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Cryprogamic Botany

Omphalina (Basidiomycota, Agaricales) as a model
system for the study of coevolution in lichens

Francois Lutzoni and Rytas Vilgalys

Department of Botany, Duke University, Durham, NC 27708-0339 USA

SUMMARY

Although lichens represent the best example of mutualism, virtually nothing is known about the origin and
evolution of the lichen symbiosis. In this paper we propose to use the genus Oniphalina and its photobiont
Coccomyxa as a model system for coevolutionary studies on mycobiont-photobiont mutualistic associa-
tions. As a first step toward subsequent studies on coadaptation and molecular genetics, phylogeqenc
relationships were examined among lichenized and non lichenized Omiphalina using morphological,
anatomical, and DNA sequence data. Phylogenetic conclusions based on preliminary molecular da‘m from
the nuclear-encoded 25S ribosomal RNA gene were congruent with anatomical and morphological evi-
dence. Results of these phylogenetic analyses suggest that: 1) lichen-forming species of ‘()n_mbalim.l are
monophyletic and arose from a saprophytic lineage, 2) lichenization in the genus Ompba{nm is associated
with the loss of clamps, the loss of a pure tetrasporic state, the loss of the ability to grow in axenic culture
on MEA, and the development of a uninucleate teleomorph (which might correspond to a p'arth_enogene.nc
mode of reproduction), and 3) globules (Botrydina) were the first evolqnonary morphological innovation
resulting from the symbiotic association, followed by squamules (Coriscirin).

Introduction

Symbiotic interactions involving mutualism are much
more the rule rather than the exception in nature (2, 23,
46). This is certainly the case in fungi, where obligately
Mutualistic lichen-forming and mycorrhizal species are as-
soctated with members of almost every other kingdom of
life (6, 42, 56). As an example, more than 85% of all land
plants (Archegoniatae) are associated with VAM (vesicu-
ar-arbuscular mycorrhizal) fungi in nature (28), and it has

¢en suggested that the origin and evolution of the boreal
fOft?St are highly dependent on the presence of ectomycor-
thiza] fungi (45, 54, 57). Lichenization is one of the most
successful ways whereby fungi fulfill their requirement for
carbohydrates, with about 20% of the estimated 64,200
\nown species of fungi being lichenized (19).

Although the frequency of mutualism involving fungi is
quite high, mycobiont-photobiont associations are not
'rim.domly distributed across all taxa. For example, the ma-
lonty of fungi forming ectomycorrhizae involve members
of the Basidiomycota (21, 28). Similarly, the widespread
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VAM fungi represent a rather small and homogeneous
group (= 130 known species) within a single order, the
Glomales (49, 55). Lichenization is almost restricted to the
Ascomycota, which claims more than 98% of all lichen-
forming species (19). Also, lichenization is restricted to
specific lineages within the Ascomycota. Although ap-
proximately 50% of all known Ascomycota species are
lichenized, only sixteen orders out of 37 include lichen-
forming taxa (21), and only $ orders are entirely lichenized
(20). A similar pattern is present in the Basidiomycota,
where lichenization is known to occur in only six of the
estimated 1,100 genera of this division (21, 51). Such a
strong concentration in the distribution of mutualistic as-
sociations must result from specific evolutionary mechan-
isms. Dertailed studies of certain model lichen systems may
shed light on mechanisms thatplay a major role in the
evolution of other lichenized fungt and mycobiont-photo-
biont mutualistic associations.

Experimental approaches for elucidating mechanisms
involved in the origin and evolution of lichenization will
require appropriate groups of symbiotic organisms amen-
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able to laboratory study and whose phylogenetic relation-
ships are relatively well known. In this paper, we describe
such a model system for coevolutionary studies on lichens
based on the basidiomycete genus Omphalina and its
photobiont Coccomyxa. Previous taxonomic studies have
often disagreed about the limits of the genus Omphalina
(4, 5,32, 34, 61). As an initial step in this project, we have
attempted to estimate phylogenetic relationships among
lichenized and non lichenized Omphalina based on mor-
phological, anatomical, and DNA sequence data. Such a
study is prerequisite to any subsequent molecular genetic
and evolutionary studies on photobiont-mycobiont
mutualistic interactions; it will be especially helpful in
guiding the selection of appropriate taxa for experimental
studies.

The objectives of this phylogenetic study were to deter-
mine: 1) How many lichenization events took place within
the genus Omphalina? 2) What life history features are

associated with transition to a lichenized state? 3) Wht
morphological transformations result during licheniz -
tion? Qur results demonstrate the high potential of tbs
model system for studying the evolution of lichenizatio: .

Materials and Methods

Morphological and anatomical study

Herbarium and field work

Herbarium specimens used in this study were borrowed fro
O, F, TUR (24), and from Prof. Denise Lamoure’s personal he -
barium (Table 1). Additional specimens of Arrbenia and O) -
phalina were collected by the first author in the summer of 19¢ :
{Table 1). Notes on basidiomata characters were made within .

hours after collection using standard methods and color ! -

Table 1. Collection data for populations of Omphalina species and Arrbenia lobata sampled for morphological-anatomical a: !
molecular studies. All vouchers at DUKE unless otherwise noted. Study = (1) morphology and anatomy study, (2) molecular stuc

Taxon Study Location

Arrhenia lobata
A. lobata
A. lobata
A. lobata
Omphalina epichysium
O. epichysium
. epichysium
. epichysium
. ericetorum
. ericetorum
. ericetorum

