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I. Introduction

The structures of about 220 secondary metabolites found in lichens have
been established so far. A classification of these compounds based on the
biogenetic progenitors, carbohydrate, acetate-polymalonate, mevalonate,
and shikimate, is a convenient starting point for a discussion of their biosynthesis. The carbon metabolism involved is summarized in Fig. 1.
A study of the biosynthesis of lichen metabolites is warranted for several
reasons:
1. Many of the structural classes, e.g., depsides, depsidones, depsones,
dibenzofurans, and pulvic acid derivatives, are almost exclusively confined
to lichens.
2. Where analogous metabolites occur in lichens and fungi, it is of interest
to compare their biosynthetic pathways.
3. Biosynthetic studies may give valuable insight into the biochemistry
of symbiosis, answering questions concerning the roles of the separate
symbionts in synthesis and breakdown of lichen metabolites as well as information on general lichen metabolism.
Prior to 1964, the slow-growing lichens had been considered unsuitable for
direct experimental biosynthetic investigations. About that time, however,
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F I G . 1. Carbon metabolism leading to the formation of the major groups of lichen sub
stances with a typical representative given in parentheses.

a limited number of experimental reports began to appear in the literature
dealing with aspects of the biosynthesis of lichen metabolites (Mosbach,
1964a,b,c; Maass etaL, 1964; Yamazakie/tf/., 1965). There is still surprisingly
little data, but these can be supplemented by appropriate analogies drawn
from parallel studies, in particular those on closely related free-living fungi.
In the studies to be discussed below, the basic methodology involves almost
exclusively administration of radioactively labeled precursors to intact
lichen thalli. The first reports recently appeared on the isolation and prop
erties of enzyme systems directly involved in the metabolism of typical
lichen substances (Mosbach and Schultz, 1971; Schultz and Mosbach, 1971).
II. Biosynthesis
A.

Carbohydrates

Three main types of carbohydrate have been recognized in lichens.
1. POLYOLS

Lichens are notable for their high polyol content. Eight different com
pounds have so far been found: glycerol, m^o-erythritol, D-arabitol, D-ribitol,
D-mannitol, mjw-inositol, D-volemitol (QH^Oy), and siphulitol (0^Η Ο ),
the latter being the first deoxy sugar alcohol found in nature. Erythritol also
occurs in some lichens as orsellinate (montagnetol) and lecanorate (erythrin)
16
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esters. From investigations of the sugar alcohol content of 60 types of lichens
it appears that the occurrence of these compounds varies from genus to
genus, D-Mannitol, however, occurs in all the species investigated (Lindberg
et al, 1953).
2. POLYOLGLYCOSIDES

Three lichen polyol glycosides have been described: 3-O-^-D-glucopyranosyl-D-mannitol, peltigeroside, and umbilicin (Lindberg and Wickberg, 1962).
3. POLYSACCHARIDES

The cell walls of the hyphae consist mainly of the polysaccharides,
lichenin and isolichenin, and, to a lesser extent, pustulan and other glucans,
some of which occur solely in lichens. The widespread lichenin is a linear
β-D-glucopyranosyl polymer of molecular weight 20,000-40,000 lying
between those of starch and cellulose (Peat et al, 1961).
The biosynthetic pathways leading to lichen carbohydrates seem unexcep
tional, relevant parts of this topic being covered in the preceding chapters.
The role of sugar alcohols, which are generally present as intermediates
during the carbon flow from the alga to the fungal partner, appears to be of
special significance.
B. Acetate-Polymalonate

Group

By far the greatest number of lichen substances are derived by condensa
tion of a "starter" unit, usually acetyl-SCoA(*),t and Ai-malonyl-SCoAunits
with concomitant decarboxylation. The putative poly-/3-ketothioester thus
formed undergoes modification to give the observed metabolites, also
known as "polyketides" (Collie, 1907), a name best restricted to non-fattyacid compounds.
1. HIGHER FATTY ACIDS AND LACTONES

