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Abstract

Identification of genes encoding type 111 polyketide synthase (PKS) superfamily members in the industrially useful filamentous
fungus, Aspergillus oryzae, revealed that their distribution is not specific to plants or bacteria. Among other Aspergilli (Aspergillus
nidulans and Aspergillus fumigatus), A. oryzae was unique in possessing four chalcone synthase (CHS)-like genes (¢sy A, csyB, csyC,
and csyD). Expression of ¢syA, csyB, and csyD genes was confirmed by RT-PCR. Comparative genome analyses revealed single
putative type III PKS in Neurospora crassa and Fusarium graminearum, two each in Magnaporthe grisea and Podospora anserina,
and three in Phenarocheate chrysosporium, with a phylogenic distinction from bacteria and plants. Conservation of catalytic residues
in the CHSs across species implicated enzymatically active nature of these newly discovered homologs.

© 2005 Elsevier Inc. All rights reserved.
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Chalcone synthases (CHSs), the well-known repre-
sentatives of type III polyketide synthase (PKS)
superfamily, catalyze the condensation of 4-hydroxycin-
namoyl-CoA and three malonyl-CoA molecules to form
the chalcone derivative, naringenin chalcone, which is
the first committed step in the phenylpropanoid path-
way of plants leading to the biosynthesis of flavonoids,
isoflavonoids, and anthocyanins [1]. Plant phenylpropa-
noids and flavonoids serve as antimicrobial and pigmen-
tation agents, and as protectants from detrimental
effects of UV light [2-4]. While the CHSs are function-
ally well characterized and traditionally supposed to
be plant-specific until recently, the existence and func-
tionality of bacterial type III PKSs have been reported
[5-7]. Recently chalcone-flavanone isomerases, consid-
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ered as downstream enzymes acting on the products of
CHSs in plants, have been identified in Saccharomyces
cerevisiae, Schizosaccharomyces pombe, and Neurospora
crassa [8]. Considering the absence of a CHS ortholog
whenever a chalcone—flavanone isomerase is present in
bacteria or ascomycetes, it was proposed that a flavo-
noid/isoflavonoid pathway akin to plants may not exist
in these organisms and alternatively other unknown
isoflavonoid-like compounds may be synthesized [8].
Among different microbes, filamentous fungi are used
as sources of important metabolites that find wide usage
in agriculture, industry, medicine, and nutrition [9,10].
While the primary metabolites are common to fungi,
the secondary metabolites such as aflatoxins, antibiotics,
pigments, etc., produced by the activity of specific PKSs
represent infrequent chemical structures [9-12]. Little is
known about their genetic architecture and physiologi-
cal role despite the fact that some fungi have been
exploited industrially for over several decades [13]. The
well-characterized fungal secondary metabolites are
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aflatoxins produced by Aspergillus flavus and Aspergillus
parasiticus, and their biosynthetic pathway includes
transcriptional activators, other genes, and genes
encoding type I PKSs, that are arranged as a cluster in
the genome [14]. While the koji mold, Aspergillus oryzae,
is well recognized as a source of many useful enzymes
and proteins in Japanese fermentation industry [13,15],
recent completion of its genome sequencing revealed
the presence of several genes encoding type I PKSs
and cytochrome P450s pointing to its inherent
secondary metabolic potential [16]. Although the exis-
tence of an aflatoxin biosynthesis gene cluster in A.
oryzae and its non-functionality due to mutations in
some of the key regulatory genes has been reported
[17], the presence of putative type III PKSs in this fun-
gus or any other fungi has not been examined. In accor-
dance with these findings, we herein report for the first
time on the occurrence of genes encoding type III PKSs
in A. oryzae highlighting a further possibility of its
metabolic diversity.

Materials and methods

Strains, media, and culture conditions. The genomic DNA and
cDNAs were derived from A. oryzae (RIB40). DPY medium was used
for culturing A. oryzae [13]. Escherichia coli DH5a and pT7 Blue
vector were utilized for subcloning experiments.