. hudsoniana

N

. hudsoniana
. hudsoniana
. Iuteovitellina

. luteovitellina

. obscurata
. obscurata
. obscurata
. obscurata

. rivulicola

France: Savoie, Haute-Maurienne, Bonneval-sur-Arc, Lutzoni & Lamoure 910824-1
France: Savoie, Haute-Maurienne, Bonneval-sur-Arc, Lutzoni & Lamoure 910817-5
France: Savoie, Haute-Tarentaise, Vallon de La Sassiére, Lutzoni & Lamoure 910820-2b
France: Savoie, Haute-Tarentaise, Vallon de La Sassiére, Lutzoni & Lamoure 910828-2b
CSSR: Slovakia, Javorina, Siroké dolina, Singer C 5993 (F)

CSSR: Nature Reserve on Mt. Boubin, Singer C 5200 (F)

Canada: Newfoundland, Schefferville area, Kallio 518 (TUR)

France: Savoie, Haute-Tarentaise, Courchevel, Lamoure 80.106 h.25 A2B1 (Personal herbarium)
Norway: Hedmark, Engerdal, Gulden 333/71 (O)

Norway: Hedmark, Alvdal, Gulden 395/71 (O)

Sweden: Abisko, Lamoure 28/7-79 (Personal herbarium)

Norway: Hordaland, Ullensvang, Gulden 621/71 (O)

Norway: Hordaland, Ulvik, Finse, Gulden 582/81 (O)

Finland: Kuusamo parish, Juuma, The Vuomas, Gulden 155/78 (O}
Norway: Nordland, Vaeray, Gulden 345/72 (O)

Finland: Finnmark, Vadse, Sarre & Hgiland (O)

Norway: Busk: Nore and Uvdal, Wischmann (O)

Switzerland: Borgne de Ferpecle, Singer C 5462 (F)

Switzerland: Valais, Glacier de Moiry, Singer C 5498 (F)

Switzerland: Valais, glacier lake of Glacier de Moiry, Singer C 5499 (F)

France: Savoie, Massif de I'Iseran, Petit-Plan, Lamoure 73-101 (Personal herbarium)

i —— -

o

-

N

S

France: Savoie, Haute-Maurienne, Le Vallonnet de Bonneval, Lutzoni & Lamoure 910817-12
. rivulicola

(37

France: Savoie, Haute-Tarentaise, Vallon de La Sassiére, Lutzoni & Lamoure 910828-3a&-3d
. rivulicola France: Savoie, Haute-Tarentaise, Parc National de la Vanoise, Prarion, Lamoure 910821-2
Norway: Oppland, Vigd, Lange & Gulden 648/69 (O)
Norway: Oppland, Vigd, Lange & Gulden 727/69 (O)

Norway: Ahh, Nesodden, Gulden 64-1 (O)

. velutina

. velutina
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rences (26, 27). Spore prints were collected and stored at
20°C for later use. Dikaryotic cultures were obtained as either
iltispore isolates or tissue isolates from basidioma. All isolates

< maintained as stock cultures on malt extract agar (MEA) at
C.

Choice of taxa and outgroup

For this study, the genus Omphalina is considered in its broad
ase to comsist of approximately 40 species that can be grouped
to three main stirps (ericetorum, obscurata, and pyxidata) and
Iditional minor incertae sedis stirps (Lamoure, pers. comm.).
1irps ericetorumt consists entirely of lichenized species, and is
wracterized by the absence of clamp connections and the pre-
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sence of yellow pigments in the basidiomata. For phylogenetic
studies, O. ericetorum, O. budsoniana, and O. luteovitellina
were selected from stirps ericerorum. Stirps obscurata and pyx-
idata are composed of both lichenized and non lichenized taxa
characterized by dark brown-black basidiomata and by tan to
reddish-brown basidiomata, respectively. Within these two
groups, lichenized taxa lack clamp connections present in non
lichenized species. Two non lichenized species, O. obscurata and
O. epichysium, were chosen as representatives of stirps obscura-
ta. Two species were selected from stirps pyxidata; one lichenized

_ species, O. velutina, and one non lichenized species, O. rivulico-

la. In addition to these Omphalina taxa, another closely related
species, Arrhenia lobata, was included in the study as an out-
group for phylogenetic analyses.

“able 2. Characters used for parsimony analyses of 7 species of Omphalina, using Arrhenia lobata as an outgroup. Characters
receded by an asterisk were not used in reconstructing the phylogeny; they were mapped subsequently onto the topology.

Characters Characrer states
lichenization 0 = absent, 1 = globular (Botrydina type), 2 = squamulose (Corisciuni type)
2. clamps at the base of basidium 0 = absent, 1 = present
3. proportion of basidia with 0 = 30% tetrasporic, 7.5% trisporic, 15% bisporic, 7.5% unisporic;
different numbers of spores 1 = 70% tetrasporic, 15% trisporic, 15% bisporic;
2 = 30% tetrasporic, 70% bisporic;
3 = 100% tetrasporic
4. reproduction 0 = potentially parthenogenic, 1 = sexual
pileus surface 0 = free ends not forming scales, 1 = free ends forming scales
6. cutis texture (based on Korf’s [29] 0 = epidermoidea, 1 = intricata, 2 = porrecta, 3 = prismatica
classification of fungal tissue
texture)
7. cutis free terminal cell 0 = absent, 1 = present
pileus micro-incrustation on the 0 = absent, 1 = present
cell wall
9. pileus laciniate incrustation on the 0 = absent, 1 = present
cell wall
10.  axenic culture 0 = not possible on MEA, 1 = possible on MEA
1. pileus colour 0 = reddish-brown, becoming dark brown, becoming yellowish brown, or + red brown
to grey brown to beige;
1 = pale yellow to brilliant orange yellow, or bright yellow, or olive brown when young
becoming yellowish brown to yellow;
2 = dark grey brown to dark purplish brown, or smoky grey brown
12, lamellae colour 0 = pale brown;
1 = bright yellow to bright orange yellow;
2 = dark greyish brown to brownish grey, or whitish to pale beige, or pale grey brown,
or brownish, whitish, cream, yellowish, or pale greyish;
3 = grey-white to grey
13. stipe base pubescence 0 = absent, 1 = present
14, stipe interior 0 = hollow, 1 = solid
15, stipe colour 0 = pale reddish-brown becoming medium brown, or % red brown to grey brown to
beige;
1 = white to pale orange yellow, sometimes with violet tinge, or bright yellow, or olive
brown at apex when young becoming yellowish to yellow or only fading;
2 = dark grey brown to dark purplish brown, or smoky grey brown
16. proportion of basidiospores with 0 = 13% uninucleate, 60% binucleate, 13% trinucleate, and 13% > trinucleate;
different numbers of nuclei 1 = 100% binucleate;
2 = 100% uninucleate
17, stipe 0 = absent, 1 = present
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Choice of characters