The higher fatty acids and their lactones occurring in lichens can be
divided into three groups: ^-lactone acid derivatives [nine members, e.g.,
protolichesterinic acid (1)]; dibasic fatty acids [roccellic acid (2)]; and tribasic fatty acids [caperatic, nor- and rangiformic acids (3)]. In addition, two
tetrahydroxy fatty acids, e.g., ventosic acid [CH (CH ) (CHOH) —CH —
(CHOH) (CH ) COOH] have been reported (Solberg, 1957). All aliphatic
lichen acids are optically active.
3
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The only reports of biosynthetic studies of this group of aliphatic lichen
acids deal with the biosynthesis of (+)-protolichesterinic acid in Cetraria
islandica (Bloomer et al, 1968, 1970; Bloomer and Hoffman, 1969). Feeding
experiments using C-labeled acetate and succinate strongly indicate
formation of this y-lactone by condensation of palmitic acid with a C unit
(Fig. 2) thus justifying earlier biogenetic speculation (Mosbach, 1969). In
close analogy are the enzymic syntheses of the related fungal metabolites
decylcitric (4) and spiculisporic acids which proceed by condensation of
lauryl-SCoA with oxalacetate and α-ketoglutarate, respectively (Gatenbeck
and Mahlen, 1966). Formation of the lichen acids is believed to proceed
similarly by standard elaboration of a long-chain alkanoyl-SCoA unit, the
α-methylene group of which undergoes aldol type condensation with a
ketoacid. The condensing units of the lichen substances shown in Fig. 2
are therefore most likely the faLtty acids myristoyl- or palmitoyl-SCoA, on
u
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FIG. 2. Probable biosynthesis of protolichesterinic acid (1), roccellic acid (2), rangiformic
acid (3), and acarenoic acid (5). The labeling given for (1) is the one expected after administration
of the likely precursor oxalacetate by analogy with the results reported for succinate.
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the one hand, and the keto acids oxalacetic acid and perhaps pyruvic acid,
on the other. In the ^-lactone acids the corresponding /3-hydroxy fatty acids
are possible condensation units. Recent enzymic studies using a highly purified and kinetically well-characterized decylcitrate synthase from a Penicillium mold are in full accord with the scheme given (Mahlen, 1971).
2. AROMATIC POLYKETIDES

The structures of about 130 aromatic lichen substances have so far been
elucidated; about 120 of these are polyketides. In most cases orsellinic acid
(6) and its homologues are the principal structural units. Contrary to molds
where orsellinic acid occurs generally in the free form (Reio, 1958; Mosbach,
1959), although occasionally as a part of a metabolite (e.g., Merlini et al,
1970), in lichens it is present almost exclusively condensed as di-, tri-, and
tetracyclic compound. Isotopic studies with C and O on this mold metabolite (Mosbach, 1960, 1961; Bentley and Keil, 1961; Gatenbeck and Mosbach, 1959) established that its formation involves condensation of one
acetyl-SCoA unit with three malonyl-SCoA units, probably via an enzymebound thiolester of 3,5,7-triketooctanoic acid, which undergoes internal
aldol condensation, dehydration, and hydrolysis. An alternative aldol condensation could lead to 3,5-dihydroxyphenylacetic acid (8), which, however,
has never been shown to occur. A Claisen-type condensation leads to the
acetylphloroglucinol skeleton (7) (Fig. 3). The formation of these compounds most probably takes place on a multienzyme complex in analogy
with the biosynthesis of fatty acids, as has been indicated by enzymic studies
with the related polyketides, 6-methylsalicylic acid (Lynen and Tada, 1961)
and alternariol (Gatenbeck and Hermodsson, 1965). In a recent study, the
enzyme system responsible for the formation of the former compound has
1 4

