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Abstract

Multi-gene phylogenetic analyses were conducted to address the evolution of Clavicipitaceae (Ascomycota). Data are presented here
for approximately 5900 base pairs from portions of seven loci: the nuclear ribosomal small and large subunit DNA (nrSSU and nrLSU),
b-tubulin, elongation factor 1a (EF-1a), the largest and second largest subunits of RNA polymerase II (RPB1 and RPB2), and mitochon-
drial ATP Synthase subunit 6 (mtATP6). These data were analyzed in a complete 66-taxon matrix and 91-taxon supermatrix that
included some missing data. Separate phylogenetic analyses, with data partitioned according to genes, produced some conflicting results.
The results of separate analyses from RPB1 and RPB2 are in agreement with the combined analyses that resolve a paraphyletic Clavici-
pitaceae comprising three well-supported clades (i.e., Clavicipitaceae clade A, B, and C), whereas the tree obtained from mtATP6 is in
strong conflict with the monophyly of Clavicipitaceae clade B and the sister-group relationship of Hypocreaceae and Clavicipitaceae
clade C. The distribution of relative contribution of nodal support for each gene partition was assessed using both partitioned Bremer
support (PBS) values and combinational bootstrap (CB) analyses, the latter of which analyzed bootstrap proportions from all possible
combinations of the seven gene partitions. These results suggest that CB analyses provide a more consistent estimate of nodal support
than PBS and that combining heterogeneous gene partitions, which individually support a limited number of nodes, results in increased
support for overall tree topology. Analyses of the 91-taxa supermatrix data sets revealed that some nodes were more strongly supported
by increased taxon sampling. Identifying the localized incongruence of mtATP6 and analyses of complete and supermatrix data sets
strengthen the evidence for rejecting the monophyly of Clavicipitaceae and much of the current subfamilial classification of the family.
Although the monophyly of the grass-associated subfamily Clavicipitoideae (e.g., Claviceps, Balansia, and Epichloë) is strongly sup-
ported, the subfamily Cordycipitoideae (e.g., Cordyceps and Torrubiella) is not monophyletic. In particular, species of the genus Cordy-

ceps, which are pathogens of arthropods and truffles, are found in all three clavicipitaceous clades. These results imply that most
characters used in the current familial classification of Clavicipitaceae are not diagnostic of monophyly.
� 2007 Elsevier Inc. All rights reserved.
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1. Introduction

The Clavicipitaceae (Ascomycota, Hypocreales) is a large
group of fungi with more than 33 genera and approximately
800 species (Eriksson, 2006; Index Fungorum [http://
1055-7903/$ - see front matter � 2007 Elsevier Inc. All rights reserved.
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www.speciesfungorum.org/Names/Names.asp]; Rogerson,
1970). Its distribution is cosmopolitan in almost all terres-
trial ecosystems, including boreal, temperate, and tropical
regions of the world. The family is easily recognized by its
unique morphology of asci and ascospores (Diehl, 1950;
Luttrel, 1955; Spatafora and Blackwell, 1993). The asci are
long and cylindrical with a pronounced apex and contain
long, filiform and multiseptate ascospores that often
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disarticulate into part-spores at maturity (Diehl, 1950;
Hywel-Jones, 2002; Rogerson, 1970). Genera within
Clavicipitaceae represent ecologies that include pathogens
of arthropods (e.g., Cordyceps, Hypocrella, and
Torrubiella), parasites of truffles (e.g., Cordyceps), and endo-
phytes and epiphytes of the grass family (e.g., Claviceps, Bal-
ansia, and Epichloë) (Diehl, 1950; Kobayasi, 1982;
Rogerson, 1970).

The first attempt to classify the clavicipitaceous fungi in
a subfamilial classification (Gäumann, 1926) divided the
family into three groups, including the Oomyces-Ascopo-

lyporus group [Oomyces Berk. & Broome is not currently
classified in Clavicipitaceae (Eriksson, 1982)], the Epi-

chloë-Claviceps group, and the Cordyceps group. This clas-
sification, however, was artificial with the three recognized
groups based primarily on the macromorphology of struc-
tures associated with sexual reproduction (e.g., stromata
and perithecia). More detailed morphological observations
of the family were made by Diehl (1950), who incorporated
characters associated with both sexual and asexual repro-
duction. He divided the family into three subfamilies (Clav-
icipitoideae, Cordycipitoideae, and Oomycetoideae) with
considerable emphasis on host affiliation (at the higher tax-
onomic level). As a result, the current subfamilial classifica-
tion implicitly assumes that host affinity is a diagnostic
character; Clavicipitoideae includes all species of grass
symbionts (e.g., Claviceps, Balansia, and Epichloë) and
Cordycipitoideae and Oomycetoideae contain all of the
pathogens of arthropods and fungi (e.g., Cordyceps,
Hypocrella, and Torrubiella). Diehl (1950) further recog-
nized three tribes in the subfamily Clavicipitoideae (i.e.,
Clavicipiteae, Balansiae, and Ustilaginoideae) primarily
based on the characters in asexual reproduction (e.g., the
morphology of conidiophores and phialides). Species of
Clavicipitaceae, like many Ascomycota, are pleomorphic
and can possess more than one spore-producing stage in
their life cycle. For purposes of convenience, the Interna-
tional Code of Botanical Nomenclature allows Latin bino-
mials for both sexual and asexual stages (Art. 59, McNeill
et al., 2006). Currently, more than 40 asexual genera are
hypothesized to be members of Clavicipitaceae, although
many of the species in these genera have not been defini-
tively linked to sexual species and the utility of asexual
forms in the classification of Clavicipitaceae is not fully
understood (Hodge, 2003).

