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Lichenized and non-lichenized filamentous ascomycetes produce a great variety of polyke-

tide secondary metabolites. Some polyketide synthase (PKS) genes from non-lichenized

fungi have been characterized, but the function of PKS genes from lichenized species re-

mains unknown. Phylogenetic analysis of keto synthase (KS) domains allows prediction

of the presence or absence of particular domains in the PKS gene. In the current study

we screened genomic DNA from lichenized fungi for the presence of non-reducing and

6-methylsalicylic acid synthase (6-MSAS)-type PKS genes. We developed new degenerate

primers in the acyl transferase (AT) region to amplify a PKS fragment spanning most of

the KS region, the entire linker between KS and AT, and half of the AT region. Phylogenetic

analysis shows that lichenized taxa possess PKS genes of the 6-MSAS-type. The extended

alignment confirms overall phylogenetic relationships between fungal non-reducing, 6-

MSAS-type and bacterial type I PKS genes.

ª 2007 The British Mycological Society. Published by Elsevier Ltd. All rights reserved.
Introduction They are predominantly deposited on the medullary hyphae
Lichenized fungi produce a great variety of secondary metab-

olites. These compounds could be useful as pharmaceuticals

(e.g. Miao et al. 2001) or as pesticides (Dayan & Romagni

2001), and thus hold an unexploited remedial and economical

potential. Most lichen substances are small aromatic polyketi-

des synthesized by the fungal partner in the symbiosis. Com-

monly encountered lichen products are esters or products of

oxidative coupling derived from the simple aromatic ring

compounds orcinol or b-orcinol. These include orcinol dep-

sides, b-orcinol depsides, orcinol depsidones, b-orcinol depsi-

dones, and depsones (e.g. Fig 1: compounds 3–8). These

compounds occur almost exclusively in lichenized fungi.
nesota, Department of P

ritish Mycological Society
in the lichen thallus, and may play a role in the regulation of

water content and carbon dioxide diffusion due to their hy-

drophobic properties (Huneck 2002; Lange et al. 1997; Souza-

Egipsy et al. 2000). Other substance classes derived by the pol-

yketide pathway, such as xanthones (Fig 1: compounds 1,2),

anthraquinones (Fig 2: compound 9), chromones, and fatty

acids are not peculiar to lichens. Norsolorinic acid (Fig 2: com-

pound 9), for example, is a precursor in sterigmatocystin and

aflatoxin biosynthesis found in several Aspergillus species

(e.g. Brown et al. 1996).

Secondary metabolites play an important role in the taxon-

omy of lichen-forming ascomycetes and are employed at

different taxonomic levels from species and subspecific to
lant Biology, 250 Biological Sciences Center, 1445 Gortner Ave.,

. Published by Elsevier Ltd. All rights reserved.
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Fig 1 – Secondary metabolites from lichenized fungi: xanthones: thiophaninic acid (1), lichexanthone (2); orcinol depsides:

lecanoric acid (3), gyrophoric acid (4), thamnolic acid (5); depsones: picrolichenic acid (6); b-orcinol depsidones: protocetraric

acid (7), stictic acid (8).
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generic and higher-ranks (Hawksworth 1976; Lumbsch 1998a,

b). In this connection the presence or absence of single sub-

stances or groups of biosynthetically related compounds, so-

called chemosyndromes, is analysed (Culberson & Culberson

1977). Traditionally, hypotheses about biogenetical relation-

ships between lichen compounds have been deduced from

comparison of the chemistries of closely related taxa (Culber-

son 1964; Culberson & Culberson 1970), and from theoretical

considerations based on the chemical synthesis of the

metabolites (Elix et al. 1987). Today, it is possible to analyse

phylogenetic relationships of the involved biosynthetic genes

directly.
Polyketide biosynthesis in fungi is achieved by large mul-

tifunctional proteins, so-called polyketide synthases (PKSs).