l s

FIG. 3. Three possible alternative cyclization of 3,5,7-trioxooctanoic acid leading to the
compounds (6)-(8). During cyclization the intermediate compound is likely to be bound to its
multienzyme complex ( = ME) as thiolester or, less likely, to coenzyme A .
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been isolated from Penicillium patulum and shown to comprise a single multienzyme particle with a molecular weight of about 1.1 χ 10 to 1.5 χ 10
(Dimroth et al., 1970).
Several groups of characteristic polyketides occur in lichens. Biosynthetically they are closely related, being derived mainly from 6-alkyl-or 6-(/3-keto)
alkyl-2,4-dihydroxybenzoic acids which further vary in their details of
"extra" ring substituents (Table I). β-Orsellinic acid units are not so wide
spread as fungal metabolites. The only report of such a recognized depside
component in a free-living fungus concerns the occurrence, biosynthesis,
and metabolism of 3-methylorsellinic acid (R = CH ) in Penicillium stipitatum (Scott et al., 1971).
This large number of variations on the orsellinate template is augmented
by the diversity of modes by which the monomers are connected (Fig. 4) and
according to which the metabolites are usually classified. The two principal
mechanisms involved are esterification, as with the depsides (9), and oxida
tive coupling, which leads to the C— C bond joining the two rings of the
dibenzofurans (12) and dibenzoquinones (13). The biosynthesis of the depsi
dones (10) and depsones (11) involves both linkages. Apart from the diben
zoquinones, these types constitute, together with the pulvic acid derivatives,
the typical aromatic lichen substances and are, with very few exception such
as the nidulins (mold depsidones) and the m-digallic acid occurring in tan
nins (depsides in algae and higher plants), restricted to the lichens.
6
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FIG. 4. Structural relationships and possible formation of the five types of condensation
products of orsellinic acid (6) or its homologues taking place in lichens. (9a) = olivetoric
acid, (9b) = dihydropicrolichenic acid, (10) = physodic acid, (11) = picrolichenic acid, (12)
= pannaric acid, (13) = pyxiferin.

a. ORCINOL DERIVATIVES. Metabolites based on orsellinate monomers
(or monomeric homologues) are rare in lichens; known are ethyl and erythrityl orsellinate and methyl β-orsellinate. To my knowledge, no studies have
been carried out on the formation of these compounds. What will be said
below under depside biosynthesis and in the conclusion is likely to apply
to these substances as well.
b. DEPSIDES. The 40 depsides presently known constitute by far the
largest group of aromatic lichen substances. The first biosynthetic investiga
tion on these metabolites was carried out with gyrophoric acid (14) from
Umbilicaria
papulosa. [l,3- C]diethylmalonate was administered to the
lichen thallus (Mosbach, 1964a) in Erlenmeyer flasks on a rotary shaker and
partly submerged in the medium. After an incubation period of 3 days, radio
activity was found to have been incorporated into gyrophoric acid at the
surprisingly high level of about 4%. Later studies with the same organism
using C 0 further emphasized the rapid metabolism of the organism since
14

1 4

2

530

KLAUS

CHgCOSCoA

+

MOSBACH

HOOC—CH —COSCoA

^co

2

2

FIG. 5. Biosynthesis and enzymic degradation of the tridepside gyrophoric acid (14).
Labeling pattern (*) obtained after incubation with C H ( ^ C O O Q H s ) ^ Enzymic degradation
involves hydrolysis, catalyzed by orsellinate depside hydrolase ( E l ) followed by decarboxyla
tion with orsellinate decarboxylase (E2).
2

