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ABSTRACT Differential rates of nucleotide substitutions
among taxa are a common observation in molecular phylo-
genetic studies, yet links between rates of DNA evolution and
traits or behaviors of organisms have proved elusive. Likeli-
hood ratio testing is used here for the first time to evaluate
specific hypotheses that account for the induction of shifts in
rates of DNA evolution. A molecular phylogenetic investiga-
tion of mutualist (lichen-forming fungi and fungi associated
with liverworts) and nonmutualist fungi revealed four inde-
pendent transitions to mutualism. We demonstrate a highly
significant association between mutualism and increased
rates of nucleotide substitutions in nuclear ribosomal DNA,
and we demonstrate that a transition to mutualism preceded
the rate acceleration of nuclear ribosomal DNA in these
lineages. Our results suggest that the increased rate of evo-
lution after the adoption of a mutualist lifestyle is generalized
across the genome of these mutualist fungi.

Mutualistic associations between fungi and photoautotrophic
organisms (lichens and mycorrhizae) are almost ubiquitous in
nature (1, 2). These symbiotic associations are concentrated in
specific groups of fungi and are often tied to the diversification
of at least one of the symbionts, suggesting that mutualism
plays a major role in the evolution of most plants and in more
than one-fifth of all known fungi (2-6). To study prerequisite
conditions for, and evolutionary consequences of, a transition
to mutualism in fungal lineages, a model system was developed
(7) consisting of a group of closely related lichen-forming and
nonmutualistic species of the mushroom genus Omphalina
Quél. (Fig. la—d).

Faster rates of nucleotide substitutions have been observed
in endosymbiotic bacteria associated with aphids compared
with free-living bacteria (8, 9). Mitochondria in fungi and
animals also are reported to evolve faster than related bacteria
(10). From these observations, it is tempting to conclude that
accelerated rates of nucleotide substitutions resulted from an
evolutionary transition to a symbiotic state. This conclusion is
dependent on the sampling of free-living and symbiotic taxa,
as well as on the extent of nucleotide sequence sampling. Both
factors have a direct effect on the degree of confidence
associated with a given phylogenetic tree and estimates of rates
of nucleotide substitutions. Moreover, because nucleotide
sequences contain phylogenetic structure, pairwise sequence
comparisons are not independent, and thus a simple x? test of
association may overestimate the true strength of any associ-
ation between evolutionary rates and symbiosis (11-13). Tests
that take account of phylogenetic relationships are required
for a better understanding of the factors causing shifts in rates
of DNA evolution. Here we investigate, using a phylogeneti-
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cally based maximum likelihood procedure, the association
between transitions to mutualism and shifts in rates of nucle-
otide substitutions, as well as their relative order of occurrence,
in a group of free-living and mutualist fungi (ref. 13 and M.P.,
unpublished work).

MATERIALS AND METHODS

Phylogenetic Analyses. The phylogenetic tree of Fig. 2 was
estimated using FASTDNAML Ver. 1.1.1a (14, 15) on a combined
data set including a total of 1550 sites from the nuclear
ribosomal DNA (nrDNA) 258, 5.8S, ITS1, and ITS2 (16). One
hundred independent local rearrangement searches were per-
formed followed by global rearrangement searches on all
different topologies generated by the 100 local rearrangement
searches. The FASTDNAML searches on the combined data set
were performed with four different categories of evolutionary
rates for each of the four molecular data sets (5.8S = 0.60,
25S = 0.92, ITS1 = 1.68, and ITS2 = 1.96). Gap poor regions
1-6 of ITS1 and 1-5 of ITS2 (16) constituted the ITS1+ITS2
data set used in the present study. Readers should refer to
Lutzoni (16) for detailed descriptions of methods used for the
alignment, tests for phylogenetic signal, tests for combinability
of multiple data sets, and phylogenetic analyses that lead to the
phylogenetic tree shown in Fig. 2.

The support for the internodes of the maximum likelihood
tree was estimated by 350 bootstrap replicates. Bootstrapped
data sets were generated using the SEQBOOT program in PHYLIP
(17). One global search was done on each bootstrapped data
set using FASTDNAML with four rate categories (as described
above), the jumble option, and a transition/transversion ratio
of 2.14. The 350 searches were performed using the “P4” code,
which distributed the computational task to 63 processors in
parallel on an Intel Paragon supercomputer. The bootstrap
values were computed for the resulting 350 bootstrapped trees
using the majority rule consensus option of pAUP 3.1.1.

