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Lichens are self-supporting symbiotic as-
sociations formed by a fungus and one or 
several algal or cyanobacterial compo-
nents as primary partners. Since the fun-
gal constituent is unique in that symbiosis 
and usually dominates the association, li-
chens traditionally have been considered 
a type of fungus. The lichenous lifestyle 
is maintained by one-fifth of all fungi, 
including more than 40% of ascomycetes 
(ca. 13,500 species) (Hawksworth and 
Hill 1984). Lichens have diversified exten-
sively during the past 600 million years 
(Yuan et al. 2005), and occur over >10% 
of the terrestrial surface.

Lichens were originally interpreted as 
single organisms and treated as their own 
systematic category, Lichenes, separate 
from fungi, mosses, and algae. During 
the latter half of the 19th century the Swiss 
botanist Simon Schwendener (1829-1919) 
recognized that lichens are ‘‘double-or-
ganisms’’ composed of algal (photobionts) 
and a fungal (mycobiont) partner (Sch-
wendener 1869, also see Honegger 2000). 
Schwendener’s hypothesis provoked con-

siderable constroversy and led to resyn-
thesis of lichens from individually cul-
tured partners (Stahl 1877). Culture meth-
ods have improved greatly since the 1870s, 
for the separated biotic partners as well as 
the resynthesized symbiotic associations 
(Stocker-Wörgötter 2002, Yoshimura et al. 
2002).

Many lichen symbioses tolerate ex-
treme environmental conditions unfavor-
able to the survival of the individual part-
ners. Even under hostile circumstances, 
lichens can potentially achieve an age of 
several thousand years (Denton and Kar-
lén 1973). In contrast to many fungi that 
are embedded within their substrates, 
most lichens expose their vegetative parts 
at the substrate surface, enabling the pho-
tobiont to harvest energy from solar radia-
tion. The compact light-exposed vegetative 
bodies of lichens, called thalli, are among 
the most complex and aesthetically pleas-
ing morphologies to have been evolved by 
fungi (Fig. 1).

The distinctive colors of many li-
chens result from the massive accumula-

tion of diverse secondary compounds, 
the so-called “lichen substances”, which 
can comprise up to 20% of a lichen’s 
dry weight. These compounds are pre-
dominantly small, structurally complex 
molecules (Huneck 2001, Huneck and 
Yoshimura 1996). Crystalline pigments 
often are deposited either extracellularly 
(extrolites) or in the upper surface layers 
of the lichen’s vegetative body, whereas 
colorless substances tend to accumulate 
in parts of the thallus not exposed to di-
rect sunlight. Concomitant production of 
biogenetically related and unrelated com-
pounds in different strata of the thallus 
(Fig. 2) is common, and congeners often 
are present within a morphological stra-
tum of the same lichen or among varieties 
of the same species (chemosyndromatic 
variation). Structures for more than 1000 
different lichen substances have been re-
ported to date.

Experiments with algal-free mycobi-
onts have demonstrated that lichen sec-
ondary metabolites are formed mainly by 
the fungal component (Ahmadjian and 
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Reynolds 1961, Culberson and Armaleo 
1992); however, photobionts belonging to 
specific species of cyanobacteria as well 
as other lichen-associated microbes (e.g., 
bacteria), may contribute to a lichen’s 
secondary metabolite profile. According 
to phylogenetic hypotheses, the capacity 
of ascomycete fungi to produce diverse, 
chemically complex compounds evolved 
during an early radiation which gave rise 
to the major groups of ascomycetes and 
which encompassed all major groups of 
ascomycete lichens (Lutzoni et al. 2001). 
Thus, the potential among ascomycetes 
to form both symbiotic associations and 
diverse secondary metabolites suggests a 
possible evolutionary correlation between 
these characteristics. Molecular phyloge-
netic analyses suggest that major groups 
of non-lichenized fungi, such as the Eu-
rotiomycota, are derived from lichenized 
ancestors. It has been hypothesized that 
members of the Eurotiomycota, which 

include many well known producers of 
natural compounds, such as the mold gen-
era Aspergillus and Penicillium, acquired 
their propensities for secondary metabo-
lite production as a consequence of their 
lichen-mutualistic ancestry (Lutzoni et al. 
2001). However, lichenized fungi produce 
biologically active metabolites only in as-
sociation with suitable algal partners.

In nature, lichen metabolites have 
multiple functions (Lawrey 1986, 1995; 
Rikkinen 1995). They may be light filters 
to shelter the photobiont from excessive 
radiation (Gauslaa and Solhaug 2001) or 
they may be deterrents to damage from 
grazing by herbivorous invertebrates, or 
they may have antibiotic properties to 
protect against microbial degradation 
(Emmerich et al. 1993); other secondary 
metabolites may be involved in maintain-
ing the symbiotic equilibrium (Kinraide 
and Ahmadjian 1970, Huneck 2003) or 
the weathering of rocks for better attach-

ment of lichens to their substrate (Rundel 
1978). 

Humans have exploited lichens for 
diverse purposes. Their most important 
use has been for dyeing textiles. Dye-
stuffs made from lichens reached consid-
erable economic importance during the 
18th century, particularly in the Canary 
Islands. Long before then, however, the 
Romans dyed their togas with orchil, a 
purple pigment from Roccella spp. found 
around the Mediterranean Sea, whereas 
the brown pigment crottal was extracted 
from Parmelia, Ochrolechia and Evernia 
spp. Chemists still use paper strips im-
pregnated with litmus, a water-soluble 
mixture of dyes extracted from lichens, 
especially the genus Roccella, to estimate 
pH values. Besides dyeing, lichens were 
used extensively in traditional medicines 
and for cosmetic purposes (Agelet and 
Vallès 2001, González-Tejero et al. 1995, 
Hawksworth 2003, Huneck 1999, Proksa 
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Figure 1. Lichenized fungi have a remarkable variety of growth forms. 
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et al. 1994, Rancan et al. 2002; Richardson 
1988, Schindler 1988). Lichen substances 
exhibit a great diversity of biological ef-
fects, including antimicrobial, anti-in-
flammatory, analgesic, antipyretic, and 
antiproliferative and cytotoxic activities, 
and there has been a growing interest in 
the pharmaceutical properties of com-
pounds derived from lichens (Boustie and 
Grube 2005). However, relatively few li-
chen substances have been screened in de-
tail for biological activity and therapeutic 
potential, due principally to difficulties in 
obtaining them in quantities and purities 
sufficient for structural elucidation and 
pharmacological testing. 

A brief history of lichen chemistry
Early reports on chemical peculiarities 
in lichens were presented in the middle 
of the 19th century by the Finnish bota-
nist and entomologist William Nylander 
(1822-1899) (Nylander 1866; also see Vi-
tikainen 2001). However, the first sys-
tematic treatment of lichen chemistry 
came from the laboratory of the Ger-
man biologist Friedrich Wilhelm Zopf 
(1846-1909) (Zopf 1895; also see www.

catalogus-professorum-halensis.de/zopf-
wilhelm.html). Japanese researchers sub-
sequently succeeded in characterizing the 
chemical structures of numerous lichen 
compounds. In particular Yasuhiko Asa-
hina (1880-1975; see Shibata 2000), Shoii 
Shibata (b. 1915), and co-workers studied 
the biosynthesis of lichen substances and 
introduced micro-recrystallization as a 
simple method for determining lichen 
substances (Asahina 1936; Shibata 1958, 
2000; and citations therein), based on the 
fact that in the presence of certain reagents 
some lichen substances assume character-
istic crystal forms which can be identified 
microscopically. Subsequent application 
of thin layer chromatrography (TLC) and 
high performance LC (HPLC) by lichen 
systematists led to a clearer understanding 
of the distribution of secondary metabo-
lites in lichens, which had a profound im-
pact on lichen chemotaxonomy and which 
revealed interesting evolutionary relation-
ships. Some secondary metabolites occur 
over broad evolutionary lineages, whereas 
others are highly variable even within a 
given species. Data for about 430 lichen 
substances, including their distribution 

in different species, was published by C. 
F. Culberson in three influential books 
(Culberson 1969, 1970; Culberson et al. 
1977). The number of structurally defined 
lichen substances has increased consider-
ably since 1977 and more than 800 com-
pounds were included in the last major 
compilations (Huneck 2001, Huneck and 
Yoshimura 1996). Structures for more 
than 1000 lichen substances are available 
and a backlog of a similar number of li-
chen substances remains to be chemically 
characterized. However, even if all of the 
easily-detected extrolites were to be identi-
fied, a large number of additional second-
ary metabolites, occurring mainly at low 
concentrations, certainly would remain to 
be characterized.

Structures of lichen substances
Most known lichen substances are pheno-
lic compounds (e.g., orcinol and β-orcinol), 
anthraquinones (e.g., parietin), dibenzo-
furans (e.g., usnic acid), depsides (e.g., 
barbatic acid), depsidones (e.g., salazinic 
acid), depsones (e.g., picrolichenic acid), 
γ-lactones (e.g., protolichesterinic acid, 
nephrosterinic acid), and pulvinic acid 

Figure 2. Cross-section through a stratified lichen thallus. Left figure: An Umbilicaria sp. Four layers 
can be discerned (from top to bottom): upper cortex (fungal hyphae), algal layer, medullary layer 
(fungal hyphae), lower cortex (fungal hyphae) (photo: Robert Lücking, reproduced with permission). 
Right figure: The bark-inhabiting species Physcia stellaris. The brownish tinged upper surface contains 
crystals of atranorin (a paradepside) (photo: Walter Obermayer, reproduced with permission).
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derivatives (e.g., vulpinic acid) (Fig. 3). 
Lichens had to evolve diverse biosynthetic 
pathways to produce such complex arrays 
of secondary metabolites. The polyketide 
biosynthetic pathway appears to be re-
sponsible (in whole or in part) for most of 
the classes of compounds mentioned be-
fore, whereas pulvinic acids are shikimate 
derivatives, and the abundance of di- and 
triterpenoids found in lichens (Abdullah et 
al. 2007) are formed via the mevalonate 
pathway (Dayan and Romagni 2001). 
Large numbers of different lichen sub-
stances can be generated from a limited 
set of monoaromatic units. Metabolites, 
which arise via phenolic coupling (Geiss-
man and Crout 1969) and form a substan-
tial fraction of the chemical diversity of 
lichens, including p- or m-depsides and 
depsidones, consist of multiple phenolic 
units. Products of phenolic coupling can 
be modified by decarboxylation, haloge-
nation, methylation, or esterification with 
short- and long-chain fatty acids.