radioactivity was detected in the depside after incubation for only 1 minute
(Fox and Mosbach, 1967). Subsequent degradation of labeled gyrophoric
acid obtained after incubation with diethylmalonate gave the same specific
activity for all three orsellinic acid molecules in the positions emanating
from the malonyl-SCoA, while much less activity appeared in the positions
derived from the acetyl-SCoA "starters" (Fig. 5).
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Labeling pattern in the depside atranorin (15) after incubation with C H
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In similar studies [ l- C] acetate and [ C] formate were incorporated
into the depside atranorin (15), belonging to the/3-orsellinic acid group, with
specific incorporation of formate into the "extra" CHO and CH groups
(Fig. 6) (Yamazaki et al, 1965), the immediate precursor of which is likely to
be S-adenosylmethionine. Subsequently it was shown by Yamazaki and
Shibata (1966), that tritium-labeled β-orsellinic acid was incorporated into
atranorin whereas tritiated orsellinic acid was not, thus implying that in
sertion of the " Q " unit occurs before aromatization.
It would appear that the many higher orsellinic acid homologues such
as olivetoric acid (9a) are derived from a single acetate-polymalonate chain
in analogy with the fungal " C acid" (6-acetonyl-2,4,-dihydroxybenzoic
acid) (Manchanda and Stickings, 1963). A condensation of a separately
formed alkanoyl-SCoA unit with orsellinic acid appears less likely.
14

14

3
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c. DEPSIDONES. Approximately 23 lichen depsidones have been charac
terized. Their formation probably proceeds via one of the following path
ways: (1) intramolecular oxidative coupling of the depside (Barton and
Cohen, 1957; Erdtman and Wachtmeister, 1957) by a separate "depsidede
hydrogenase", (2) oxidative coupling, without the participation of a free
depside intermediate, on a "depsidone multienzyme complex." The first
alternative has support in the coexistence of the depside-depsidone pair
olivetoric acid (9a)-physodic acid (10) (Fig. 4) in species of Cetraria ciliaris
(Culberson, 1964). Other such pairs, which have not so far been reported to
occur jointly, are atranorin (15)-virensic acid, microphyllinic acid-α-collatolic acid, and sphaerophorin-grayanic acid. A biogenetic-type synthesis
of the depsidone diploicin, involving oxidation of the corresponding depside
with manganese dioxide has been reported (Brown et al., 1960).
d. DEPSONES. Only one depsone, picrolichenic acid (11), has so far been
discovered (Wachtmeister, 1958). It is probably formed from the cor
responding depside, dihydropicrolichenic acid (9b) (not itself a recognized
metabolite), by an intramolecular oxidation leading to C — C coupling.
Here the methoxy group prevents the presumably favored C — O* coupling
of depsidone formation. The reported synthesis of the above depsone by
oxidation of the corresponding synthetic depside (9b) with manganese dio
xide is in agreement with this postulate (Davidson and Scott, 1961).
e. DIBENZOQUINONES. Only a tentative structure for the only known
lichen dibenzoquinone pyxiferin (Neelakantan, 1965) has been given;
speculation as to its biogenetic origin should therefore be treated with great
est care. Pyxiferin is reported to be closely related structurally to the fun
gal dibenzoquinones oosporein (16b) and phoenicin (16c). The biosynthesis
of the monocyclic quinones probably proceeds via orsellinic acid, as was
shown for the fungal toluquinone fumigatin (17)(Pettersson, 1966). The two
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FIG. 7. Possible biosynthesis of pyxiferin (16a) and structures of the fungal dibenzoquinones
phoenicin (16b) and oosporein (16c). Labeling pattern in fungal toluquinone fumigatin (17)
after incubation with [ 2 - C ] orsellinic acid.
1 4

