
for the origin of monocots and 1 000 000 000 y ago
for the divergence of fungi and plants, dated the
radiation of Glomeromycota at 462 000 000–
353 000 000 y ago. These dates were compared to
fossils of arbuscular mycorrhizae in the rhizomes of
plants in the Rhynie chert (Pirozynski and Dalpe
1989, Remy et al 1994) to support the hypothesis that
mycorrhizal mutualisms of plants and arbuscular
mycorrhizal fungi conquered land together.

Also in 1993, Berbee and Taylor fit a broad
phylogenetic analysis of fungi to the geologic time-
scale. They also used SSU rDNA sequences and
analysis by parsimony and neighbor joining, the latter
with maximum likelihood distances, to determine
a phylogeny for fungi. They sorted fungi into nine
lineages and showed, via relative rate tests, that the
lineages had different rates of nucleotide substitu-
tion. A mean rate was calculated and the rates on each
lineage were normalized to make a tree with one
global rate of nucleotide substitution (1.0 % per
100 000 000, for SSU rDNA). This tree was fit to the
geologic timescale using fungal fossils, fossils of
organisms associated with fungi (beetle galleries) or
radiations of organisms mutualistic with fungi (rumi-
nates). From these calibrations, the divergence of
fungi and animals was estimated to have occurred at
600 000 000 y ago.

The publications of 1993 have been influential,
judging from their citations (Simon et al [1993] at
224 and Berbee and Taylor [1993] at 200), and these
numbers show that dating evolutionary events has
become an integral part of fungal phylogenetic
studies, nowhere more important than with symbioses
whether they involve mycorrhizae, insects or humans.
In addition to the application of molecular analyses,
new fossil finds have been reported; especially
noteworthy were two fossils, one identified as Glo-
meromycota from 460 000 000 y ago (Redecker et al
2000) and another identified as a perithecial ascomy-
cete and classified as a pyrenomycete (Sordariomy-
cetes) that was found in the stem and rhizomes of the
fossil plant Asteroxylon mackie from 400 000 000 y ago
(Taylor et al 1999), which later was described as
Paleopyrenomycites devonicus (Taylor et al 2005)
(FIG. 1).

In terms of molecular analyses, it was not until 2001
that the field shifted direction as much as in 1993, by
which time phylogenetic methods employing likeli-
hood had been developed that could enforce
a constant molecular clock. Berbee and Taylor
(2001) revisited fitting the fungal SSU rDNA tree to
geologic time with maximum likelihood analysis and
calibrating dates on this tree using an earlier date for
the divergence of animals and fungi, 965 000 000 y
ago, which had been determined in an independent

study (Doolittle et al 1996). This calibration increased
the gap between molecular and fossil estimates of
divergences. However, as noted by the authors, this
analysis failed to adequately account for the afore-
mentioned Paleopyrenomycites fossil as a sordariomy-
cete from 400 000 000 y ago (Berbee and Taylor
2001). Heckman et al (2001) took the most innovative
step in molecular analysis in 2001 when they revisited
the evolution of land plants and associated arbuscular
mycorrhizae by expanding the nucleic acid database
to include multiple protein coding genes and
estimating divergence times either by averaging the
dates estimated by the different protein genes or by
concatenating them before averaging. The topology
estimated by the proteins was not in conflict with that
estimated from SSU rDNA, but the divergence times
were much older, further increasing the gap between
divergences estimated from nucleic acid variation and
those estimated from fossils. For example the
radiation of Glomeromycota (ca. 1 200 000 000 y
ago) now would predate the appearance of arbuscular
mycorrhizal fossils (400 000 000 y ago) by ca.
800 000 000 y; however the new molecular diver-
gence dates accommodated the 400 000 000 y old
Paleopyrenomycites fossil. The key reason that the
divergence times of Heckman et al were much older is
that a previous study by the same research group,
using the same multiprotein approach and fossil
evidence for the divergence of mammals and birds,
estimated the divergence of animals and fungi at ca.
1 576 000 000 y ago (Wang et al 1999).