Numerous phylogenetic analyses of Clavicipitaceae have
been conducted using ribosomal DNA sequences (Art-
jariyasripong et al., 2001; Gams et al., 1998; Gernandt
and Stone, 1999; Glenn et al., 1996; Rehner and Samuels,
1995; Spatafora and Blackwell, 1993; Sung et al., 2001).
Although these studies support the monophyly of subfam-
ily Clavicipitoideae, the monophyly of Clavicipitaceae has
been both supported and rejected. Significantly, these stud-
ies suffered from a limited taxon sampling that did not
cover the morphological and ecological diversity of the
family (Gams et al., 1998; Glenn et al., 1996; Rehner and
Samuels, 1995; Spatafora and Blackwell, 1993). On the
Please cite this article in press as: Sung, G.-H. et al., A multi-gene p
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other hand, Sung et al. (2001) included a broad taxon sam-
pling to represent the diversity of the family but could not
address the monophyly of Clavicipitaceae due to limited
character sampling. Therefore, none of these phylogenetic
studies based on ribosomal DNA has offered a fully
resolved hypothesis of the family (e.g., monophyly of Cla-
vicipitaceae), although they provide many points of phylo-
genetic resolution within the family (e.g., monophyly of
Clavicipitoideae).

After more than a decade of the reliance of fungal sys-
tematics on ribosomal DNA, the growth of multi-gene
phylogenies in fungal systematics has resulted in more
robust phylogenetic hypotheses for numerous groups
(reviewed in Lutzoni et al., 2004). Castlebury et al. (2004)
constructed a well-resolved phylogeny for the Hypocreales
based on five independent loci and demonstrated that Cla-
vicipitaceae is monophyletic. The taxon sampling in that
study, however, included only eight clavicipitaceous spe-
cies, and thus lacked the broad taxon sampling necessary
to provide a robust phylogenetic hypothesis of Clavicipita-
ceae. Therefore, we conducted a series of phylogenetic
analyses with seventy representative clavicipitaceous taxa
to test the monophyly of the family. DNA sequence data
were obtained from seven independent loci: the nuclear
ribosomal small and large subunit DNA, b-tubulin, elonga-
tion factor 1a, and the largest and second largest subunits
of RNA polymerase II and mitochondrial ATP Synthase
subunit 6.

With the advent of multi-gene phylogenies, particular
emphasis has been placed on congruence or combinability
of independent and possibly heterogeneous data sets,
which may possess different underlying histories (e.g., gene
duplication, lineage sorting, and horizontal transfer) (Bar-
ker and Lutzoni, 2002; Bull et al., 1993; Chippindale and
Wiens, 1994; Levasseur and Lapointe, 2001). Statistical
tests (e.g., incongruence length difference test and likeli-
hood-ratio test) have been developed in parsimony and
model-based methods to detect the incongruence among
the heterogeneous data sets (Bull et al., 1993; Farris
et al., 1994; Huelsenbeck et al., 1996; Rodrigo et al.,
1993; Shimodaira and Hasegawa, 1999). However, these
tests are global and detect overall incongruence among
data sets, and their utility has been limited in recognizing
localized incongruence across heterogeneous data sets
(Hipp et al., 2004; Struck et al., 2006). Such tests may reject
congruence between data sets although the conflict is local-
ized to a limited number of taxa and relationships (Hipp
et al., 2004; Nygren and Sundberg, 2003; Passamaneck
et al., 2004; Struck et al., 2006). Therefore, other
approaches have been developed to identify the localized
incongruence in particular regions of a tree. Nodal support
measures, such as Bremer support and nonparametric
bootstrapping have been widely used with some modifica-
tions to identify the node and data partition causing the
incongruence and to address the contribution of each par-
tition to total support for particular nodes (Baker et al.,
1998; Gatesy et al., 1999; Struck et al., 2006; Thornton
hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-
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and DeSalle, 2000; Wiens, 1998). Partitioned Bremer sup-
port (PBS; Baker and DeSalle, 1997), which is an extension
of Bremer support (BS; Bremer, 1994), determines the level
of support from each partition for each node in a combined
analysis. Bootstrap support has also been used to detect
taxa associated with incongruence among data partitions
(Hipp et al., 2004; Nygren and Sundberg, 2003) and to
identify conflict among data partitions by investigating its
alteration at given nodes as different data partitions are
added (Struck et al., 2006).

In this study, we improve the phylogenetic hypotheses
for Clavicipitaceae by identifying localized incongruence
among heterogeneous data sets. Partitioned Bremer sup-
port and combinational bootstrap analyses were conducted
and compared for their applicability to detect localized
incongruence. By doing so we are able to (1) infer a well-
supported phylogeny of Clavicipitaceae with increased
taxon sampling using molecular sequences from seven inde-
pendent loci, (2) identify the distribution of nodal support
and localized incongruence among data partitions, and (3)
demonstrate that combinational bootstrap analyses pro-
vide a more consistent measure of nodal support than
PBS analyses.

2. Materials and methods

2.1. Selection of taxa

The taxa in this study were selected to represent the
morphological and ecological diversity of Clavicipitaceae.
Representatives from other families in Hypocreales were
also selected to test the monophyly of Clavicipitaceae.
We sampled 91 taxa from the representative families in
Hypocreales: six taxa in Bionectriaceae, seven in Nectria-
ceae, five in Hypocreaceae and seventy in Clavicipitaceae.
Taxa in Clavicipitaceae consist of 42 sexual taxa and 28
asexual taxa including eight representative sexual genera
and eleven asexual genera (Supplementary Table 1).
Although the current taxon sampling does not cover all
sexual and asexual genera in Clavicipitaceae, the most rep-
resentative and ecologically diverse taxa were included and
provide the means to evaluate and refine higher level rela-
tionships of the family. Glomerella cingulata (two isolates)
and Verticillium dahliae were chosen as outgroups based
on previous phylogenetic analyses (Castlebury et al.,
2004; Spatafora et al., 1998).