Characters for phylogenetic analyses were taken from the liter-
ature (3, 14, 15, 16, 23, 31, 32, 35, 36, 38, 39, 41, 50, 53, 58, 60,
63). In addition, several new characters were also evaluated.
From a total of 93 potential characters for phylogenetic analyses,
76 were eliminated for at least one of the following reasons: 1)
the description for a given character was too vague, 2) no varia-
bility in the data, 3) the impossibility of reliably describing a
structure due to difficulties with its examination or to excessive
variation within the same individual, or 4) absence of discrete
character states. Nine of the 17 selected characters were observed
directly on dried herbarium specimens (characters 1, 2, 5, 6, 7, 8,
9, 13, 17; Table 2). The remaining eight characters were taken
from the literature; characters 11, 12, 14, 15 (Table 2) could not
be recorded on dried specimens, and characters 3, 4, 10, 16
(Table 2) had been recorded previously on many specimens (35,
36, 38, 39). Except for the characters suspected to be linked with
lichenization (characters 1, 4, 10; Table 2) and the basidioma
colors (characters 11, 12, 15; Table 2), all characters were mic-
roscopic and were recorded using a Leitz HM-LUX compound
microscope at 400X to 1000X magnification or a dissecting mi-
croscope with a magnification of 10X to 40X.

Parsimony analysis

Phylogenetic analyses based on morphological and anatomical
data were performed using the exhautive search option of PAUP
version 3.0s (61). The resulting trees were evaluated by 100 boot-
strap replications (9) and by determining the decay index (47).
The parsimony analyses were restricted to 14 of the 17 characters
(Tables 2 and 3). Because 3 of the 17 characters (characters 1, 4,
10; Table 2) are directly linked with lichenization, these charac-
ters were only mapped subsequently onto the topology, along
with the other characters, using the ACCTRAN character state
optimization with MacClade version 3 (44). Taxa with polymor-
phic characters (Table 3) were coded using parentheses as sug-
gested by Swofford (61), and Maddison and Maddison (44). Po-
larity of characters was established using Lundberg rooting (61)
with Arrhenia lobata as an outgroup.

Molecular phylogenetics

As a source of additional independent characters, sequences of
the nuclear encoded 255 rDNA genes were obtained from § of the
8 taxa studied in the morphological-anatomical study (Table 1).

DNA was extracted from either axenic cultures or from er
barium specimens using SDS (43) or DTAB-CTAB minij eps
(64). A region of about 1400 bp starting at the 5’ end of the 135
tDNA was amplified by PCR using primers LROR and LR7 8).
The amplified products were cleaned using Magic PCR I :ps
DNA DPurification System (Promega), and sequenced directl by
cycle sequencing (Promega). .

The sequences were aligned manually using the Editor- JO
computer program (52). Sequences for the 5 taxa overlappec for
=700 bp. The only positions used in the phylogenetic ana; ses
were those where the nucleotides were determined for all ‘ve
taxa and their alignment was unambiguous (517 bp). Final a: -
ment of sequences and positions used in the phylogenetic anal s
are given in Fig. 1.

The parsimony analysis of the molecular data was identic: to
the one for the morphological-anatomical data set. Selecte¢ n-
dels were used as characters and, therefore, treated as a ! th
character state. The fobustness of the internodes was assessec vy
1000 bootstrap replications (9) and decay analyses (47). e
most likely tree was generated using PHYLIP, DNAML vere n
3.5¢ (10). Felsenstein’s generalized version of the Kimura 2-p: a-
meter model was used as a probabilistic model to estimate r: 1-
tive rates of substitution; the transition/transversion ratio v 'd

was 2.0; the jumble option was used with 10 different spe: =s
orders.

Abbreviations

CTAB: hexadecyl trimethyl-ammonium bromice;
DTAB: dodecyl trimethyl-ammonium bromide; ME \:
malt extract agar; PCR: polymerase chain reaction; bp:
base pairs; VAM: vesicular-arbuscular mycorrhizae.

Results and Discussion

Phylogenetic studies of Omphalina

Initial phylogenetic analyses of morphological and
anatomical characters were performed using PAUD (61). A
phylogenetic tree summarizing the results (Fig. 2) shows
the lichenized species of Omphalina and stirps ericetorum
to be monophyletic and derived from non lichenized taxa.

Table 3. Morphological-anatomical data matrix for 7 species of Omphalina and Arrhenia lobata (outgroup). Unknown or nof-

wyn

applicable character states for taxa are indicated by a

. Parentheses are used to accommodate taxa that were polymorphic for

given character (44, 61). Asterisks indicate those characters not used in reconstructing the phylogeny; they were only mapped

subsequently onto the topology.