monocyclic portions of dibenzoquinones are thought to combine by oxida
tive phenolic coupling (Westerfield, 1942). Furthermore, it has been shown
that orsellinic acid and orcinol are incorporated specifically into phoenicin
(Charollais et al, 1963).
f. DIBENZOFURANS. Dibenzofurans are essentially unique to lichens.
Only one representative, rhodomyrtoxin, has tentatively been identified out
side the lichen group (Trippet, 1957). Of the seven dibenzofurans whose
structures have been elucidated, five are condensation products of orsellinic
acid and homologues, e.g., porphyrilic acid (18) and strepsilin (19), and
represent the usual lichen dibenzofurans; usnic (21) and isousnic acid,
however, are based on acetylphloroglucinol (7) units and are the sole aromatic
lichen substances to be derived by Claisen condensation of the polyketide
chain (Fig. 8). Barton et al. (1956) were the first fo succeed in synthesiz
ing usnic acid in their classical work involving oxidation of acetylmethylphloroglucinol with potassium hexacyanoferrate (III). The initially
formed hydroxydihydrousnic acid (20) was subsequently dehydrated with
sulfuric acid to give usnic acid. Pentilla and Fales (1966) and Taguchi
et al. (1969a) succeeded in effecting the same coupling enzymically with
a peroxidase system to give (20). In a series of incorporation studies
using in particular H - and C-labeled acetylmethylphloroglucinol, the bio
synthetic pathways leading to the formation of usnic acid were estab
lished as depicted in Figure 8 (Taguchi et al., 1966, 1969a,b). Administered
acetylmethylphloroglucinol was incorporated intact into usnic acid whereas
3

14

14

3

FIG. 8. Proposed biosynthesis of dibenzofurans; porphyrilic acid (18), strepsilin (19), and usnic acid (21). Labelling pattern in (21) was
obtained after incubation with ( CH — CO)-acetylmethyl-phloroglucinol.
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acetylphloroglucinol was not. According to these findings, the biosynthesis
of usnic acid and probably that of other dibenzofurans proceeds by oxidative
phenol coupling and subsequent dehydration. The question of whether
separate dehydrogenases and dehydratases are involved or whether the
complete synthesis takes place in vivo on a multienzyme complex has yet to
be answered. In these above studies the observation has also been made
(Taguchi et al., 1969b) that the efficiency of synthesis of usnic acid in lichens
is subject to seasonal variation. This may be a result of the variable supply
of the early precursors in the total biosynthetic sequence.
g. CHROMONES, XANTHONES, NAPHTOQUINONES, ANTHRONES, AND ANTHRA-

QUINONES. Chromones, xanthones, naphtoquinones, anthrones, and anthraquinones cannot be regarded as unique lichen metabolites since they are
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OH

Ο

OH

(26a)

FIG. 9. Possible biosynthetic pathways of noncondensed aromatic lichen polyketides from
a β-polyoxomethylene chain. The "starting" positions are indicated by heavy lines, while the
dotted lines indicate the theoretically still possible formation of such compounds from two
separate units.
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represented in other organisms. They are, however, unusually common in
lichens, at least 40 different compounds having been described. No bio
synthetic studies on the lichen compounds have yet been reported but
the biosynthesis of analogous fungal metabolites is well documented and
biogenetic parallels can usefully be drawn. It is most likely that all originate
from poly-/5-oxomethylene precursors as outlined in Fig. 9. The much less
likely formation by condensation of two separately formed polyketide chains
or their cyclized products, as demonstrated for the biosynthesis of citromycetin (Gatenbeck and Mosbach, 1963) and mollisin (Bentley and Gatenbeck,
1965; Tanabe and Seto, 1970), cannot, however be entirely ruled out.
The four known chromones found in lichens, lepraric acid, 6-ethoxymethyleugenitin, rupicolin (22), and siphulin (27), probably result from the
condensation of an acetyl-SCoA "starter" unit with either four malonylSCoA units or, in the latter case, eleven. The six xanthones, e.g., lichexanthone (23), are probably formed analogously from one acetyl-SCoA
molecule and six malonyl-SCoA molecules. Noteworthy is the structure of
thiophanic acid (2,4,5,7,-tetrachloro-l ,3,6-trihydroxy-8-methylxanthone),
a tetrachloroxanthone (Huneck, 1966), one of a large number of charac
teristic chlorinated aromatic lichen metabolites. Three naphthoquinones
have been isolated so far, haemoventosin, chiodectonic acid, and rhodocladonic acid (24). Although it is not established whether the ring fused to the
naphthoquinone moiety of (24) is 2-acetyl-3-hydroxyfuranyl (as shown) or
2-methylchromonyl in nature, the biosynthesis of either probably involves
a polyketide chain of the same length as for the xanthone precursor but
folded differently.
The structures of about 26 lichen anthraquinones have so far been eluci
dated. Their biosynthesis is discussed together with that of the anthrones,
biosynthetically obviously closely related compounds of which two repre
sentatives have been recently isolated (Yosioka et al., 1968). Taking the
information gained from a series of investigations by Gatenbeck (1962) and
Shibata and Ikekawa (1963) on fungal anthraquinones, the formation of the
corresponding lichen metabolites will involve one acetyl-SCoA and η
malonyl-SCoA units. The β-polyoxomethylene chain formed, leading to
endocrocin (26a), corresponds to the ring closure leading to orsellinic acid,
while that leading to solorinic acid (26b) parallels the formation of the
acetylphloroglucinols. The anthrones (25) can be envisaged as being formed
more or less directly through cyclization of the chain and are probable
precursors of the anthraquinones which require a further oxidation step.
Of interest is the occurrence of dimers of both lichen anthraquinones,
anthrones, and xanthones.
h. PORTENOLS. Recently, occurrence and structure of two interesting
lactones, portenol (28a) and acetylportenol (28b), {vom Roccella species have
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Biosynthesis of portenol. Labeling pattern after incubation with C H
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and ( M e - C ) methionine ( Δ ) .
14