Beside compounds common to all or 
most lichen groups, some species contain 
unique products. Arthogalin, for example, 
is a cyclic depsipeptide known only from a 
species endemic to the Galapagos Islands 
(Huneck and Himmelreich 1995). The 
cytotoxic scabrosin esters (epidithiodiox-
opiperazines) (Ernst-Russell et al. 1999), 
which probably derive from phenylala-
nine (Gardiner et al. 2005), occur in only a 
few, unrelated lichen species (Elvebakk et 
al. 2007). Uncommon structures include 
structural modifications arising from in-
tramolecular arrangements 
(e.g., m-scrobiculin [Elix 
et al. 1986]) or conjugation 
with carbohydrate moieties 
(Řezanka and Guschina 
2000). Řezanka and cowork-
ers described brominated 
depsidones (Řezanka and 
Guschina 1999) and bromi-
nated acetylenic fatty acids 
(Řezanka and Dembitsky 
1999) recovered from li-
chens native to central Asia, 
and monotetrahydrofuranic 
acetogenins from the li-
chenized ascomycete Torn-

abea scutellifera (Řezanka et al. 2004). 
γ-Lactones containing glycosylated long-
chain fatty acids (Řezanka and Guschina 
2000, 2001a,b) and macrolactone glyco-
sides (gobienines, Řezanka and Guschina 
2001c) were identified in lichens from cen-
tral Asia. Mono- and diprenylated xan-
thone glucosides (umbilicaxanthosides, 
Řezanka et al., 2003) have been obtained 
from the lichen Umbilicaria proboscidea 
collected from the Ural Mountains; and 
Torres et al. (2004) reported that the li-
chenized ascomycete Collema cristatum 
contains a glucosylated mycosporine 
which they called collemin A.

Additional unique or uncommon 
compounds (Fig. 4) undoubtedly will be 
detected as the search for such substances 
proceeds and analytical methodologies 
become more refined.

Biological effects and potential 
uses
Recent reviews have discussed the phar-
maceutical potential of lichen substances 
(Huneck 1999, Müller 2001, Yamamoto 
2000, Boustie and Grube 2005). Products 
containing usnic acid as a topical antisep-
tic are available in some countries (e.g., 
Gessato™ shaving treatment from Italy, 
Camillen 60 Fudes spray and nail oil from 
Germany), though in fact many pharma-
cological properties have been attributed 
to this compound (Ingólfsdóttir 2002). 
However, usnic acid can provoke allergic 
reactions, and the compound is toxic at 
high doses (acute oral toxicity [LD50] in 
the mouse, 0.84 g/kg). Fatal hepatotox-
icity has been attributed to ingestion of 
~500 mg/day of usnic acid in nutraceuti-
cals marketed as weight-loss aids (Durazo 

Figure 3. Structures of some common lichen compounds: lecanoric acid (a, depside), parietin (b, 
quinone), vulpinic acid (c, pulvinic acid derivative), salazinic acid (d, depsidone), pannaric acid (e, 
dibenzofuran), lichexanthone (f, xanthone).

Figure 4. Unusual structures of lichen compounds: (a) portentol, (b) aspicilin, (c) nephrosterinic acid. Portentol, a 
polypropionate produced by Rocella portentosa, derives from acetate and methionine (Aberhart et al. 1970). Aspicilin is 
undoubtedly the product of a PKS, whereas the biosynthesis of nephrosterinic acid may be related to that of A-factor 
(Gräfe 1989, Kato et al. 2007).
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et al. 2004, Neff et al. 2004).
Cold remedies formulated from Ice-

landic lichen are sold under the trade 
name Broncholind® by MCM Klosterfrau 
Vertriebsgesellschaft mbH (Cologne, 
Germany) and Isla-Moos® by Engelhard 
Arzneimittel GmbH & Co. KG (Nieder-
dorfelden, Germany). A small number of 
other cosmetic, nutraceutical, or phar-
maceutical firms (e.g., Ichimaru Pharcos 
Co., Ltd., Gifu, Japan) also manufacture 
products containing lichen substances or 
extracts.

Antibiotic and antifungal activities 
The antibacterial properties of lichen ex-
tracts have been known for many years 
(Burkholder et al. 1944), and incorpora-
tion of usnic acid into medical devices in-
hibits bacterial biofilm formation on poly-
mer surfaces (Francolini et al. 2004). 

Minimal inhibitory concentrations 
(MICs) for acetone and methanol extracts 
of the lichens Cladonia furcata, Parme-
lia caperata, P. pertusa, Hypogymnia phy-
sodes, and Umbilicaria polyphylla were 
determined towards six species of bacteria 
and ten species of fungi (Ranković et al. 
2007a, cf. Ranković et al. 2007b). Stron-
gest antimicrobial activities were recorded 
for extracts of P. pertusa, whereas weakest 
activities were observed for P. caperata. 
Bacillus mycoides was the most sensitive 
bacterial species tested, whereas Candida 
albicans was the most sensitive fungal 
species examined. Anti-Gram-positive 
activities have been reported for evernic 
acid, vulpinic acid and hirtusneanoside 
(Lawrey 1986, Řezanka and Sigler 2007).  
Antifungal activities been reported for the 
anthraquinone parietin isolated from Ca-
loplaca cerina (Manojlovic et al. 2005), as 
well as for extracts of the Andean lichens 
Protousnea poeppigii and Usnea rigida, 
which contain divaricatinic acid, isodi-
varicatic acid, usnic acid, and 5-propyl-
resorcinol (Schmeda-Hirschmann et al. 
2007).

The riminophenazine antibiotics, 
exemplified by clofazimine (Lamprene®), 

were developed as antimycobacterial 
drugs (Reddy et al. 1999). Their synthesis 
followed from identification of the antitu-
berculous activity of derivatives of diploi-
cin, a depsidone produced by the Irish li-
chen Buellia canescens (Barry 1946, Barry 
and Twomey 1950, Nolan et al. 1948).

Antiviral activity
Antiviral properties have been attributed 
to various lichen substances. Usnic acid 
extracted from Ramalina celastri dis-
played antiviral activity, whereas parietin 
extracted from Teloschistes chrysophthal-
mus was virucidal towards the Junín and 
Tacaribe (South American) arenaviruses 
(Fazio et al. 2007). Lichenan, a  linear {1→3, 
1→4} β-D glucan (Tvaroska et al. 1983) 
widely distributed among lichens (Com-
mon 1991) and believed to be a structural 
component of the mycosymbiont cells 
wall (Honegger and Haish 2001), inhibited  
symptom development and virus accumu-
lation in four greenhouse-grown Nicoti-
ana spp. infected by tobacco mosaic virus, 
probably by interfering with an early event 
in virus replication. The antiviral activity 
of partially hydrolyzed lichenan was com-
parable to that of intact lichenan  (Stübler 
and Buchenauer 1996). 

Antitumor and antimutagenic activities
Colleflaccinosides, bisanthraquinone gly-
cosides isolated from Collema flaccidum, 
showed significant antitumor activity 
in the crown gall tumor inhibition test 
(Řezanka and Dembitsky 2006). Like-
wise, the depsidone pannarin reportedly 
inhibits cell growth and induces apopto-
sis in human prostate carcinoma DU-145 
(Maier et al. 1999) and human melanoma 
M14 cells (Russo et al. 2006, 2008). The 
antiproliferative activities of tenuiorin 
(a tridepside) and methyl orsellinate ex-
tracted from Peltigera leucophlaebia were 
tested on human breast (T-47D), pancre-
atic (PANC-1) and colon (WIDR) cancer 
cell lines; the former compound caused a 
weak-to-moderate reduction in [3H]thy-
midine uptake by the pancreatic and colon 

cells, whereas methyl orsellinate was with-
out effect (Ingólfsdóttir et al. 2002).

Enzyme inhibitory and antioxidant activities
Extracts of the lichen Umbilicaria esculen-
ta strongly inhibited disaccharide hydro-
lytic enzymes of mold and mammalian 
origin. The purified inhibitor was identi-
fied as 1-deoxynojirimycin (1,5-dideoxy-
1,5-imino-D-glucitol), already known as 
a product of Streptomyces spp. and plants 
of the genus Morus. Extracts of Parme-
lia austrosinensis and Parmelia praesore-
diosa had similar glucosidase inhibitory 
activities (Lee and Kim 2000). Inhibition 
of glycosylation is believed to affect mela-
nin biosynthesis in human melanoma 
cells. Kim and Cho (2007) concluded that 
methanol extracts of lichens Usnea longis-
sima and U. esculenta affect the activity of 
tyrosinase via inhibition of tyrosinase gly-
cosylation. Inhibition of lipoxygenase (In-
gólfsdóttir et al. 2002) and of prostaglan-
din (Sankawa et al. 1982) and leukotriene 
B4 biosyntheses (Kumar and Müller 1999) 
might correlate with the anti-inflammato-
ry, analgesic and antipyretic activities of 
some lichen substances (Okuyama et al. 
1995). 