Fossils define minimum ages of divergence.—Some of
the gap between molecular and fossil dates certainly
can be attributed to the fact that fossils usually
provide only a minimum age for divergences. There
are several well understood reasons for this observa-
tion, which have been explored in depth for plants
(Magallon 2004). Simply put, all divergences begin
when an ancestral species splits to form progeny
species; as a result, until morphological differences
characteristic of the descendent groups develop,
fossils of the different clades will not be recognizable
as such. In addition neither fossilization nor fossil
discovery favor preservation and recovery of the
earliest fossils for any lineage. The problem is
compounded when the organisms of interest are
microbes, but the problems remain even for charis-
matic macrofauna. For example there is controversy
even about the vertebrate fossils that document the
divergence of birds and mammals, which provide the
geologic calibration for the 1 576 000 000 y old
estimate of animal-fungal divergence (Wang et al
1999). Graur and Martin (2004) argue that the
earliest fossils on the two branches, synapsid (leading
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to mammals) and diapsid (leading to birds and
lizards), cannot be identified indisputably and that
their divergence might have occurred earlier or later
than 310 000 000 y ago (i.e. 338 000 000–
288 000 000 y ago). Reisz and Mu¨ ller (2004) also
question the 310 000 000 y date for the divergence of
the progenitors of the mammal and bird lineages and
advocate using the divergence between crocodiles
and lizards. However in both cases the discrepancy is
small, less than 10%, and would hardly affect the date
for the animal-fungal divergence. Furthermore
Hedges and Kumar (2004) defend their use of the
mammal-bird divergence at 310 000 000 y ago as well
documented and note that molecular data for
mammals and birds are superior to those for
crocodiles.

Bias in estimating a mean global evolution rate.—
Rodriguez-Trelles et al (2002) noted that frequency
distributions of divergence times calculated for
multiple genes showed a skew toward older times
because recent times are constrained by the present,
whereas older times have no such constraint. They
demonstrated the effects of this phenomenon using
simulations of divergence times for proteins of four
lengths evolving at three different rates of evolution
(with correlated variation in rates among sites). They
used four-taxon trees consisting of three ingroup taxa
and the root; in these trees the recent divergence was
constrained to 300 000 000 y ago while the older
divergence was placed at one of three dates
(600 000 000, 1 200 000 000 and 3 000 000 000 y
ago). The most extreme disparity between the age
of the divergence used to simulate the data and the
average rate estimated from 1000 simulations was
a 25% overestimate for short sequences evolving at
slow rates over long periods. If, for example, this
extreme correction were applied to the mean age of
the animal-fungal divergence estimated by Wang et al
(1999) it would be moved forward from
1 600 000 000 to 1 200 000 000 y ago, a significant
change.

Global substitution rates are unrealistic.—The studies
of Berbee and Taylor (2001) and Heckman et al
(2001) both used a single global rate of nucleotide

substitution to estimate branch lengths and diver-
gence times, even though it was clear that substitution
rates differed among fungal lineages (Berbee and
Taylor 1993), as had earlier been shown for mammals
(Wu and Li 1985). At the time of these studies
methods had not been developed for accounting for
substitution rate variation on different branches, but
the development of such methods now makes it
possible to do so. One approach to detecting rate
variation depends on the availability of calibration
points such as fossils that can be used to date nodes.
Substitution rate changes can be localized on
a phylogeny by taking the calibrations into account
when optimizing the likelihood of the data. Another
approach involves phylogenetic prediction of the
pattern of variation. A key assumption here is that,
although each branch can have its own rate, the rates
in progeny species after a divergence likely are
correlated to that of the ancestral species and to
each other, a phenomenon known as autocorrelation.
In the analyses presented below we use methods that
allow for calibration to the fossil record and we test
for autocorrelation of rates.

In recent studies examining the fit of phylogenetic
trees to geologic time, three related methods have
proved most popular, Langley-Fitch (LF), penalized
likelihood (PL) and the Bayesian relaxed clock
(BRC). Unlike older programs such as PHYLIP’s
DNAMLK (Felsenstein 2005), LF, PL and BRC all take
into account the fit of calibration points to nodes in
the tree. LF and PL are implemented by the R8S

package of programs (available from M. Sanderson at
http://ginger.ucdavis.edu/r8s/). LF uses maximum
likelihood to fit the data to a molecular clock with
a single global substitution rate. PL also seeks to
maximize the likelihood of the sequence data given
the evolutionary model while minimizing the penalty
for rate variation (lack of autocorrelation) after
divergence. For datasets where rate variation is
correlated with the phylogeny, the fit of the data to
the clock tree will be better with PL than with LF. BRC
methods (e.g. MULTIDIVTIME Thorne and Kishino
2002) produce a probability distribution for sub-
stitution rates and divergence dates, both also based
on likelihood. Useful reviews of these methods and

r

FIG. 1. Paleopyrenomycites devonicus, Lower Devonian ascomycete. a. Section of stem with ascocarps (arrow) in cortex. b.
Cross-section of ascus (lower left) with ascospores, some of which are bicelled (arrow). c. Perithecium in longitudinal section.
d. Asci containing ascospores arising from inner wall of perithecium. e. Medial longitudinal section of perithecium showing
central cavity and ostiole. f. Four-nucleate (?) stage in immature ascus.Note slight invagination at the ascus tip (arrows) that
might represent an early stage in the development of the collar. g. Mature ascus showing biseriate arrangement of ascospores.
Bars: a5 500 mm; b 5 20 mm; c 5 50 mm; d 5 10 mm; e 5 100 mm; f 5 5 mm; g 5 5 mm. Figures and legends a–d are from
Taylor et al (1999) and e–g are from Taylor et al. (2005).
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RESULTS