Isolation of RNA and RT-PCR analysis. Conidia of A. oryzae
RIB40 strain were cultivated as submerged cultures in DPY medium at
30 °C with shaking at 120 rpm for 1-7 days. Total RNA was extracted
from freeze-dried mycelia using ISOGEN (Nippon Gene) according to
the manufacturer’s protocol. First strand cDNA synthesis reaction
contained 1 pg of total RNA, 4 ul of 5x ReverTraAce buffer, 8 pul
dNTPs (2.5 mM), 1 pl oligo(dT);>_g Primer (Invitrogen), and 3.5 pl
DEPC treated H,O. Reaction was heated to 70 °C for 10 min followed
by cooling to room temperature, addition of RNase inhibitor and 1 pl
of ReverTraAce reverse transcriptase (Toyobo). First strand synthesis
proceeded at 42 °C for 1 h followed by heat inactivation for 5 min at
99 °C. PCRs contained 1 pl of the first strand reaction mixture, 1x Ex
Taq buffer (TaKaRa), 8 pl dNTPs, 0.5 uM each of primers designed
specifically for CSYA (5-ATGGCGCCCTTAATTCATGGTAAC-3'
and 5'-TCAGCGATATCTGGTAGCTTGG-3'), CSYB (5-TGCCCT
TGTTCTCAGCAATGG-3" and 5-ACGCATCGTAGCTCGCTCT
C-3"), CSYC (5'-CCCTGGATTCGACTGCACACTTTCT- 3’ and 5'-
GATCATCCTCGGAACGTCC T-3'), and CSYD (5'-CTATCTCG
CCATTGTCGTCATTCTCC-3’ and 5'-AGGTCCAATGCTAAGCT
CGC-3'), and 2.5 U Ex Tag DNA polymerase. The reaction mixtures
were heated to 94 °C for 30 s followed by 35 cycles at 94 °C for 30s,
58 °C for 30 s, and 72 °C for 1 min. y-Actin expression was taken as a
control using the primers 5-GTTGCTGCTCTCGTCATTGAC-3'
and 5-GTAATCGGTCAAATCACGGCC-3'.

Cloning and sequencing of c¢syA and csyB cDNAs. The 5" and 3’ ends
of csyA and csyB cDNAs were obtained by RACE-PCR using the
respective gene-specific primers: 5 CSYA (5'-CTCTGAACGAGC
TCCTCTCTGGAA-3') and 3’ CSYA (5-CGGATGTTGAACTGG
ATGCTGGAAG-3’) for csyA, 5" CSYB (5-TGAACACTGGCACC
GACCGACTA-3') and 3’ CSYB (5-GCCGCTGTTCCGATGCCT
TATGG-3') for csyB, and reactions were performed using GeneRa-
cerTM RACE kit (Invitrogen). PCR-amplified cDNA fragments were
cloned into the plasmid, pCR 4Blunt-TOPO (Invitrogen), and
sequenced on an ABI PRISMTM 310NT Genetic Analyzer.

Sequence data analyses. CHS-like protein sequences were obtained
from fungal and yeast genome databases; (1) http://www.tigr.org/
tdb/e2k1/aful/, (2) http://www.broad.mit.edu/annotation/fungi/
aspergillus/, (3) http://www.broad.mit.edu/annotation/fungi/fusarium/,
(4) http://www.broad.mit.edu/annotation/fungi/magnaporthe/, (5)
http://www.broad.mit.edu/annotation/fungi/neurospora_crassa_7/
index. html, (6) http://podospora.igmors.u-psud.fr/index.html, (7)
http://www.broad.mit.edu/annotation/fungi/rhizopus_oryzae/, (8)
http://www.broad.mit.edu/annotation/fungi/ustilago_maydis/, (9)
http://www.broad.mit.edu/annotation/fungi/coprinus_cinereus/, (10)
http://genome.jgi-psf.org/whiterot1/whiterotl.home.html, (11) http://
www.candidagenome.org/, (12) http://www.broad.mit.edu/annotation
/fungi/cryptococcus_neoformans/index.html, (13) http://www.yeast-
genome.org/, and (14) http://www.genedb.org/genedb/pombe/index.
jsp. Pairwise alignments were performed using BLAST and ClustalW
program for generating multiple alignments and dendrogram. The
genome sequence data of A. oryzae will be available publicly after
publication [16].

