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Chromatin remodelling events play an important role in the secondary metabolism of filamentous fungi. Previously, we showed
that a bacterium, Streptomyces rapamycinicus, is able to reprogram the histone-modifying Spt-Ada-Gcn5-acetyltransferase/ADA
(SAGA/ADA) complex of the model fungus Aspergillus nidulans. Consequently, the histone H3 amino acids lysine 9 and lysine
14 at distinct secondary metabolism genes were specifically acetylated during the bacterial fungal interaction, which, further-
more, was associated with the activation of the otherwise silent orsellinic acid gene cluster. To investigate the importance of the
histone modifications for distinct gene expression profiles in fungal secondary metabolism, we exchanged several amino acids of
histone H3 of A. nidulans. These amino acids included lysine residues 9, 14, 18, and 23 as well as serine 10 and threonine 11.
Lysine residues were replaced by arginine or glutamine residues, and serine/threonine residues were replaced by alanine. All gen-
erated mutant strains were viable, allowing direct analysis of the consequences of missing posttranslational histone modifica-
tions. In the mutant strains, major changes in the expression patterns at both the transcriptional and metabolite levels of the
penicillin, sterigmatocystin, and orsellinic acid biosynthesis gene clusters were detected. These effects were due mainly to the
substitution of the acetylatable lysine 14 of histone H3 and were enhanced in a lysine 14/lysine 9 double mutant of histone H3.
Taken together, our findings show a causal linkage between the acetylation of lysine residue 14 of histone H3 and the transcrip-
tion and product formation of secondary metabolite gene clusters.

Filamentous fungi have an enormous potential to produce mul-
tifaceted secondary metabolites. These low-molecular-weight

molecules have been suggested to play important roles in the in-
teraction of microbes (1). Aside from their ecological relevance,
many fungal secondary metabolites have been shown to be of
paramount importance for human health (1). These include the
antibiotic penicillin and the cholesterol-lowering compound lo-
vastatin. However, some of these compounds, like ochratoxin and
aflatoxin, were classified as mycotoxins because of their detrimen-
tal effects on humans (1).

Most biosynthesis enzymes for fungal secondary metabolites
are encoded by genes that are located in clusters. In an effort to
manipulate the expression of these gene clusters and to under-
stand the mechanisms that underlie their regulation and the spa-
tial and temporal distribution of the generated molecules, com-
plex regulatory processes have been discovered (1, 2). In about
one-half of the gene clusters, pathway-specific transcription fac-
tor-encoding genes are located within or directly adjacent to the
biosynthesis gene clusters. They govern the expression of one or
more gene clusters (3–5). In addition, globally acting transcrip-
tion factors, often observed as being involved in the regulation of
central metabolic processes, have been shown to control the ex-
pression of gene clusters (1, 2).

Studies in recent years indicated that chromatin-modifying en-
zymes play a major role in the regulatory circuits of fungal second-
ary metabolism. Chromatin is defined as the complex of DNA and
associated proteins inside the eukaryotic nucleus. Its basic units
are nucleosomes, consisting of an octamer of histone proteins
wrapped almost twice by the DNA double helix. The chromatin
condensation state determines the accessibility of the DNA for all
kinds of proteins interacting with the DNA. Histone modifica-
tions such as acetylation, methylation, and phosphorylation po-
tentially provoke chromatin rearrangements and thus influence

the ability of enzymes to access DNA (6). Furthermore, histone-
modifying enzymes can establish a pattern of modifications giving
characteristic marks to distinct chromosomal regions. These
marks can attract or prevent binding of further enzymes (6, 7).

For filamentous fungi, it has been shown that histone acetyl-
and methyltransferases as well as histone-binding proteins are es-
sential for the expression of secondary metabolite biosynthesis
gene clusters (7–9). These findings were underlined by the detec-
tion of distinct acetylation and methylation patterns of histone
amino acids during secondary metabolite production phases. In
agreement with a function of these patterns, genetic engineering
of fungal strains impaired in proper chromatin modification led
to both the activation of otherwise silent secondary metabolite
biosynthesis gene clusters and the silencing of active gene clusters
(10, 11).