Characters
Species 1* 2 3 4 5 6 7 8 9 10* 11 12 13 14 15 16 17
A. lobata 0 01y 3 1 1 (12) O 1 1 1 2 2 ? ? ? 2 0
O. epichysium 0 1 ? 1 (01) 2 1 01) 0 1 2 3 ? ? 2 2 1
O. ericetorum 1 0 0 0 0 (12) 0 0 0 0 1 2 1 01 1 0 1
O. hudsoniana 2 0 1 0 0 o1y 1 0 0 0 1 1 1 (01) 1 2 1
O. luteovitellina 1 0 1 0 0 1 0 0 0 0 1 1 0 1 1 1 1
O. obscurata 0 1 3 1 1 (12) 1 1 1 1 2 2 0 1 2 0 1
O. rivulicola 0 1 3 1 0 (123) © 1 1 1 0 0 01 © 0 2 1
O. velutina 1 0 2 0 o1 1 0 on o 0 0 2 -1 1 0 ? 1

l/ A
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ARRHENTA 1 GTGTACAAGTCTC-TGGA-TAG-GCGTCATAGAGGGTCAGAATCCCTETCTTIGOCACGGACTG
EPICHYSIUM GIGTACAAGTCTCTTEGAACAGAGCGTCATAGAGGGTGAGAATCOC-GTCTTTGACACGGACTA
HUDSONIANA G?G?ACAAG?C?C? ?GGAARAGAGCA?CATAGAGGGTGAGAA ?CCC-G?CTTTGAC ?CGRACTG
OBSCURATA GTGTACAAGTCTCTTGGAATAGAGCGTCATAGAGGGTGAGAATCCC ~GTCTTTGACACGGACTA
RIVULICOLA GTGTACAAGTCTCCTGGAATGGAGCG TCATAGAGGG TGAGAATCCCCGTCTTTGACACGGACTA

* ok kkkkk Kk Kk khkkkkkdhkhkdkk dhdkkhhkdkdkkdkdhkdhkk hhkhkkdk khkdhhkhkkdk kkdkdkhhx

ARRHENTA 65 CCAGTGC-TTGTTATGCCCTCTCAAC? ACTGCGAGTTGTTTGGGAATGCAGCTCARA/
EPICHYSTUM CCAGTGCATTGTGATGCGCTCTCAACGAGT-CEAGTTGTTTGGGAATGCAGCTCAAR/
HUDSONIANA CCAA?GCA?TGTGATGCGC ?C?CGATGAG? -C?AGTTGTTICGGAATGCAGCT? ? 2T/
OBSCURATA CCAGTGCATTGTCGATGCACTCTCAACGAGT-CGAGTTCTTTCCGAATGCAGCTCAAR /
RTVULICOLA CCAGGECTTTGTGATGCGC TCTCAAAGAGT -CGAGTTGTTTGCGAATGCAGCTCAAR /

kdkhkhk hkk hhkkhkdkhkkhkhk Kk hhkkk kk Ak kkkkhkhkkkhkkkhkhkkkkkkkk *

ARRHENIA 330 T-AGTTTIGACTGTTGGAATAAAAGCTCGAGGAATGTAEC-TCTCC--GGATGTGTTATAGCCT
EPICHYSIUM TCAATTTTGATCGTTIGG-ATAAAAGCGAGAGGAATGTGGCATCTTC - ~-GGATGTGTTATAGCCT
HUDSONIANA TCAG-TTC-A-TGTTGG-ACAAAGGTCAGAGGAATCTGACATCTTTTTCGATGTGTTATAGCCT
OBSCURATA TCAATTTCGACTGTTGG-ATAAAAGCGEGAGGAATGTAECATCTCC - ~GGATGTGTTATAGCCT
RIVULICOLA TCAATTTIGACCGTTGG-AAAAAAGTTGGGGGAATCTOGCATCTIC ~ ~-GGATGTGTTATAGCCC

s % % Kk % kK de ko ok ek kg ok ok 3k o ok ke ok Tk ke ok ok ok ok ok o ok o e ok ke ok ke ok ok ok ke gk ok ok ok e ok ok ke K ke ke ok ok ke ok ok

ARRHENTA 394 CTGGTTGCATACAACAGTIGGGATTGAGGRAACTCAGCA?GC?G-?AA-GG-C?GGGGTTTITA/
EPICHYSTUM TT?-TTGCATCCAACGGTTCGGAT TGAGGAACTCAGCACGCCG-CAA-GG-CCGGGATTT-A/
HUDSONTANA CGRGTCGCATGCAACGCTIGGGATTGAGGAACTCAGCACGCCTTCATIGG~CCGAGG--C~-A/
OBSCURATA CTCGTTGCATCCAACAGTTGGGATTGAGGAACTCAGCACGOCG-CAA -GG ?CCGEGGTTCEC/
RTIVULICOLA CTGATTGTATACAACGCTTGGGATTGAGGAACTCAGCATGCCG-CAA-GGA-CGGGTTIT-4/

Kk kkdkkkh kA kkhkkdhkkkkkkhkkhhkkkhhkhkhkhkkhkk *k Kk kkkkk * *kkh¥hkkkx

ARRHENIA 616 CCAG-ACCAGACCTTTIGTGACGCATCTGCGETTGAGCGTCTATGTIGGGACCCGAAAGATGGT
EPICHYSTUM COGGAACCAGACCTTTIGTGACGGATCCEOGETCREAG ?GTGTATG T TGGGACCCGAAAGATGGT
HUDSONTANA COGG-ACCAGACCTTT TG TEACGGATCCGOGGTAGAGCG TGCATGTTGGGEACCCGAAAGATGGT
OBSCURATA CCAG-ACCAGACCTTTTIGTGACGGATCTGOGGTAGAGCG TG TATG TTGGGACCCGAAAGATGGT
RTVULICOLA CCGG~-ACCAGACCTTTIGTGACGGTCCCGOGGTAGAGCATGTATGTTCGGACCCGAAAGATGGT

