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COVE. 
The crustose lichen L&eanora disperss. lichen sym­
bioses, associations between fungi and algae, have 
originated multiple times during fungal evolution. At 
least one successful establishment of symbiosis led to 
the more than 6000 species of the order l ecanorales, 

represented here by L. dispersa. The white-rimmed 
cups (between 0.3 and 0.7 millimeter in diameter) 
emerging from the rock substrate produce the meiotic 
spores of th is fungal symbiont. See page 1492 and the 
News story on page 1437. IPhoto: V. Wirth] 

Multiple Origins of Lichen Symbioses in Fungi 
Suggested by SSU rONA Phylogeny 
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Phylogenetic hypotheses provide a context for examining the evolution of heterotrophic 
lifestyles. The lichen lifestyle, which is the symbiotic association of fungi with algae, is 
found in varIous representatives of Dicaryomycotina, both Ascomycetes and Basidio­
mycetes. A highly resolved parsimony analysis of small subunit ribosomal DNA (SSU 
rONA) sequences suggests at least five Independent origins of the lichen habit in disparate 
groups of Ascomycetes and Basidiomycetes. Because lichen associations arose from 
parasitic, mycDfThizal. or free-living saprobic fungi, neither mutualism nor parasitism 
should be construed as endpoints in symbiont evolution. 

L ichens are a classic example o( symbiosis 
["Zusammenleben ungleichnamiger Organ­
ismen" ( I )1, with inleractions ranging (rom 
mUlualistic 10 parasitic (2). Hyphae of Ihe 
fu ngal symbiont may lie within a matrix of 
algal cells, adhere to these cells as apprcs­
soria, invaginate these cells as haustoria, or 
occasionally penetrate cell walls and plus­
mfl lcmmae (3). Long-tenn survival of the 
lichen association depends on b..1 lflnced 
growth of the symbionrs, yet this balance 
docs not preclude killing or saprobic digcs­
rion of the algal symbiont (4). Lichen·fonn­
ing fungi r~present many diverse lineages of 
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Dicaryomycotina (5) that traditionally 
have been studied under Ihe rubric of Ii· 
chcnology. These lineages are not descend­
ed from a single lichen-forming ancestor, 
yet it is not known how many limes, and in 
which groups. the lichen habit originated. 
By eXamining the phylOl,'Cneric position of 
lichen-forming fungi relative to saprobic or 
pathogenic fu ngi, we can address a funda­
mental question of symbiont evolution: 
wherher mutualistic symbioses arc dcrived 
from more parasitic (onns (6). 

To detennine the origins of the lichen 
habit, we includt.-d lichen-fonning fungi 
within a phylogenetic analysis of Amastigo-­
mycota, members of EumycotH that lack 
motile Stages. The major lincflges of 
Amastigomycota-Basidiomycelcs, Asco· 
myceres, and Ihe paraphyleric zYb'Ol1lycetous 
fungi (7)-have few comparable morpho-­
logical characters [Q serve as the basis (or 
ph~' logenl.' tic. hypotheses. For example, the 
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group Oicaryomycotina is distinguished by 
the single morphological feature of dikary. 
otic hyphae (5). Even the sexual structures 
used to define these groups do not allow for 
comparisons. Additionally, many fung i lack 
sexual structures and cannot be unambigu. 
DUSly classified. 