2.2. DNA isolation, PCR amplification, cloning, and

sequencing

Total genomic DNA was isolated from both dried her-
barium specimens and live cultures as previously described
(Sung et al., 2001). One mitochondrial and six nuclear gene
regions were amplified and sequenced. The nuclear regions
sequenced were from nuclear ribosomal small and large
subunit DNA (nrSSU and nrLSU), b-tubulin, elongation
factor 1a (EF-1a), and the largest and second largest sub-
Please cite this article in press as: Sung, G.-H. et al., A multi-gene p
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units of RNA polymerase II (RPB1 and RPB2). The mito-
chondrial region was from the protein-coding ATP
Synthase subunit 6 (mtATP6).

All PCR and sequencing primers are provided in Sup-
plementary Table 2. The PCR amplification and sequenc-
ing of nrSSU and nrLSU were conducted as described in
Sung et al. (2001). The nrSSU was amplified with the prim-
ers NS1 and NS4 and sequenced with the primers NS1,
NS3, SR7 and NS4. The nrLSU was amplified with the
primers LR0R and LR5 and sequenced with the same
primers. In the amplification of EF-1a, RPB1 and mtATP6,
we followed Castlebury et al. (2004). The EF-1a was ampli-
fied with the primers 983F and 2218R and was sequenced
with the primers 983F, 2218F, CEFF2, CEFR1 and
CEFR2. For the amplification of RPB1, the primers
CRPB1 and RPB1C were used for most taxa.The primer
CRPB1A was used with the primer RPB1C instead of the
primer CRPB1 for the remaining samples. Sequencing of
RPB1 was performed with the same primers used in the
amplification. For mtATP6, the primers ATP6C1A and
ATPC2A were used in PCR amplification and sequencing.

The PCR amplification of RPB2 and b-tubulin was per-
formed in a PTC-100 cycler (MJ Research) programmed as
follows: 35 cycles of 94 �C for 1 min, 50–53 �C for 30 s, and
72 �C for 2 min. Segments of RPB2 were amplified and
sequenced with the primers fRPB2-5F and fRPB2-7cR.
Two forward primers, RPB2-5F1 and RPB2-5F2, were
designed on the sequence alignment of RPB2 and used
for PCR amplification and sequencing with fRPB2-7cR
for the samples that did not amplify with fRPB2-5F. The
amplification and sequencing of b-tubulin was performed
with the primers T12 and T22. In the course of sequencing
of b-tubulin, paralogous copies were detected for three spe-
cies of genus Simplicillium, and four taxa in Hypocreaceae.
Using a TOPO TA cloning kit (Invitrogen Inc., Carlsbad,
CA), we cloned and sequenced the paralogous copies of
b-tubulin. The orthologous copies of b-tubulin were charac-
terized and determined through phylogenetic analyses of
the predicted protein sequences (Landvik et al., 2001).

All PCR products were purified using QIAquick PCR
purification kits (Qiagen Inc., Valencia, CA) according to
the manufacturer’s instructions. Sequencing was conducted
on an Applied Biosystems (ABI) 3100 automated DNA
sequencer using ABI Big-dye Ready-reaction kit (Applied
Biosystems Inc., Foster City, CA) following manufac-
turer’s instruction.

2.3. Phylogenetic analyses

Sequences of nrSSU and nrLSU genes were edited using
SeqEd 1.0.3 (Applied Biosystems Inc., Foster City, CA)
and aligned with the multiple sequence alignment option
implemented in Clustal W (Thompson et al., 1994). The
program was run with default settings and the alignment
was further optimized by direct examination in MacClade
4.0 (Maddison and Maddison, 2000). Nuclear and mito-
chondrial sequences of protein-coding genes were also edi-
hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-
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ted using SeqEd 1.0.3 and manually aligned by direct
examination. The assignment of codon positions was con-
firmed by translating nucleotide sequences into predicted
amino acid sequences using MacClade 4.0. Highly variable
regions in nrSSU and nrLSU, which were ambiguously
aligned, were excluded from phylogenetic analyses. Hyper-
variable protein-coding regions of RPB1 were also ambig-
uously aligned and excluded.

In separate analyses of each gene partition, maximum
parsimony (MP) analyses were performed using PAUP*
4.0 (Swofford, 2004). All characters were equally weighted
and unordered. Gaps were coded as missing data. Due to
the low number of parsimony informative characters pres-
ent in the rDNA loci, two-step maximum parsimony analy-
ses were performed to find the most parsimonious trees for
the nrSSU and nrLSU (Hibbett and Donoghue, 2001). Ini-
tially, heuristic searches were performed with 100 replicates
of random sequence addition of tree bisection-reconnection
(TBR) branch swapping and Multrees OFF with a maxi-
mum of two trees saved per replicate. The resulting trees
were used as starting trees in subsequent analyses with Mul-
trees ON and saving no more than 5000 equally parsimoni-
ous trees. Nodal support was assessed with 100 replicates of
nonparametric bootstrapping (Felsenstein, 1985), each with
five replicates of random sequence addition and other set-
tings identical to step-one of the maximum parsimony anal-
yses. For protein-coding gene partitions, we performed a
heuristic search with 100 replicates of random sequence
addition of TBR branch swapping and Multrees ON. Non-
parametric bootstrap values were obtained with 100 repli-
cates, each with five replicates of random taxon addition,
and other settings identical to the heuristic search.

To evaluate and identify the possible global incongru-
ence among gene partitions, incongruence length difference
(ILD) tests (Farris et al., 1994) were conducted using
PAUP* 4.0. We excluded 25 taxa due to the missing data
in some gene partitions and performed the tests with a core
data set of 66 taxa (Supplementary Table 1). Twenty-one
gene-by-gene comparisons were conducted based on 1000
ILD replicates with 50 random sequence additions per rep-
licate. In interpreting the results of ILD tests, recent studies
have shown that the utility of the ILD test is limited as a
measure of the incongruence among data partitions (Bar-
ker and Lutzoni, 2002; Dowton and Austin, 2002; Yoder
et al., 2001). Therefore, we used the ILD tests as a measure
of heterogeneity between gene partitions and the results of
ILD tests were not interpreted as a measure for a combin-
ability test (Barker and Lutzoni, 2002).