FhkokkkkE A I AN KA I I A E A Kk khh kA kAhdhk dhddhkhkd ok kd Kok ok ok khdkkkkkdhkkh

ARRHENIA 680 GAACTATGCOCTGAATAGGC-GAAGCCA?AGGAAACTCTGGTGGA?GCTCGTAGC?ATICT?ACG/
EPICHYSIUM GAACTATGCCTGAATAGGC -GAAGCCAGAGGAAACTCTGGTGGAGGC ?CGTAGC ?ATTCT? ACG/
HUDSONIANA GAACTATGCCTGAATAGGCTGAAGCCAGAGGAAACTCTGGTGGAGGC ?CGTAGC ?AATCTGA?G/
OBSCURATA GAACTATGCCTGAATAGGC-GAAGCCAGAGGAAACTCTGGTGGAGGCTOGTAGCGATTCTGACG/
RIVULICOLA GAACTATGCCTGAATAGGGTGAAGCCAGAGGAAACTCTECTGGAGGCTCGTAGCGATTCTGACG/

AhkAIXKKAkIhkhkkhkhhkhkhkrhkhkrhkkhkkkk dhkkkkdkhkhkhbdhkkdkddkk ddk dhkdhkdhk dhkkkk * *

ARRHENIA 976 ATTTTIGGTAAGCAGAACTOGECGATGCGGGATGAACCGAAC?C?AGGTTAAGGTGCCG?AATTT
EPICHYSIUM ATTTTT?GTAAGCAGAACTIGCGATGCGEGATEAACCGAAC ?C ?AGGTTAAGGTGCCGGAATTT
HUDSONIANA ATTTTTGGTAAGC?GAACTAGCGATOC ?GGATGAACCGAAC ?CGAGGTTAAGGTGCCGGAATTC
OBSCURATA ATTTTTGGTAAGCAGAACTEECCATECEEGATCAACCGAACGOGAGGTTAAGGTGCCGGAATTC
RTIVULICOLA ATTTTTGGTAAGCAGAACTOGCGATGCGGGATGAACCGAAC ?C? AGGTTAAGGTGCOGGAATTT

hokhkkdhk hkdkdhk khkkkhkhhkkhkkdkk dhkkhkhhkkdkhkhkdkdh * kkkkhkhkkkkdkhkhkkdk khkkkk

ARRHENTIA 1040 AC?CTCATCAGACACCACAAAAGGTGTTAGTTCATCTAGACAGCAGGACGGTGGCCATGGAAGT
EPICHYSIUM AC?CTCATCAGACACCACAAAAGGTGTTAGTTCATCTAGACAGCAGGACGET?GCCATGGAAGT
HUDSONTANA AOGCTCATCAGACACCACAAAAGGTGTTAGTTCATCTAGACAGCAGGACGGTAGCCATGGAAGT
OBSCURATA ACGCTCATCAGACACCACAANAGGTGTTAGTICATCTAGACAGCAGGACGGTGGCCATGGAAGT
RIVULICOLA AC?CTCATCAGACACCACAAAAGGTGTTAGTTCATCTAGACAGCAGGACGGTCGCCATGGAAGT

Ik Kkkkhkhk A Ak bk hhkkdhkkhkkhdkhkhhkhkhkkkdhkkhhkkhkkhkkkhkkkkhkkhhhk kkkdkkdkkdxhkk

ARRHENIA 1104 CGGAATCCGCTAAGGAGTGTGTAACAACTCACCTGCOGAATGAACTAGCCTGAA
EPICHYSIUM CGGAACCCGCTAAGGAGTGTGTAACAACTCACCTGOCGAATCAACTAGCCTGAA
HUDSONTANA CGGAATCCGCTAAGGAGTGTGTAACAACTCACCTACCGAATGAACTAGCCTGAA
OBSCURATA CGGAATCCGCTAAGGAGTGTGTAACAACTCACCTGCCGAATGAACTAGCCTGAA
RTVULICOLA CGGAATCCGCTAAGGAGTGTGTAACAACTCACCTGCOGAATGAACTAGCOCTGAA

Thhkkhhhkkhkkhkhdkhhhkhkhkhkh kA hk kA Ak khkkkhkhkkhkkkhkkkkhkdkkhk

Fig. 1. Aligned sequences of four portions of the 5’ end of the 25S rDNA. Individual indels marked by hyphens; unknown marked by
“2”. The 517 nucleotide positions used in the phylogenetic analyses are indicated an asterisk.
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Overall support for the topology in Figure 2, as rep-
resented by boostrap replications and decay index, is
rather weak, thus any conclusions based on this topology
should be regarded as hypotheses to be tested. It is worth
noting, however, that the lichen clade is also the most
robust branch of the tree (Fig. 2).

