption mutants, confirming the complete disruption
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of the hdaA gene (Fig. 2). Complementation of the deletant strain TIHL1.24 resulted in two
strains (TIHL5.5 and TIHL5.7), each of which over-expressed hdaA (Fig. 2). The reason for
the over-expression is unknown.

HdaA deacetylates H3K9
In A. nidulans, HdaA accounts for the predominant HDAC activity (Tribus et al. 2005). To see
effects of ΔhdaA on histone modifications, histone 3 general acetylation, H3K9 acetylation,
and H3K9 trimethylation were assayed by Western analysis. The levels of these modifications
were compared among a ΔhdaA mutant, a wild type strain, and a ΔclrD mutant (where ClrD
is required for H3K9 methylation, Palmer et al. 2008) as well as a complemented hdaA control.
Whereas the level of histone 3 acetylation in ΔhdaA relative to wild type and complementation
strains did not differ greatly, the level of H3K9 methylation was slightly higher in the
ΔhdaA strain as determined by scanning density of the bands in Figure 3. The ΔclrD mutant
showed considerable increases in the levels of H3 general acetylation and H3K9 acetylation,
and showed a marked decrease in H3K9 methylation, as expected from a prior study (Palmer
et. al. 2008).

HdaA affects germination rate and vegetative growth
A. nidulans growth rate was not affected by hdaA loss on media of several different carbon
and nitrogen sources (Tribus et al. 2005). However, A. fumigatus ΔhdaA strains showed a
statistically significant reduction of growth under standard culture conditions on GMM and
CYA media (Fig. 4a). This may be related to the decreased germination rate of this mutant
(Fig. 4a and 4b). Interestingly the germination rate was increased in the over-expression
complement although radial growth remained the same as wildtype.

In addition, colony morphology was slightly different from controls; pigmentation on the
reverse side of ΔhdaA colonies was reduced and colony growth produced an uneven leading
edge (data not shown). Conidial production was indistinguishable between ΔhdaA,
complement ΔhdaA and wild type (data not shown). In contrast to findings reported for A.
nidulans ΔhdaA (Tribus et al. 2005), the growth of A. fumigatus ΔhdaA was not affected under
oxidative stress conditions (data not shown).

Production of secondary metabolites in ΔhdaA
In A. nidulans, the deletion of the hdaA gene resulted in increased gene expression and
subsequent production of ST and PN, both of which are subtelomerically located. However,
the telomere-distal TR cluster was expressed similarly in wild type and the ΔhdaA mutant
leading to the hypothesis that HdaA negatively regulated subtelomeric clusters (Shwab et al.
2007). Here we examined the effects of ΔhdaA on SM production in A. fumigatus with regard
to telomere proximity of NRPS genes by growing the fungus both in liquid shake and solid
agar medium.

Growth in liquid shake conditions resulted in significant differences in the SM profile of the
ΔhdaA strain and the complemented strain by both four and six days (Fig. 5 and Supplementary
Figure 1a). RT-PCR analysis of NRPS gene expression in the three strains demonstrated that
HdaA negatively regulated several NRPS but positively regulated the gliotoxin NRPS, GliP
(NRPS10), which was repressed in ΔhdaA (Table 3 and Supplementary Figure 1b). This
positive regulation was also true for NRPS9 encoding an unknown metabolite, possibly for
NRPS4 (siderophore) in the earlier time points, and for NRPS11 (unknown). The
complemented strain, which showed enhanced hdaA expression (Fig. 2), showed increased
expression of both NRPS9 and NRPS10. The increase in NRPS10 expression was
complementary to the increase in gliZ expression seen in Northern data (Fig. 2, gliZ is the
transcription factor required for gliP expression, Bok et al. 2006). In contrast, our results
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showed that HdaA appeared to repressed the expression of 4 NRPS: NRPS1 (pes1 synthase),
NRPS12 (unknown), NRPS13 (fumitremorgin B), NRPS14 (pseurotin) and possibly NRPS7
(putative siderophore). There appeared to be no correlation between the chromosome locality
of the NRPS gene and regulation by HdaA (Table 3). Extracts from cultures grown in solid
media did not show such striking differences in SM production (data not shown).