The separate analyses of each gene partition were used
to detect localized incongruence among partitions for
higher-level relationships (Figs. 1 and 2). Because the
emphasis of this study pertains to higher-level relationships
of Clavicipitaceae, the possibility of localized incongruence
restricted to more terminal clades was not assessed. Con-
gruence between gene partitions was assessed using a meth-
odology proposed by Wiens (1998), whereby the level of
bootstrap support was used to detect significant levels of
Please cite this article in press as: Sung, G.-H. et al., A multi-gene p
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localized incongruence among gene partitions. We inter-
preted a 70% bootstrap support (BP) as a strong support
for a particular node and identified the conflicted nodes
by comparing each gene partition with a threshold between
conflicting (BP P70%) and non-conflicting (BP 670%)
nodes (Hillis and Bull, 1993; Wiens, 1998).

One significant localized conflict was detected between
mitochondrial mtATP6 and two nuclear partitions (RPB1

and RPB2) for a major node in the combined analyses
(Fig. 1). Two combined analyses with 7-gene and 6-gene
data sets (w/ mtATP6 vs. w/o mtATP6) were performed
to address the impact of mtATP6 on bootstrap support
for the conflicting node. In addition, we conducted the
combined analyses with two different taxon samplings (91
taxa vs. 66 taxa) to investigate the potential problems asso-
ciated with missing data (Wiens, 2003a,b). These four com-
bined maximum parsimony analyses were performed with
1000 heuristic replicates of random sequence addition,
TBR branch swapping, and Multrees ON. Nodal support
was evaluated by nonparametric bootstrapping (Felsen-
stein, 1985) and Bremer support (Bremer, 1988, 1994).
We used 1000 bootstrap replicates, each with five replicates
of random sequence addition, with other settings identical
to the heuristic search as previously described. Bremer sup-
port (BS) was calculated using TreeRot 2 (Sorenson, 1998).
To assess the effect of nucleotide compositional bias (see
results) on phylogenetic inference, the phylogenetic analy-
ses were conducted using the neighbor-joining method by
employing log determinant distances (LogDet) in PAUP*
4.0 (Lockhart et al., 1994).

Bayesian Metropolis coupled Markov chain Monte Car-
lo (B-MCMCMC) phylogenetic analyses as implemented in
MrBayes 3.0 (Huelsenbeck and Ronquist, 2001) were per-
formed on the four combined data sets described above.
We used Modeltest 3.06 (Posada and Crandall, 1998) to
select the model and the parameters of DNA substitution
that best fit each of the partitions. Model selection was
based on either the hierarchical likelihood ratio test
(hLRTs) (Huelsenbeck and Rannala, 1997) or Akaike
Information Criteria (AIC) (Akaike, 1974). The nrSSU,
nrLSU and each codon of each gene were assigned its
own model of evolution in Bayesian analyses. A recent
study (Lemmon and Moriarty, 2004) demonstrated that
the parameter-rich models perform better in estimating
likelihoods and posterior probabilities. Consequently, we
selected the more parameter-rich model when hLRTs and
AIC disagree in unequivocally selecting a model for a given
partition. Bayesian analyses were performed for 10,000,000
generations, with four independent chains and sampled
every one-hundredth tree. Two additional runs of
10,000,000 generations were performed to ensure the con-
sistent convergence on stable log-likelihoods. The first
10,000 trees were identified as the burn-in and deleted from
constructing consensus trees and calculation of posterior
probabilities. A total of 90,000 trees were imported into
PAUP* 4.0 to construct a 50% majority-rule consensus tree
(Figs. 3 and 4).
hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-



Fig. 1. Topological incongruence of phylogenies from individual MP analyses. Schematic diagrams of the phylogenies from seven genes (A–G) show
topological incongruence in higher level relationships based on the phylogeny from combined analyses in Fig. 2. In each diagram, the number of taxa
included in six major clades (i.e. Bionectriaceae, Nectriaceae, Hypocreaceae, Clavicipitaceae clade A, B, and C) is provided in parentheses. Bootstrap
values (P70%) in MP analyses are below the corresponding nodes, rectangular boxes denote nodes that are significantly incongruent among gene
partitions.
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To evaluate the influence of combining genes on nodal
support of the higher-level relationships of Hypocreales,
ten major nodes were selected (Figs. 2–4). Nodal support
was assessed by a series of bootstrap analyses, which we
refer to here as combinational bootstrap analyses. For
the combinational bootstrap (CB) maximum parsimony
Please cite this article in press as: Sung, G.-H. et al., A multi-gene p
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analyses were performed on 126 data sets, which represent
all possible combinations of the seven gene partitions in
data sets that contain from one to seven partitions. Non-
parametric bootstrap values were calculated for each data
set with the same options described above. To demonstrate
the influences of character (gene) and taxon sampling,
hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-