To test the phylogeny based on morphological and
anatomical data, a parallel study was initiated using DNA
sequence data from the nuclear-encoded 25S ribosomal

RNA gene. The results of two different phylogenetic -

analyses employing parsimony (61) and maximum likeli-
hood (10) are shown in Figure 3A and B. Except for dif-
ferences in branch lengths, topologies based on parsimony
and the maximum likelihood method are in exact agree-
ment. This topology is essentially congruent with the one
based on morphological-anatomical data (Fig. 2). The

E
*g ‘% o ©
© S > 38 g
—— Q L b3 =
8 2 0 3 =2
° o & £ g
< Q O O (o]
0 o a ]
1 2

1(61)

amg  O.ericetorum

TREE LENGTH =24
CONSISTENCY INDEX = 0.833

only topological difference is that when using DNZ se-
quences, the Arrhenia lobata root occurs on the d ec
lineage of O. obscurata, rather than on the internode k-
ing the common ancestor of O. rivulicola and licher wed
Omphalina with the common ancestor of O. obsci: 1ta
and O. epichysium (Fig. 3C).

The results of our phylogenetic analyses (Figs. 2 an 3)
support the following interpretation for the origin ad
evolution of lichenization in Omphalina: 1) licheniza on
occurred only once during the evolution of Ompha na
and has been retained by subsequent generations 1d
species, 2) the transition occurred from a saprotrophic 2
mutualistic nutritional mode, 3) morphological innc a-
tions resulting from the mycobiont-photobiont coev: u-
tion are the formation of a globular crustose thallus l-
lowed by the formation of a squamulose thallus.

am O.luteovitellina

m O.hudsoniana

Fig. 2. Evolution of lichenization and
related characters in the genus Om-
phalina. Single most parsimonious
tree generated by an exhaustive se-
arch using PAUP (61) based on 14
morphological and anatomical cha-
racters. The lichenized taxa are in
bold. Omphalina ericetorum, O.
hudsoniana, and O. luteovitellina re-
present stirps ericetoruni; O. epichy-
sium and O. obscurata represent
stirps obscurata, and O. rivulicola
and O. velutina are representatives
of stirps pyxidata. Only unambi-
gious transformational changes in
characters used to build the tree are

No clamps
No axenic culture
Parthenogenic?

LICHENIZATION mapped; these changes are shown as
denominators for each branch. The

squamules first numerator (not included in par-

globules entheses) is the decay index (47). The

numerator in parentheses is the per-
centage of bootstrap replications

non lichenized

(100 replications) supportting each
branch (9).
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0. epichysium

0. hudsoniana Arrhenia lobata

Tree length: 89 steps
Consistency index = 0.899

0. rivulicola

0. epichysium

) 0. hudsoniana

0. luteovitellina

O.rivulicola  O. obscurata
0. hudsoniana ——
<4—
0. ericetorum
Tree length = 24 steps f
Consistency index = 0.833 )
O 0. velutina 0. epichysium

Fig. 3. A) Single most parsimonious tree generated by an exhaus-
tive search using PAUP (61) based on nuclear-encoded 255 rDNA
sequences. Numbers above the internodes and in parentheses are
the decay indices (47), numbers below the internodes are the
percentage of bootstrap replicates (9) for which these internodes
did not collapse (1000 replications), and those in bold are the
number of transformational changes. B) Most likely tree (Ln
Likelihood = —1073.44581) obtained using maximum likeli-
hood method (10) based on the same nucleotide positions as in
“A”. Numbers along the branches are the branch lengths recor-
ded as expected number of nucleotide substitutions per site. C)
Wagner network representation of the tree shown in Figure 2,
based on morphology and anatomy, for comparison. Arrow 1
indicates where the network was rooted based on morphological
data, and arrow 2 indicates where the network would have been
rooted based on nuclear IDNA sequences. Arrhenia lobata was

chosen as the outgroup in all analyses. Lichenized taxa are in
bold.

Requirements for an ideal model system to study the
evolution of lichenization

To understand how lichenization evolved, it is critical
to determine the time and place when fungi made their
transition to a mutualistic mode of nutrition. This transi-
tion can be identified by reconstructing the evolutionary
history of a group of fungi that includes lichenized and
non lichenized taxa. To do this, the taxa under study
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should be readily available and should possess sufficient
numbers of variable characters. To gain confidence in a
given topology and to enhance the possibility that a gene
tree corresponds to the organismal tree, independent data
sets for both morphological and molecular characters
should be used to develop phylogenetic hypotheses. The
use of a group of closely related species within which
lichenization occurred recently is essential, so as to
minimize extinction events and the number of incidental
differences between organisms with different nutritional
modes. The potential of these differences to be associated
with the transition from a non mutualistic state to an ob-
ligatory mutualistic state would therefore be maximized.
Ideally, the species involved should be amenable to study
at the molecular, population, and interspecific levels.

From an experimental vantage, a model system should
be easily adopted for laboratory studies. It should be poss-
ible to synthesize the mutualistic association artificially i
vitro and have readily observable morphological markers
for detecting a mutualistic interaction. The latter require-
ment is essential to develop any biological assay for
molecular genetic studies. Large numbers of meiospores
per sporocarp should be readily obtainable from natural
populations of the mycobiont. When grown separately,
each symbiont should grow rapidly in axenic culture and
be easily handled in vitro. Simple induction of fructifica-
tion would make possible genetic analyses. The generation
time of both symbionts should be as short as possible.
From a practical point of view, molecular work such as
DNA isolation should be easily carried out without risking
contamination by the other symbiont and without requir-
ing growth in axenic cultures. When necessary, DNA ex-
traction should also be possible directly from field samples
or herbarium material.

Although most mutualistic fungi do not conform to all
the requirements described above, progress toward de-
veloping experimental approaches is still possible. Lichens
offer several advantages as experimental systems for
coevolutionary studies. One advantage is that most lichens
form a well-delimited thallus, which permits easier iden-
tification of the symbionts than in other systems, such as
mycorrhizae. Since the photobiont of lichens is microbial,
this is advantageous for laboratory work compared to the
vascular plant photobiont of mycorrhizae. The most seri-
ous problem in working with lichens, however, is the gen-
erally slow growth of the mycobiont in culture, which
requires extended periods of time for resynthesis experi-
ments. This presents a difficulty in obtaining sufficient
pure material for analysis. Recent advances have been re-
ported, however, which permit analysis of very smali
samples for the determination of lichen secondary meta-
bolites (e. g. 7, 8). DNA sequences of the mycobiont can
also be obtained from small samples of the lichen thallus,
which includes both the mycobiont and the photobiont
(12).