Accession numbers. GenBank Accession Nos. for selected plant
sequences were: STS (Arachis hypogaea, Stilbene synthase, AB027606);
CTAS (Hydrangea macrophyll a, p-coumaryl triacetic acid synthase,
ABO011468); CHS2 (Medicago sativa, CHS, ALFCHS2A); BAS
(Rheum palmatum, benzalacetone synthase, AF326911); ACS2 (Ruta
graveolens, acridone synthase, RGR297788); At-15217605 (Arabidopsis
thaliana, CHS and STS family protein, NP_171707); At-15236691
(Arabidopsis thaliana, CHS and STS family protein, NP_191915); Os-
15341587 (Oryza sativa, Putative CHS, AAK95679); and Os-7433785
(Oryza sativa, CHS homolog, T03612). Bacterial sequences: DhpA
(Amycolatopsis orientalis, dihydroxyphenylacetate synthase, T17474);
PhID (Pseudomonas fluorescens, PhlD protein, AAB48106); RppA
(Streptomyces  griseus, 1,3,6,8-tetrahydroxynaphthalene synthase,
BAA33495); PKSI11 (Mycobacterium tuberculosis, possible CHS,
NP_216181); and PKSI18 (Mycobacterium tuberculosis, hypothetical
protein, NP_215888). The genomic DNA sequences pertaining to the
csyA, csyB, csyC, and csyD have been deposited in DDBJ and their
accession numbers are listed in Table 1.

Table 1
List of putative type III polyketide synthases in fungi
Fungi Number Gene Database”
Aspergillus oryzae 4 csyA (AB206758)  This study
csyB (AB206759)
csyC (AB206760)
csyD (AB206761)
Aspergillus fumigatus 0 (1)
Aspergillus nidulans 0 (2)
Fusarium graminearum 1 FG08378.1 3)
Magnaporthe grisea 2 MG04643.4 (4)
MG06254.4
Neurospora crassa 1 NCU04801.1 (5)
Podospora anserina 2 Contigl 186 (6)
Contigl894
Rhizopus oryzae 0 (7)
Ustilago maydis 0 (8)
Coprinus cinereus 0 9)
Phanerochaete 3 PC132.3.1 (10)
chrysosporium
PC132.5.1
PC16.58.1
Candida albicans 0 (11)
Cryptococcus neoformans 0 (12)
Saccharomyces cerevisiae 0 (13)
Schizosaccharomyces 0 (14)
pombe

* Refer to Materials and methods for database addresses.
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Results and discussion interest to examine the existence of type III PKSs in
fungi.

Identification and cloning of putative chalcone synthase Preliminary effort to identify the type III PKSs in the

homologs in A. oryzae A. oryzae genome revealed 4 CHS-like type 111 PKS se-

quences using the Medicago sativa CHS2 amino acid se-

CHSs being the prominent members of type III PKS quence, that were designated as c¢syA, csyB, csyC, and
superfamily have received significant attention in plants csyD (Fig. 1). The respective cDNA sequences for two
and bacteria by virtue of their products with agricultural putative type III1 PKSs (¢csyA4 and csyB) were determined
and pharmaceutical values [18,19]. While type I PKSs in by sequencing the 5’ and 3’ end partial cDNA fragments
filamentous fungi have been well documented with their obtained by RACE-PCR together with the internal frag-

relevance for spore pigmentation and secondary metab- ments. CsyA and CsyB showed a 45% amino acid iden-
olite production [13,20,21], the type III PKSs have al- tity between each other. While the ¢sy4 ORF spanning
ways been considered restricted to either plants or 1209 bp encoded a polypeptide of 402 amino acids with
bacteria [3]. Since filamentous fungi are remarkable pro- a calculated molecular mass of 43.5 kDa, the c¢syB ORF
ducers of natural products [9-12], and in contrast to extended to 1194 bp with 397 amino acids and a calcu-
bacteria exhibit morphological differentiation it was of lated molecular mass of 43 kDa.
+ .
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Fig. 1. Complete amino acid sequences of CHS-like proteins from A. oryzae (refer to Table 1 for GenBank accession numbers), aligned with
representative CHSs from M. sativa (CHS2 GenBank Accession No. ALFCHS2A), O. sativa (CHS GenBank Accession No. AAK95679; CHS
GenBank Accession No. T03612), and A. thaliana (CHS GenBank Accession No. NP_171707; CHS GenBank Accession No. NP_191915). Highly
conserved residues in all the sequences are shaded in black and only in the fungal CHS sequences are highlighted in grey. Domains showing
conservation are designated as I, I, III, and IV. Catalytic residues, other highly conserved residues, CoA-binding sites, and CHS-signature sequence
residues are indicated as *, +, ., and #, respectively.
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A comparative analysis of A. oryzae putative type 111
PKSs with plant CHSs showed conservation of the cat-
alytic center residues Cys, Phe, His, and Asn at positions
164, 215, 303, and 336, respectively (Fig. 1; amino acid
positions mentioned are with respect to M. sativa
CHS2 sequence and are indicated by asterisks). Apart
from this basic criterion required to classify a protein
as a member of the CHS family, further evidence to sup-
port the nature of these CHS-like type III PKS se-
quences was obtained based on their conservation with
other plant CHSs (Fig. 1). 4. oryzae putative type I11
PKSs could be divided into four conserved domains that
constituted first, a broad stretch of residues in the N-ter-
minal half which included the active site with the highly
conserved Cys residue apart from at least eight other
residues (indicated by +) known to be highly conserved
among the plant CHSs [22]. Second, a narrow stretch of
residues which included the Phe active residue in addi-
tion to two other conserved residues, Asp and Gly.
While the third conserved domain included the His
and Asn active residues, and three other conserved resi-
dues (Trp and two Gly residues), the fourth domain in-
cluded the CHS-family signature sequence G(F/L)GPG
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[22] at position 372-376 on the C-terminus with the four
conserved residues (Phe, Pro, and two Gly residues;
indicated by #), which indicated that these amino acids
involved in substrate specific recognition were also
conserved in the fungal CHS-like type III PKS se-
quences (Fig. 1). Moreover, in addition to the residues
for substrate specificity and catalytic activity, the con-
servation in 16 (Fig. 1; indicated by +) of the 18 residues
that are highly conserved in plant CHSs [23] confirmed
that these sequences encoded functional chalcone
synthases.