The gains and losses of mutualism, as well as the evolution
of each 1550 nrDNA nucleotide positions, were reconstructed
using MACCLADE Ver. 3.05 (18). Unambiguous nucleotide
substitutions in the mutualist clade and nonmutualist sister
group were recorded as disrupting, creating, or neutral to the
potential formation of thymine dimers. The frequency of
unambiguous nucleotide substitutions was recorded for each
adjacent nucleotide pair (overlapping) along the large subunit
and 5.8S nrDNA sequences.

Testing for Equality of Evolutionary Rates. Equality of
evolutionary rates, in general and restricted to transitions or
transversions, was tested using the program CODRATES (19).
This likelihood ratio test was applied to all possible pairwise

Abbreviation: ntDNA, nuclear ribosomal DNA.

TPresent address: Center for Evolutionary and Environmental Biol-
ogy, Department of Botany, The Field Museum of Natural History,
Chicago, IL 60605.

#To whom reprint requests should be addressed. e-mail: lutzoni@
fmppr.fmnh.org.



Evolution: Lutzoni and Pagel

Fic. 1. Examples of mutualist (¢—g) and nonmutualist fungal
species (hj) included in the present study. Mutualist lichen-forming
basidiomycetes associated with the unicellular green alga Coccomyxa
(a—e). (a) Omphalina hudsoniana: the green squamule-like structures
covering the soil, forming the thallus of this lichen, are comprised of
the fungal and algal symbionts (34). The yellow mushrooms are the
sexual reproductive structures of the fungal partner of this lichen.
(b—d) For these three lichen species, the thallus consists of a green
crust covering the substrate (not visible in d). Their thallus is com-
prised of small globular structures containing the algal symbiont (34).
(b) O. luteovitellina (Pilat & Nannf.) M. Lange, (c) O. velutina (Quél.)
Quél., (d) O. ericetorum. (e) The thallus of this coral lichen-forming
fungus, Multiclavula mucida (Fr.) R. Petersen, is not as differentiated
as the one of lichen-forming Omphalina species. It forms the contin-
uous green crust covering the substrate in this picture. (f and g)
Mutualist mushroom species associated with thallose liverworts
Marchantia polymorpha and Blasia pusilla, respectively: (f) Gerronema
marchantiae, (g) Rickenella pseudogrisella. (h—j) Closely related non-
mutualist mushroom species: (2) R. mellea (Sing. & Clémenc.) Lam.,
(i) O. velutipes Orton, (j) Arrhenia auriscalpium (Fr.) Fr. Photographs
are by Kolbjgrn Mohn Jenssen (a—d and f~) and Irwin Brodo (e); the
former are reproduced with the permission of G. Gulden and K. M.
Jenssen (35-37).

comparisons of the 30 taxa forming the ingroup, representing
435 tests. These tests were implemented on the 258, 5.8S, and
ITS nrDNA data sets separately, for a total of 1305 tests. The
results of these tests are summarized in Fig. 2 B, D, and F.
These tests have varying degrees of nonindependence because
of shared phylogenetic branches among species. We therefore
treat them as descriptive only, i.e., to determine which of the
observed rate differences between two given species are
statistically significant.
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Phylogenetic Comparative Tests. Shifts in evolutionary rates
of the ntDNA sequences and in symbiotic states for these 30
mushroom species were investigated using two different like-
lihood ratio tests designed specifically to analyze the relation-
ship between two binary characters (13) or between one
continuous and one binary character (M.P., unpublished work)
that are measured across a group of hierarchically evolved
species or populations. The first method (13) allows one to
analyze the evolutionary association between the two binary
characters (i.e., do they tend to co-evolve?) and to test whether
the changes in one character precede those in the other, all
while taking account of the phylogenetic relationships and
making use of branch length information in the phylogeny. We
used this method to test for an association between evolution-
ary transitions to mutualism and shifts from slow to fast
evolutionary rates and to ask whether evolutionary transitions
to mutualism preceded or followed transitions to faster rates
of evolution. The method required the characterization of each
species as fast or slow evolving based on the 258, 5.8S, and ITS
nrDNA data sets separately. Species were categorized as fast
“f” when they were found to be significantly faster than at least
one species and not significantly slower than any other species
(represented by a row with a black box and no colored box in
Fig.2 B, D, or F). The remaining species were classified as slow
“s.” The association between the changes observed in the two
binary characters (rate categories and symbiotic states; Fig. 2
C, E, and G) over the entire phylogenetic tree (Fig. 24) was
then estimated using the continuous time Markov model with
the program DISCRETE (13).