The Omphalina / Coccomyxa model system

The lichenized Ascomycota represent the largest group
of lichen-forming fungi. For this reason it could be argued
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that the ideal system should be an ascolichen. However,
after comparing different ascolichen and basidiolichen sys-
tems, Omphalina was found to be the best system we can
work with at the present. As an experimental system,
evolutionary study of ascolichens is likely to be compli-
cated by their ancient origin relative to basidiolichens and
subsequent complex phylogenetic history. Within the basi-
“diolichens, the genus Ompbhalina (Agaricales, Tricho-
lomataceae) satisfies many of the requirements of a model
system discussed above. Lichenization is believed to have
evolved only recently within the Basidiomycota (20),
where only 50 of the 16,000 known species of basidiomy-
cetes are lichenized (19). The simplicity of morphological
structures within the lichenized species (globules and
squamules) also suggests a relatively recent origin of
lichenization within Omphalina. For these reasons, we
chose to study the genus Omphalina whose smaller num-
bers and more recent evolution might facilitate phylogene-
tic study and permit us to examine lichenization more
directly.

As model systems, basidiolichen associations such as
those in Omphalina may be more similar to ascolichens
than they might first appear. For example, O. hudsoniana
shares the same photobiont (Coccomyxa icmadophilae
Jaag.) as two well-established ascolichens, Baeomyces
roseus and Icmadophila ericetorum (62). Tschermak-
Woess (62) also reported that Coccomyxa has been found
associated with other well-known ascolichens, including
Nephroma, Peltigera, and Solorina, and is also associated
with the lichenized basidiomycete, Multiclavula. Thus, the
photobiotic part of Omphalina is virtually identical to that
found in well established ascolichens. These data, along
with the ultrastructural characterization of the mutualistic
mycobiont-photobiont interaction in lichenized Omphali-
na by Oberwinkler (51), suggest that the mutualistic in-
teraction between lichenized Omphalina and the photo-
biont is similar in many ways to the typical mutualistic
association between lichenized Ascomycota and unicellu-
lar Chlorophyceae. Phylogenetic studies and molecular
genetic experiments on Omphalina should, therefore, ad-
vance our understanding of the origin and evolution of
lichens in general.

In addition to six lichenized species, the genus Omi-
phalina includes saprophytic, parasitic, and bryophilous
species (20). The basidioma has a typical mushroom shape
with decurrent gills. Most lichenized species of Omphalina
form a crustose globular thallus that has been referred to
the lichen genus Botrydina (11). Another species, O. hud-
soniana, forms a squamulose thallus previously referred to
the lichen genus Coriscium (11),

Acton (1) was the first to propose that the green globu-
lar thallus of Botrydina was composed of an alga and a
fungus. Half a century later, Gams (11) suggested that the
fungal partner was a basidiomycete, since he repeatedly
observed the presence of the Botrydina-type thallus at the
base of Omphalina basidiomata. Lamoure (33) later de-
monstrated the presence of dikaryotic hyphae in the my-
cobiont of the crustose globular thallus similar to those
found in basidiomata of O. ericeforum. Anatomical fea-
tures of lichenized Omphalina were studied in detail by

Oberwinkler (51) using scanning and transmission e :c-
tron microscopy. He demonstrated the presence of ¢ li-
pore septae, a uniquely basidiomycete feature, in both he
globular thallus of O. ericetorum and the squamu se
thallus of O. hudsoniana.

In pure-culture studies of OmphalinalCocconryxa, + ¢-
cies representing both fungus and photobiont have b :n
successfully obtained in axenic culture. The photobi at
Coccomyxa is easily isolated from the thallus of licheni :d
Omiphalina and grows well in axenic culture. This 15
permitted us to extract DNA from the photobiont with .t
contamination. Although it is not possible to grow e
Omiphalina mycobiont in axenic culture on MEA, m st
non lichenized Omphalina grow quite well on * Is
medium. For molecular analyses, it is possible to obt n
sufficient pure fungal tissue of the mycobiont, free of 1e
photobiont partner, from basidiomata collected in nati e.
We have used this approach to obtain mycobiont DNA Hr
sequence analyses. Because only a small fraction of e
basidioma is required for DNA extraction, the rest can ¢
used for morphological and anatomical studies. The al -
ty to analyze naturally occuring basidiomata and licl n
thalli also makes it possible to separately analyze genor :s
of Omphalina and Coccomyxa arising from a single t I-
lus. For genetic analyses, both lichenized and ©nm
lichenized species of Omphalina produce large numbers »f
meiospores relative to ascoma of lichenized Ascomyco 3,
which is a major advantage for genetic and in vitro ¢
synthesis experiments. Our preliminary experiments sv3-
gest that in vitro resynthesis of lichenized species of O-
phalina is possible and results in the production of a typt-
cal globular thallus structure.