Unlike mOt"phological characters, molec· 
ular characters a llow direct comparisons 
among extant Eumycota. Specifically, se­
quences of small subunit ribosomal DNA 
(SSU rONA) have been USt.oJ to propose 
phylogenetic hypotheses for fu ngi (8). TIle 
inclusion of SSU rONA sequences from fou r 
lichen-forming representatives has produced 
a highly resolved phylogeny for Ascomycetes 
and has demonstrated that lichen-forming 
fu ngi are a key to undersmnding ascomycete 
relations (9). Our study used SSU rONA 
sequences from 10 lichen. fonning fungi and 
65 other fu ngi in a cladistic analysis, which 
produced twO equally parsimonious cla­
dograms that diffen.'<i only in sister taxa re­
lations within one clade of three fungi (10) 
(Fig. I). These phylogenetic h ypotheses sup­
port Oicaryomycotina, Basidiomycetes, and 
Ascomycetes as monophyletic and resolve 
their relations (II). In the topologies, we 
identified the phylogenetic positions of li­
chen-forming fungi and nOOes where discor· 
dance in lifestyles among sister taxa indicates 
an independent gain or loss of the lichen 
habit. In each case, it is most parsimonious 
to interpret the lichen habit as gained (I2). 

Within Basidiomycetes, our phylogenetic 
hypothesis supports three independent origins 
of the lichen habi t, each corresponding to 
groups supported by morphological characters 
(13). The basal origin of the basidiolichen 
habit is within the coral fungi; a few species of 
Multidavula (Fig. 2A) form loose lichen ass0-

ciations with the green alga Coccomyxa or 
occasionally with cyanobacteria. An indepen­
dent lichen association with Coccomyxa is 
represented by OmphalilUl umbeUifl!ra (Fig. 
28), which produces typical gi lled mushrooms 
and is allied with the button mushroom Agar­
icus bispurw and the oyster mushroom P/euro­
!US ostTelUus. Another basidiolichen origin is 
indicated by Dicry<mel1Ul pavonia (Fig. 2C), 
whose unique haustoria penetrate the cya­
nobacterium Scytonema. This tropical inhab­
itant is most closely related to the wood­
rotting SchizoplryUum commune. Two of th(! 
three basidiolichens, Mulliclawla mucida and 
O. urnbeilifl!ra, produce fnlit ing structures that 
are algae-free and closely resemble those of 
their non- lichen-forming relatives (/3). The 
loose associations these basidiolichens fonn 
with algal colonies require few changes in 
overnll morphology. These hasidiolichen ass0-

ciations may have arisen multiple t imes, per­
haps quite recently, within each closely relat­
ed group. 

Within Ascomycetes the lichen habit 
arose at least twice, according to our phy-

lagenetic hypothesiS; other independent or­
igins may be detected with the inclusion of 
other taxa ( 14) . The most basal origin is 
represented by Lecanora dispersa (Fig. 20), 
Porpidia cru.$w/ala. and Sphaerophorm globo­
sus (Fig. 2E), members of Lecanornles (9) 
that commonly form intimate haustorial 
connections to coccoid green algae such as 
Trebouxia. The nearly 6000 species of 
Lecanorales include famil iar cruStose, fo li­
ose, and fru ticase lichens wi th cup-shaped 

- .-

fru iting structures. Other lichen-forming 
groups such as Caliciales, as represented 
here by the saprobe Mycocalicillln alboni­
grnm, are sister taxa to Lecanor:.les. The 
calicialean lineage may have given rise to 
nonlichenized cleistothedal fungi, such as 
the laborntory model Aspergillus. A second 
origin of the ascolichen habit is in the 
lineage containing Arthonia radiaw (Fig. 2F) 
and allied spt.ociL'S of the order Arthoniales 
(/5), whose hyphae may even pcnetrnte 
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Fig. 1. PhylogenetiC relations within Amastigomyoota, as derived from parsimony ana~s Of 1927 
nucIOOtides of SSU rONA sequences from 75 representative fungi. One of two equally parsimonious 
dadograms of 3491 steps is shown; the cladograms differ crit il sisler taxa relations wittWI the dade thaI 
indudesAgaricus bisportss, 0mphaIina umbeIIifera. and Aeurotus as/rea/us. Bootstrap percentages (2 I) 
from 200 replications are shown on each supported branch. The major fuolgaIgroups supported in this 
analysis are labeled adjacent to thai' nodes. lichen-forming ft.ngI are shown in green, rnyconflizaJ h.ngi 
., pink. plant pathogenic fungi in blue, animal pathogenic h.ngi in orange, and saprobic fl..ngi in black; the 
green branches represent independent origins of the 1K;hen habit. 
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Fig. 2. Representatives of 
the five independent ori· 
gins of lichen syrOOioses. 
(A) The coral flrIgus Mtifi­
davu/a vamais (Schw.) 
A. H. Petwsen, a close 
reiativeofM. mucida, end&­
cayilg 'MXld. (8 ) The 1Tl.ISh. 
room ~ tvdsoni· 
Ma (Jem.) Bigelow, a close 
relative of O. umbeltifera, on 
OI"gMc materials. (e ) The 
Jaiose 0icty0n6ma p8V(r 