Previously, we showed that the Spt-Ada-Gcn5-acetyltrans-
ferase/ADA (SAGA/ADA) complex containing the GcnE histone
acetyltransferase and AdaB is required for the activation of several
secondary metabolite gene clusters in the filamentous fungus
Aspergillus nidulans. In particular, we revealed that the SAGA/
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ADA complex is essential for the induction of the orsellinic acid
gene cluster during coincubation of A. nidulans with the bacte-
rium Streptomyces rapamycinicus (8). The acetylation level of the
histone H3 amino acids lysine 9 and lysine 14 in promoters of
member genes of several secondary metabolite biosynthesis gene
clusters increased during their expression. This increase of acety-
lation depended on the GcnE histone acetyltransferase. The
SAGA/ADA complex is highly conserved throughout the eu-
karyotes and consists of �20 proteins (12). In addition to its acet-
ylation activity, this complex is involved in the recruitment of the
general transcription machinery to genes and the deubiquitina-
tion of histones. It is also linked to mRNA export and physically
interacts with the 19S regulatory particle, as was shown for Sac-
charomyces cerevisiae (13–15).

In all studies on the impact of histone modification on second-
ary metabolism, direct evidence for the importance of single
amino acids of histone H3 was lacking. Therefore, here we inves-
tigated the direct impact of histone H3 amino acids on secondary
metabolism of A. nidulans. We generated A. nidulans strains with
altered amino acid sequences of histone H3. The mutant strains
were viable and allowed to investigate in detail the effect of amino
acid exchange on secondary metabolism.

MATERIALS AND METHODS
Bacterial and fungal strains. Bacterial and fungal strains are listed in
Table 1. The histone H3 substitution strains were obtained by transfor-
mation of A. nidulans A1153 with a linear DNA fragment. The DNA
fragment carried the histone H3 gene (ANIA_00733) harboring the re-
spective substitutions, flanked by two 1.5-kb sequences homologous to
the upstream and downstream regions of the histone H3 gene and, as a
selectable marker, the argB gene of A. nidulans (Fig. 1B). The reference
strain for this study was obtained by transformation of A. nidulans A1153
with the above-mentioned DNA fragment containing the wild-type his-
tone H3 gene without amino acid substitutions. The DNA constructs were
amplified by fusion PCR (16, 17). The oligonucleotides used are listed in
Table 2.

Media and cultivation of strains. Standard cultivation of A. nidulans
strains was performed in Aspergillus minimal medium (AMM) at 37°C
and 200 rpm (18). Required supplements were added as follows: arginine
(50 �M), p-aminobenzoic acid (3 �g ml�1), or pyridoxine HCl (5 �g
ml�1). AMM was inoculated with 2 � 108 conidia ml�1. For production
of orsellinic acid, A. nidulans was precultivated overnight in AMM and
transferred into fresh medium inoculated with S. rapamycinicus, as de-

scribed by Schroeckh et al. (19). Samples for RNA extraction of mycelia
for expression analysis of the orsellinic acid gene cluster and sterigmato-
cystin gene cluster were taken after 3 h and 36 h, respectively. Samples for
high-pressure liquid chromatography (HPLC) analysis of orsellinic acid
production were taken after 24 h and for sterigmatocystin production
after 36 h and 48 h. For the analysis of penicillin production, RNAs of
mycelia and preparation of supernatants for compound isolation were
obtained from A. nidulans cultures grown in fermentation media as pre-
viously described (20). Samples for RNA extraction were taken after 12 h
of cultivation and for the penicillin bioassay after 36 h.

Penicillin assay. Penicillin bioassays were essentially performed as
previously described (21). Bacillus calidolactis C953 was used as an indi-
cator organism. The penicillin titer was correlated to the dry weight of the
biomass.

TABLE 1 List of strains used in this study

Strain Genotype Reference

Aspergillus nidulans
A1153 yA 1 pabaA1 argB2 pyroA4 nkuA::bar Nayak et al. (37)
A1153H3 yA1 pabaA1 pyroA4 nkuA::bar h3-argB2 This study
A1153H3K9R yA1 pabaA1 pyroA4 nkuA::bar h3-K9R-argB2 This study
A1153H3K14R yA1 pabaA1 pyroA4 nkuA::bar h3-K14R-argB2 This study
A1153H3K14Q yA1 pabaA1 pyroA4 nkuA::bar h3-K14Q-argB2 This study
A1153H3K9/14R yA1 pabaA1 pyroA4 nkuA::bar h3-K9RK14R-argB2 This study
A1153H3K18R yA1 pabaA1 pyroA4 nkuA::bar h3-K18R-argB2 This study
A1153H3K23R yA1 pabaA1 pyroA4 nkuA::bar h3-K23R-argB2 This study
A1153H3S10A yA1 pabaA1 pyroA4 nkuA::bar h3-S10A-argB2 This study
A1153H3T11A yA1 pabaA1 pyroA4 nkuA::bar h3-T11A-argB2 This study