Other characteristics of Omphalina species may also
provide an ideal system for studies on the evolution of sex
(asexual versus sexual reproduction) in a mutualistic envi-
ronment. Law and Lewis (42) concluded that selection
against sex for one of the symbionts is intrinsic to mutual-
ism, just as selection for sex in both symbionts is inherent
to parasitism. Using the exhabitant-inhabitant principle,
they concluded that the selective forces on the inhabitant
are mainly, if not exclusively, from the exhabitant, which
tends to hold the inhabitant’s genome constant by selec-
tion against sex. The exhabitant, being subjected to an-
tagonistic environmental selective forces, is selected for
sex. These conclusions by Law and Lewis (42) assume that
both taxa are initially reproducing sexually and only sub-
sequent to the symbiotic interaction and differential selec-
tion (inhabitant versus exhabitant) would the inhabitant
evolve toward asexual reproduction. It also implies that
clonal reproduction in one of the two symbionts is a con-
dition for mutualism. The possibility of clonal (parth-
enogenetic) behavior in lichenized Omphalina was discus-
sed by Lamoure (34). Further work would present an op-
portunity to test Law and Lewis’ hypotheses.

Little is known about symbiont specificity and depen-
dence of lichenized Omphalina species. However, differ-
ent Coccomyxa species are reported as the photobiont of
the Botrydina and Coriscium thallus types (62)-
Basidiomata of stirps ericetorum, for example, are consis-
tently found to be associated with lichenized thalli over
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L ¢ geographic areas (11), The inability of lichenized
{ iphalina to be grown in axenic culture (22, 37) might
zest some dependence by the mycobiont on its photo-
at. Of the lichenized species, O. ericetorunt seems to be
htly less dependent on its photobiont than other Om-
lina species, since individuals of it growing on Sphag-
1 in coniferous forests often have sparse globules at the
ie of the basidioma (17, 23).
Far less is known about the biology of Coccomyxa.
ecies of Coccomyxa are known to reproduce asexually
ly and to exist both in the free-living aerophytic state
il the lichenized state (13, 62). Tschermak-Woess (62)
ed twelve species of Coccomyxa occurring in lichen
alli; three are associated with lichenized Omphalina
ecies,

‘ Shifts in rates of evolution associated with
.chenization

Beyond estimating phylogenetic relationships, it is also
cesirable to determine the relative rates of evolution. In-
vrmation about rates of nucleotide substitutions are es-
ential to determine if different fungal or algal lineages
‘v‘\iolve at different rates, and if these differences correlate
wvith the lichenization process. For the algal and fungal
'neages that are cospeciating, it is possible to compare the
rates of evolution between the alga and the fungus. The
estimation of expected number of nucleotide substitutions
for each lineage along with the ability to test constancy of
the rate of nucleotide substitutions is critical in this con-
text. Combined with other approaches in comparative
iology, maximum likelihood methods seem destined to
play an important role in understanding coevolutionary
processes (18).
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Life history features associated with lichenization

A number of life history features of Omphalina species
appear to be associated with the transition to a lichenized
state (Fig. 2). These include the loss of clamp connections
and tetrasporic basidia, and the loss of the ability to grow
in axenic culture on MEA (35, 36, 38). Another life his-
tory pattern associated with lichenization is the transition
from a typically dikaryotic to a uninucleate state (Table 4).
The life cycles of non lichenized Omphalina include a di-
karyotic stage, whereas, there appears to be a trend within
the lichenized Owmphalina toward losing this stage since
basidiomata are often uninucleate (38, 39). Populations of
O. ericetorum have the highest proportion of dikaryotic
individuals, with O. luteovitellina being intermediate and
O. hudsoniana populations having the lowest proportion
(Table 4). Phylogenetic analyses (Figs. 2 and 3} suggest
that the dikaryotic stage is an ancestral state within the
ericetorim group, and that its evolution is towards unin-
ucleate basidiomata. The loss of a dikaryotic stage is more
accentuated in alpine and subarctic populations than in
high arctic populations (Table 4).

The presence of uninucleate basidiomata in lichenized
species of Omphalina raises the question of whether these
strictly uninucleate. individuals are haploid or diploid. If
uninucleate individuals are haploid, parthenogenesis may
have evolved due to selective pressure associated with the
symbiotic interaction, as suggested in Figure 2. This would
agree partly with the hypothesis by Law and Lewis (42)
that asexual reproduction within at least one symbiotic
partner is required to maintain mutualism, whereas sexual
reproduction is required in both partners for parasitism to
be maintained in the host/parasite interactions. In the case
of Omphalina, however, both symbionts (the inhabitant
and exhabitant sensu Law and Lewis, 42) might be repro-
ducing asexually.

Table 4. Transition from a dikaryotic state to a uninucleate state within the stirps ericetorum of alpine and
subarctic populations versus high arctic populations (based on data from Lamoure, 39); “n” corresponds to the
number of specimens sampled. The evolutionary polarity was revealed by parsimony analysis on the morphologi-
cal and anatomical data (Fig. 2). The positions of O. hudsoniana and O. luteovitellina along the evolutionary axis
are interchangeable since they are sister species.

Species Localities One nucleus Two nuclei
n %o n Yo
O. hudsoniana Alpine and subarctic 76 100.0 0 0.0
High arctic 27 93.1 2 6.9
p
= O. luteovitellina Alpine and subarcric 33 82.5 7 17.5
; High arctic 15 429 20 571
—
) O.ericetorum Alpine and subarctic 137 76.1 43 23.9
> High arctic 93 37.2 157 62.8
Non lichenized
Omphalina 0 100
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The Omphalinal/Coccomyxa model system has many
desirable characteristics for coevolutionary studies on
mutualism. It offers the potential to address a broad range
of fundamental questions at the molecular, population,
and species levels that are critical for a thorough under-
standing of the evolutionary processes associated with the
origin and evolution of lichenization. Coupled with a com-
parative approach (18), phylogenetic studies of both sym-
bionts will generate new hypotheses and suggest appropri-
ate taxa for future molecular genetic studies.
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