These enzymes assemble structurally diverse products from

simple acyl-CoA substrates by using a catalytic cycle involv-

ing decarboxylative Claisen condensations and variable

modifications, such as reduction and dehydration. Fungal

aromatic PKSs have iterative reaction cycles, where catalytic

domains are used repetitively in a specific order pro-

grammed by the protein. Fungal PKS genes possess keto

synthase (KS), acyl transferase (AT), and acyl carrier protein

(ACP) domains. Additionally they may have one or two more

ACPs, an integrated methyl transferase (ME), a Claisen



Aspergillus oryzae pksA BAE71314 norsolorinic
Aspergillus parasiticus PKSL1 AAC41675 norsolorinic
Aspergillus fumigatus pksA AAS89999 norsolorinic

Aspergillus nidulans pksST EAA59563 sterigmatocystin

Mycosphaerella pini PKSA AAZ95017 dothistromin

Aspergillus terreus XP_001215384 (PKS27) 
Gibberellamoniliformis PKS3 AAR92210

Magnaporthe grisea EAA48770 (PKS7) 
Cercospora nicotianae CTB1 AAT69682 cercosporin

Pertusaria scaberula 1448q

Pertusaria subventosa 1078q

Nectria haematococca pksN AAS48892 red perithecialpigment

Aspergillus terreus at4 BAB88689
Pertusaria corallina 1033q

Pertusaria velata 1510q

Pertusaria hemisphaerica 1367q

Pertusaria lactea 1571q

Pertusaria flavida 1029q

Pertusaria flavida 1371q

Pertusaria corallophora 1443q

Pertusaria amara 1066q

Pertusaria subventosa 1078z

Ochrolechia pallescens 1572q

Aspergillus fumigatus PksP CAA76740 conidial pigment 

Aspergillus nidulans wA CAA46695 naphtopyrone
Gibberellazeae PKS12 AAU10633 aurofusarin

Gibberella moniliformis PKS4 AAR92211
Pertusaria tetrathalamia 1508z

Pertusaria plittiana 1511z

Chaetomium globosum XP_001219763 (PKS19)
Neurospora crassa PKS7 XP_322886

Coletotrichium lagenarium PKS1 BAA18956 melanin

Ceratocystis resinifera PKS1 AAO60166 melanin

Xylariasp. PKS12 AAM93545 melanin

Glarea lozoyensis PKS1 AAN59953 melanin

Botryotinia fuckeliana PKS12 AAR90248
Monascus purpureus PKS1 CAC94008
Cochliobolus heterostrophus PKS18 AAR90272
Bipolaris oryzae PKS1 BAD22832 melanin

Aspergillus terreus EAA66622 (PKS14)
Exophiala lecaniicorni PKS1 AAN75188 melanin

Exophiala dermatitidis WdPKS1 AAD31436 melanin

Botryotinia fuckeliana PKS13 AAR90249
Aspergillus fumigatus EAA61200 (PKS12)
Aspergillus terreus XP_001217072 (PKS16)

Aspergillus nidulans EAA66023 (PKS5)
Cochliobolus heterostrophus PKS19 AAR90273
Aspergillus fumigatus XP_746435 (PKS1)
Aspergillus terreus XP_001211612 (PKS13)
Botryotinia fuckeliana PKS14 AAR90250

Aspergillus fumigatus XP_746913 (PKS2)
Aspergillus nidulans EAA57749 (PKS8)

Aspergillus nidulans EAA61200 (PKS12)
Cochliobolus heterostrophus PKS20 AAR90274

Exophiala lecaniicorni PKS2 AAN74983

Pertusaria tetrathalamia 1508q

Aspergillus nidulans EAA59563 (PKS7)
Botryotinia fuckeliana PKS15 AAR90251

Magnaporthe grisea EAA48583 (PKS6)

Magnaporthe grisea EAA57312 (PKS16)
Aspergillus nidulans EAA65602 (PKS13)

Aspergillus terreus XP_001216282 (PKS29)
Chaetomium globosum XP_001225301 (PKS23)
Aspergillus nidulans EAA64864 (PKS17)

Aspergillus nidulans EAA63131 (PKS15)
Botryotinia fuckeliana PKS17 AAR90253
Monascus purpureus pksCTAB167465 citrinin
Aspergillus nidulans EAA66622 (PKS14)