Bacillus calidolactis C953 Brakhage et al. (21)

Streptomyces rapamycinicus Kumar and Goodfellow (38)

FIG 1 Histone H3 substitution strains of A. nidulans. (A) Schematic overview
of the amino acid substitutions present in histone H3 mutant proteins. Indi-
cated in gray is the histone H3 protein; amino acid residues marked in black
were not replaced. The exchange of amino acids to arginine, glutamine, and
alanine is marked in blue, red, and green, respectively. (B) Generation of his-
tone H3 substitution strains of A. nidulans. Schematic representation of the
genomic H3 locus of wild-type and mutant strains. Arrows mark genes, and
the dashed line indicates the region of H3 in which substitutions were intro-
duced. Black boxes mark �1,500-bp-long regions serving for homologous
recombination.
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qRT-PCR. To quantify transcript levels by quantitative real-time
(qRT)-PCR, total RNA was purified with the RiboPure-Yeast kit (Applied
Biosystems) according to the manufacturer’s instructions. cDNA synthe-
sis was performed with 15 �g of DNase I-treated RNA for 3 h at 46°C using
Superscript III reverse transcriptase (Invitrogen). qRT-PCR was carried
out on an Applied Biosystems StepOnePlus Real-Time PCR system in
triplicate for each sample. The A. nidulans �-actin gene ANIA_06542 was
used as an internal standard for calculation of expression levels. MyTaq
HS mix 2� (Bioline) in combination with EvaGreen (Biotium) was used
for cDNA amplification with gene-specific primers (Table 2). The cycling
parameters included an initial DNA denaturation step at 95°C for 2 min,
followed by 45 cycles with DNA denaturation at 95°C for 5 s and primer
annealing and extension at 62°C for 15 s. qRT-PCR results were analyzed
as described previously (19).

Preparation of chromosomal DNA, Southern blot analysis, and
DNA sequencing. Genomic DNA from A. nidulans mycelia was isolated
using the MasterPure Yeast DNA purification kit (Epicentre Biotechnol-

ogies) according to a modified isolation protocol (22). Fungal mycelium
was disrupted by zirconia beads (Ambion) using FastPrep-24 (MP Bio-
medicals) for 30 s with a rotation speed of 6,500 rpm. Southern blot
analysis was carried out by using a nonradioactively labeled DNA probe as
previously described (19). Primers for amplification of probes are listed in
Table 2. For DNA sequence analysis, the histone H3 gene of each strain
was PCR amplified and the purified DNA products were sequenced by the
company MWG-Biotech (Ebersberg, Germany). Two sequencing reac-
tions with primers upstream and downstream of the H3 gene were carried
out for each strain. The primers used are listed in Table 2.

Extraction of compounds and HPLC analysis. Culture broth and
fungal mycelia were extracted with ethyl acetate (2 � 100 ml), dried with
sodium sulfate, and concentrated under reduced pressure. Prior to extrac-
tion, the cultures were homogenized using an Ultra-Turrax batch dis-
perser to blend mycelia. For HPLC analysis, the dry extracts were dis-
solved in 2 ml of methanol. Analytical HPLC was performed using a
Shimadzu LC-10Avp series HPLC system consisting of an autosampler,
high-pressure pumps, column oven, and photo diode array (PDA) detec-
tor. HPLC conditions were as follows: C18 column, Eurospher 100-5,
250 � 4.6 mm; gradient elution, acetonitrile (MeCN)– 0.1% (vol/vol)
trifluoroacetic acid (TFA) (H2O), 0.5:99.5 in 30 min, to MeCN– 0.1%
(vol/vol) TFA, 100:0, and 100% MeCN (vol/vol) for 10 min; flow rate, 1
ml min�1; injection volume, 50 �l. Compounds were identified by com-
parison with an authentic standard and quantified by integrating the peak
area using Shimadzu Class-VP software (version 6.14 SP1).