The second method (M.P., unpublished work) allows a
direct test of whether mutualists are associated with increased
evolutionary rates without relying on categorizing species into
slow or fast evolvers. The association between branch length
estimates derived from maximum likelihood (15) and symbi-
otic state was assessed by a likelihood ratio statistic (M.P.,
unpublished work). Using branch length estimates (in units of
expected number of nucleotide substitutions per site) from the
maximum likelihood tree, the statistic estimates a single rate
of evolution parameter for the entire tree and then compares
the fit of that model to one in which two different rate
parameters are fit, one for each symbiotic state. If the branch
lengths corresponding to the two symbiotic states differ from
one another, the two-parameter model will give a better fit to
the data. The key feature of the model is how it deals with the
problem of what the ancestral character states are for the
symbiotic state character. The method fits the two-rate pa-
rameter models while simultaneously varying the ancestral
states over all possible values [using the same logic as described
by Pagel (13)]. This means that the resulting rate parameters
do not depend on any one reconstruction of the ancestral
character states.

RESULTS

Evolutionary Transitions to Mutualism. A molecular phy-
logenetic study of 17 species of Omphalina and 13 species
selected from putative related genera, based on nrDNA se-
quences, revealed at least four independent transitions to
mutualism (16). One of these evolutionary transitions gave rise
to a monophyletic group of five lichen-forming Omphalina
species (Fig. 24). A second transition gave rise to the lichen-
forming genus Multiclavula R. Petersen, represented by two
species in this study (Figs. le and 2A4). Both lichen-forming
Omphalina and Multiclavula species are mutualistically asso-
ciated with the unicellular green alga Coccomyxa W. Schmidle.
The mutualistic fungal species Gerronema marchantiae Sing.
and Clémeng. and Rickenella pseudogrisella (A. H. Smith)
Gulden, which are associated with thallose liverworts March-
antia L. and Blasia pusilla L., respectively, represent the two
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FiG. 2. (A) Phylogenetic relationships (In likelihood = —7370.71124) of 30 species of Omphalina and related genera. The number below each
internode is the percentage of 350 bootstrap replicates supporting the same binary partition as shown in this figure. Boostrap values =50% are
not shown. In green are lichen-forming fungal lineages associated with the green alga Coccomyxa. In blue are fungal lineages mutualistically
associated with thallose liverworts. (B, D, and F) Each column represents all pairwise comparisons between one species (species “a,” black box)
and the remaining 29 species (species “x,” nonblack boxes). A white box indicates that the evolutionary rate of species x does not differ from the
rate of species a. A colored box indicates that species x is significantly (P < 0.05) slower than species a. Significant differences in rates of nucleotide
substitution were subdivided into four types: (i) Blue boxes represent cases in which rate differences are due to a significant difference in rates of
transitions only; (if) yellow boxes indicate that rate differences are due to significant differences in rates of transitions and rates of transversions;
(iif) red boxes represent cases in which the rate differences are due to significant differences in rates of transversions only; and (iv) green boxes
represent cases in which the rate difference is not due to a significant difference in rates of transitions nor rates of transversions when tested
separately. For example, in the first column (B), the evolutionary rate of Gerronema subclavatum (Peck) Redhead was not significantly faster than
G. strombodes (Berk. & Mont.) Sing. The evolutionary rate of G. subclavatum was significantly faster than Hygrocybe citrinopallida (Smith & Hesler)
Kobay, and this significant rate difference is due to a significant difference in rates of transversions only. The presence of red and yellow boxes
for the 25S and ITS1+1TS2 (B and D) emphasizes their fast evolutionary rates, compared with the slowly evolving 5.8S, which is entirely blue (F).
For space considerations, columns were not created for species that were not significantly faster than any other taxon, i.e., taxa with no black box
in their respective row (e.g., Hygrocybe citrinopallida). (C, E, and G) Evolutionary rate categories (f = fast, s = slow) and symbiotic states (m =
obligatory mutualist, nm = nonmutualist) represent the two characters tested for correlated evolution by one of the two analyses used in this study

(see Table 1 for the results of this test).

other independent transitions to mutualism (Figs. 1 fand g and
2A).