Aspergillus nidulans EAA63354 (PKS10)
Aspergillus terreus XP_001217247 (PKS26)

Aspergillus fumigatus XP_748578 (PKS8)
Magnaporthe grisea EAA49847 (PKS8)

Cochliobolus heterostrophus PKS21 AAR90275
Aspergillus nidulans EAA58470 (PKS16)

Aspergillus nidulans EAA67005 (PKS11)
Aspergillus terreus XP_001209382 (PKS28)

Botryotinia fuckeliana PKS18 AAR90254
Botryotinia fuckeliana PKS20 AAR90256

Aspergillus terreus XP_001212807 (PKS17)
Chaetomium globosum XP_001228055 (PKS22)
Aspergillus fumigatus XP_746971 (PKS3)
Cochliobolus heterostrophus PKS22 AAR90276
Botryotinia fuckeliana PKS16 AAR90252

Cochliobolus heterostrophus PKS23 AAR90277
Pertusaria subventosa P2SU1732f

Pertusaria subfallens culture P2SU1722f

Aspergillus terreus atXBAA20102 6-MSA

Aspergillus parasiticus PKSL2 AAC23536 6-MSA
Penicillium nordicum AAP33839 ochratoxin

Pertusaria corallina culture P2CO1720f

Byssoclamy snivea pksL2 AAK48943 6-MSA
Aspergillus ochraceus AAS98200

Penicillium griseofulvum PKS AAB49684
Cochliobolus heterostrophus PKS25 AAR90279

Streptomyces viridochromogenes AviMAAK83194 orsellinic acid
Micromonospora echinospora CalO5 calicheamicin, orsellinic acid

Streptomyce santibioticus chlB1 AAZ77673 chlorothricin, 6-MSA
Streptomyces carcinostaticus nscBAAM77986 neocarzinostatin, naphtoic acid

Clade 1:
KS-AT-ACP-(ACP)-(ACP)-(CYC)

0.1

Pertusaria pertusa 1370q

Pertusaria plittiana 1511q

Gibberellazeae PKS13 ABB90282

Aspergillus oryzae BAE65442

Pertusaria pustulata P2PU1625f

Glarea lozoyensis PKS2 AAX35547

Anabaena circinalis McyDAY212249 microcystin

Anabaena circinalis McyEAY212249 microcystin

Cochliobolus heterostrophus PKS24 AAR90278
Rattus norwegicus FasnNM_017332
Homo sapiens FAS U26644

Caenorhabditis elegans Fasn-1 NM_060016
Bombyx mori FAS

Drosophila melanogaster FAS NM_134904 
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Clade 2:
KS-AT-ACP-(ACP)-ME-(CYC)

Clade 3:
KS-AT-DH-KR-ACP

KS-AT-DH-ER-KR-ACP
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Fig 2 – Phylogeny of fungal and bacterial type I PKS genes based on partial keto synthase (KS), complete linker, and partial

acyl transferase (AT) region. This is a 50 % majority rule consensus tree based on 36 K trees from a Bayesian analysis. Bold

branches indicate posterior probabilities equal or above 0.95. Numbers above branches are maximum parsimony BS support

values greater than 70 % based on 2 K pseudoreplicates. New sequences from lichenized fungi are indicated in bold print.

Genbank accession numbers, PKS gene designation, and function (if known) are given. Structures to the right represent

example gene products: norsolorinic acid (9), dothistromin (10), naphtopyrone (11), aurofusarin (12), 1,3,6,8-tetrahydroxy-

naphthalene (13), citrinin (14), 6-methylsalicylic acid (6-MSA) (15), orsellinic acid (16), and naphtoic acid (17).
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cyclase (CYC), and reducing domains, such as keto reduc-

tase (KR), dehydratase (DH), and enoyl reductase (ER). Phylo-

genetic studies based on alignments of the KS region show

that fungal PKSs group into reducing, non-reducing, and

partially reducing (6-MSAS-type) PKSs (Kroken et al. 2003;

Nicholson et al. 2001).