Fig. 2. Phylogenetic relationships among 91 taxa of Clavicipitaceae and other families in Hypocreales based on combined evidence of seven gene
partitions (i.e. nrSSU, nrLSU, b-tubulin, EF-1a, RPB1, RPB2 and mtATP6). The phylogeny is from one of two equally parsimonious trees inferred from
maximum parsimony analyses with bootstrap values P70% shown. Bootstrap values from the combined data set of six gene partitions (i.e. nrSSU, nrLSU,
b-tubulin, EF-1a, RPB1, andRPB2) are also shown below internal branches to show the influence of mtATP6 gene partition on the bootstrap values. The
internal branches that are supported with more than or equal to 70% bootstrap values in both 7-gene and 6-gene analyses are shown in a thicker line. The
internal branches that are collapsed in the strict consensus tree are marked with asterisks (*). The numbers in circles correspond to ten major selected
internodes in Figs. 5 and 6.
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Fig. 3. Phylogenetic relationships among 91 taxa of Clavicipitaceae and other families in Hypocreales based on combined evidence of seven gene
partitions (i.e. nrSSU, nrLSU, b-tubulin, EF-1a, RPB1, RPB2 and mtATP6). The phylogeny is constructed from a 50% majority consensus tree of 90,000
trees sampled from Bayesian analyses and the resulting posterior probabilities (PP) that are more than or equal to 0.95 are provided in percentage above
internal branches. The posterior probabilities (PP) from the combined data set of six gene partitions (i.e. nrSSU, nrLSU, b-tubulin, EF-1a, RPB1,
andRPB2) are also shown in percentage below internal branches to demonstrate the influence of the mtATP6 gene partition on the posterior probabilities.
The internal branches that are supported with posterior probabilities P0.95 in both 7-gene and 6-gene analyses are shown in a thicker line and the internal
branches that are disparately supported between 7-gene and 6-gene analyses are marked with asterisks (see Fig. 4). The numbers in circles correspond to
ten major nodes in Figs. 5 and 6.
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mean bootstrap supports were calculated by averaging the
bootstrap support values from analyses that combined the
same number of genes but in different combinations (e.g., 1
Please cite this article in press as: Sung, G.-H. et al., A multi-gene p
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data set of 7 gene partitions, 7 data sets for 6 gene parti-
tions, etc.) with two different taxon samplings (the 91-taxon
data set vs. the 66-taxon data set). For example, we could
hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-



Fig. 4. Phylogenetic relationships among 91 taxa of Clavicipitaceae and other families in Hypocreales based on combined evidence of six gene partitions
(i.e. nrSSU, nrLSU, b-tubulin, EF-1a, RPB1, andRPB2). The phylogeny is constructed from a 50% majority consensus tree of 90,000 trees sampled from
Bayesian analyses. Posterior probabilities (PP) P0.95 are provided in percentage below branches. MP bootstrap values P70% from combined data set of
six gene partitions (i.e. nrSSU, nrLSU, b-tubulin, EF-1a, RPB1 and RPB2) are shown above branches. The nodes that are supported by both bootstrap
values and posterior probabilities are considered strongly supported and denoted by a thicker line. The numbers in circles correspond to ten major nodes
in Figs. 5 and 6.
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generate 21 data sets in different combinations when we
combine five genes from seven gene partitions. The mean
bootstrap support for a given node was calculated by aver-
aging the bootstrap values from MP analyses of these 21
data sets for that node.
Please cite this article in press as: Sung, G.-H. et al., A multi-gene p
logenet. Evol. (2007), doi:10.1016/j.ympev.2007.03.011
Partitioned Bremer Support (PBS) analyses were con-
ducted to localize the relative contribution of each gene
partition and to verify the impact of mtATP6 partition
on the total support in combined analyses with 91-taxon
and 66-taxon 7-gene data sets. PBS values of each gene
hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-
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partition were calculated for ten major nodes using the
command file of constraint trees as implemented in Tre-
eRot 2 (Sorenson, 1998). A total of 100 heuristic searches
were performed and tree lengths were averaged if more
than one parsimonious tree was found (Baker and DeSalle,
1997). We calculated PBS values for ten major nodes under
two different taxon samplings as described above, i.e., the
91-taxon vs. the 66-taxon data sets. The utility of PBS val-
ues has been questioned in recent studies (Danforth et al.,
2004; Koepfli and Wayne, 2003). Therefore, we compared
the results of CB and PBS analyses to further test their
applicability and to demonstrate the contribution of each
gene partition to total nodal support. Out of 126 combina-
tional bootstrap (CB) analyses, any one gene partition is
present in only half or 63 of the CB analyses. For each gene
partition, the percentage of 63 CB analyses, which have
more than 70% bootstrap support, was calculated for ten
major relationships and used as indicators to measure the
relative contribution of each gene partition to the total sup-
port in combined analyses. For example, a gene partition
that receives a CB of 50% means that half of the data sets
in which that gene partition is present results in bootstrap
values of P70% for the node in question. Finally, the seven
66-taxon 6-gene data sets were used to obtain PBS values in
order to further test for the consistency of PBS in recogniz-
ing the support or conflict of a particular gene partition for
a given node.
3. Results

3.1. Characteristics of each gene partition

The data set consisted of 6261 aligned nucleotide sites
for the seven gene partitions (Table 1). After the exclusion
of ambiguously aligned sites, the alignment included 5914
sites, 2281 of which were parsimony informative. The num-
ber of completed sequences differed among gene partitions
(Supplementary Table 1). A total of 66 taxa were complete
for all seven gene partitions and 91 taxa were complete for
at least three gene partitions. The 66-taxon data set (no
Table 1
Summary of data used in separate and combined MP analyses

Analyses No. of
taxa

No. of total sites
in alignment

No. of unambiguous
sites in alignment

Separate
nrSSU 91 1102 1088
nrLSU 91 954 767
b-tubulin 87 616 616
EF-1a 91 1020 1020
RPB1 88 803 674
RPB2 83 1048 1048
mtATP6 75 718 700

Combined
6-gene (w/o mtATP6) 91 5543 5213
7-gene (w/ mtATP6) 91 6261 5913

Please cite this article in press as: Sung, G.-H. et al., A multi-gene p
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missing data) was used for performing the ILD tests and
comparing the phylogenetic results from the 91-taxon data
set (missing data).