Many lichen extracts have antioxidant 
properties, probably due to their pheno-
lic content. Jayaprakasha and Rao (2000) 
examined the antioxidant properties of 
methyl orsellinate, atranorin, osellinic 
acid, and lecanoric acid. Bhattarai et al. 
(2008) reported stronger antioxidant ac-
tivities in extracts from Antarctic lichens 
than from lichens native to temperate or 
tropical regions.

Products of axenically cultured 
mycobionts
Lichen mycobionts synthesize significant 
quantities of secondary metabolites only 
under permissive conditions, as has been 
demonstrated repeatedly in cultivation ex-
periments (Hamada et al. 1996, Hamada 
and Ueno 1987, Kinoshita 1993, Leuckert 
et al. 1990, Yamamoto et al. 1995). Permis-
sive conditions appear to be those mim-
icking the conditions to which lichens are 
exposed “in the wild,” since stable culture 
conditions do not promote production *PKSs are classified as type I, II, or III. For a review of PKS nomenclature, see Moss et al. (2004).
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of lichen-specific secondary metabolites 
(Stocker-Wörgotter 2008). This may, in 
part, be attributed to elevated osmotic con-
ditions in vitro, since high levels of sugars, 
for example, mannitol, often are needed to 
initiate secondary metabolite production 
in axenic cultures. Alteration of secondary 
metabolite production was reported for 
the mycobiont of Xanthoria elegans grown 
on different media (Brunauer et al. 2007), 
whereas in resynthesis and relicheniza-
tion experiments with Cladia retipora and 
Dactylina artica complete thalli contain-
ing typical lichen substances were formed 
(Stocker-Wörgotter and Elix 2006). 

However, cultured mycobionts often 
produce new, interesting metabolites not 
encountered in nature and synthesis of 
these novel products may be enhanced 
by varying the type and concentration of 
nutrients in the growth medium, or by 
simulating stress situations (ultraviolet ir-
radiation, changes in thermal or osmotic 
conditions). Axenic cultures of Bunodo-
phoron patagonicum isolated either from 
spores or from thallus fragments formed 
two chemosyndromes (suites of chemo-
types) of depsides and dibenzofurans syn-
chronically (Stocker-Wörgotter 2004). Al-
ternatively, different carbon sources in the 
culture medium can switch secondary me-
tabolite biosynthesis from the polyketide 
pathway to the fatty acid biosynthetic 
pathway. Thus, Physconia distorta grown 
on nutrient-rich media produced mainly 
oleic acid, linoleic acid, stearic acid, and 
their triglyceride derivatives, which were 
excreted as oil drops on the mycelia sur-

face, rather than phenolics (Molina et al. 
2003).

Biosynthesis of polyketides
Fatty acid and polyketide biosynthesis 
both proceed by sequential additions of 
C2 or related chemical units; however, 
whereas fatty acid synthetases (FASs) 
make use predominantly of acetyl~SCoA 
(and, less commonly, malonyl~SCoA) 
moieties, polyketide synthetases (PKSs) 
can utilize a greater variety of activated 
organic acids, including propionyl~SCoA, 
butyryl~SCoA, methylmalonyl~SCoA, 
and ethylmalonyl~SCoA (Hopwood 1997, 
Shen 2000). Moreover, whereas successive 
chain elongation steps during fatty acid 
biosynthesis typically proceed via a fixed 
sequence of keto reduction, dehydration, 
and enoyl reduction, certain reactions 
typical of fatty acid biosynthesis can be 
suppressed by PKSs at specific biosyn-
thetic steps; that is, chain elongation in-
termediates during polyketide biosynthe-
sis may undergo all, some, or none of the 
aforementioned biosynthetic reactions, 
depending upon the particular catalytic 
domains in a given PKS. The result is a 
remarkable diversity of polyketide struc-
tural motifs much more diverse than the 
products of FAS biosynthesis, which can 
be enhanced further by post-PKS modi-
fications (“tailoring reactions”) (O’Hagen 
1991, Rawlings 1999). Tailoring enzymes, 
such as oxidoreductases or methylases, 
may obscure the biosynthetic origin of 
PKS products (Pfeifer and Khosla 2001, 
Rix et al. 2002).

Diversity of PKS genes in lichen-
forming fungi

Fungal type I PKSs are multifunc-
tional proteins containing a single reiter-
atively-used ketoacyl synthase (KS) do-
main targetable by PCR primers (Bingle et 
al. 1999, Boustie and Grube 2005, Grube 
and Blaha 2003, Lee et al. 2001, Miao et 
al. 2001, Nicholson et al. 2001, Sauer et 
al. 2002, Schmitt et al. 2005). Different 
polyketides are produced depending upon 
which other domains are present (Fig. 5). 
Besides the KS domain, type I PKSs also 
contain acyltransferase (AT) and acyl-car-
rier protein (ACP) (or phosphopanthetein, 
PP) domains. At the N-terminus of the 
PKS, anterior to the KS domain, there re-
sides a starter unit, the ACP transacylase 
(SAT) domain which mediates loading of a 
starter unit, whereas the product template 
(PT) domain, presumably responsible (at 
least in part) for polyketide chain length 
and cyclization, lies downstream of the 
AT domain (Cox 2007). Using a decon-
struction approach, Crawford et al. (2008) 
demonstrated that the PT domain of PksA, 
which initiates biosynthesis of aflatoxin 
B1 in Aspergillus parasiticus, is involved 
in  maintaining the correct aldol addition 
intermediate and promoting its dehydra-
tion, thereby facilitating non-enzymic re-
lease of the shunt product naphthopyrone 
or of norsolorinic acid anthrone. Other 
domains, such as ones with a thioesterase/
Claisen cyclase (TE/CYC) motif or which 
function as ketoreductases (KRs), dehy-
dratases (DHs), enoyl reductases (ERs), or 
methyltransferase (MeTs) are optional, and 

Figure 5. Gene architecture of fungal type I PKS: SAT, starter unit ACP transacetylase; KS, ketosynthase; AT, 
acyltransferase; DH, dehydratase; MT, methyl transferase; ER, enoyl reductase; KR, ketoreductase; PT, product template; 
ACP, acyl-carrier protein; TE, thioesterase (or CYC, Claisen cyclase). Non-reducing domains in red, optional reducing 
domain in black. The ACP domain may occur in pairs, whereas the TE domain may be absent.
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are found in PKSs generating polyketides 
with different degrees of reduction and/or 
substitution.

The composition of domains cor-
related with phylogenetic lineages in a 
phylogenomic study of the PKS family 
(Kroken et al. 2003). Not all fungal aro-
matic polyketides, however, are necessar-
ily produced by type I PKSs; for example, a 
type III PKS is responsible for production 
of the pentaketide alkylresorcinol acid in 
Neurospora crassa (Funa et al. 2007).  Pre-
liminary analyses suggest that these syn-
thases are also present in lichens. Partially 
degenerate primers targeting fungal type 
III-like PKS detected corresponding genes 
so far in six lichen species (Muggia et al. 
unpublished data). 

Phylogenetic analyses in conjunction 
with bioinformatic approaches to fun-
gal genomes which have been sequenced 
completely (Kroken et al. 2003, Varga et 
al. 2003) have revealed a large diversity of 
paralogous PKSs. Likewise, phylogenetic 
analyses of mycobionts suggest high num-
bers of paralogous genes (Grube and Blaha 
2003, Opanowicz et al. 2005, Schmitt et al. 
2005). The clades of these paralogs can 
now be tested for functional divergence 
using statistical methods (Gu 1999, Grube 
and Blaha 2003), but two crucial questions 
remain:

How did the diversity of paralogs •	
evolve?

What is the function of the •	
paralogs?

Sequence analyses of PKS genes 
from lichenized fungi
Paralogous PKS genes in non-lichenized 
fungi likely evolved via gene duplication 
(Kroken et al. 2003). Muggia et al. (2008) 
analyzed all available sequence data for 
KS domains of mycobiont PKS genes 
and generated a phylogenetic framework 
for studying the evolutionary forces act-
ing on nucleotide sequences. According 
to this work, strong purifying selection 
shapes the evolution of PKS genes in li-
chens, while no clear evidence was found 
for neutral evolution or positive selection. 

As with non-lichenized fungi, the wide 
distribution of certain paralogs indicates 
that gene duplication led to the diversity of 
polyketide synthases found in lichens. It is 
postulated that multiple paralogs were lost 
in different lineages during evolution, and 
that different paralogs might be involved 
in production of similar products in dif-
ferent lineages. 

Schmitt et al. (2008) showed that li-
chen fungi also contain 6-methylsalicylic 
acid synthase (6-MSAS)-like polyketide 
synthase genes, and speculated that these 
genes could have been acquired by hori-
zontal transfer from bacterial genomes. 
Such horizontal transfer might be fa-
cilitated by high abundances of bacterial 
communities, as observed in some lichens 
(Cardinale et al. 2008). In the absence of 
complete genome data from lichen myco-
bionts it is currently impossible to know 
whether acquisition of novel genes by 
means of horizontal transfer is a common 
or rare event. 