As reviewed above, the most important factor in
fitting a phylogeny to the geologic timescale is the
fossil information used to set minimum and maxi-
mum dates for reference divergences. The Bayesian
tree (FIG. 2) shows that rates of substitution vary
among lineages. The total length of the branches
from the tree root to the vertebrates and rice is short,
indicating below average substitution rates, while the
length to the ascomycetes is generally long, indicating
higher than average substitution rates. Following the
model from Peterson et al (2004) we tested the
consequences of applying single animal or plant
calibrations to fungal divergence times using the
phylogeny for 25 taxa and 50 genes (FIG. 2) and R8S

(LF method and truncated Newton algorithm). As
can be seen (TABLE I), using the calibration of
300 000 000 y for the divergence of birds from
mammals, the estimate for the divergence of fungi
from animals was 2 635 000 000 y ago, which would
imply that the oxygen-consuming animals and fungi

originated when the earth still had a reducing
atmosphere. Using the calibration of 235 000 000 y
for the age of the divergence of the fly from the
mosquito reduced the age estimate of the fungus/
animal split to 944 000 000 y ago. Using the split of
the eudicots from monocots for calibration, the
fungus/animal split was reduced still further, to
579 000 000 y ago, but the age of the bird/mammal
split was estimated at 66 000 000 y ago, far too recent
given the good fossil evidence that this divergence
took place around 300 000 000 y ago.

We next evaluated the effect on the Fungal Tree of
Life of varying the minimum divergence dates
referenced to the fossil fungus, Paleopyrenomycites
(FIG. 1). This fossil fungal fruiting body is considered
to be a sordariomycete and is found in rhizomes of
Asteroxylon mackei in the Rhynie chert, dated at
400 000 000 y ago (Taylor et al 1999, Taylor et al
2005). The key event that we evaluated is the
correspondence of the appearance of the Glomer-
omycota and the appearance of fossil land plants. We
used the divergence of Ascomycota from Basidiomy-

FIG. 2. Tree showing variation in distance, from root to tip, among 25 fungi, an imals and plants. This Bayesian consensus
phylogram is based on amino acid sequences of 50 concatenated gene regionsand 12 089 aligned sites. The first number at
the branch is the Bayesian posterior probability for the node and is based on 16 000 trees sampled from a total of 2 000 000
Bayesian generations. The second number is the parsimony bootstrap proportion. Asterisks indicate taxa also used in the
second of our two analyses.
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cota as a surrogate for the divergence within
Glomeromycota. Although Paleopyrenomycites is con-
sidered to be a member of the Sordariomycetes, other
taxonomic interpretations can be evaluated by using
it to provide a minimum date for the earliest
divergence in Sordariomycetes, the earliest diver-

gence in Pezizomycotina, or the earliest divergence
in Ascomycota.

When Paleopyrenomycites is considered to be in
the Sordariomycetes, the minimum age for the
divergence of Ascomycota and Basidiomycota is
1 489 000 000 y ago, when the fossil is considered

TABLE I. Improbable age estimates (in boldface) resulted when molecular clocks used rates estimated from calibration points
from one phylum and then applied the rates to other groups

* Calibratated ages are in double boxes. Where calibrations were providedas minima and maxima, the ages in the boxes
were estimates limited by a possible range. ‘‘Crown’’ is used to specify the first available internal node within a group (e.g. the
age of crown fungi refers to the age of the first internal node in the fungal c lade in our study, which was the split of Rhizopus
oryzae from the ancestor to the Ascomycota and Basidiomycota).
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to be in the Pezizomycotina, the minimum age
for the Ascomycota-Basidiomycota divergence is
843 000 000 y ago, and when it is considered to be
in the Ascomycota, the minimum age for the
Ascomycota-Basidiomycota divergence is estimated
to be 452 000 000 y ago (FIG. 3, TABLE I). As noted
above the estimate for the radiation of crown land
plants based on PL and 27 plastid genes from 10 taxa
(Sanderson 2003) ranged from 435 000 000 to
480 000 000 y ago. Only the analysis that treats the
fossil as a member of the Ascomycota estimates

a divergence time for Glomeromycota that is consis-
tent with the radiation of land plants. The other two
interpretations of the fossil, that it is a member of
Sordariomycetes or the Pezizomycotina, would have
the Glomeromycota diverging far in advance of the
radiation of crown land plants. In fact, the other two
interpretations would have the major divisions of
Ascomycota and Basidiomycota, the modern mem-
bers of which live by parasitism or decay of land
plants, becoming established before the appearance
of land plants. On the other hand, when the fungal