Phylogenetic analysis of fungal chalcone synthase-like
genes

Since A. oryzae contained putative homologs of plant
CHSs, the occurrence of CHS-like type III PKS genes in
other fungi was verified by scanning the available fungal
genome databases using the 4. oryzae putative type 111
PKS sequences as mentioned under Materials and meth-
ods. As shown in Table 1 and Fig. 2, putative type III
PKSs were identifiable in Neurospora crassa, Magnapor-
the grisea, Phanerochaete chrysosporium, Fusarium
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Fig. 2. Comparison of amino acid sequences of CHS-like type III PKSs from A. oryzae (refer to Table 1 for respective GenBank accession numbers)
with other putative type III PKSs from N. crassa, M. grisea, F. graminearum, P. chrysosporium, and P. anserina. Catalytic residues are indicated as *.
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graminearum, and Podospora anserina. The number of
putative type III PKSs varied among these fungi with
N. crassa and F. graminearum consisting of a single
homolog each, M. grisea and P. anserina each with
two homologues, and P. chrysosporium with three
homologues, respectively. Comparison of A. oryzae
putative type III PKSs with other fungal type III PKS
sequences showed a predominant conservation in the
catalytic residues and the CHS-family signature se-
quence at the C-termini (Fig. 2).

As listed in Table 1, it may be noted that a majority
of these fungi are classified as plant pathogens pointing
to their evolutionary significance. It is possible that these
fungal CHS-like type III PKS genes have been acquired
by lateral gene transfer from plants. Although A. oryzae
is not a plant pathogen its close relatives, 4. flavus and
A. parasiticus, are opportunistic plant pathogens, [24].
This aspect is significant considering that recent comple-
tion of the A. oryzae genome sequencing revealed the
presence of several other genes (encoding pisatin
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demethylases, trichothecene hydroxylases, and isotri-
chodermin hydroxylases) reminiscent of plant patho-
genic character [16]. This is supported by the fact that
we could not find putative CHS homologs in the gen-
omes of other Aspergilli (4. nidulans or A. fumigatus)
that are not considered as plant pathogens.

As shown in Fig. 3, a phylogenic tree constructed
by using the conserved chalcone and stilbene synthase
domains revealed three major branches corresponding
to the plant, bacterial, and fungal PKSs, respectively.
While the fungal type III PKSs whose functions are

yet to be deciphered were present in a separate branch
in the dendrogram, A. oryzae putative type I11 PKSs be-
longed to a different cluster. Similar distinction in cluster
may be observed between the bacterial and plant type
IIT PKSs. Based on this phylogenic analysis it may be
considered that the fungal type III PKSs are distinct
from those of bacteria and plants. While it is too early
to confirm on the nature of products produced by these
putative type III PKSs, it may be hypothesized that
plant flavonoid-like metabolites are produced in certain
fungi.
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Genomic organization and expression pattern of chalcone
synthase genes in A. oryzae