RESULTS
A. nidulans mutants with substituted lysine and serine/threo-
nine residues of histone H3. Previously, we have shown that the
histone-acetylating complex SAGA/ADA is required for the acti-
vation of secondary metabolite biosynthesis gene clusters such as
penicillin, sterigmatocystin, terrequinone A, and orsellinic acid in
A. nidulans (8). Our data indicated that the complex is targeted to
these gene clusters and, furthermore, that the acetylation of the
lysine residues 9 and 14 at the N terminus of histone H3 coincides
with the activation of the ors gene cluster (8). To prove the impor-
tance of the individual amino acids and thus of their modification
for secondary metabolism, we generated A. nidulans strains with
substitutions at these positions (9 and 14) in the histone H3 pro-
tein. Furthermore, the amino acids lysine 18 and lysine 23 as well
as serine 10 and threonine 11 of histone H3 were also chosen as
additional targets for amino acid substitutions. Lysine 18 and 23
were previously reported to be acetylated by the SAGA/ADA com-
plex in Saccharomyces cerevisiae (12, 23). Serine 10 and threonine
11 were selected because the posttranslational modification of
both amino acids was shown to affect the acetylation level of his-
tone H3 in S. cerevisiae (24, 25).

A. nidulans strains with altered histone H3 amino acid se-
quence were obtained by exchange of the wild-type H3 gene
against modified gene versions that encode substituted amino ac-
ids, as indicated in Fig. 1A; see also Fig. S1 in the supplemental
material. Lysine residues were replaced by arginine or glutamine
residues, and serine/threonine residues were replaced by alanine.
The exchange of lysine to arginine or serine/threonine to alanine
mimics a nonacetylatable or nonphosphorylatable residue, re-
spectively. In contrast, the exchange of lysine to glutamine mimics
an acetylated lysine residue. In addition to single substitutions, we
also generated a double amino acid substitution mutant, which
had replaced lysines 9 and 14 by arginine residues (Fig. 1A). To the
DNA constructs encoding the H3 amino acid exchanges, the
auxotrophic selection marker gene argB was added (Fig. 1B). After
transformation of the arginine auxotrophic A. nidulans strain

TABLE 2 List of primers used in this study

Name Sequence (5=–3=)
For generation of constructs for

transformation
H3T11¡A11rev CTTGCCACCGGCAGACTTGCCTG
H3T11¡A11for CAGGCAAGTCTGCCGGTGGCAAG
H3K14¡R14rev ACGGGGAGCACGGCCACCAGT
H3K14¡R14for ACTGGTGGCCGTGCTCCCCGT
H3K14¡Q14rev ACGGGGAGCCTGGCCACCAGT
H3K14¡Q14for ACTGGTGGCCAGGCTCCCCGT
H3K18¡R18rev CGCGAGCTGACGACGGGGAGC
H3K18¡R18for GCTCCCCGTCGTCAGCTCGCG
H3K23¡R23rev ACGGGCAGCACGGGACGCGAG
H3K23¡R23for CTCGCGTCCCGTGCTGCCCGT
H3K9¡R9rev CACCAGTAGAACGGCCTGTTGG
H3K9¡R9for CCAACAGGCCGTTCTACTGGTG
H3S10¡A10rev TGCCACCAGTGGCCTTGCCTGT
H3S10¡A10for ACAGGCAAGGCCACTGGTGGCA
H3lbrevarg GCAAACAGAACTTTGACTCCCA

TCAGGCAGAACTTATGCTAAGC
H3rbforarg ATTGACATGTTCTCTCGCTTCC

TGTGCTGTTTCGTTCCTGCTA
H3lbfor CGAGCATTACTAGGAGCAAGG
H3rbrevQ CTCACACGGCATCTAAGCTG
H3lbforQ GTATTCATATGACCGCGTCTC
H3rbrev GAGTCAAAGCTGGGTTCCAG

qRT-PCR
Qacnfwd CACCCTTGTTCTTGTTTTGCTC
Qacnrev AAGTTCGCTTTGGCAACGC
qaflRfwd GCGCGAAGAAGACTTCAAC
qaflRrev TGCAATAACTGCCGACGAC
qstcOfwd ATGTGTGAGATTGCCAGCC
qstcOrev TAGCAAGAACCCAGCCAAC
qstcAfwd AACGCGCCCAAAATGAAAG
qstcArev CAAACCACATCCCACCCATC
Qaatafwd TATCCCAACCAGAACCAGCC
Qaatarev ACTGAAACTTGTCGTTCACCC
Qipnafwd TGGCACATCTCACAAACAAC
Qipnarev TTGACGAAGAATGGCAGGG