been reported (Aberhart et al, 1969). Their biosynthetic formation would
appear to involve condensation of one acetyl-SCoA unit and five methylmalonate units. However, a recent report (Aberhart et al, 1970) on biosyn
thetic investigations carried out on these lichen metabolites of apparent
polypropionate origin indicates, surprisingly, their formation from one
acetyl-SCoA and five malonyl-SCoA units with not fewer than five " Q "
units originating from methionine (Fig. 10). A fungal polyketide with a
somewhat similar high degree of Q substitution is citrinin (Birch et aL,
(1958).
C.

The Mevalonate

Group

Known lichen metabolites of probable mevalonate origin include one
diterpene, ( - )-16a-hydroxykaurane, a series of about 20 triterpenes, several
Acetyl-SCo A

Δ -Isopentenyl-P-P
3

Mevalonic acid

Geranyl-P-P (C )
10

Farnesyl-P-P (C )
15

(C )
20

(CJ

(C30)
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OH
(29)
FIG. 11.

(30)
Cyclization of squalene to form zeorin.

steroids (ergosterol, β-sitosterol, fungisterol, vitamin D ), and carotenoids
(β- and y-carotene as well as several xanthophylls). Studies of their formation
in lichens have not been reported, but it may be assumed that this follows the
established pattern of "poly-isoprene" biosynthesis summarized on p. 537
(Richards and Henrickson, 1964).
The triterpenes are all pentacyclic; noteworthy is the rare five-membered
ring Ε found in zeorin (30) and leukotylin. Zeorin (6a,22-dihydroxyhopane),
the most frequently occurring lichen terpene, seems to be formed by the
cyclization of squalene (29) (Fig. 11). A direct precursor of lichen triterpenes
with an oxygen function in position 3 (as in friedelin) may be2,3-epoxysqualene (Corey and Ortitz de Montellano, 1967). As many as seventeen different
cyclases, effecting such cyclizations, have been found in a number of dif
ferent organisms (Dean, 1973).
2

D.