Ascomycete genomes possess many PKS genes (Table 2),

but very few have been functionally characterized. Thus,

phylogenetic analysis of KS domains constitutes a tool to

sort PKS genes, make predictions about the presence or ab-

sence of particular active sites downstream of the KS, and

narrow down the number of potentially synthesized com-

pound groups. As typical lichen substances are non-reduced

aromatic polyketides consisting of simple or multi-

membered aromatic rings, they are most likely produced by

non-reducing PKS genes. Indeed, several PKS paralogues of

putatively non-reducing PKSs are found in lichenized fungi,

although there is no obvious correlation between secondary

metabolite and PKS clade (Grube & Blaha 2003; Schmitt

et al. 2005). A further group of PKS genes, which is interesting

in connection with lichen compounds, is a group of fungal

PKSs involved in the production of 6-methylsalicylic acid

(6-MSA). Biosynthesis of 6-MSA is catalysed by iterative

type I PKSs (KS-AT-DH-KR-ACP) in fungi (Beck et al. 1990)

and in bacteria (Jia et al. 2006). 6-MSA is assembled from

one acetyl-coenzyme A (CoA) and three malonyl CoAs to

form a linear tetraketide. The KR domain offers a selective

ketoreduction at the C-5 position. The resultant unsaturated

intermediate undergoes an intramolecular aldol condensa-

tion to furnish the 6-MSA structure (reviewed by Staunton
Table 1 – Lichenized fungi and mycobiont cultures used in the

Organism Source

Ochrolechia pallescens Spain, Lumbsch 2004 (F)

Pertusaria amara Canada, 20 Aug 2003, Lumbsch, Schmitt, Wirtz (F)

P. corallina Spain, 5 Jun 2003, Schmitt (F)

P. corallina Culture 1118 M (AKITA)

P. corallophora Antarctica, Lumbsch 19013 d (F)

P. flavida Spain, 5 Jun 2003, Schmitt (F)

Germany, 15 Apr 2004, Schmitt (F)

P. hemisphaerica Germany, 15 Apr 2004, Schmitt (F)

P. lactea Spain, Lumbsch, 2004 (F)

P. pertusa Germany, 15 Apr 2004, Schmitt (F)

P. plittiana USA, Michigan, 6 Jun 2004, Lumbsch & Kautz (F)

P. pustulata Japan, Yamamoto 15030102 (AKITA)

P. scaberula Australia, Archer P932 (NSW)

P. subfallens Culture 1086M (AKITA)

P. subventosa Australia, Lumbsch 19070a (F)

Peru, Lumbsch, Ramirez, Wirtz 19351f (F)

P. tetrathalamia USA, Michigan, Lumbsch 19191b and Kautz (F)

P. velata USA, Michigan, Lumbsch 19198a and Kautz (F)

Abbreviations for secondary substances: gyr, gyrophoric acid; lec, lecano

acid; pic, picrolichenic acid; protocet, protocetraric acid; st, stictic acid

acid; var, variolaric acid; 2-chl, 2-chloro-6-O-methylnorlichexanthone; an
& Weissmann 2001). Orsellinic acid in bacteria is synthesized

by a highly similar PKS, which lacks the KR domain and thus

produces the saturated orsellinic acid structure (Ahlert et al.

2002; Weitnauer et al. 2001). In fungi orsellinic acid synthases

have not yet been identified. Previous phylogenetic analyses

of type I PKS in bacteria and fungi suggest a close relation-

ship between bacterial orsellinic acid PKSs and fungal 6-

MSA PKSs (Kroken et al. 2003). Thus it is conceivable that

orcinol or orsellinic acid as typical base units of lichen dep-

sides, depsidones, and depsones could be synthesized by

a PKS similar to fungal 6-MSAS.