DNA sequencing
pH3seqfor CTTATGGTGTGCTGGTTTCCG
TH3seqrev CACTGCATATTCGATCATGGAC
H3seqfor CAAAGGAAAGGGCGCTAAGAC
H3seqrev CAGAACTTTGCGTCAAGCACAG
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A1153, transformants were isolated, each carrying a gene con-
struct replacing the endogenous wild-type H3 gene. As a control,
the wild-type gene was replaced by the wild-type gene fused with
the argB cassette. All transformant strains were analyzed by South-
ern blotting (see Fig. S1 in the supplemental material) and se-
quencing of the histone H3 locus to prove the integration of a
single-copy gene at the H3 genomic locus (data not shown). As
shown in Fig. 2A, all mutant strains were viable, which was sur-
prising given the importance of the amino acids as targets for
histone modifications. Mutant strains carrying a single substitu-
tion of lysine 14 (H3 K14R) and also a double substitution of
lysines 9 and 14 (H3 K9/14R) showed a slight reduction in growth
and conidium formation (Fig. 2). All other mutant strains encod-
ing the different amino acid exchanges did not reveal visible
changes compared to the wild type (Fig. 2). It is worth noticing
that the exchange of lysine 14 by the uncharged amino acid glu-
tamine did not overcome the reduced conidiation phenotype al-

though glutamine instead of lysine mimics the acetylation of
lysine (26) (see Discussion). The biomass formation for all
strains was measured in 20-ml AMM experimental cultures
after 24 h of cultivation at 37°C. None of the strains showed a
significantly altered growth in comparison to the wild type. The
generation of stress caused by rapamycin, Congo red, NaCl,
hydroxyurea, camptothecin, methyl methane sulfonate, and
hydrogen peroxide and growth on the nitrogen and carbon
sources glutamine and ethanol, respectively, did not lead to
obvious differences between the wild type and the mutant
strains (data not shown). Also, compared to the wild type, there
was no difference in the sensitivity of the mutant strains against
reactive oxygen/reactive nitrogen intermediate-generating
compounds like diamide, diethylenetriamine-nitric oxide
(deta-NO), and menadione (data not shown).

Lysine residue 14, alone and in combination with lysine res-
idue 9, contributes to secondary metabolite production. To shed
light on the general importance of the selected histone H3 amino
acids on secondary metabolism of A. nidulans, we analyzed three
secondary metabolism pathways affected by the GcnE histone
acetyltransferase and whose biosynthesis genes exhibited acetyla-
tion marks at H3 K9 and K14. These include the penicillin, sterig-
matocystin, and orsellinic acid biosynthesis pathways. As shown
in Fig. 3A, replacement of acetylatable lysine 14 by arginine and
double replacement of lysines 9 and 14 by arginine residues led to
a significantly decreased penicillin titer. All other single substitu-
tions of histone H3 did not affect the penicillin titer. In contrast to
the conidiation phenotype, this included the exchange of H3 K14

FIG 2 Colony phenotype on agar plates, number of conidia, and biomass
formation in experimental cultures of histone H3 mutant strains of A. nidu-
lans. (A) Growth phenotype. The mutant strains were grown on AMM agar
plates for 3 days at 37°C. (B) Number of conidia produced by the different
strains. Fresh conidia were plated on AMM agar plates, and conidia were
harvested after 3 days of incubation at 37°C. Statistical significance of data is
given by the P value (**, P � 0.01; ***, P � 0.001). (C) Biomass formation in
experimental cultures after 24 h of cultivation at 37°C in 20 ml of AMM.