Host response to hdaA mutants
Considering the alteration in secondary metabolite production – albeit as observed in culture
media -, we thought it possible the hdaA mutants might display altered virulence properties.
Whereas macrophage uptake experiments (Supplementary Fig. 2a) and a neutropenic
pulmonary mouse model (Supplementary Fig. 2b) showed no statistical difference between the
wild type, ΔhdaA and over-expression ΔhdaA complement strains, extracts from the three
strains differentially affected macrophage viability (Fig. 6).

Ethyl acetate extracts, normalized across strains by dry biomass, were tested for toxicity against
the mammalian cell line RAW 264.7. Extracts were evaporated, resuspended in RPMI media,
and serial 2-fold dilutions (1–12) were added to macrophages for 18 hrs before assaying cell
viability with resazurin. As seen in Figure 6, extracts from the wild type and ΔhdaA strains
were indistinguishable in their ability to induce cell death at any dilution. Extracts from the
over-expression strain induced slightly greater cell death at equivalent biomass (dilution 6 and
7), perhaps in part a result of the increased gliotoxin present in these samples (Fig. 5). There
appeared a reduction in toxicity, however, in this strain at further dilutions which could be
associated with lower production of other metabolites in this strain, possibly some of the
metabolites observed in the 366 nm TLCs (Fig. 5 and Supplementary Fig.1a). No significant
differences in cell death were observed in the ethyl acetate control wells as compared to the
cells only control (dilution 12 of the ethyl acetate series).

Discussion
Recent studies have shown that chromatin modifications – including histone acetylation/
deacetylation - are important in regulation of SM clusters in A. nidulans (Shwab et al, 2007,
Bok et al. 2009). Here we have demonstrated that deletion of the hdaA gene encoding a putative
histone deacetylase also results in an altered secondary metabolite profile in A. fumigatus (Fig.
5, Supplementary Figure 1 and Table 3). This result is consistent with our previous observations
in which the inhibition of HDACs by TSA in Alternaria alternata and Penicillium expansum
increased the production of numerous unknown secondary metabolites but also resulted in the
loss of a few metabolites (Shwab et al, 2007). Chemical inhibition of HDACs has also been
demonstrated to enhance the chemical diversity of secondary metabolites produced by fungi
from the genera Clonostachys, Diatrype and Verticillium (Williams et al. 2008). A detailed
look at ΔhdaA effects on three SM gene clusters in A. nidulans revealed that the two
subtelomeric clusters were upregulated in the ΔhdaA mutant, leading us to propose that HdaA
was a negative repressor of subtelomeric clusters in this species (Shwab et al, 2007). In the
current study where we assessed the expression of all 14 NRPS genes in A. fumigatus, there
was no association with distance from telomere and positive or negative HdaA effects on NRPS
gene expression (Table 3). An examination of expression of additional SM clusters in A.
nidulans should resolve the question as to whether HdaA regulation of SM clusters is location
specific in A. nidulans but not A. fumigatus.

Regardless of location, there was considerable overlap in HdaA and LaeA regulation of NRPS.
LaeA also regulated – all positively - NRPS1, NRPS4 (in high iron conditions), NRPS9,
NRPS10, NRPS11, NRPS12, NRPS13 and NRPS14 (Table 3 and Perrin et al, 2007). In some
cases, LaeA and HdaA showed opposite (e.g. NRPS1 Pes1 and NRPS14 pseurotin) and some
cases similar (e.g. NRPS10 gliotoxin and NRPS9) regulation of these genes. Currently, the
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only metabolite with sufficient studies to strongly support a role in pathogenesis is gliotoxin
(Bok et al. 2005,Kwon-Chung and Sugui 2008,Sugui et al. 2007,Spikes et al. 2008). Other
metabolites may have a potential to damage mammalian cells including the Afpes1 metabolite
required for virulence in an insect model of IA (Reeves et al. 2006), the tremorgenic mycotoxin
fumitremorgin B whose derivatives are cytotoxic (Grundmann and Li 2005;Maiya et al.
2006), and pseurotin, an inhibitor of chitin synthase and an inducer of nerve-cell proliferation
(Maiya et al. 2007).