Maximum Likelihood Ratio Test of Equality on Evolution-
ary Rates from the 25S Data Set. Branch lengths of the
phylogenetic tree for these 30 ingroup species (Fig. 2A4)
suggested that an increase in the rate of nucleotide substitution
was associated with a transition to mutualism. To determine
which pairwise differences in rates of nucleotide substitution
were statistically significant, a maximum likelihood ratio test of
equality on evolutionary rates (19) was performed on all
possible pairs of species. Of the 435 possible pairwise com-
parisons between species, 145 significant differences (P <
0.05) in rates of nucleotide substitutions were detected based
on 1264 nucleotide positions from the 25S ntDNA (Fig. 2B).
Of these, 107 (74%) were mutualist fungal (m) species evolving
at faster rates (f) than nonmutualist (nm) species, 26 (18%)
were comparisons between two nonmutualistic fungal species,
and 8% involved comparisons between two mutualistic fungal
species. These pairwise tests among species are not indepen-
dent because they share branches of the phylogenetic tree and
because, even if they were phylogenetically independent, not
all of the possible pairwise tests can be mutually exclusive.

Phylogenetic Comparative Tests of the Large Subunit, ITS,
and 5.8S nrRNA. There was an almost perfect correspondence
between mutualism (m) and a fast rate of nucleotide substi-
tution (f), except for Rickenella pseudogrisella, Omphalina
hudsoniana (Jennings) Bigel., and O. ericetorum (Fr.) M.
Lange, which were categorized as slowly (s) evolving mutual-

ists. However, the two latter mutualist species were only found
to be slower than other faster mutualist Omphalina species
(Fig. 2 B and C). The slow evolutionary rate of R. pseudogrisella
could be explained by a very recent transition to mutualism
and, therefore, is not in contradiction with an accelerated
evolutionary rate induced by a transition to mutualism. All
species categorized as evolving at a fast rate (f) were mutualists
(Fig. 2 B and C).

Two phylogenetic comparative tests were applied, and both
revealed that mutualism and evolutionary rate are correlated
based on 25S data (see Table 1: likelihood ratio = 18.6, P <
0.001; and Table 2: likelihood ratio = 15.9, P = 0.02). The high
rate of change from a mutualist with a slow rate of evolution
(m,s) to a mutualist with a fast rate of evolution (m,f) (g34 =
1.180826) compared with the low rate of change from a
nonmutualist with a slow rate of evolution (nm,s) to a non-
mutualist with a fast rate of evolution (nm,f) (g2 = 0.001074)
obtained from the correlated-change analysis (Table 1) shows
that transitions to a fast rate of nucleotide substitution are
more likely to occur in mutualistic lineages than in nonmutu-
alistic lineages (Table 1: g34 > q12, P < 0.00001). Furthermore,
the low rate of change from nm, s to nm, f (g1 = 0.001074)
compared with the higher rate of change from nm,s to m,s (q13
= 0.091419) shows that transitions to mutualism precede
transitions to a fast rate of nucleotide substitutions in the
evolutionary history of these lineages. This trend was found
also to be highly significant (Table 1: g13 > g12, P < 0.00001).
Thus, we find a strong association between rates of evolution
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expected for it. These results, therefore, do not support the
hypothesis that positive selection on the coding regions of the
nrDNA is the cause for the observed shift in evolutionary rates
associated with a transition to mutualism but rather suggest a
generalized increase in rates of nucleotide substitutions in
these symbiotic species.

A generalized genomic acceleration of nucleotide substitu-
tions in mutualistic species could reflect: a genetic bottleneck
that took place in a highly genotypically variable population,
leading to mutualist groups; deficient DNA repair systems
(25); shorter generation time (26); reduced sexual reproduc-
tion (3) coupled with smaller population size (27); and an
increase of mutagenic free radicals in the mycobiont caused by
increased levels of oxygen, dessication, ionizing radiation, or
UV-A and UV-B radiations between 320 and 380 nm (28-30)
or UV radiation as a direct generalized selective force causing
the formation of cyclobutane pyrimidine dimers (31, 32). The
results of this study point to the two latter hypotheses as the
best explanations.