FIG 3 Penicillin titers and mRNA steady-state levels of penicillin biosynthesis
genes of histone H3 mutant strains. Wild-type and histone mutant strains were
grown in fermentation media and harvested. (A) Penicillin titers measured
after 36 h are given as relative values, with the amount measured for the wild
type set at 100%. Statistical significance of data is given by the P value (**, P �
0.01; ***, P � 0.001). (B) Fold difference of the mRNA steady-state level of
penicillin biosynthesis genes ipnA and aatA and the nonrelated gene
ANIA_2647 measured by qRT-PCR after 12 h of incubation of strains. The
�-actin gene of A. nidulans was used as an internal standard. Statistical signif-
icance of data is given by the P value (*, P � 0.05; **, P � 0.01).
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by the uncharged glutamine, which overcame the phenotype of
the H3 K14R substitution, suggesting that the lack of the charge
due to acetylation caused the major effect (26). Interestingly, a
smaller amount of penicillin was detected in the H3 K9/14R dou-
ble mutant strain than in the H3 K14R single substitution mutant.
This was surprising, as no altered penicillin titer was measured in
the H3 K9R single substitution mutant (Fig. 3A). The reduced
penicillin titers in the H3 K14R single mutant and H3 K9/14R
double mutant were accompanied by reduced mRNA steady-state
levels of the respective biosynthesis genes. This conclusion was
based on qRT-PCR results demonstrating that the two penicillin
biosynthesis genes ipnA and aatA measured here showed reduced
mRNA steady-state levels after 12 h of incubation of A. nidulans in
fermentation medium (Fig. 3B).

Similar observations were made for the production of sterig-
matocystin (Fig. 4A). After 48 h of incubation, only the double
substitution of acetylatable lysines 9 and 14 in the H3 K9/14R
double mutant by arginine residues led to a significantly decreased
sterigmatocystin production. However, when the sterigmatocys-

tin titer was measured after 36 h, the H3 K9R mutant showed a
slight reduction of sterigmatocystin, whereas both the H3 K14R
mutant and the H3 K9/14R double mutant displayed a strong
reduction of the sterigmatocystin titer, indicating that the histone
marks are more relevant at the onset of the production of the
metabolite (Fig. 4B). Consistent with the sterigmatocystin titers
after 36 h, the steady-state mRNA levels of the sterigmatocystin
cluster genes aflR and stcA were reduced in both the H3 K14R
single substitution mutant and the H3 K9/14R double mutant.
The single substitution of H3 K9 did not lead to a reduction of
gene expression (Fig. 4C).

We also tested the H3 K9 and K14 substitution strains for ex-
pression of members of the gene cluster and metabolite produc-
tion under noninducing conditions. There was no difference in
the expression of penicillin and sterigmatocystin biosynthesis
genes in the mutant strains compared to the wild type (see Fig. S2
in the supplemental material; also data not shown).

Substitution of lysine 14 by arginine abolished the inducibil-
ity of the silent A. nidulans orsellinic acid gene cluster by Strep-
tomyces rapamycinicus. Previously, we showed that the SAGA/
ADA complex is required for the activation of the orsellinic acid
gene cluster during the interaction of A. nidulans with the strep-
tomycete S. rapamycinicus (8, 19). The SAGA/ADA complex led to
increased acetylation of lysine 9 and lysine 14 of histone H3. Fur-
ther experiments suggested that lysine 9 acetylation was specifi-
cally associated with active secondary metabolism gene promot-
ers, whereas lysine 14 acetylation increased not only within gene
cluster boundaries but also at promoters of genes outside the gene
clusters (8). Because the causal link of acetylated lysine residues
and the expression of secondary metabolism genes and produc-
tion of metabolites was lacking, we analyzed the effect of S. rapa-
mycinicus on the various histone mutant strains of A. nidulans and
measured the activation of the ors gene cluster as a readout. In
accordance with the results obtained for penicillin and sterig-
matocystin, we observed a drastic reduction of production of or-
sellinic acid in the H3 K14R single substitution mutant and the H3
K9/14R double mutant (Fig. 5A). All other histone mutant strains
exhibited orsellinic acid levels similar to those of the wild type. In
agreement with the reduced orsellinic acid, a strong decrease of
the mRNA steady-state level of the ors genes was detected in the
mutant strains H3 K14R and H3 K9/14R in comparison to the
wild type (Fig. 5B). The H3 K9/14R double substitution again
resulted in a more pronounced reduction of mRNA steady-state
levels and orsellinic acid production (Fig. 5B). As also noted for
both the penicillin and sterigmatocystin biosynthesis genes, single
substitution of lysine 9 did not lead to an alteration of the tran-
scription rate of the analyzed genes of the ors cluster.

