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Abstract

Cercosporin, a photo-activated, non-host-selective phytotoxin produced by many species of the plant pathogenic fungus Cercospora,
causes peroxidation of plant cell membranes by generating reactive oxygen species and is an important virulence determinant. Here we
report a new gene, CTB3 that is involved in cercosporin biosynthesis in Cercospora nicotianae. CTB3 is adjacent to a previously identified
CTB1 encoding a polyketide synthase which is also required for cercosporin production. CTB3 contains a putative O-methyltransferase
domain in the N-terminus and a putative flavin adenine dinucleotide (FAD)-dependent monooxygenase domain in the C-terminus. The
N-terminal amino acid sequence also is similar to that of the transcription enhancer AFLS (formerly AFLJ) involved in aflatoxin bio-
synthesis. Expression of CTB3 was differentially regulated by light, medium, nitrogen and carbon sources and pH. Disruption of the N-
or C-terminus of CTB3 yielded mutants that failed to accumulate the CTB3 transcript and cercosporin. The Dctb3 disruptants produced
a yellow pigment that is not toxic to tobacco suspension cells. Production of cercosporin in a Dctb3 null mutant was fully restored when
transformed with a functional CTB3 clone or when paired with a Dctb1-null mutant (defective in polyketide synthase) by cross feeding of
the biosynthetic intermediates. Pathogenicity assays using detached tobacco leaves revealed that the Dctb3 disruptants drastically
reduced lesion formation.
� 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Cercosporin is a non-host-selective, photo-activated tox-
in produced by many phytopathogenic Cercospora species.
Cercospora species cause leaf spot and blight diseases on a
wide range of plant species, including many economically
important crops such as corn, soybean, sugar beet, coffee,

peanut, rice, banana, tobacco as well as ornamental, vege-
table and weed species (Daub and Ehrenshaft, 2000). Pro-
duction of cercosporin has been proven to be essential for
full virulence of Cercospora nicotianae in the invasion of
hosts and for lesion formation on tobacco (Choquer
et al., 2005).

Cercosporin belongs to a class of photosensitizing com-
pounds that are activated upon exposure to light and thus
is not toxic to cells in the dark. The perylenequinone chro-
mophore of cercosporin absorbs light energy to attain an
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electronically-activated triplet state and produces active
oxygen species such as the hydroxyl radical (OHÆ), superox-
ide (O��2 Þ, hydrogen peroxide (H2O2) or singlet oxygen
(1O2) upon reaction with oxygen molecules (Foote, 1976;
Spikes, 1989). These reactive oxygen species cause damage
to various cellular components including lipids, proteins
and nucleic acids (Daub and Ehrenshaft, 2000). Cercospo-
rin has been shown to produce both 1O2 and O��2 , causing
peroxidation of cell membrane lipids and consequently
electrolyte leakage in plants (Daub, 1982a; Daub and Brig-
gs, 1983; Daub and Hangarter, 1983). Due to the produc-
tion of reactive oxygen species, cercosporin has universal
toxicity not only to host plants, but also to fungi, bacteria
and mice (Daub, 1982b; Ito, 1981; Yamazaki et al., 1975).

The toxicity of cercosporin to cells and the cellular
mechanisms operating in the fungus for cercosporin self-
protection have been intensively investigated (reviewed by
Daub et al., 2005). By contrast, the biochemical pathway
leading to the cercosporin production is largely unknown.
It has been known for a long time that light is absolutely
required for cercosporin production (Yamazaki et al.,
1975). Studies on physiological factors regulating cercospo-
rin production, however, revealed that accumulation of
cercosporin in culture also was markedly influenced by
temperature, medium composition, developmental stages
and other environmental conditions and varied among iso-
lates (Jenns et al., 1989). Studies using pharmacological
inhibitors implicated the involvement of calcium and cal-
modulin signaling in cercosporin production (Chung,
2003). Studies using a precursor feeding also pointed out
that cercosporin is synthesized via a polyketide pathway
starting at condensation of acetate and malonate units
(Okubo et al., 1975). Recently, several genes in Cercospora

spp. have been cloned and demonstrated to be involved in
cercosporin accumulation in culture (Callahan et al., 1999;
Chung et al., 1999, 2003a; Shim and Dunkle, 2003). How-
ever, none of these genes are directly involved in the bio-
synthetic steps of cercosporin. To identify genes directly
involved in cercosporin biosynthesis, C. nicotianae mutants
completely deficient in cercosporin production were gener-
ated using the restriction enzyme-mediated integration
(REMI) mutagenesis (Chung et al., 2003b). A CTB1