We queried if the deletion of the hdaA gene would impact virulence due to the altered
production of secondary metabolites in this mutant, some of which might be important for
virulence. The deletion of LaeA, a positive regulator of many secondary metabolites, yielded
a less pathogenic strain and this reduced virulence was associated with decreased levels of
several metabolites including pulmonary gliotoxin (Bok 2005;Bok 2006). However, ΔhdaA
virulence was not statistically different from that of wild type in a murine pulmonary model
(Supplementary Fig. 2b), nor were any aberrancies in macrophage uptake observed (Fig. 2a).
This was true for the over-expression ΔhdaA complement as well. It may be of interest to
examine virulence of this mutant in a non-neutropenic mouse model or other model as other
models have picked up differences in virulence undetected by the neutropenic model. The
mammalian toxicity assay on the other hand suggested altered activity in the over-expression
hdaA strain (Fig. 6) which could possibly be related to the increased gliotoxin production and/
or diminishment of other metabolites in culture by this strain (Fig. 5). It is important to note
that metabolites produced in culture do not necessarily correspond to metabolites produced in
host cells.

The joint regulation of several NRPS by HdaA and LaeA, and subsequent altered metabolite
profiles in mutants of these genes, supports a case for chromatin structure in regulation of these
particular secondary metabolite genes. Alterations in expression may be associated with
increased histone acetylation or altered histone methylation as a consequence of acetylation
changes. For example, recently data has linked a decrease in H3K4 and K9 methylation with
expression of silent gene clusters in A. nidulans (Bok et al. 2009). Hyperacetylation is generally
considered to be associated with gene activation, though histone deacetylation also appears to
promote gene expression in some instances (Wang et al. 2002; Fukuda et al. 2006). The
conditions here did not support a strong role for HdaA acetylation of H3 as determined by
Western analysis. The target for HdaA is yet to be determined in filamentous fungi, and our
results suggest that histone 3 may not be a main target for HdaA or that other HDACs may be
involved in histone 3 modifications. In addition to direct histone interactions, HdaA could
possibly act on nonhistone regulatory and structural proteins that interact with chromatin. The
changes in histone modifications observed in the ΔclrD mutant are consistent with
expectations, with acetylation of H3 increasing and methylation decreasing, the latter
observation reported earlier (Palmer et al. 2008).

The data presented here indicate a role for HdaA and histone acetylation in the development
– particularly germination rate - of A. fumigatus as well as its production of secondary
metabolites. A growth defect was also observed in an A. fumigatus ΔclrD mutant (Palmer et
al. 2008), suggesting that histone modifications might have a role in A. fumigatus
developmental biology. With regard to the regulation of SM clusters, it remains unclear what
factors, such as chromosome location, are involved in determining why some gene clusters
seem to be affected by this HDAC while others are not.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Disruption of the hdaA gene in A. fumigatus
A. Schematic representation of a hdaA deletion construct. The PCR products (AatII-MluI
fragments) were introduced into A. fumigatus (hdaA+ strain) to replace the entire hdaA ORF
with the pyrG gene. B. Southern blot analysis of transformants. Genomic DNA was digested
with XhoI and EcoNI and separated by electrophoresis on a 0.7% agarose gel, blotted, and
hybridized with a 32P labeled KpnI/SalI fragment (shown as arrow in Panel A) that covers the
hdaA ORF and both upstream and downstream flanking sequences. Lane 1 and 6 is TIHL3.4
(wild type hdaA). The other lanes are 4 transformants. Expected band sizes were 3.67 and 4.45
kb for wild type, 2.47 and 4.51 kb for ΔhdaA with XhoI digest, and 2.79 and 4.70 kb for wild
type and 2. 17 and 4.38 kb for ΔhdaA with EcoNI digest, respectively. Transformants TIHL1.10
and 1.24 display correct fragment sizes.
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Figure 2. Gene expression during induction of asexual development
Spores (1×106/ml) were inoculated to 200 ml of CYA media and incubated for 16 h at 37°C
with shaking at 200 rpm. Mycelium was collected by filtration with Miracloth. Filtrated
mycelial mats were cut into four pieces and each piece was placed onto CYA plates and
incubated for indicated time (1, 6, 12 and 24 hr). mRNA extracted from these time points was
probed with gliZ, hdaA and actin.
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Figure 3. Western analysis
Nuclear proteins were separated by 10% Tricine-SDS-PAGE and followed by Western
analysis. Antibodies used were anti-histone 3 (1:5,000), anti-acetyl histone 3 (1:1,000), and
anti-acetyl H3K9 (1:1,000). Strains were TIHL3.4 (wild type), TIHL1.24 (ΔhdaA), TIHL4.3
(ΔclrD), and TIHL5.7 (ΔhdaA complement).
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Figure 4. Radial growth and germination of A. fumigatus strains
A. Spores (104) were inoculated on the center of GMM plates and incubated at 37°C Radial
growth was compared by measuring the diameter of colonies at indicated times. Values are the
average of three colonies. B and C. Conidia were incubated in (B) shaking or (C) stationary
liquid GMM/0.1% YE at the times indicated. 100 conidia for each strain were assessed for
germination. Data are representative of three independent experiments.
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Figure 5. Thin layer analysis of secondary metabolites
Spores (107/ml) were inoculated into GMM liquid media and incubated for 6 days at 25°C.
The secondary metabolites were extracted with ethyl acetate and extracts were loaded onto
UV-coated silica TLC plates. Metabolites were separated in developing solvent (toluene:ethyl
acetate:formic acid, 5:4:1) and photos were taken following exposure to 254nm and 366nm
UV radiation. Arrow points to gliotoxin which is only visualized in the 254nm picture (see
Supplementary Fig. 1a in addition).
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Figure 6. Effect of fungal extracts on mammalian cell viability
RAW 264.7 cells (2×104/well) were cultured for 24 hrs in 96-well plates, and serial dilutions
of extracts, normalized to dry biomass, were added to the macrophages for 18 hrs. Resazurin
was used to determine cell viability; after a 2 hr incubation with resazurin, absorbance
(570nm-600nm) was measured. Four replicates of extract per strain were combined and
assayed in duplicate; mean absorbance +/− standard error is shown.
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Table 1
A. fumigatus strains used in this study