The aim of the present study is to detect PKS genes in

mycobiont genomes that are potentially involved in the pro-

duction of typical lichen substances. We use a degenerate

primer approach to detect non-reducing PKS, and fungal

PKS involved in the biosynthesis of small aromatic com-

pounds of the 6-MSA-type. We selected lichenized fungi of

the Pertusariales as a model group, as members of this order

are known to produce various secondary metabolites, such

as chlorinated and non-chlorinated xanthones, orcinol dep-

sides, orcinol depsidones, b-orcinol depsidones, and depsones

(e.g. Archer 1993; Brodo 1991; Dibben 1980; Hanko 1983; Hanko

et al. 1985) (Table 1). Also, the molecular phylogenetic rela-

tionships of members of this order are well established

(Lumbsch et al. 2006; Schmitt & Lumbsch 2004; Schmitt et al.

2006). The KS domain is the most conserved region of the

PKS and is typically used for phylogenetic analyses (e.g. Grube

& Blaha 2003; Kroken et al. 2003; Sauer et al. 2002; Schmitt et al.

2005). In the current study we explore the phylogenetic utility

of a longer PKS fragment spanning most of the KS domain, the
current study

No. of PKS
found

GenBank accession
and clone no.

Major secondary
compound in sample

1 EF192111 (1572q) Gyr, var

1 EF192116 (1066q) Pic, protocet

1 EF192117 (1033q) Tham

1 EF192112 (1720f) Tham

1 EF192118 (1443q) Protocet

1 EF192119 (1029q) Thio, st

1 EF192120 (1371q) Thio, st

1 EF192121 (1367q) Lec

1 EF192122 (1571q) Lec, var

1 EF192123 (1370q) 4,5-Dichl, st

2 EF192124 (1511q) Norst, perlat, steno

EF192125 (1511z)

1 EF192113 (1625f) St, 2-chl

1 EF192126 (1448q) Lich, tham

1 EF192114 (1722f) Pic

2 EF192127 (1078q) Lich, pic, tham

EF192128 (1078z)

1 EF192115 (1732f) Lich, pic, tham

2 EF192129 (1508q) 4,5-Dichl, st

EF192130 (1508z)

1 EF192131 (1510q) Lec, lich

ric acid; lich, lichexanthone; norst, norstictic acid; perlat, perlatolic

; steno, stenosporic acid; tham, thamnolic acid; thio, thiophaninic

d 4,5-dichl, 4,5-dichlorolichexanthone.



LC1
LC3

ISATc
BERTc

KS AT

100 AA

Cys Ser

Fig 3 – Position of degenerate PKS primers used in this

study. Locations of active site cystein (Cys) residue in the

keto synthase (KS) domain, and serine (Ser) in the acyl

transferase (AT) are given.
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linker region between KS and AT, and part of the AT domain

(Fig 3).
Material and methods

Taxon sampling

Lichen and mycobiont material used in the current study is

summarized in Table 1. Mycobiont cultures were obtained

from Yoshikazu Yamamoto (Akita Prefectural University,

Japan) and cultivated on MY medium (Yamamoto et al. 2002)

at room temperature. To produce a comprehensive alignment

of the new sequences and other fungal PKS genes we included

PKS paralogues from nine ascomycete genomes. PKS se-

quences from the genomes of Botryotinia fuckeliana, Cochliobolus

heterostrophus, Gibberella moniliformis, and Neurospora crassa

were collected from a previous study (Kroken et al. 2003). In ad-

dition, we extracted PKS genes from the genomes of Aspergillus

fumigatus, A. nidulans, A. terreus, Chaetomium globosum, and

Magnaporthe grisea, using the sequence of Botryotinia fuckeliana

PKS2 (GenBank accession AAR90238) as a BLAST template

to screen individual genomes in Fungal Genomes Central

(www.ncbi.nlm.nih.gov/projects/genome/guide/fungi/). We

summarized the total number of detected PKS genes in

Table 2. In the current study we used only those sequences

that were fully alignable to the KS and AT domains, and that

belong to the PKS groups of interest (fungal non-reducing
Table 2 – Fungal genomes screened for polyketide
synthase (PKS) genes