In analyzing base composition of each gene and codon
partition, the nucleotide frequencies of mtATP6 gene parti-
tion were A+T rich (Table 2), especially for the third codon
(85.8% A+T). In contrast, the third codon of b-tubulin and
EF-1a was biased towards G+C content (b-tubulin; 24.2%
A+T,EF-1a; 25.3% A+T). Although the compositional
biases were found in third codons of protein-coding genes,
the base frequencies (48.9% A+T) of the combined data set
with all seven genes were not biased (Table 2). A significant
level of heterogeneity in base composition was detected
among taxa in the combined data set (P < 0.001) for the
third codon partition of five protein-coding genes using a
chi-square test, but not for the first and second codon posi-
tions (P = 0.999–1.00). This indicated that the base compo-
sition difference among taxa in the combined data set (P <
0.001) resulted from third codon positions of protein-cod-
ing genes.
3.2. Separate analyses and test of incongruence

None of the seven separate analyses supported a
monophyletic Clavicipitaceae (Fig. 1). Gross tree topolo-
gies of each gene partition were significantly different
from one another and none was identical to that of
the combined data (Fig. 2). The separate analyses of
nrSSU, nrLSU and b-tubulin did not resolve any of ten
major relationships in combined analyses and EF-1a only
resolved Nectriaceae (Fig. 1). However, independent
analyses of RPB1, RPB2 and mtATP6 resolved several
of the higher-level relationships (Fig. 1). In particular,
RPB2 provided the ‘‘best’’ phylogenetic signal among
seven gene partitions and confidently resolved five major
relationships with strong statistical supports (BP P70%).
The tree statistics of the separate analyses are presented
in Table 1.

In tests to detect localized incongruence for the ten
major relationships identified in the simultaneous analysis
No. of observed
variable sites

No. of parsimony
informative sites

Tree
length

Tree
number

CI RI

299 182 699 5000 0.3577 0.6473
246 176 903 3778 0.2813 0.7187
270 238 2342 464 0.1892 0.5414
514 411 3680 17 0.1897 0.8103
409 370 4200 294 0.1752 0.5046
610 569 7366 1 0.1551 0.8451
424 335 2330 480 0.2541 0.6176

2348 1946 19,748 1 0.1791 0.5334
2772 2281 22,227 2 0.1858 0.5393

hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-



Table 2
Nucleotide base frequencies for nrSSU, nrLSU and each codon positions of protein-coding gene and chi-square tests of nucleotide bias among taxa

Partition A C G T A+T v2 P value

nrSSU 0.26972 0.21050 0.25821 0.26157 0.53129 48.97 1.0
nrLSU 0.26846 0.21040 0.31461 0.20653 0.47499 175.55 0.999
b-tubulin (1st) 0.22452 0.25478 0.31900 0.20171 0.42623 24.45 1.0
b-tubulin (2nd) 0.24993 0.25553 0.16803 0.32652 0.57645 7.11 1.0
b-tubulin (3rd) 0.02920 0.53442 0.22276 0.21362 0.24282 603.13 <0.001
EF-1a (1st) 0.30056 0.19675 0.37169 0.13100 0.43156 31.12 1.0
EF-1a (2nd) 0.30800 0.26720 0.15237 0.27243 0.58043 17.65 1.0
EF-1a (3rd) 0.02262 0.51992 0.22643 0.23103 0.25365 579.29 <0.001
RPB1 (1st) 0.28804 0.24834 0.35365 0.10997 0.39801 51.61 1.0
RPB1 (2nd) 0.34576 0.20854 0.20270 0.24301 0.58877 39.86 1.0
RPB1 (3rd) 0.13197 0.34600 0.26303 0.25901 0.39098 686.43 <0.001
RPB2 (1st) 0.26981 0.24691 0.33244 0.15084 0.42065 77.39 1.0
RPB2 (2nd) 0.33438 0.21457 0.18152 0.26953 0.60391 33.06 1.0
RPB2 (3rd) 0.14983 0.32743 0.29845 0.22428 0.37411 1160.92 <0.001
mtATP6 (1st) 0.33500 0.08974 0.22858 0.34668 0.68168 93.31 1.0
mtATP6 (2nd) 0.18387 0.20019 0.14084 0.47510 0.65897 41.68 1.0
mtATP6 (3rd) 0.52166 0.10371 0.03732 0.33731 0.85897 501.83 <0.001
6-gene (w/o mtATP6) 0.23956 0.26840 0.26630 0.22541 0.46497 691.11 <0.001
7-gene (w/ mtATP6) 0.24950 0.25580 0.25438 0.24045 0.48995 1052.57 <0.001

Table 3
Incongruent length differences (ILD) for the pair-wise comparisons of gene partitions

nrSSU nrLSU b-tubulin EF-1a RPB1 RPB2 mtATP6

nrSSU 59* 70* 99* 72* 63* 71*
nrLSU 0.001* 77* 102* 89* 100* 92*
b-tubulin 0.001* 0.001* 84* 51 82* 71*
EF-1a 0.001* 0.001* 0.001* 86* 128* 135*
RPB1 0.001* 0.001* 0.143 0.001* 50 87*
RPB2 0.001* 0.001* 0.001* 0.001* 0.624 84*
mtATP6 0.001* 0.001* 0.001* 0.001* 0.001* 0.001*

Numbers in the top of the matrix are the number of extra steps introduced by combining gene partitions. Numbers in the bottom of the matrix are the ILD
measurements normalized by the length of the most-parsimonious trees for the combined data set of each pair-wise comparison. Asterisks indicate the
pair-wise comparisons that are statistically significant (P < 0.05).
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(Fig. 1), significant examples of localized incongruence
were detected between mtATP6 and two nuclear gene
partitions (RPB1 and RPB2). The separate analyses of
RPB1 and RPB2 strongly support Clavicipitaceae clade B
(BP P70%) in Fig. 1. These separate analyses indicate that
RPB1 and RPB2 gene partitions significantly contributed
to the strong support for Clavicipitaceae clade B in com-
bined analyses (Fig. 2). Conversely, the separate analysis
of mtATP6 strongly supported the grouping of six taxa
in Clavicipitaceae clade B and three taxa in Hypocreaceae
(BP = 87% in Fig. 1). This relationship was in strong con-
flict with the results from the combined analyses (Fig. 2).
Except for this one strong localized incongruence among
ten major nodes, the nodes that were strongly supported
in one separate analysis were also supported in others
(BS P70%) and nodes that were discordant among the
separate analyses were always weakly supported. In ILD
tests, our results (Table 3) indicated that the degree of
heterogeneity was significant among gene partitions. Only
two (b-tubulin vs. RPB1 and RPB1 vs. RPB2) out of 21
pair-wise comparisons showed homogeneity between gene
partitions.
Please cite this article in press as: Sung, G.-H. et al., A multi-gene p
logenet. Evol. (2007), doi:10.1016/j.ympev.2007.03.011
3.3. The phylogenetic analyses of the combined data set