Strain Genotype Reference

AF293 Wild type Xue et al. 2004

AF293.1 pyrG1 Xuen et al. 2004

TIHL3.4 pyrG1, pLMH26 (pyrG1+) This study

TIHL1.10 pyrG1, ΔhdaA::pyrG1 This study

TIHL1.24 pyrG1, ΔhdaA::pyrG1 This study

TIHL5.5 pyrG1, ΔhdaA::pyrG1, pIHL3 (hdaA+) This study

TIHL5.7 pyrG1, ΔhdaA::pyrG1, pIHL3 (hdaA+) This study

TIHL4.3 pyrG1, ΔcIrD::pyrG1 This study
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Table 2
Primers used in this study

Primer Sequence1 Use

AfuhdaAF1-F 5’-GCCGACGTCCGTGTTGTCGACCTTATCGGTA-3’ Amplification of upstream fragments of the
hdaA geneF1-RNCOI 5’-GCCCCATGGACTTGGTCGCCTTAACATGCCA-3’

AfuhdaAF2-F 5’-GCCACTAGTTGACAGATTCGCGCAGAACTCA-3’ Amplification of downstream fragments of the
hdaA geneF2-RMLUI 5’-GCCACGCGTTGATCATCACGGACCTGCCAGA-3’

HdaA-intF 5’-CCTGAGCTGGACTTGTTCTACA-3’ Screening of site-specific disruption of the
hdaA geneHdaA-disR 5’-CTGACTAACAGGTCCGTACTGA-3’

F2-RkpnI 5’- GCCGGTACCTGATCATCACGGACCTGCCAGA-3’ Amplification of the hdaA gene Confirmation
of the hdaA complementation

AfhdaA-R 5’-TTGGATCAGGTGTCCGTAGCGT-3’

Gz-intF 5’-AAGGGCCGGTAGTCTACCTCTTC-3’
Amplification of the gliZ gene

Gz-intR 5’-CGATCTGGTAGCTGCCCAGCTGGAAG-3’

JP-Actin-F 5’-TGACAATGTTACCGTAGAGATCC-3’ 5’-
Amplification of the actin gene

JP-Actin-R GGAGAAGATCTGGCATCACA-3’

1
Italicized (GCC) and underlined sequences were added as a clamp and for restriction enzyme digestion for convenient cloning, respectively.
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