Functional characterization and 
heterologous expression of PKSs
Despite much progress in the elucidation 
of the diversity of lichen PKS genes, little 
is known about the roles of individual 
paralogs. Phylogenetic analyses of the KS 
domain revealed large monophyletic clus-
ters of reducing and non-reducing PKSs 
from various fungi, suggesting consid-
erable degrees of paralogy within these 
main lineages (Boustie and Grube 2005, 
Kroken et al. 2003, Opanowicz et al. 2005, 
Schmitt et al. 2005). Such analyses applied 
to the secondary metabolites found in a 
mycobiont are insufficient to predict the 
function of any of its paralogs (Schmitt 
et al. 2005). Routine analytical methods 
in lichenology (typically TLC or HPLC) 
probably do not detect the full spectrum 
of secondary metabolites produced by li-
chens. As studies of non-lichenized fungi 
show, similar products may be synthesized 
by unrelated PKSs in different fungi: the 
biosynthesis of dihydroxynaphthalene as 
common precursor of melanin formation 
in ascomycetes can proceed via penta- or 
heptaketides in fungi (Tsai et al. 2001). 
Preliminary evidence from inhibition as-

says with tricyclazole, a fungicide that acts 
as a non-competitive inhibitor of trihy-
droxynaphthalene reductase (Viviani et 
al. 1993), suggests that lichen melanins 
are comprised of dihydroxynaphthalene 
precursors (G. Brunauer, personal com-
munication), but it cannot be excluded 
that some lichens might produce melanins 
from tyrosine (Laufer et al. 2006). 

Functional assignment of a particu-
lar PKS to a particular polyketide product 
remains a complicated task, particularly 
since the technique of reverse genetics (de-
termining how a change in gene sequence 
affects phenotype), which has been used 
for other fungi (Gold and Alic 1993, Ma-
gee et al. 2003), is not feasible for myco-
bionts because no transformation system 
has been devised yet for these microorgan-
isms. Moreover, heterologous expression 
of lichen PKSs in surrogate hosts may not 
be as straight-forward as expected, since 
the complex metabolism of potential sur-
rogate hosts might influence or interfere 
with mycobiont PKS biosynthesis or func-
tion and lead to different polyketide prod-
ucts, analogous to the “hybrid antibiotics” 
observed for actinomycetes by Schlegel 
and Fleck (1980) and by Hopwood et al. 
(1985). Thus, ectopic expression of Col-
letotrichum lagenarium PKS1 in A. oryzae 
led to unexpected coproduction of the 
tetraketide orsellinic acid and the pen-
taketide 6,8-diacetoxy-3-methylisocou-
marin (Fujii et al. 1999). Even though fun-
gal PKS genes have already been expressed 
in heterologous hosts such as bacteria, 
yeast, other filamentous fungi, and plants 
(Pfeifer and Khosla 2001, Schümann and 
Hertweck 2006), attempted expression of 
a PKS gene from the mycobiont of the li-
chen Xanthoparmelia semiviridis (Chooi 
et al. 2008) and the mycobiont of the lichen 
Solorina crocea (Gagunashvili et al. 2009) 
in A. nidulans did not result in a product. 
Possible reasons for failure include ineffi-
cient priming of polyketide biosynthesis, 
absence of required post-PKS enzymes, 
inappropriate expression systems, lack of 
auxiliary enzymic activities, codon us-
age differences, incorrect protein folding, 
even toxicity of X. semiviridis and/or S. 
crocea polyketide products towards the 
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heterologous host.
Present data about diversity of PKS 

genes in lichen fungi suggest that their 
genomes contain more functional para-
logs than can be accounted for in terms 
of identified secondary metabolites. This 
parallels the results from genomic explo-
ration in non-lichenized fungi (Kroken et 
al. 2003) and suggests a considerable num-
ber of silent pathways. Recently, Williams 
et al. (2008) awakened silent pathways in 
fungi and obtained new secondary me-
tabolites by disrupting heterochromatin 
formation with DNA methyltransferase 
and histone deacetylase inhibitors. Thus, 
epigenetic remodeling of the metabolome 
may lead to the discovery of many new 
compounds in lichenized fungi.

Genome sequence information is 
certainly required for further investiga-
tions of PKS diversity in lichens. This will 
enable creation of specific markers for 
PKS genes not yet detectable with current 
primers, and will shed further light on the 
genealogy and evolution of lichen PKSs 
in foreseeable future. Although current 
methods for genome sequencing, such as 
454 technology, are much more rapid than 
earlier techniques (Rothberg and Leamon 
2008, Shendure and Ji 2008), isolation of 
novel genes for cloning and sequencing, 
as is done for easy-to-cultivate fungi, re-
lies predominantly on genomic libraries, 
which are still rare for lichen fungi (Chooi 
et al. 2008; Gagunashvili et al. 2009; Miao 
et al. 2001; D. Armaleo, personal commu-
nication). Establishment of representa-
tive genomic libraries requires sufficient 
amounts of axenic lichen mycobionts, 

since genomic material extracted directly 
from whole lichens will, by definition, 
contain DNA from at least two species. 

Secondary compounds from 
microbial associates of lichens
While lichens are generally considered 
symbioses between only a fungus and 
one or more species of green algae or cy-
anobacteria, recent studies report that 
many lichens contain a stable consortium 
of other microorganisms, including para-
sitic fungi (Lawrey and Diederich 2003), 
endophytic fungi (Arnold et al. 2008), and 
bacteria (Cardinale et al. 2006). The diver-
sity of co-inhabiting fungi is well-studied: 
more than a thousand species parasitic for 
lichens having been documented (Lawrey 
and Diederich 2003), and they can be pro-
ducers of interesting metabolites in their 
own right. For example, two new bisnaph-
thopyrone compounds, lichenicolins A 
and B, were isolated from an unidentified 
lichen-inhabiting fungus (He et al. 2005) 
(Fig. 6). Lichenicolin A was active against 
Gram-positive bacteria, including strains 
of methicillin-resistant Staphylococcus 
aureus and vancomycin-resistant Entero-
coccus faecium, whereas it showed variable 
activity against strains of Escherichia coli. 
In contrast, lichenicolin B was devoid of 
antibacterial and anticandidal activity.

The bacterial constituents of lichens 
are still largely underexplored. Cardinale 
et al. (2008) used fluorescence in situ hy-
bridisation to show that bacterial associates 
colonize lichens in a biofilm-like manner.  
They suggested that lichens might consti-
tute a rich pool of bacterial diversity, in-

cluding as-yet undescribed species which 
may serve as sources of biotechnologically 
interesting compounds, enzymes, and/
or strains. Gonzales et al. (2005) high-
lighted the diversity of actinomycetes in 
lichens by DNA fingerprinting, and used 
specific primers to screen 337 isolates for 
genes involved in secondary metabolite 
production. High frequencies of positive 
PCR amplification were obtained for PKS 
I (62.6%), PKS II (64.7%) and non-ribo-
somal peptide synthetases (58.5%). Their 
results suggest that lichens constitute an 
extremely diverse reservoir not only of ac-
tinomycetes but of secondary metabolites 
generally, which may prove important in 
the search for new antibiotics. For exam-
ple, uncialamycin (Davies et al. 2005) (Fig. 
7), a new enediyne produced by a strep-
tomycete isolate occurring on the surface 
of a lichen from British Columbia (Cla-
donia uncialis), had strong antibacterial 
activity against both Gram-positive and 
Gram-negative human pathogens, includ-
ing Burkholderia cepacia (MIC, 0.001 µg/
mL) and S. aureus (MIC, 0.0064 µg/mL). 
However, enediynes seem to be generally 
cytotoxic due to their reactivity towards 
nucleic acids (Battigello et al. 1995, Cos-
grove and Dendon 2003). 

Secondary metabolite production by 
lichen photobionts has not been investi-
gated in much detail. Among the very few 
such compounds reported are the nosto-
clides (Yang et al. 1993), γ-butyrolactones 
from a Nostoc sp. recovered from the lichen 
Peltigera canina, with moderate anticyto-
toxic activities; microcystins, hepatotoxic 
cyclic heptapeptides produced by a Nostoc 

Figure 6. Structures of lichenicolins A (1) and B (2). Figure 7. Structure of uncialamycin.
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sp. recovered from the lichen Pannaria 
pezizoides  (Oksanen et al. 2004), β-N-
methylamino-L-alanine, a neurotoxic 
amino acid produced by a Nostoc sp. re-
covered from a Peltigera sp. of lichen (Cox 
et al. 2005), and cryptophycins, peptolides 
with promising antineoplastic activities, 
from Nostoc sp. ATCC53789 (isolated from 
a lichen found on Aaron Island, Scotland) 
(Margarvey et al. 2006). 

Future prospects
Lichens encompass not just the tradition-
ally recognized algal and fungal symbi-
onts but also diverse lichen-inhabiting 
(lichenicolous and endophytic) fungi as 
well as a plethora of bacteria and harbor 
an enormous diversity of secondary me-
tabolites. Investigations on the natural 
product composition of whole lichens or 
lichen constituents and their biosynthetic 
machineries lag behind those of non-li-
chenous bacteria and fungi, but the range 
of bioactivities identified to date portend 
well for further research that eventually 
may result in the commercial produc-
tion and exploitation of pharmaceutically 
interesting lichen substances. However, 
until the establishment of appropriate ex-
pression systems for lichen-derived DNA, 
genomics-driven discovery (Bergmann et 
al. 2007) and metagenomic mining will 
be the only means of obtaining new in-
sights into the evolution and diversity of 
the biosynthetic genes of these organisms. 
It is expected that at least two mycobiont 
genome sequences, from the lichens Xan-
thoria parietina and Cladonia grayi, will 
become available in near future, and pro-
vide baseline information about total PKS 
gene diversity in lichen fungi.   