The Shikimate

Group

DLKETOPIPERAZINES, TERPHENYLQUINONES, AND PULVIC ACID
DERIVATIVES

The shikimate moiety is the progenitor of thirteen aromatic lichen com
pounds derived via the sequence: phosphoenolpyruvate + erythrityl-4phosphate
> shikimate
>chorismate
>prephenate
>Q-C3
derivatives, e.g., phenylalanine and phenylpyruvic acid. One diketopiperazine, picroroccellin (31), two terphenylquinones, polyporic (32), and thele-

FIG. 12. Biosynthesis of aromatic lichen substances of the shikimate group from Q — C
fragments. In compounds, whose formation was demonstrated experimentally after administra
tion of [ 1 - C ] phenylalanine, the C-labeling obtained has been marked with an asterisk.
(34) = pulvic acid dilactone, (35) = pulvinamide, (36) = pulvic acid, (37) = vulpinic acid,
(38) = rhizocarpic acid, (39) = epanorin, (40) = calycin, (41) = leprapinic acid, (42) = leprapinic acid methylether, (43) = pinastric acid. Brackets indicate possible enzyme binding of
the compounds.
3
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14
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phoric acids (33), as well as ten pulvic acid derivatives (34-43) have so far
been characterized (Fig. 12).
Picroroccellin appears to be formed by direct condensation of two phenylalanine units and is thus a modified cyclic dipeptide. A cyclic tetrapeptide
has recently been encountered yielding on hydrolysis L-proline and D-/3amino-/3-phenylpropionic acid. Labeled phenylalanine has been shown to
be incorporated specifically into the fungal terphenylquinones volucrisporin, a m-dihydroxyterphenylquinone (Read et al., 1962; Chandra et al.,
1966) and phlebiarubrone, an orthoquinone carrying a terphenyl moity and
a methylene-dioxy group (Bose et al., 1969). The biosynthesis of the lichen
terphenylquinones probably also involves condensation of two C - Q units
likely to be phenylpyruvic acid or phenylalanine, the latter possibly as an
enzyme-bound Schiff's base condensing with a Co A thiol ester of phenylpyruvic acid as has been suggested by Maass (1970a).
Whereas in lichens pulvic acid derivatives seem to outnumber the known
terphenylquinones, the reverse is true in fungi, there being only three of the
former, e.g., xercomic acid (Beaumont and Edwards, 1971) but about ten
more of the latter, including the parent polyporic acid, isolated recently from
cultures of Polyporus nidulans (Lindberg et al., 1973). Oxidative ring cleavage
of the quinone ring of free polyporic acid or its enzyme-bound equivalent
leads to pulvic-acid derivatives with their characteristic 1,4-diphenylbuta1, 3-diene system (Fig. 12). In this context it has been suggested that the
newly identified pulvinamide (35) in its enzyme-bound form represents the
immediate precursor of the pulvic acid derivatives (Maass, 1970a,b). Leaving the above hypotheses, the following events in the biosynthesis of these
structures have been established using the radioactive precursors [1- C]DL-3-phenylalanine (Mosbach, 1964b; Maasseia/., 1964)and [ C]polyporic
acid (Maass and Neish, 1967). (a) Two C - C units condense to form a
terphenyl structure, which (b) subsequently undergoes ring fission to the
different pulvic-acid derivatives.
6
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14
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E.

3

Others

Besides the lichen substances discussed, a number of compounds have
been isolated which simply represent general constituents of living cells,
biosynthesis of which will not be taken up here. Sufficient to mention choline
sulfate and ethanol sulfate esters, with which S-labeling studies have
recently been carried out (Feige and Simonis, 1969). Finally, attention
should be drawn to a report by Jackson and Keller (1970) on the formation of
an unusual ferric oxide mineral through the action by a tropical lichen on
basalt as an example of "indirect" biosynthesis.
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III. Conclusion: The State of The Problem