FIG. 3. Different calibration points change estimated divergence dates. Ascomycota split from Basidiomycota after the
origin of two phyla not shown, the Chytridiomycota, and Glomeromycota. In the top diagram we assumed that the
400 000 000 y old fossilPaleopyrenomycites devonicus represents Sordariomycetes as indicated by the ‘‘S’’. This pushes the
minimum age for the origin of the stem lineages of all five fungal phyla, inc luding the Glomeromycota, to 1 489 000 000 y ago,
more than three times the age of the first fossil evidence of land plants. In the middle diagram we assumed thatP. devonicus
represents Pezizomycotina but not necessarily Sordariomycetes. Applying calibrations from plant and animal fossils in addition
to assuming that P. devonicus represents Pezizomycotina gave an estimate of 792 000 000 y ago for the origin of the fungal
phyla, still almost twice the age of the first fossil evidence for vascularplants. In the bottom diagram, assuming that P.
devonicus provided a minimum age for the Ascomycota, indicated by the ‘‘A’’, at 400 000 000, and resulted in the estimate that
fungal phyla had been established by 452 000 000 y ago, roughly the age of thefirst land plants. In this scenario, however, the
ages for the divergences among vertebrates are far too recent given fossildata. This discrepancy might result from using fossils
from one kingdom (Fungi) to calibrate events in the same kingdom and anothe r kingdom (Animalia), as discussed in the text.

TAYLOR AND BERBEE: DATING FUNGAL DIVERGENCES 847



and plant events are in the best alignment, the
divergence of birds and mammals is inconveniently
recent (T ABLE I) at less than 100 000 000 y ago.

DISCUSSION

Substitution rates clearly vary among lineages and we,
like Peterson et al (2004), found no justification for
using rates calibrated by fossils from one kingdom to
estimate dates in another. We had hoped that, given
enough genes, rate variation would average out to be
comparable for all lineages or else that variation
would follow a pattern that could be accommodated
with an autocorrelation parameter. Instead, even with
multigene phylogenies from two different datasets,
substitution rates not only varied but the variation was
not correlated by lineage. Our taxon sampling was
limited by available genomes and by computational
limits. If more diverse taxa were sampled from the
fungal phyla, rate autocorrelation might be evident.
However ages still might be distorted by undetected
rate change when the nodes of interest are the old
ones and the rate changes have accumulated on the
long branches of the stem lineages. To improve on
earlier molecular clock estimates for divergence
times, it appears as if fossil calibration points will be
needed within the lineages of taxa that have relatively
constant substitution rates.

Paleopyrenomycites is beautifully preserved and has
been carefully described as a perithecial ascomycete
with an ostiole, paraphyses and elongate asci that
contain as many as 32 ascospores (Taylor et al 1999,
Taylor et al 2005). However can we rule out its
belonging to the Taphrinomycotina or an even earlier
diverging, but extinct, group of Ascomycota? Al-
though most described Taphrinomycotina lack asco-
mata, species of the Taphrinomycotina genusNeolecta
do have open, apothecial ascomata. Although no
partially closed, flask-shaped ascoma are known
among extant Taphrinomycotina, this type of ascoma
is found in several classes of Pezizomycotina: Sordar-
iomycetes, Dothideomycetes and Chaetothyriomy-
cetes. It has evolved more than once and also could
have evolved in Taphrinomycotina or in fungi extant
before the divergence of Taphrinomycotina. There-
fore we raise the possibility that this fossil is not
a member of the Sordariomycetes but might repre-
sent a lineage that arose earlier in the history of
Ascomycota than did Sordariomycetes. Our claim
obviously cannot easily be tested by currently available
fossils. To evaluate our proposal, the most informative
fossils would be those that have a continuous record
with a discernable shift in phenotype that correlates
with the emergence of a new taxon (e.g. a fungal

equivalent to the pollen record and the emergence of
tricolpate pollen).

Where might mycologists look for a similar record,
one where a shift in spore form could be recognized
easily by microscopic analysis? Among thick-walled
spores that could be expected to preserve well,
perhaps the shift from mitospores without internal
septations to longitudinally septate spores could
provide a minimum age for Dothideomycetes? Or, if
thin-walled spores preserve well, the shift from
symmetrical spores to asymmetrical spores with hilar
appendices could provide a minimum age for
Basidiomycota? Are the answers to these questions
to be found in microscope slides of fossil pollen
already prepared by paleobotanists? Pursuing this
question will require collaborations of mycologists
and paleobotanists; that much is certain.
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