Microorganisms rapidly acquire re-
sistance to antibiotics, so there is a con-
tinuous demand for new antimicrobial 
agents. Lichens could be valuable source 
of new lead structures.  Moreover, it is an-
ticipated that the genetic engineering and 
combinatorial biosynthesis approaches 
currently used to expand the repertoire of 
polyketides from “conventional” bacteria 
and fungi will become applicable to lichen 
PKS genes. A noteworthy (non-lichenous) 
precedent is the work of Watanabe and 

Ebizuka (2002), who succeeded in pro-
ducing in A. oryzae a novel hexaketide, 
2-acetyl-1,3,6,8-tetrahydroxynaphtha-
lene, synthesized from a chimeric gene de-
rived from a pentaketide synthase of Col-
letotrichum lagenarium and a heptaketide 
synthase of A. nidulans. Lichenized fungi, 
with their diversity of metabolites, could 
provide very interesting sets of PKS genes 
for creation of novel and pharmacologi-
cally interesting secondary metabolites

Acknowledgments
LM and MG thank the Austrian Science 
Foundation for financial support (FWF 
P17638, P18632). The authors are grateful 
to Dr. Stuart Shapiro (Basilea Pharmaceu-
tica International AG, Basel, Switzerland; 
shapiro.stuart@basileapharma.com) for 
critically reviewing the manuscript prior 
to submission.

References
Aberhart, D.J., Corbella, A., and Overton, K.H. 1970. 

Biosynthesis of portentol: assembly of a linear 
pentapropionate from acetate and methionine. 
J C S Chem Commun 11:664-665.

Abdullah, S.T., Hamid, H., Ali, M., Ansari, S.H., and 
Alam, M.S. 2007. Two new terpenes from the 
lichen Parmelia perlata. Ind J Chem 46B:173-176.

Agelet, A. and Vallès, J. 2001. Studies on pharma-
ceutical ethnobotany in the region of Pallars 
(Pyrenees, Catalonia, Iberian Peninsula). Part I. 
General results and new or very rare medicinal 
plants. J Ethnopharmacol 77:57-70.

Ahmadjian,V. and Reynolds J.T. 1961. Production 
of biologically active compounds by isolated 
lichenized fungi. Science 133:700-701.

Arnold, A.E., Miadlikowska, J., Higgins, K.L., Sarvate, 
S.D., Gugger, P., Way, A., Hofstetter, V., Kauff, 
F., and Lutzoni, F. 2009. Hyperdiverse fungal 
endophytes and endolichenic fungi elucidate 
the evolution of major ecological modes in the 
Ascomycota. Syst Biol 58 (in press).

Asahina, Y. 1936. Microchemischer Nachweis der 
Flechtenstoffe (I). J Jap Bot 12:516-525.

Barry, V.C. 1946. The thyroid and tuberculosis. Na-
ture 158:131-132.

Barry, V.C. and Twomey, D. 1950. Antituberculous 
substances. VI. Derivatives of diploicin.    Proc R 
Irish Acad 53B:55-59.

Battigello, J.-M.A., Cui, M., Roshong, S., and Carter, 
B.J. 1995. Enediyne-mediated cleavage of RNA. 
Bioorg Med Chem 3:839-849.

Bergmann, S., Schümann, J., Scherlach, K., Lange, 
C., Brakhage, A.A., and Hertweck, C. 2007. 
Genomics-driven discovery of PKS-NRPS hybrid 
metabolites from Aspergillus nidulans. Nat Chem 
Biol 3:213-217.

Bhattarai, H.D., Paudel, B., Hong, S.G., Lee, H.K., 
and Yim, J.H. 2008. Thin layer chromatography 
analysis of antioxidant constituents of lichens 
from Antarctica. J Nat Med 62:481-484.

Bingle, L.E.H., Simpson, T.J., and Lazarus, C.M. 
1999. Ketosynthase domain probes identify two 
subclasses of fungal polyketide synthese genes. 
Fungal Genet Biol 26:209-223.

Boustie, J. and Grube, M. 2005. Lichens - a promis-
ing source of bioactive secondary metabolites. 
Plant Genet Resour 3:273-287. 

Brunauer, G., Hager, A., Grube, M., Türk, R., and 
Stocker-Wörgötter, E. 2007. Alteration in sec-
ondary metabolism of aposymbiotically grown 
mycobionts of Xanthoria elegans and culture 
resynthesis stages. Plant Physiol Biochem 
45:146-151.

Burkholder, P.R., Evans, A.W., McVeigh, I., and 
Thornton, H.K. 1944. Antibiotic activity of li-
chens. Proc Nat Acad Sci USA 30:250-255.

Cardinale, M., Vieira de Castro, J., Jr., Müller, H., 
Berg, G., and Grube, M. 2008. In situ analysis 
of the bacteria community associated with 
the reindeer lichen Cladonia arbuscula reveals 
predominance of Alphaproteobacteria. FEMS 
Microbiol Ecol 66:63-71.

Cardinale, M., Puglia, A.M., and Grube, M. 2006. 
Molecular analysis of lichen-associated bacterial 
communities. FEMS Microbiol Ecol 57:484-495.

Chooi, Y.H., Stalker, D.M., Davis, M.A., Fujii, I., Elix, 
J.A., Louwhoff, S.H.J.J., and Lawrie, A.C. 2008. 
Cloning and sequence characterization of a 
non-reducing polyketide synthase gene from 
the lichen Xanthoparmelia semiviridis. Mycol Res 
112:147-161.

Common, R.S. 1991. The distribution and taxonom-
ic significance of lichenan and isolichenan in 
the Parmeliaceae (lichenized Ascomycotina), as 
determined by iodine reactions. I. Introduction 
and methods. II. The genus Alectoria and associ-
ated taxa. Mycotaxon 41:67-112.

Cosgrove, J.P. and Dedon, P.C. 2003. Binding and 
reaction of calicheamicin and other  enediyne 
antibiotics with DNA. In: Small molecule DNA 
and RNA binders, vol. 2, Demeunynck, M., Bailly, 
C., and Wilson, W.D., eds., pp 609-642 Germany 
(Weinheim, Germany; Wiley-VCH Verlag GmbH 
& Co. KGaA).  

Cox, P.A., Banack, S.A., Murch, S.J., Rasmussen, 
U., Tien, G., Bidigare, R.R., Metcalf, J.S., Mor-
rison, L.F., Codd, G.A., and Bergman, B. 2005. 
Diverse taxa of cyanobacteria produce β-N-
methylamino-L-alanine, a neurotoxic amino 
acid. Proc Nat Acad Sci USA 102:5074-5078.

schm2109
Sticky Note
Research in IS's laboratory is supported by start-up funds from the University of Minnesota.



94	 SIM NEWS 	 www.simhq.org    	

features

Cox, R.J. 2007. Polyketides, proteins and genes in 
fungi: programmed nano-machines begin to 
reveal their secrets. Org Biomol Chem 5:2010-
2026.

Crawford, J.M., Thomas, P.M., Scheerer, J.R., Vag-
stad, A.L., Kelleher, N.L., and Townsend, C.A. 
2008. Deconstruction of iterative multidomain 
polyketide synthase function. Science 320:243-
246. 

Culberson, C.F. 1969. Chemical and botanical guide 
to lichen products (Durham; University of North 
Carolina Press).

Culberson, C.F. 1970. Supplement to ‘Chemical and 
Botanical Guide to Lichen Products’. Bryologist 
73:177-377.

Culberson, C.F. and Armaleo, D. 1992. Induction 
of a complete secondary-product pathway in 
cultures of a lichen fungus. Exp Mycol 16:52-63.

Culberson, C.F., Culberson, W.L., and Johnson, A. 
1977. Second Supplement to ‘Chemical and 
Botanical Guide to Lichen Products’. (St. Louis; 
American Bryological and Lichenologial Society, 
Missouri Botanical Garden).

Davies, J., Wang, H., Taylor, T., Warabi, K., Huang, 
X.H., and Andersen, R.J. 2005. Uncialamycin, a 
new enediyne antibiotic. Org Lett 7:5233-5236.

Dayan, F.E. and Romagni, J.G. 2001. Lichens as a 
potential source of pesticides. Pestic Outlook 
6:229-232.

Denton, G.H., and Karlén, W. 1973. Lichenometry: 
its application to Holocene moraine studies in 
Southern Alaska and Swedish Lapland. Arctic 
Alpine Res 5:347-372.

Durazo, F.A., Lassman, C., Han, S.H.B., Saab, S., Lee, 
N.P., Kawano, M., Saggi, B., Gordon, S., Farmer, 
D.G., Yersiz, H., Goldstein, R.L.I., Ghobrial, M., 
and Busuttil, R.W. 2004. Fulminant liver failure 
due to usnic acid for weight loss. Am J Gastroen-
terol 99:950-952.

Elix, J.A. and Gaul, K.L. 1986. The interconversion of 
the lichen depsides para- and meta-scrobiculin, 
and the biosynthetic implications. Aust J Chem 
39:613-624.

Elvebakk, A., Fritt-Rasmussen, J., and Elix, J. A.  
2007. The New Zealand lichen Pannaria lepro-
loma (Nyl.) P. M. Jørg. and its panaustral relative 
P. farinosa nom. nov.  Lichenologist 39:349-359.

Emmerich, R., Giez, I., Lange, O.L., and Proksch, 
P. 1993. Toxicity and antifeedant activity of 
lichen compounds against the polyphagous 
herbivourous insect Spodoptera littoralis Phy-
tochemisty 33:1389-1394.

Ernst-Russell, M.A., Chai, C.L.L., Hurne, A.M., War-
ing, P., Hockless, D.C.R., and Elix, J.A. 1999. 
Revision and cytotoxic activity of the scabrosin 
esters, epidithiopiperazinediones from the 
lichen Xanthoparmelia scabrosa. Aust J Chem 
52:279-283.