In conclusion, it appears appropriate to examine the question of what new
information of value for the understanding of lichen biology in particular and
biochemistry in general might be obtained from the biosynthetic studies
discussed. First of all, in the examples given, such as for the biosynthesis of
gyrophoric acid, usnic acid, and pulvic acid derivatives, all representing
typical lichen substances, the information gained from the labeling patterns
obtained is of value per se, giving insights into biosynthetic sequences
involved. Future studies must be aimed at isolation and characterization of
the participating enzyme systems, a number of which are certain to be new
and not found elsewhere. It should be stressed, however, that great technical
difficulties are likely to be encountered in such a project, as has already
been experienced on preparing a cell-free "depside-synthesizing system"
(Mosbach and Jakobsson, 1968). Some progress has also been made towards
answering the fascinating question of whether the lichen symbionts collaborate in synthesis (anabolism) and breakdown (catabolism) of lichen substances. This problem is of general biochemical interest since, by looking at
cells as small-scale symbiotic forms of life (Dubos, 1963; Mosbach, 1969),
light may be thrown on general aspects of cell organization and metabolic
control. In a number of cases it has been shown that the fungal symbiont
alone can be made to produce lichen substances in culture, i.e., the anthraquinone parietin (Thomas, 1939), four pulvic acid derivatives (34,36,37,40)
(Mosbach, 1967), the dibasic fatty acid roccellic acid, and three chromones
(Fox and Huneck, 1969), as well as usnic acid and the depsidone salazinic
acid (Komiya and Shibata, 1969). In this connection it is of interest that
vulpinic acid (37) has not been reported in the normal lichen association and
can be described as an "induced" metabolite.
The case of depside formation is still unclear at present. Again, the fungal
part may very well have all the enzymes that participate both in synthesis of
the monocylic units as well as in their subsequent coupling, possibly as
activated thiolesters such as orsellinyl-SCoA. The overall process could
likewise take place in the fungus on a single multi-enzyme complex made
up of two, three, or four orsellinic acid synthetase complexes associated in
a way permitting direct condensation of the enzyme-bound monomers. It is
also conceivable, however, that the algal part enzymically condenses the
monocyclic units. This would be an analogy to the observed enzymic breakdown of depsides, for which the first step, hydrolysis of the depside by orsellinate depside hydrolase, possibly present in the algal symbiont, is followed
by a decarboxylation step catalyzed by orsellinate decarboxylase, likely to be
present in the fungal part (Mosbach and Ehrensvard, 1966) (Fig. 5). More
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detailed studies of these two enzymes isolated from the intact lichen revealed
that both have remarkably high turnover rates or molecular activities of 1300
units/mg protein and 14.1 units/mg protein, respectively, which is rather
unexpected for these slow-growing organisms (Schultz and Mosbach, 1971;
Mosbach and Schultz, 1971). The successful and high degree of purification
of these highly substrate-specific catabolic enzymes might open up new
frontiers in lichen biochemistry. It is to be hoped that further such reports
will soon be forthcoming.
Regardless of whether or not the algal component contains enzymes
participating directly in the synthesis of lichen compounds, it should be
stressed that it is the metabolic activity, on the part of the algal components
and in particular the photosynthesis, that provides the prerequisites for the
synthesis of lichen substances.
Finally one is faced with the question of why these compounds are formed
and accumulate. High metabolite content is characteristic for most lichens.
For instance, the depside lecanoric acid, a diorsellinic acid, has been found
to constitute about 20% of dry weight of a lichen species (Seshadri and
Subramanian, 1949). Such high levels are usually found in molds only under
culture conditions with high glucose content in the medium. Since lichens
are slow-growing organisms, probably as an adaptation to nitrogen de
ficiency, it appears that any overflow of carbon metabolites caused through
the photosynthetic activity of the algal partner is channelled into formation
of lichen substances. Likewise one would like to ascribe the fact that in
lichens polyketides are mostly found as opposed to fatty acids, the content
of which appears to be low, because of a lack of the reduced cofactor nico
tinamide adenine dinucleotide phosphate (NADPH ) required for fatty acid
formation. That such a diversion can be established with molds has recently
been indicated (Mosbach and Bavertoft, 1971).
2
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