The signature of a severe genetic bottleneck taking place in
a highly genotypically variable population causing a burst of
fixation that would be associated with a transition to mutualism
would be a long internode supporting the lichen-forming
Omphalina clade; however, the short length of this internode
does not support this hypothesis (Fig. 24). It is possible that
one of the DNA repair systems might be deficient in lichen-
forming Omphalina because meiotic anomalies were observed
(by light microscopy) in these species (7, 33). However, at this
time, there are no data available to explore the hypothesis that
the DNA repair systems of these mutualist species are some-
how deficient nor is there any evidence suggesting that a
reduction in generation time is associated with these mutualist
species. The loss of sexual reproduction has been proposed as
a consequence of transitions to mutualism (3), and Muller’s
rachet within small asexual populations has been reported as
the best explanation for accelerated evolution of endosymbi-
otic bacteria (27). Lichen-forming species of Omphalina and
Multiclavula do reproduce asexually with vegetative prop-

A

lichen/non-lichen nucl. substitution ratio
nN
T

0 1 | 1 1 | | | | | |
AA TT AG AC GT TA TC GC cc GG

ADJACENT SITES
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agules that contain both symbionts. It is possible that asexual
reproduction for these mutualist fungal species contributes
much more (if not entirely) to their overall reproduction than
sexual reproduction (7, 33). It is also possible that all speciation
events after a transition to mutualism in the genus Omphalina
were associated with genetic bottlenecks in one of the two
diverging lineages, which would explain this fractal asymmetric
pattern of faster lineages as sister group to slower lineages
throughout the lichenized Omphalina clade (Fig. 24). How-
ever, more evidence is needed to confirm the weak efficiency
of sexual reproduction in the lichen-forming lineages; and this
hypothesis does not account for the fast rate of evolution of
Gerronema marchantiae, which is not known to reproduce
asexually.

The two following hypotheses best explain the accelerated
rates of evolution that were detected subsequent to transitions
to mutualism in these fungal lineages. The transfer of the
mycelium from beneath the substrate surface (Fig. 1 4+j) to
growing on the substrate surface with an alga or liverwort (Fig.
1 a-g), as a direct consequence of a transition to mutualism,
exposed the mycelium to desiccation and solar radiation.
Furthermore, the fungal hyphae were growing in direct contact
with photosynthetic cells. Both desiccation and higher levels of
ambient oxygen could induce the production of superoxides
and other mutagenic free radicals (28-30) in the fungal
symbiont, resulting in increased mutation rates.

A second, nonexclusive scenario that could account for a
general increase in rates of nucleotide substitutions invokes
UV radiation as the selective force (31, 32). Pyrimidine dimers
are known to form after the interaction of UV radiation with
DNA. These dimers can inhibit future DNA replication (30).
One of the major consequences of a transition to a lichen-
forming state in these fungal lineages is the exposure of the
mycelium to UV radiation. A comparison of all nucleotide
substitutions in the lichen-forming Omphalina clade vs. the
nonmutualist sister group indicated that 31% (vs. 20%) of the
changes eliminated the potential formation of thymine dimers.
Only 14% (vs. 22% in the nonmutualist sister group) created

B

[4 Non-lichenized clade
B Lichenized clade

- -
=) o
T T

% of nucleotide substitutions
T

AA AL AG AC GT TA T GC cc GG

ADJACENT SITES

Fic. 3. Frequency of nucleotide substitutions along adjacent nucleotide sites for the large subunit and 5.8S nrRNA genes. The comparison is
between the lichenized Omphalina clade (five species) and its sister nonlichenized clade (nine species; Fig. 24). (4) Number of nucleotide
substitutions in the lichenized clade/number of nucleotide substitutions in the nonlichenized sister clade for each adjacent nucleotide pairs. (B)
Distribution of nucleotide substitutions (%) for all types of adjacent nucleotide sites as recorded for the lichenized and nonlichenized sister clades.
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the potential formation of new thymine dimers whereas all of
the other changes (55% vs. 58%) were neutral in this regard.
The accelerated rate of nucleotide substitution of the lichen-
ized Omphalina clade, when compared with its sister group,
was caused mainly by a specific increase of nucleotide substi-
tutions at AA and TT sites in the lichenized lineages (Fig. 3).
Of interest, most of the nucleotide substitutions were occurring
at GT, TA, and GC sites for both clades. This trend associated
with potential sites of thymine dimerization was not observed
when comparing the mutualist Gerronema marchantiae to the
nonmutualist sister species Omphalina brevibasidiata (Sing.)
Sing. and, therefore, cannot account for the accelerated evo-
lution of G. marchantiae.

These results strongly suggest that two different driving
forces account for the generalized acceleration in rates of
evolution in the mutualist species included in this study. The
generalized genomic acceleration in the lichen-forming
Omphalina lineage is mostly due to selection of mutations that
disrupt the potential formation of thymine dimers. For Ger-
ronema marchantiae, the cause of the acceleration is not known
but could be caused by a generalized acceleration of mutation
rates caused by the formation of mutagenic free radicals in the
fungal symbiont.
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