Fazio A.T., Adler, M.T., Bertoni, M.D., Sepùlveda, 
C.S., Damonte E.B., and Maier, M.S. 2007. Lichen 
secondary metabolites from the cultured lichen 
mycobionts of Teloschistes chrysophthalmus and 
Ramalina celastri and their antiviral activities. Z 
Naturforsch 62C:543-549.

Francolini, I., Norris, P., Piozzi, A., Donelli, G., and 
Stoodley, P. 2004. Usnic acid, a natural antimi-
crobial agent able to inhibit bacterial biofilm 
formation on polymer surfaces. Antimicrob Ag 
Chemother 48:4360-4365.

Fujii, I., Mori, Y., Watanabe, A., Kobo, Y., Tsuji, G., 
and Ebizuka, Y. 1999. Heterologous expression 
and product identification of Colletotrichum 
lagenarium polyketide synthase encoded by the 
PKS1 gene involved in melanin biosynthesis. 
Biosci Biotechnol Biochem 63:1445-1452.

Funa, N., Awakawa, T., and Horinouchi, S. 2007. 
Pentaketide resorcinol acid synthesis by type III 
polyketide synthase from Neurospora crassa. J 
Biol Chem 282:14476-14481.

Gagunashvili, A.N., Daviðsson, S.P., Jónsson, Z.O., 
and Andrésson, Ó.S. 2009. Cloning and heter-
ologous transcription of a polyketide synthase 
gene from the lichen Solorina crocea. Mycol Res 
113 (in press). 

Gardiner, D.M., Waring. P., and Howlett, B.J. 2005. 
The epipolythiodioxopiperazine (ETP) class 
of fungal toxins: distribution, mode of action, 
functions and biosynthesis. Microbiology 
151:1021-1032.

Gauslaa, Y. and Solhaug, K.A. 2001. Fungal mela-
nins as a sun screen for symbiotic green algae 
in the lichen Lobaria pulmonaria. Oecologia 
126:462-471.

Geissman, T.A. and Crout, D.H.G. 1969. Organic 
chemistry of secondary plant metabolism (San 
Francisco; Freeman, Cooper & Co.).

Gold, M.H. and Alic, M. 1993. Molecular biology of 
the lignin-degrading basidiomycete Phanero-
chaete chrysosporium. Microbiol Rev 57:605-622.

Gonzales, I., Ayuso-Sacido, A., Anderson, A. and 
Genilloud, O. 2005. Actinomycetes isolated from 
lichens: evaluation of their diversity and detec-
tion of biosynthetic gene sequences. FEMS 
Microbiol Ecol 54:401-415.

González-Tejero, M.R., Martínez-Lirola, M.J., Casa-
res-Porcel, M., and Molero-Mesa, C. 1995. Three 
lichens used in popular medicine in Eastern 
Andalucia (Spain). Econ Bot 49:96-98.

Gräfe, U. 1989. Autoregulatory secondary me-
tabolites from actinomycetes. In: Regulation 
of secondary metabolism in actinomycetes, 
Shapiro, S., ed., pp. 75-126 (Boca Raton, Florida; 
CRC Press, Inc.).

Grube, M. and Blaha, J. 2003. On the phylogeny of 
some polyketide synthase genes in the lichen-
ized genus Lecanora. Mycol Res 107:1419-1426.

Gu, X. 1999. Statistical methods for testing func-
tional divergence after gene duplication. Mol 
Biol Evol 16:1664–1674.

Hamada, N., Miyagawa, H., Miyawaki, H., and Inoue, 
M. 1996. Lichen substances in mycobionts of 
crustose lichens cultured on media with extra 
sucrose. Bryologist 99:71-74.

Hamada, N. and Ueno, T. 1987. Depside from an 
isolated lichen mycobiont. Agric Biol Chem 
51:1705-1706.

Hawksworth, D.L. 2003. Hallucinogenic and toxic 
lichens. Int Lichenol Newslett 36:33-35.

Hawksworth, D.L. and Hill, D.J. 1984. The lichen-
forming fungi (Glasgow; Blackie & Sons, Ltd.).

He, H., Bigelis, R., Yang, H.Y., Chang, L.P., and Singh, 
M.P. 2005. Lichenicolins A and B, new bisnaph-
thopyrones from an unidentified lichenicolous 
fungus, strain LL-RB0668. J Antibiot 58:731-736.

Honegger, R. 2000. Great discoveries in bryology 
and lichenology. Simon Schwendener (1829-
1919) and the dual hypothesis of lichens. Bryolo-
gist 103:307-313.

Honegger R. and Haish, A. 2001. Immunocy-
tochemical location of the (1→3) (1→4)-β-glucan 
lichenin in the lichen-forming ascomycete 
Cetraria islandica (Icelandic moss). New Phytol 
150:739-746.

Hopwood, D. 1997. Genetic contributions to un-
derstand the polyketide synthases. Chem Rev 
97:2465-2497.

Hopwood, D.A., Malpartida, F., Kieser, H.M., Ikeda, 
H., Duncan, J., Fujii, I., Rudd, B.A., Floss, H.G,, and 
Ōmura, S. 1985. Production of ‘hybrid’ antibiot-
ics by genetic engineering. Nature 314:642-644.

Huneck, S. 1999. The significance of lichens and 
their metabolites. Naturwissenschaften 86: 
559-570.

Huneck, S. 2001. New results on the chemistry of 
lichen substances.  Fortschr Chem Org Naturst 
81:1-276. 

Huneck, S. 2003. Die wasserabweisende Eigen-
schaft von Flechtenstoffen. Bibl Lichenol 85:9-
12.

Huneck, S. and Himmelreich, U. 1995. Arthogalin, 
a cyclic depsipeptide from the lichen Arthothe-
lium galapagoense. Z Naturforsch 50B:1101-1103.

Huneck, S. and Yoshimura, I. 1996. Identification of 
lichen substances (Berlin, Heidelberg; Springer-
Verlag).

Ingólfsdóttir, K. 2002. Usnic acid. Phytochemistry 
61:729-736.

Ingólfsdóttir, K., Gudmundsdóttir, G.F., Ogmunds-
dóttir, H.M., Paulus, K., Haraldsdóttir, S., Kristins-
son, H., and Bauer, R. 2002. Effects of tenuiorin 
and methyl orsellinate from the lichen Peltigera 
leucophlebia on 5-/15-lipoxygenases and pro-
liferation of malignant cell lines in vitro. Phyto-



	 May/June 2009	 SIM NEWS	 95

features

medicine 9:654-658.

Jayaprakasha, G.K. and Rao, L.J. 2000. Phenolic 
constituents from the lichen Parmotrema stup-
peum (Nyl.) Hale and their antioxidant activities. 
Z Naturforsch 55C:1018-1022.

Kato, J-y., Funa, N., Watanabe, H., Ohnishi, Y., 
and Horinouchi, S. 2007. Biosynthesis of 
γ-butyrolactone autoregulators that switch 
on secondary metabolism and morphological 
development in Streptomyces. Proc Nat Acad Sci 
USA 104:2378-2383.

Kim, M.S. and Cho, H.B. 2007. Melanogenesis 
inhibitory effects of methanolic extracts of 
Umbilicaria esculenta and Usnea longissima. J 
Microbiol 45:578-582.

Kinoshita, Y. 1993. The production of lichen sub-
stances for pharmaceutical use by lichen tissue 
culture (Osaka; Nippon Paint Publications). 

Kinraide, W.T.B. and Ahmadjian, V. 1970. The effects 
of usnic acid on the physiology of two cultured 
species of the lichen alga Trebouxia Puym. Li-
chenologist 4: 234-247.

Kroken, S., Glass, N.L., Taylor, J.W., Yoder, O.C., and 
Turgeon, B.G. 2003. Phylogenomic analysis of 
type I polyketide synthase genes in pathogenic 
and saprobic ascomycetes. Proc Nat Acad Sci 
USA 100:15670-15675.

Kumar, K.C.S. and Müller, K. 1999. Lichen metabo-
lites. I. Inhibitory action against leukotriene B4 
biosynthesis by a non-redox mechanism. J Nat 
Prod 62:817-820.

Laufer, Z., Beckett, R.P., and Minbayeva, F.V. 2006. 
Co-occurrence of the multicopper oxidases 
tyrosinase and laccase in lichens in sub-order 
Peltigerineae. Ann Bot 98:1035-1042

Lawrey, J.D. 1986. Biological role of lichen sub-
stances. Bryologist 89:11-122.

Lawrey, J.D. 1995. The chemical ecology of lichen 
mycoparasites. Can J Bot 73:603-608. 

Lawrey, J.D. and Diederich, P. 2003. Lichenicolous 
fungi: interactions, evolution, and biodiversity. 
Bryologist 106:81-120.

Lee, K.A. and Kim, M.S. 2000. Glucosidase inhibi-
tor from Umbilicaria esculenta. Can J Microbiol 
46:1077-1081.

Lee, T., Yun, S., Hodge, K.T., Humber, R.A., Kras-
noffm, S.B., Turgeon, G.B., Yoder, O.C., and 
Gibson, D.M. 2001. Polyketide synthase genes 
in insect- and nematode-associated fungi. Appl 
Microbiol Biotechnol 56:181-187.

Leuckert, C., Ahmadjian, V., Culberson, C.F., John-
son, A. 1990. Xanthones and depsidones of the 
lichen Lecanora dispersa in nature and of its 
mycobiont in culture. Mycologia 82:370-378.

Lutzoni, F., Pagel, M., and Reeb, V. 2001. Major fun-
gal lineages are derived from lichen symbiotic 
ancestors. Nature 411:937-940.

Magee, P.T., Gale, C., Berman, J., and Davis, D. 2003. 
Molecular genetic and genomic approaches to 
the study of medically important fungi. Infect 
Immun 71:2299-2309.  