Species PKS genes
per genome

Sequences used
in present study

Non-reducing
PKS

6-MSAS-
type

Aspergillus fumigatus 15 6 –

A. nidulans 24 12 –

A. terreus 29 9 1

Botryotinia fuckeliana 20 8 –

Chaetomium globosum 21 3 –

Cochliobolus

heterostrophus

25 7 1

Gibberella

moniliformis

15 2 –

Magnaporthe grisea 17 4 –

Neurospora crassa 7 1 –
and 6-MSAS-type PKS) as determined by preliminary phyloge-

netic analyses. All newly generated PKS genes from lichenized

fungi, and random members of each of the detected clades

(clades 1, 2, and 3) were then subjected to NCBI BLAST searches

until most currently available PKS sequences, and especially

all characterized genes, belonging to the clades of interest

were found. We included four bacterial sequences showing

strong homology to fungal 6-MSAS-type PKS, and two bacterial

sequences showing some homology to PKS24 of Cochliobolus

heterostrophus (AAR90278). Animal FAS were used as out-

groups. A total of 101 fungal sequences were analysed, includ-

ing 21 PKS genes from lichenized fungi.

Primers

We used degenerate primers of the LC series as forward

primers in the KS region (Bingle et al. 1999), and developed

new reverse primers in the AT domain. This primer combina-

tion amplified an approximately 1600–1700 bp fragment span-

ning most of the KS domain, the linker region, and half the AT

domain (Fig 3). Primer design was based on the conserved

amino acid motives HSLGEYA (non-reducing) and GHSVGEI

(6-MSAS) around the active site serine residue of the AT do-

main. Sequences of the new degenerate primers are ISATc

50-GCA TAI TCI CCI AGR CTR TG -30, and BERTc 50-ATY TCI

CCI ACI GAR TGI CC-30. Fungal non-reducing PKS genes can

be amplified using the primer combinations LC1/ISATc, while

6-MSAS-type PKS genes can be amplified using LC3/BERTc.

DNA extraction, PCR, and sequencing

Total genomic DNA was extracted from finely ground lichen

material or mycobiont thalli using the QIAGEN Plant Mini Kit

(Qiagen, Valencia, CA). PCR reactions (25 ml) contained 2.5 ml

dNTP mix, 1.25 ml of each primer (20 mM), 4 ml BSA, 0.25 ml Ampli-

Taq Gold (Applied Biosystems, Austin, TX), 2.5 ml Gold Buffer

(Applied Biosystems), 2.5 ml MgCl2 solution (25 mM), 5 ml

genomic DNA extract and 5.75 ml water. Thermal cycling

parameters were: initial denaturation for 10 min at 95 �C,

followed by 33 cycles of 45 s at 95 �C, 45 s at 48 �C, 3 min at

72 �C, and a final elongation for 10 min at 72 �C. Bands of the

expected size (1600–1700 bp) were excised from 1 % low melt-

ing point agarose TALE gels after electrophoresis. Agarose

was digested using GELase (Epicentre Technologies, Madison,

WI), and purified PCR products were ligated into the 2.1-TOPO

cloning vector using TOPO TA cloning kits (Invitrogen, Carls-

bad, CA). Multiple clones were sequenced from each ligation

reaction using vector primers M13F and M13R, and the internal

primers LC5 c or LC2 c (and forward versions thereof) (Bingle

et al. 1999). Automated sequencing was carried out on an ABI

3730 DNA analyser (Applied Biosystems). Sequence fragments

were assembled using SeqMan 4.03 (DNASTAR, Madison, WI)

and manually adjusted. Vector sequences were trimmed off.

Sequence alignments and phylogenetic analysis

Parts of the AT domain and the linker region connecting the KS

and AT domains are highly variable between PKS paralogues.

Thus, amino acid sequences were aligned using a linear

Hidden Markov Model (HMM) alignment procedure as

http://www.ncbi.nlm.nih.gov/projects/genome/guide/fungi/
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implemented in the software SAM (Sequence Alignment and

Modelling) system (Karplus et al. 1998). This approach allows

detection of remote sequence homologies and generation of

reliable alignments even between dissimilar sequences. Re-

gions that were not aligned with statistical confidence were

excluded from phylogenetic analysis.