Since several fungal secondary metabolic genes in
common are clustered [14,25], we sought to examine
the genomic organization of the CHS-like type III
PKS genes in A. oryzae. As shown in Fig. 4, an exami-
nation of ~40 kb region surrounding the csy genes re-
vealed some interesting data on other genes present
close to each of these candidate genes. Importantly,
the presence of genes encoding ferric reductase, copper
oxidase, and GABA permease close to the csyA4 gene
(Fig. 4A), and acyl-CoA synthase, GABA permease,
geranylgeranyl diphosphate synthase, and predicted
transporter near the ¢syC gene (Fig. 4C), implicated some
of these genes participating in coordination with the csy
genes during the synthesis of complex secondary prod-
ucts. However, no chalcone-flavanone isomerase gene
was detected in these gene clusters. Interestingly, plant
stress responses relating to low nitrogen and iron avail-
ability depend on the phenyl propanoid pathways involv-
ing CHSs [26]. Other genes of interest were the keto-acid
reductoisomerase, 2-polyprenyl-6-methoxyphenol hy-
droxylase, and a predicted acyl esterase surrounding the
¢syB gene (Fig. 4B), which resembled those from bacte-
rial species. Filamentous fungi share a common trait with
higher plants and certain prokaryotes in their ability to
synthesize a wide variety of secondary metabolites [27].
For instance, gibberellins that are produced by all higher
plants and antibiotics produced by some bacteria are also
produced by filamentous fungi [25], however, the gene
clusters responsible for the synthesis of these compounds
reveal low level amino acid identity. Although it is largely
believed, it is not yet clear if the secondary metabolic
genes have been acquired by fungi through horizontal
transfer either from plants or bacteria [27]. Considering
higher homology of these CHS-like type III PKS se-
quences with those of plant CHSs, it seems reasonable
to postulate a lateral gene transfer mechanism that led
to some of these fungi acquiring the CHS genes from
plants during evolution.

In order to assess the functionality of 4. oryzae puta-
tive type III PKSs, their expression was verified by RT-
PCR. While the ¢syA4 and csyD genes expressed during
1-7 days of culturing A. oryzae in DPY medium, the
¢syB gene was expressed during 1-3 days. However,
the reason behind the absence in expression of ¢syC dur-
ing all the days examined remains unknown (Fig. 5). In
the case of csyD expression, two transcripts which could
be the non-spliced and spliced forms were noted.
Although the genomic organization and expression
analysis reveal a possibility of the c¢sy genes functioning
in A. oryzae, their participation in the synthesis of new
products is to be investigated. CHS genes express consti-
tutively in a tissue-specific manner in pigmented flowers
and roots, and are induced by environmental stresses,

1 3 5 7 (days)

csyA

csyB

csy
csyd Spliced form
actinn

Fig. 5. Expression analysis of 4. oryzae putative chalcone synthase
genes. Conidia of 4. oryzae (RIB40) strain were cultured in DPY
medium for 1, 3, 5, and 7 days. RT-PCR was performed after total
RNA extraction as mentioned under Materials and methods.

infection by microbial pathogens, UV light, wounding,
and treatment with elicitors [28]. In this regard, MYB
like proteins apart from other endogenous regulators
(stress-induced transcription activators or repressors)
up-regulate flavonoid gene expression in plants [29].
Although we have not examined the expression of A.
oryzae c¢sy genes under stress conditions, their promoters
revealed putative binding sites for transcription factors
that are usually present in plant CHS-encoding gene
promoters [29] (data not shown).

Aspergillus species exhibit a clearly distinguishable
genetic diversity with regard to being either pathogenic
(A. fumigatus, A. flavus, A. parasiticus), or non-patho-
genic (A. nidulans) or industrially useful (4. oryzae,
A. niger). Hence, during the course of evolution,
microbes of the same genus may tend to develop and
maintain newer genotypic traits. Although we have
been able to access the untapped metabolic diversity
of A. oryzae and other fungi via genomic sequence
analyses and herein reported the presence of type III
PKS homologs, elucidating the role of ¢sy genes in fun-
gal stress response pathways and synthesis of flavo-
noid-like metabolites remains a challenging area of
research. In particular, the discovery of novel type III
PKS family members in A. oryzae, which is well recog-
nized for its industrial applicability, demonstrates the
possibility of exploiting its inherent metabolic potential
and directing rational approaches for the expression of
these genes, detection and purification of new bioactive
natural products.
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