Maier, M.S., Marimon, D.I.G., Stortz, C.A., and Adler, 
M.T. 1999. A revised structure for (-)-dihydrop-
ertusaric acid, a γ-butyrolactone acid from the 
lichen Punctelia microsticta. J Nat Prod 62:1565-
1567.

Manojlovic, N.T., Solujic, S., Sukdolak, S., and 
Milosev, M. 2005. Antifungal activity of Rubia 
tinctorum, Rhamnus frangula and Caloplaca 
cerina. Fitoterapia 76:244-246.

Magarvey, N.A., Beck, Z.Q., Golakoti, T., Ding, Y., 
Huber, U., Hemscheidt, T.K., Abelson, D, Moore, 
R.E., and Sherman D.H. 2006. Biosynthetic char-
acterization and chemoenzymatic assembly of 
the cryptophycins. Potent anticancer agents 
from cyanobionts. ACS Chem Biol 1:766-779.

Miao, V., Coeffet-LeGal, M.F., Brown, D., Sinneman, 
S., Donaldson, G., and Davies, J. 2001. Genetic 
approaches to harvesting lichen products. Tr 
Biotechnol 19:349-355.

Molina, M.C., Crespo, A., Vicente, C., and Elix, J.A. 
2003. Differences in the composition of phe-
nolics and fatty acids of cultured mycobiont 
and thallus of Physconia distorta. Plant Physiol 
Biochem 41:175-180.

Moss, S.J., Martin C.J., and Wilkinson, B. 2004. Loss 
of co-linearity by modular polyketide synthases: 
a mechanism for the evolution of chemical di-
versity. Nat Prod Rep 21:575-593.

Muggia, L., Schmitt, I., and Grube, M. 2008. Purify-
ing selection is a prevailing motif in the evolu-
tion of ketoacyl synthase domains of polyketide 
synthases from lichenized fungi. Mycol Res 
112:277-288.

Müller, K. 2001. Pharmaceutically relevant metabo-
lites from lichens. Appl Microbiol Biotechnol 
56:9-16.

Neff, G.W., Reddy, K.R., Durazo, F.A., Meyer, D., Mar-
rero, R., and Kaplowitz, N. 2004. Severe hepato-
toxicity associated with the use of weight loss 
diet supplements containing ma huang or usnic 
acid. J Hepatol 41:1062-1064.

Nicholson, T.D., Rudd, B.A.M., Dawson, M., Lazarus, 
C.M., Simpson, T.J., and Cox, R.J. 2001. Design 
and utility of oligonucleotide gene probes for 
fungal polyketide synthases. Chem Biol 8:157-
178.

Nolan, T.J., Algar, J., McCann, E.P., Manahan, W.A., 
and Nolan, N. 1948. Chemical constituents of 
lichens found in Ireland. Buellia canescens. III. 
Constitution of diploicin.    Sci Proc R Dublin Soc 
24A:319-334.

Nylander, W. 1866. Circa novum in studio lichenum 
critericum chemicum. Flora 49:198-201.

O’Hagan, D. 1991. The polyketide metabolites 

(Chichester, UK; Horwood Publishing, Ltd.).

Oksanen, I., Jokela, J., Fewer, D.P., Wahlsten, M., 
Rikkinen, J., and Sivonen, K. 2004. Discovery of 
rare and highly toxic microcystins from lichen-
associated cyanobacterium Nostoc sp. strain 
IO-102-I. Appl Environ Microbiol 70:5756-5763.

Okuyama, E., Umeyama, K., Yamazaki, M., Kinosh-
ita, Y., and Yamamoto, Y. 1995. Usnic acid and 
diffractaic acid as analgesic and antipyretic 
components of Usnea diffracta. Planta Med 
61:113-115.

Opanowicz, M., Blaha, J., and Grube, M. 2005. 
Detection of paralogous polyketide synthase 
genes in Parmeliaceae by specific primers. Li-
chenologist 38:47-54.

Pfeifer, B.A. and Khosla, C. 2001. Biosynthesis of 
polyketides in heterologous hosts. Microbiol 
Mol Biol Rev 65:106-118.

Proksa, B., Adamcová, J., Sturdíková, M., and Fuska, 
J. 1994. Metabolites of Pseudevernia furfuracea 
(L.) Zopf. and their inhibition potential of prote-
olytic enzymes. Pharmazie 49:282-283.

Rancan, F., Rosan, S., Boehm, K., Fernandez, E., 
Hidalgo, M.E., Quilhot, W., Rubio, C., Boehm, 
F., Piazena, H., and Oltmanns, U. 2002. Protec-
tion against UVB irradiation by natural filters 
extracted from lichens. J Photochem Photobiol 
68B:133-139.

Ranković, B., Misić, M., and Sukdolak, S. 2007a. 
Antimicrobial activity of extracts of the lichens 
Cladonia furcata, Parmelia caperata, Parmelia 
pertusa, Hypogymnia physodes and Umbilicaria 
polyphylla. Br J Biomed Sci 64:143-148.

Ranković, B., Misić, M., and Sukdolak, S. 2007. Evalu-
ation of antimicrobial activity of the lichens 
Lasallia pustulata, Parmelia sulcata, Umbilicaria 
crustulosa, and Umbilicaria cylindrica. Mikrobi-
ologiia (Engl. trans.) 76:723-727. 

Rawlings, B.J. 1999. Biosynthesis of polyketides 
(other than actinomycete macrolides). Nat Prod 
Rep 16:425-484.

Reddy, V.M, O’Sullivan, J.F., and Gangadharam, P.R. 
1999. Antimycobacterial activities of rimino-
phenazines. J Antimicrob Chemother 43:615-
623.

Řezanka, T. and Dembitsky, V. 1999. Novel bromi-
nated lipidic compounds from lichens of Central 
Asia. Phytochemistry 51:963-968.

Řezanka, T. and Dembitsky, V.M. 2006. The colle-
flaccinosides, two chiral bianthraquinone gly-
cosides with antitumor activity from the lichen 
Collema flaccidum collected in Israel and Russia. 
Nat Prod Res 20:969-80. 

Řezanka, T. and Guschina, I.A. 1999. Brominated 
depsidones from Acarospora gobiensis, a lichen 
of Central Asia. J Nat Prod 62:1675-1677.

Řezanka, T. and Guschina, I.A. 2000. Glycosidic 
compounds of murolic, protocontipatic and 



96	 SIM NEWS 	 www.simhq.org    	

features

allo-murolic acids from lichens of Central Asia. 
Phytochemistry 54:635-645.

Řezanka, T. and Guschina, I.A. 2001a. Glycosides 
esters from lichens of Central Asia. Phytochem-
istry 58:509-516. 

Řezanka, T. and Guschina, I.A. 2001b. Further 
glucosides of lichens’ acids from Central Asian 
lichens. Phytochemistry 56:181-188.

Řezanka, T. and Guschina, I.A. 2001c. Macrolac-
tones glycosides of three lichen acids from 
Acarospora gobiensis, a lichen of Central Asia. 
Phytochemistry 58:1281-1287.

Řezanka, T., Jáchymová, J., and Dembitsky, V.M. 
2003. Prenylated xanthone glucosides from 
Ural’s lichen Umbilicaria proboscidea. Phy-
tochemistry 62:607-612.

Řezanka, T. and Sigler, K. 2007. Hirtusneanoside, 
an unsymmetrical dimeric tetrahydroxanthone 
from the lichen Usnea hirta. J Nat Prod 70:1487-
1491.

Řezanka, T., Temina, M., Hanuš, L., and Dembitsky, 
V.M. 2004. The tornabeatins, four tetrahydro-
2-furanone derivatives from the lichenized 
ascomycete Tornabea scutellifera (With.) J.R. 
Laundon. Phytochemistry 65:2605-2612.

Richardson, D.H.S. 1988. Medicinal and other 
aspects of lichens. In: Galun, M., ed., CRC Hand-
book of lichenology, vol. 3, pp. 93-108 (Boca 
Raton, Florida; CRC Press, Inc.). 

Rikkinen, J. 1995. What’s behind the pretty colours? 
A study on the photobiology of lichens. Bryo-
brothera 4:1-239.

Rix, U., Fischer, C., Remsing, L.L., and Rohr, J. 
2002. Modification of post-PKS tailoring steps 
through combinatorial biosynthesis. Nat Prod 
Rep 19:542-580.

Rothberg, J.M. and Leamon, J.H. 2008. The devel-
opment and impact of 454 sequencing. Nat 
Biotechnol 26:1117-1124.

Rundel, P.W. 1978. The ecological role of secondary 
lichen substances. Biochem Syst Ecol 6:157-170.

Russo, A., Piovano, M., Lombardo, L., Garbarino, J., 
and Cardile, V. 2008. Lichen metabolites prevent 
UV light and nitric oxide-mediated plasmid DNA 
damage and induce apoptosis in human mela-
noma cells. Life Sci 83:468-474.

Russo, A., Piovano, M., Lombardo, L., Vanella, L., 
Cardile, V., and Garbarino, J. 2006. Pannarin 
inhibits cell growth and induces cell death in 
human prostate carcinoma DU-145 cells. Anti-
cancer Drugs 17:1163-1169.

Sankawa, U., Shibuya, M., Ebizuka, Y., Noguchi, H., 
Kinoshita, T., Iitaka, Y., Endo, A., and Kitahara, 
N. 1982. Depside as potent inhibitor of prosta-
glandin biosynthesis: a new active site model 
for fatty acid cyclooxygenase. Prostaglandins 
24:21-34.