The alignment was analysed using maximum parsimony

(MP) and a Bayesian approach (B/MCMC; Huelsenbeck et al.

2001; Larget & Simon 1999). MP analyses were performed

using the program PAUP (Swofford 2003). A heuristic search

using 100 random addition replicates was conducted with

tree bisection–reconnection (TBR) branch swapping and Mul-

Trees option in effect. Bootstrapping (Felsenstein 1985) was

performed based on 2000 pseudoreplicates with the same set-

tings as in the heuristic search.

The B/MCMC analyses were conducted using the MrBAYES

3.1.2. program (Huelsenbeck & Ronquist 2001). Posterior prob-

abilities (PPs) were approximated by sampling trees using

a MCMC method. The model of amino acid evolution was es-

timated among all fixed rate models implemented in

MrBAYES by allowing model jumping. This procedure ensures

that each model contributes to the results in proportion to its

PP when the MCMC calculation has converged. Two parallel

MrBAYES analyses were run for 2 M generations. In each anal-

ysis four chains were run simultaneously. Trees were sampled

every 100th generation for a total of 20 K trees. The first 200 K

generations (i.e. the first 2 K trees) were deleted as ‘burn in’ of

the chain. We plotted the log-likelihood scores of sample

points against generation time using TRACER 1.0 (http://

evolve.zoo.ox.ac.uk/software.html?id¼tracer) to ensure that

stationarity was achieved after the first 200 K generations by

checking whether the log-likelihood values of the sample

points reached a stable equilibrium value (Huelsenbeck &

Ronquist 2001). Of the remaining 2� 18 K trees a majority

rule consensus tree with average branch lengths was calcu-

lated using the sumt option of MrBayes. PPs were obtained

for each clade. Clades receiving BS support equal or above

70 % under MP, and PPs equal or above 0.95 were considered

strongly supported. Phylogenetic trees were visualized using

the program Treeview (Page 1996).
Results and discussion

We generated 17 PKS sequences from 15 lichenized ascomy-

cetes using the primer combination LC1/ISATc. Two paralogues

each were amplified in Pertusaria amara and P. tetrathalamia.

Four new sequences from four different Pertusaria species

were obtained using the primer combination LC3/BERTc. Se-

quence lengths ranged from 1596 in P. amara (1066q) to 1715 in

P. pustulata (1625f). P. pustulata (1625f) contained a 110 bp intron,

and P. pertusa (1370q), P. plittiana (1511q) and P. tetrathalamia

(1508q) each had two smaller introns (48–51 bp). All introns

showed the characteristic GT-intron-AG splice sites.

The alignment of 112 sequences included 536 amino acid

positions, 521 of which were variable and 509 were parsimony

informative. The MP analysis yielded two most parsimonious

trees, which were combined into a strict consensus tree

(RI¼ 0.57, CI¼ 0.30) (tree not shown). Upon convergence of

the MCMC procedure during the Bayesian analysis the WAG
model of amino acid substitution (Whelan & Goldman 2001)

contributed most significantly to the analysis (PP 1.00). The

tree topologies obtained from MP and Bayesian analyses

were almost identical, and hence only the phylogenetic tree

of the Bayesian analysis is presented.