MP analyses of the combined data set with 91 taxa and
seven gene partitions (the 91-taxon 7-gene data set) recov-
ered five equally most parsimonious trees (Fig. 2; Table 1).
Although the separate analyses of each gene partition did
not resolve the ten major relationships, combining seven
genes provided well-supported phylogenetic estimates for
most of the higher relationships except for the sister-group
relationship of Clavicipitaceae clade C and Hypocreaceae
(node 9 in Fig. 2; Table 4). The neighbor-joining tree anal-
yses employing a LogDet model produced a topology iden-
tical to that of MP analyses for the ten major relationships
(results not shown). These results were consistent with the
phylogenetic reconstruction of the ten major nodes not
being adversely affected by the compositional bias in third
codons of protein-coding genes (Table 2).

MP analyses with the 91-taxon 7-gene data set resolved
the non-monophyly of Clavicipitaceae and three well-sup-
ported monophyletic groups labelled as Clavicipitaceae
clade A, B and C (Fig. 2). However, the monophyly of Cla-
vicipitaceae cannot be rejected because of poor statistical
hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-
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support in the sister-group relationship of Hypocreaceae
and Clavicipitaceae clade C (node 9 in Fig. 2; BP = 47%,
BS = 3 in Table 4). Based on the separate analyses, the
strong conflict in mtATP6 gene corresponds to the sister-
group relationship of Hypocreaceae and Clavicipitaceae
clade C (Fig. 1). Thus, we excluded the mtATP6 gene par-
tition and generated a 91-taxon 6-gene data set to address
the sister-group relationships of Hypocreaceae and Clavici-
pitaceae clade C. The topology from MP analyses based on
the 91-taxon 6-gene data set was in agreement with that of
the analyses with the 91-taxon 7-gene data set for the ten
major relationships (Figs. 2 and 3). However, the sister-
group relationship of Hypocreaceae and Clavicipitaceae
clade C (node 9 in Figs. 2 and 4) received stronger statisti-
cal support (BP = 74%, BS = 9 in Table 4). These results
indicated that the conflict in mtATP6 lowered the phyloge-
netic support for node 9 in the analyses of the 91-taxon 7-
gene data set. However, the nodal supports for other nodes
(e.g., nodes 8 and 10) were slightly decreased by excluding
mtATP6 gene partition (Table 4). This pattern of increas-
ing and decreasing bootstrap support for different nodes
based on the inclusion or exclusion of mtATP6 was consis-
tent with the mtATP6 gene partition possessing a congru-
ent phylogenetic signal for other major relationships
(node 8 in Fig. 2) and the conflict of mtATP6 being local-
ized over a particular region of the tree (node 9 in Fig. 2).

Two additional MP analyses were performed with 66-
taxon data sets (the 66-taxon 7-gene data set and the 66-
taxon 6-gene data set). These analyses were used to address
the potential effect of missing data on the phylogenetic
reconstruction and address the impact of taxon sampling
in resolving the higher relationships. As seen in the analy-
ses of 91-taxon data sets, support for node 9 was greatly
improved after mtATP6 gene partition was excluded (Table
4). We found, however, different levels of nodal support for
the sister-group relationship of Clavicipitaceae clade A and
B (node 10) between the 91-taxon and the 66-taxon analy-
ses (Table 4). Node 10 was not well supported in either the
66-taxon 7-gene analyses (BP = 54%, BS = 2 in Table 4) or
the 66-taxon 6-gene analyses (BP = 57%, BS = 2 in Table
4). These results were in dramatic contrast to the 91-taxon
analyses, which showed the strong support for node 10 in
either the 91-taxon 7-gene (BP = 84%, BS = 10 in Table
4) or the 91-taxon 6-gene analyses (BP = 75%, BS = 9 in
Table 4). As a result, taxon sampling was considered
important in resolving the relationship of node 10 despite
the missing data associated with the 91-taxon data set.

Bayesian analyses were conducted on the four previ-
ously described data sets using a GTR+I+C model of evo-
lution as determined by Modeltest analyses. For all
analyses, three independent runs converged on the same
stable log-likelihood scores and thus we sampled 90,000
trees from one of the three runs. A 50% majority-rule con-
sensus tree (Fig. 3) from the 91-taxon 7-gene data set was
well resolved and most nodes (94%) were supported by pos-
terior probabilities equal to or greater than 95%. The
topology of the Bayesian tree was identical to the parsi-
hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-
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mony tree with respect to the relationships of ten major
deep nodes (Figs. 3 and 4). The posterior probabilities in
Bayesian analyses, however, were not dramatically altered
by excluding the mtATP6 gene partition. The ten major
deep relationships were supported (PP P 95%) in either
91-taxon 7-gene or 91-taxon 6-gene analyses (Table 4).
These results indicated that the detected localized conflict
in mtATP6 at node 9 was not reflected in the posterior
probabilities. In addition, the 10 deeper nodes were
supported (PP = 1.00) in both the 66-taxon 7-gene and
66-taxon 6-gene analyses, indicating that unlike the
bootstrap values in MP analyses, the posterior probabili-
ties were less sensitive to changes in taxon sampling
(e.g., node 10; Table 4).