(Cercosporin Toxin Biosynthesis) gene encoding a fungal
polyketide synthase was subsequently identified from one
of the REMI mutants and shown by gene disruption to
be required for cercosporin biosynthesis and for high levels
of virulence on tobacco (Choquer et al., 2005).

Gene clusters involved in the biosynthesis of secondary
metabolites have been reported in many filamentous fungi
(Keller and Hohn, 1997; Walton, 2000). Some examples
include the biosynthetic genes for sterigmatocystin and
aflatoxin in Aspergillus species, fumonisin and trichothe-
cene in Fusarium (Gibberella) species, sirodesmin in Lep-

tosphaeria maculans, compactin in Penicillium citrinum,
gibberellin in Gibberella fujikuroi, alkaloids in Claviceps

purpurea and Neotyphodium uncinatum, AK toxin in Alter-

naria alternata and HC toxin in Cochliobolus carbonum

(Abe et al., 2002; Ahn and Walton, 1996; Brown et al.,
1996, 1999; Gardiner et al., 2004; Hohn et al., 1993; Proc-
tor et al., 2003; Seo et al., 2001; Spiering et al., 2005;
Tanaka and Tsuge, 2000; Tudzynski and Hölter, 1998;
Yu et al., 2004). Thus, we hypothesize that genes involved
in cercosporin biosynthesis also are clustered in Cercospora
spp. In this study we describe cloning and characterization
of a second gene, named CTB3, which is immediately adja-
cent to the CTB1 gene, to gain further insight into the
molecular basis of cercosporin biosynthesis and regulation.
The CTB3 contains two putative domains: an O-methyl-
transferase domain in the N-terminus and a flavin adenine
dinucleotide (FAD)-dependent monooxygenase domain in
the C-terminus. Functional analysis indicated that CTB3
also is required for cercosporin production. The results
imply that many, if not all, genes involved in cercosporin
biosynthesis and regulation are likely clustered in C.

nicotianae.

2. Materials and methods

2.1. Fungal strains, media and cultural conditions

Cercospora nicotianae wild-type strain CnA
(ATCC18366) and other mutant strains were maintained
on complete medium (CM) agar plate at 28 �C (Jenns
et al., 1989). For DNA and RNA purification, fungal
strains were grown on CM or potato dextrose agar
(PDA) (Difco, Detroit, MI) with a layer of cellophane.
Fungal isolates were grown in 50 ml of potato dextrose
broth supplemented with 100 mM Ca(NO3) Æ 4H2O in a
rotary shaker for 5 days in the dark for protoplast prepa-
ration. Screening of cercosporin-deficient mutants was
conducted on PDA plates as previously described (Chung
et al., 2003b). Assays for photosensitizer sensitivity were
conducted on CM medium under continuous light as
described by Jenns and Daub (1995). Pure cercosporin
and other photosensitizing dyes (eosine Y, methylene blue
or toluidine blue) were purchased from Sigma–Aldrich (St.
Louis, MO), and dissolved in acetone to make a 10 mM
stock solution. The pH of PDA was adjusted with 0.1 M
citric acid–0.2 M dibasic sodium phosphate buffer (Ruzin,
1999).

2.2. Toxin purification and quantification

Cercosporin and other pigments produced by the wild
type and the Dctb3 disruptants were extracted with 5 N
KOH from agar plugs with mycelia as described previously
(Choquer et al., 2005; Chung, 2003). Cercosporin in the
KOH extracts was quantified by measuring absorbance at
480 nm using a model Genesys 5 spectrophotometer (Spec-
tronic Instruments, Rochester, NY). For TLC and HPLC
analyses, cercosporin and putative intermediates were puri-
fied from agar plugs with mycelia with ethyl acetate. The
organic solvent was evaporated with a Model R110 of
Rotavapor (Brinkmann, Büchi, Switzerland) and the
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