Fig 2 shows the 50 % majority-rule consensus tree of the

Bayesian analysis. Fungal PKS genes fall into three well-

supported groups (clades 1–3). Sequences in clade 1 belong to

non-reducing PKS showing the minimal domain architecture

KS-AT-ACP, plus one or two optional ACP and an optional

CYC domain. The upper part of Clade 1, supported by PP 0.95

and BS 71 %, corresponds to ‘non-reducing PKS clade I’ in

Kroken et al. (2003). It includes PKS genes coding for fungal

toxins, such as sterigmatocystin, aflatoxin (i.e. their norsolor-

inic acid precursor), cercosporin, and dothistromin, and also

for red, yellow, and brown pigments, e.g. naphtopyrone and

aurofusarin, which play a role as virulence factors (Langfelder

et al. 1998). Additionally, this group contains several paralogous

PKS genes from lichenized fungi, corresponding to clades

I-a, I-b, I-c, I-d, and I-f in Schmitt et al. (2005). P. plittiana

(1511z) and P. tetrathalamia (1508z) probably represent a new

PKS paralogue. Further characterized genes in clade 1 include

those involved in melanin formation through oxidation/poly-

merization of di- (DHN) or tetrahydroxynaphtalene (THN) via

the pentaketide pathway (Langfelder et al. 1998; Plonka & Gra-

backa 2006). The functions of all other PKS groups in this clade,

including a further lichen-group [P. pertusa (1370q), P. plittiana

(1511q) and P. tetrathalamia (1508q), corresponding to ‘P.s.str.

clade XI’ in Schmitt et al. (2005)], are unknown. This result

shows that the combination of the degenerate primers LC1/

ISATc amplifies multiple paralogous non-reducing PKS genes

from lichen mycobionts. Most of them are related to PKS genes

responsible for toxin and pigment biosynthesis, whereas one

paralogue, represented by P. pertusa, P. plittiana, and P. tetratha-

lamia, forms an independent branchand is not closely related to

any PKS gene with known function. Clade 2 contains non-

reducing PKSs featuring a methyl transferase domain (ME). It

corresponds to ‘non-reducing PKS clade III’ in the study of

Kroken et al. (2003), and shows the domain configuration KS-

AT-ACP-(ACP)-ME-(CYC). The only characterized gene in this

clade is pksCT of Monascus purpureus involved in citrinin pro-

duction. Weexpect that lichenized fungi also possess PKS genes

that fall into this clade; however, the primer combination LC1/

ISATc used in this study failed to amplify any of these. Clade 3 is

composed of partially reducing PKS genes involved in 6-MSA

and ochratoxin biosynthesis. Complete PKS genes in this group

have the domain order KS-AT-DH-KR-ACP. The primer combi-

nation LC3/BERTc succeeded in amplifying PKS genes of this

group also in lichenized fungi. Supported sister group to this

clade of fungal 6-MSAS-type PKS is an assemblage of four

bacterial type I PKS coding for the biosynthesis of orsellinic

acid, 6-MSA, and naphtoic acid. The PKS-NRPS (PKS24) of

Cochliobolus heterostrophus is an outlier among the fungal PKS

genes and tends to form an unsupported relationship with

bacterial PKSs (see also Kroken et al. 2003). The overall phylog-

eny using the extended alignment consisting of KSþ linkerþ
partial AT region is very similar to the phylogeny based on KS

domain alone (Kroken et al. 2003). This finding corroborates

the usefulness of the conservative KS region for phylogenetic

analyses.

http://evolve.zoo.ox.ac.uk/software.html%3Fid%3Dtracer
http://evolve.zoo.ox.ac.uk/software.html%3Fid%3Dtracer
http://evolve.zoo.ox.ac.uk/software.html%3Fid%3Dtracer


Polyketide synthase genes in lichenized fungi 295
Genome searches of nine genomes revealed that reducing

and non-reducing PKS genes are unevenly distributed across

fungal genomes. Although 50 % of the detected PKS sequences

in Aspergillus nidulans belong to the non-reducing type, only ca

15 % are non-reducing in Chaetomium globosum, Gibberella

moniliformis and Neurospora crassa (Table 2). Of these nine ge-

nomes only Aspergillus terreus and Cochliobolus heterostrophus

contain 6-MSAS-type genes. Our results demonstrate that

the new primer combinations are useful in detecting myco-

biont PKS genes potentially involved in the biosynthesis of

typical lichen compounds. For the first time we show that

lichenized fungi possess PKS genes of the 6-MSAS-type. Their

role in the biosynthesis of metabolites remains to be studied.

The retrieval of a PKS fragment spanning KS, linker and AT

region will facilitate future primer design, and probe develop-

ment for screening DNA libraries. Phylogenetic analysis using

elongated sequence alignments supports the overall topology

of major groups of PKS genes (Kroken et al. 2003; Schmitt et al.

2005).
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