DISCUSSION

Previously, we showed that in A. nidulans the activity of genes of
several secondary metabolism biosynthesis gene clusters was asso-
ciated with increased acetylation of lysines 9 and 14 of histone H3
during expression of these genes (8). These secondary metabolites
included penicillin, sterigmatocystin, and orsellinic acid. Further-
more, the SAGA/ADA complex containing the GcnE histone
acetyltransferase was shown to be required for this acetylation (8).
Although compelling, these findings allowed only an association
between histone modification, deletion of histone modifier-en-
coding genes, and regulation of secondary metabolism. It was
conceivable that secondary effects of the generated gcnE and adaB

FIG 4 Sterigmatocystin titer and mRNA steady-state levels of sterigmatocys-
tin cluster genes of histone H3 mutant strains grown in AMM. Sterigmatocys-
tin titers are given as relative values, with the amount measured for the wild
type set at 100%. Statistical significance of data is given by the P value (**, P �
0.01; *, P � 0.05; ***, P � 0.001). (A) Sterigmatocystin titers after 48 h. (B)
Sterigmatocystin titers after 36 h. (C) qRT-PCR analysis of sterigmatocystin
cluster genes aflR and stcA, the gene ANIA_7830, located next to the sterig-
matocystin cluster, and the �-actin-encoding acn gene used as an internal
standard. Gene expression was measured after 36 h of cultivation of strains.

Nützmann et al.

6106 aem.asm.org Applied and Environmental Microbiology

http://aem.asm.org


(also encoding a subunit of SAGA/ADA) mutant strains or other
missing activities of deleted genes led to alterations of secondary
metabolism. For example, the importance of the SAGA/ADA
complex for gene cluster expression could be due to activities
other than its function for histone acetylation (12). Because the
causal link of lysine acetylation of histone H3 and secondary me-
tabolism was lacking, we addressed this problem by analyzing the
effect of the exchange of the respective amino acids of histone H3
against other amino acids. Substitution of histone amino acids is
an established tool to test the individual impact of histone residues
on distinct cellular processes. In S. cerevisiae, mutant libraries with
substitutions in each histone residue have been generated (27, 28).
Histones in higher eukaryotic model organisms, such as Neuro-
spora crassa, Tetrahymena thermophila, and Drosophila melano-
gaster, were the targets for individual amino acid exchanges (29–
31). A common initial concern in these studies was the viability of
the mutated organisms, because the high evolutionary conserva-
tion of histone proteins and their function as an acceptor of vari-
ous modifications suggest their essential importance for cells.
However, results obtained for S. cerevisiae showed that the vast
majority of histone amino acids can be changed (27, 28). That this
does not hold true for all eukaryotes was elegantly shown in N.
crassa, where among other substitutions lysines 9 and 14 of his-
tone H3 were shown to be essential (29). All A. nidulans histone
mutant strains generated here were viable and thus allowed us to
investigate the importance of distinct amino acids and their po-
tential to become posttranslationally modified for fungal second-
ary metabolism. For all three secondary metabolism pathways, we
could unequivocally show that lysine 14 and its acetylation are of
major importance for the production of penicillin, sterigmatocys-

tin, and upon cocultivation with S. rapamycinicus, orsellinic acid.
The qRT-PCR analyses fully supported these findings, as reduced
transcription of the respective gene clusters was detected in the H3
K14R mutant strain. Therefore, this lysine residue and its post-
translational modification play a major role for the expression of
these secondary metabolite biosynthesis gene clusters. Interest-
ingly, the time-dependent measurements made for sterigmatocys-
tin production indicate that the H3 K14 mark is of particular
importance for the initial activation of the gene cluster. The dras-
tic reduction of metabolite titer due to the exchange of lysine
against arginine was overcome at later stages of cultivation. Simi-
lar observations were made for the penicillin and orsellinic acid
gene clusters (data not shown).

In general, histone H3 acetylation appears to function in two,
non-mutually exclusive manners: (i) to provide a molecular tag
for the recruitment of chromatin-modifying complexes and (ii) to
directly change the chromatin structure by weakening histone-
DNA contacts (26, 32, 33). The finding that the exchange of K14
by the uncharged glutamine residue did not affect the expression
of the gene clusters suggests that the neutralization of the charge of
lysine 14 by acetylation is of major importance rather than the
recruitment of other proteins upon acetylation of K14. However,
the unaffected metabolite and transcript levels in the lysine-to-
glutamine exchange strain also showed that a more neutral
charged histone tail alone is not sufficient to activate secondary
metabolite gene clusters under noninducing conditions. Most
likely, a lack of transcriptional activators cannot be compensated.