niB (Sw.) Parmasto en tr0p­
ical soil. (D) The crustose 
LI3C8fI()(3 dispefsa (Pers.) 

~. on rock. (E) The 
lrutiCose ~ 

g/cbo<u> -­en orgwic materials. IF) The 
cruslose Mhonia radiara 
(Pes.) Ach. on bark (A) 
ItTOugh (C) a-e Basidiomy­
cetes, (0) ItTOugh (F) !WEI 
Ascanycetes, and (0) and 
(E) are members of the or­
der Lecanorales. Photo­
gaPls (22) a-e by C. Schei­
degger~. V. With(B,C,0, 
and F). and K Rasbadl (1:). 

their 1I1gai pllTlnef. typically the filamen­
toilS green alga Trenwpohlia. This order of 
nearly 2000 5pccics is closely rdatl'<i to 
pcrithecial fungi, including the modd fun­
gi NcuTmtxn'a crass(l and Podospora (lnsc­
rilla. Scpamte origins o( the lichen habit 
in Lecanorn lt!S and ATlhoniales explain 
the nomble differences in their morphol­
ogy. halislOrill, lmd a lga l symbionrs. In 
contrnst to the hasidio[ichcns, Hsco[ichcns 
;tre intricaTe associations in wh ich the li­
chen morphology differs from that pro­
duced by ei ther of the symhionts cu[tUTL'<i 
;txeniclllly. In Ascomycetes. lichen (ormll­
lion is a dominant lifestyle. with nea rly 
half of the ~pecies associated with algae, 
and lichen origins arc relatively ancient 
and evol utionarily successful. 

Myco[ogists would never propose thll! all 
fungi patho.'!l·nic to plants, or all fung i that 
(onn mycorrhi.lIe. aTe scp.·ua te cohesive 
units. However, fungi that form lichens 
have been stud ied and classified in bolation 
from odlcr fungi, even very recent[y (16). 
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Here, we show thtlt lichen symbioses arose 
lit least five tinn.'S in phyl~encticlilly dis-­
tant b'TOUP:;; the concept of lichen is thus 
ecologically ffieaninb.ful ( 17) hut not phy. 
logclletically meaningful. Within lhis phy_ 
[ogenetic context, the most ptlmsitic [i ­
chen-forming fungi, Arthonia[es (18), arc 
closely related fO groups thm include vi ru­
[ent plant pathogens (LLucoswma and Aber­
naria), which suggcSb that lichen symhionts 
arose from pamsitic fungi. Lichen formation 
is not a primitive lifestyle; ot her lichen 
symhionts arose from prcJominlintiy mycor­
rhizal fungi (basidiolichens) or from sapro­
bic fungi (Lec:momles). Indeed, [ec:mo­
mlean lichen symbionts may have given rise 
to fungi parasitic o n lichens (19). Fungi arc 
oppoTlunists: S'lprobcs ix.'Come symbionts; 
symhionts switch between mutualism and 
pamsitism. O n the basis of this phylogenetic 
analysis o( fungi in symbiotic lichen associ­
ations, we find nosuppon for the tener that 
there is a general evolutionary prQI,'Tcssion 
from parasitism to mutualism. 
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