Sauer, M., Lu, P., Sangari, R., Kennedy, S., Pol-
ishook, J., Bills, G., and An, Z. 2002. Estimating 
polyketide metabolic potential among non-
sporulating fungal endophytes of Vaccinium 
macrocarpum. Mycol Res 106:460-470.

Schindler, H. 1988. Zur Geschichte der Anwendung 
von Flechten (Lichenes) in der Medizin. Caro-
linea 46:31-42.

Schlegel, B. and Fleck, W.F. 1980. New anthra-
cycline antibiotics produced by interspecific 
recombinants of streptomycetes. I. Selection of 
Streptomyces violaceus subsp. iremyceticus, an 
iremycin-producing subspecies. Z Allg Mikrobi-
ol 20:527-530.

Schmitt, I., Kautz, S., and Lumbsch, H.T. 2008. 
6-MSAS-like polyketide synthase genes occur in 
lichenized ascomycetes. Mycol Res 112:289-296.

Schmitt, I., Martin, M.P., Kautz, S., and Lumbsch, 
H.T. 2005. Diversity of non-reducing polyketide 
synthase genes in the Pertusariales (lichenized 
Ascomycota): a phylogenetic perspective. Phy-
tochemistry 66:1241-1253.

Schmeda-Hirschmann, G., Tapia, A., Lima, B., Per-
tino, M., Sortino, M., Zacchino, S., Rojas de Arias, 
A., and Feresin, G.E. 2008. A new antifungal and 
antiprotozoal depside from the Andean lichen 
Protousnea poeppigii. Phytother Res 22:349-355.

Schümann, J. and Hertweck, C., 2006. Advances in 
cloning, functional analysis and heterologous 
expression of fungal polyketide synthase genes. 
J Biotechnol 124:690-703.

Schwendener, S. 1869. Die Algentypen der Flech-
tengonidien (Programm für die Rectoratfeier 
der Universitaet) (Basel; Universitaetsbuchdru-
ckerei von C. Schultze).

Shen, B. 2000. Biosynthesis of aromatic 
polyketides. Top Curr Chem 209: 1-51.

Shendure, J. and Ji, H. 2008. Next-generation DNA 
sequencing. Nat Biotechnol 26:1135-1145.

Shibata, S. 1958. Especial compounds of lichens. 
Handbuch der Pflanzenphysiologie 10:560-623.

Shibata, S. 2000. Great discoveries in bryology and 
lichenology - Yasuhiko Asahina (1880-1975) and 
his studies on lichenology and chemistry of 
lichen metabolites. Bryologist 103:710-719.

Stahl, E. 1877. Ueber die Bedeutung der Hymenial-
gonidien. Beiträge zur Entwicklungsgeschichte 
der Flechten, Heft 1(Leipzig; Felix).

Stocker-Wörgötter, E. 2002. Resynthesis of pho-
tosymbiodemes. In: Protocols in lichenology. 
Culturing, biochemistry, ecophysiology and 
use in biomonitoring, Kranner, I., Beckett, R.P., 
Varma, A.K., eds., pp. 47-60 (Berlin, Heidelberg; 
Springer-Verlag).

Stocker-Wörgotter, E. 2004. Experimental studies 
of lichenized fungi: formation of rare depsides 
and dibenzofurans by the cultured mycobiont 
of Bunodophoron patagonicum (Sphaeropho-

raceae, lichenized Ascomycota). Bibl Lichenol 
88:659-699.

Stocker-Wörgotter, E. 2008. Metabolic diversity of 
lichen-forming ascomycetous fungi: culturing, 
polyketide and shikimate metabolite produc-
tion, and PKS genes. Nat Prod Rep 25:188-200.

Stocker-Wörgotter, E. and Elix, J.A. 2006. Morpho-
genetic strategies and induction of secondary 
metabolite biosynthesis in cultured lichen-
forming Ascomycota, as exemplified by Cladia 
retipora (Labill.) Nyl. and Dactylina arctica (Rich-
ards) Nyl. Symbiosis 41:9-20.

Stübler, D. and Buchenauer, H. 1996. Antiviral activ-
ity of the glucan lichenan (poly-β{1 → 3, 1 → 
4} D-anhydroglucose) 1. Biological activity in 
tobacco plants. J Phytopathol 144:37-43.

Torres, A., Hochberg, M., Pergament, I., Smoum, R., 
Niddam, V., Dembitsky, V.M., Temina, M., Dor, 
I., Lev, O., Srebnik, O. and Enk, C.D. 2004. A new 
UV-B absorbing mycosporine with photoprotec-
tive activity from the lichenized ascomycetes 
Collema cristatum. Eur J Biochem 271:780-784.

Tvaroska, I., Ogawa, K., Deslandes, Y., and Marches-
sault, R.H. 1983. Crystalline conformation and 
structure of lichenan and barley β-glucan. Can J 
Chem 61:1608- 1616.

Tsai, H.F., Fujii, I., Watanabe, A., Wheeler, M.H., 
Chang, Y.C., Yasuoka, Y., Ebizuka, Y., and 
Kwon-Chung, K.J. 2001. Pentaketide melanin 
biosynthesis in Aspergillus fumigatus requires 
chain-length shortening of a heptaketide pre-
cursor. J Biol Chem 276:29292-29298.

Varga, J., Rigó, K., Kocsubé, S., Farkas, B., and Pál, 
K. 2003. Diversity of polyketide synthase gene 
sequences in Aspergillus species. Res Microbiol 
154:593-600.

Vitikainen, O. 2001. Great discoveries in bryology 
and lichenology. William Nylander (1822-1899) 
and lichen chemotaxonomy. Bryologist 104:263-
267.

Viviani, F., Vors, J.P., Gaudry, M., and Marquet, A. 
1993. Deoxygenation of polyphenols by asco-
mycetes: kinetic behavior of the NADPH-depen-
dent naphthol dehydrogenase and inhibition 
by tricyclazole and its analogs. Bull Soc Chim Fr 
130:395-404.

Watanabe, A. and Ebizuka, Y. 2002. A novel hexa-
ketide naphthalene synthesized by a chimeric 
polyketide synthase composed of fungal pen-
taketide and heptaketide synthases. Tet Lett 
43:843-846.

Williams, R.B., Henrikson, J.C., Hoover, A.R., Lee, 
A.E., and Cichewicz, R.H. 2008. Epigenetic re-
modeling of the fungal secondary metabolome. 
Org Biomol Chem 6:1895-1897.

Yamamoto, Y. 2000. Screening of biological 
activities and isolation of biological-active 
compounds from lichens. Chemical regula-

schm2109
Sticky Note
Schmitt, I. and Lumbsch. H.T. 2009. Ancient horizontal gene transfer from bacteria enhances biosynthetic potential of fungi. PloSOne 4: e4437.




	 May/June 2009	 SIM NEWS	 97

features

tion of plants (Shokubutsu no kagaku chosetu) 
35:169-179.

Yamamoto, Y., Kinoshita, Y., Kurokawa, T., Yoshimu-
ra, I., Ahmadjian, V., and Yamada, Y. 1995. Cell 
growth and pigment production in suspension 
cultures of a mycobiont isolated from the lichen 
Cladonia cristatella. Can J Bot 73:590-594.

Yang, X., Shimizu, Y., Steiner, J.R., and Clardy, J. 
1993. Nostoclide I and II, extracellular metabo-
lites from a symbiotic cyanobacterium, Nostoc 
sp., from the lichen Peltigera canina. Tet Lett 
34:761-764.

Yoshimura, I., Yamamoto, Y., Nakano, T., and Finnie, 
J 2002. Isolation and culture of lichen photobi-
onts and mycobionts. In: Protocols in lichenolo-
gy. Culturing, biochemistry, ecophysiology and 
use in biomonitoring, Kranner, I., Beckett, R.P., 
and Varma, A.K. eds., pp 3-33 (Berlin, Heidel-
berg; Springer-Verlag).

Yuan, X., Xiao, S., and Taylor, T.N. 2005. Lichen-
like symbiosis 600 million years ago. Science 
308:1017-1020.

Zopf, W. 1895. Zur Kenntnis der Flechtenstoffe. Ann 
Chem 284:107-132.

About the authors
Lucia Muggia (lucia.muggia@edu.uni-
graz.at) graduated with a degree in biol-
ogy from the University of Trieste (Italy) 
and received her PhD in molecular biolo-
gy from Karl Franzens University in Graz 
(Austria) in 2008. She now has a postdoc-
toral fellowship at the University of Graz.

Imke Schmitt (schm2109@umn.edu) is 
assistant professor in the Department of 
Plant Biology and Curator of Lichenized 
Fungi at the Bell Museum of Natural His-
tory at the University of Minnesota in 
St. Paul. She received her PhD in biology 
from the University of Duisburg-Essen 
(Germany) in 2002.

Martin Grube (martin.grube@uni-graz.
at) is an associate professor at the Insti-
tute of Plant Sciences, Graz, Austria. He 
received his PhD in biology from the Uni-
versity of Graz in 1995.

Contact Information
Corresponding author: Lucia Muggia
Institut für Pflanzenwissenschaften
Karl-Franzens-Universität Graz
Holteigasse 6 (Botanischer Garten)
A-8010 Graz, Austria

Ph: (+ 43 316) 380-5650, 380-5661 
Fax: (+ 43 316) 380-9880, 380-9883
E-mail: lucia.muggia@uni-graz.at 

Imke Schmitt
Department of Plant Biology
University of Minnesota
250 Biological Sciences Center
1445 Gortner Avenue
St. Paul, Minnesota  55108

Martin Grube
Institut für Pflanzenwissenschaften
Karl-Franzens-Universität Graz
Holteigasse 6 (Botanischer Garten) 
A-8010 Graz, Austria