Gene clusters are rarely found in eukaryotes (1, 2). A promi-
nent exception is secondary metabolism gene clusters. Most, if not
all, fungal secondary metabolism genes are found in clusters. For
example, in A. nidulans more than 45 gene clusters were found
based on an in silico analysis of the genome (1). Several arguments
have been put forward to explain gene clusters in eukaryotes. Re-
cently, an increasing number of reports on the specific regulation
of gene clusters by histone modification (8–10, 34, 35) suggests
that chromatin-based regulation through histone acetylation or
methylation could be a good reason for clustering of secondary
metabolism genes (1). Histone acetylation or methylation has the
advantage that it can be restricted to defined regions of the chro-
mosome spanning only a few genes.

Interestingly, smaller amounts of secondary metabolites were
detected in the H3 K9/14R double mutant strain than in the H3
K14R single substitution mutant. This was surprising, as the pen-
icillin and orsellinic acid titers did not change in the H3 K9R single
substitution mutant and the sterigmatocystin production rate de-
creased only very slightly. Previously, two modifications were as-
signed to H3 K9. Methylation of K9 was associated with repression
of several secondary metabolism gene clusters (9) and acetylation
of K9 with activation of gene clusters (8). It is thus conceivable that
the lack of both posttranslational marks at K9 leads to an un-
changed phenotype in the single substitution strain. Another ex-
planation could be that the loss of K9 acetylation can be mostly
overcome by the K14 acetylation, and thereby the effect of ex-
change of K9 can be seen only in an H3 K14R mutant background.
However, the observations based on the K9/K14 double exchange
clearly suggest a role of H3 K9 for gene expression. Furthermore, it
can be expected that interdependence of K14 and K9 exists. Con-
sistently, as previously shown by Nützmann et al. (8), lysine 9
acetylation was specifically induced in promoters of genes located
in the analyzed clusters. In contrast, lysine 14 acetylation seems to

FIG 5 (A) Orsellinic acid production during interaction of S. rapamycinicus
with the histone H3 substitution strains of A. nidulans after 24 h of coincuba-
tion. (B) qRT-PCR analysis of ors genes orsA, orsB, and orsC and of the non-
related gene AN7908. Fold difference is given according to the 2���CT

method. Expression levels were calculated with the A. nidulans �-actin gene as
an internal standard. Mycelia for RNA isolation were taken after 3 h of coin-
cubation of A. nidulans strains with S. rapamycinicus.
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be increased in a more genome-wide fashion (8). We can speculate
that the more unspecific K14 acetylation mediated by GcnE is a
prerequisite for a specific K9 acetylation and full activation of the
gene clusters. In S. cerevisiae, reports suggest such a direct link
between H3 K14 acetylation and H3 K4 methylation. Missing K14
acetylation led to increased activity of H3 K4 demethylases and
subsequently to decreased methylation levels (36). It was not in
the scope of our analysis to measure the effect of the amino acid
substitutions on other histone amino acid modifications. How-
ever, it would be interesting to analyze the histone H3 modifica-
tion pattern, e.g., the H3 K9 and H3 K4 methylation levels, in the
K14 substitution strain generated here.

The exchange of H3 K14 by arginine led to a reduced conidia-
tion phenotype of the mutant strain. This finding agrees well with
the observation that the gcnE mutant strain of A. nidulans also
exhibited reduced conidiation (8). However, it is worth noticing
that the exchange of K14 by the uncharged amino acid glutamine
did not overcome the reduced conidiation phenotype, although it
was suggested that glutamine instead of lysine mimics the acety-
lation of lysine (26). It is thus conceivable that for conidiation not
only the neutralization of the charge of K14 by acetate groups is
required but also the recruitment of additional chromatin-modi-
fying complexes to histone H3.

In conclusion, our study closes a missing link in the field of
chromatin genetics and its importance for fungal secondary me-
tabolism. Individual reports on deletion of chromatin modifier
genes, measurement of histone modification states, and substitu-
tion of histone amino acids, as investigated here, can provide only
a limited general view on the ongoing regulatory processes and
cannot exclude indirect effects caused by the studied histone
acetyltransferase. However, in this study we underline the previ-
ous finding that the SAGA/ADA complex acetylates histone H3
lysine residues and thereby regulates secondary metabolism in A.
nidulans with the observation that individual histone amino acids
are indeed essential for the activation of secondary metabolite
biosynthesis gene clusters.
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