3.4. Combinational analyses

To investigate the effect of character and taxon sampling
on the resolution of the ten major relationships in more
detail, we performed a series of combinational bootstrap
(CB) analyses. These analyses were performed on 126 data
sets, from all combinations of seven gene partitions, using
maximum parsimony. Mean bootstrap supports were cal-
culated by averaging the bootstrap support values from
analyses that combined the same number of genes but in
different combinations. These mean bootstrap supports
were plotted against an incremental number of genes
(Fig. 5) and used as an indicator to address how many
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Fig. 5. The effect of character (7 genes) and taxon samplings on mean boots
bootstrap supports were based on the results of the combinational bootstrap (C
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calculated for the 91-taxon and 66-taxon data sets.
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genes were required to confidently resolve (BP P 70%)
these ten relationships (Fig. 5). Two nodes (nodes 7 and
10) differed greatly in the number of genes required to
receive strong support between 91-taxon and 66-taxon
CB analyses. For node 7, the mean bootstrap supports of
the 66-taxon CB analyses were generally much greater than
those of the 91-taxon CB analyses. Node 7 required six
genes to be strongly supported in 91-taxon CB analyses.
In contrast, only two genes were necessary to receive strong
support in 66-taxon CB analyses (Fig. 5). Significantly, the
mean bootstrap supports for node 10 were much higher in
91-taxon CB analyses than 66-taxon CB analyses. In
receiving strong mean bootstrap support, node 10 was only
strongly supported in 91-taxon CB analyses when six genes
were combined. For the remaining eight deeper relation-
ships, the mean bootstrap supports from 91-taxon CB
analyses tended to be slightly higher than those of 66-taxon
CB analyses (Fig. 5), indicating that these eight nodes were
not sensitive to taxon samplings (91-taxon vs. 66-taxon) in
the context of these data (Fig. 5). Although the remaining
eight deeper nodes received consistently higher bootstrap
support as the number of genes increased (Fig. 5), these
nodes required different numbers of genes in the combined
data sets to receive strong support. For example, node 1
required only two genes to be strongly supported, whereas
node 8 was only strongly supported when six genes were
combined. Node 9 was not strongly supported by the mean
bootstrap supports due to the inclusion of the mtATP6
34 5 6 7
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gene partition (Fig. 5). Because of the localized conflict of
mtATP6 at node 9, it was only supported by 6-gene com-
bined analyses that did not include mtATP6 (Table 4).

3.5. Contribution of each gene partition to nodal support

Partitioned Bremer support (PBS) values were calcu-
lated to generate the distribution of relative contribution
of each gene partition to the total support present in the
7-gene analyses. The PBS values of ten major deeper nodes
were calculated for both the 91-taxon and 66-taxon 7-gene
data sets in order to examine the influence of missing data
in the 91-taxon data set (Fig. 6). While five major relation-
ships (nodes 1, 6, 7, 9, and 10) were supported by the same
Fig. 6. Schematic diagram of ten major relationships in Figs. 2–4 to demonstra
Bremer support (PBS) values were calculated for ten major relationships from t
bootstrap (CB) analyses in both 91-taxon and 66-taxon data sets were also us
supports. Out of 126 CB analyses (see Section 2), 63 CB analyses include one p
percentage of 63 CB analyses that have more than 70% bootstrap support is
supports or conflicts in each gene partition at each of ten major relationships.
contributions to a particular relationship were denoted with the PBS values an
that shows the highest contribution.
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gene partitions from both the 91-taxon and 61-taxon anal-
yses, other relationships (nodes 2, 3, 4, 5, and 8) showed
dissimilar patterns of PBS values between the 91-taxon
and 66-taxon analyses (Fig. 6). In demonstrating the lowest
contribution of each gene partition to the total support, six
relationships (nodes 1, 2, 5, 7, 8, and 9) were not identical
in gene partitions between 91-taxon and 66-taxon analyses
(Fig. 6). In particular, dissimilar patterns in PBS values
were detected for node 9. Although the 66-taxon data set
was complete for all gene partitions, the strong conflict of
mtATP6 at node 9 was not reflected in the PBS results
based on the 66-taxon data set. While mtATP6 demon-
strated the strongest conflict at node 9 in 91-taxon analyses
(PBS �33 in Fig. 6), the gene partition that was in strongest
te the contribution of each gene partition to the total supports. Partitioned
he 91-taxon and 66-taxon 7-gene data sets. The results from combinational
ed to demonstrate the relative contribution of each partition to the total
articular gene partition in combined data sets. For each gene partition, the
used as supplementary information for generating the distribution of the
For each calculation the gene partitions that show the highest and lowest
d the percentages in bold letters. Asterisks (*) indicate the gene partition
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conflict in the 66-taxon data set was the nrLSU gene parti-
tion (PBS �4 in Fig. 6).

The inconsistent patterns of PBS values (Fig. 6) between
91-taxon and 66-taxon analyses prevented us from identify-
ing particular gene partitions that contained the highest or
lowest levels of phylogenetic signals for the relationships.
Fig. 7. Partitioned Bremer support (PBS) values from seven PBS analyses with
Section 2). PBS values were mapped for ten major relationships in Clavicipit
partition from seven genes used in our study.
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Instead, we used the results of CB analyses to demonstrate
the contribution of each gene partition to the total support
for the ten major relationships. All ten major nodes were
supported by the same pattern of gene partition from both
91-taxon and 66-taxon data sets (Fig. 6). Although only six
deeper nodes contained the lowest contribution from the
66-taxon data set from six genes combined with different combination (see
aceae and Hypocreales in Figs. 2–4 with the denotation of the excluded
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same gene partition, the difference in the percentage of CB
analyses was within 2% between the lowest and the second
lowest contributed gene partitions (Fig. 6).

Nodes 8, 9, and 10 were the most crucial nodes to infer a
well-resolved phylogeny of Clavicipitaceae, as the resolu-
tion of these nodes resulted in either a monophyletic or
paraphyletic family. The results from the CB analyses dem-
onstrated that the phylogenetic signal necessary to resolve
these three nodes was not present in any one gene partition.
The CB analyses showed that node 8, which united Hypo-
creaceae and the three clades of Clavicipitaceae, was
strongly supported by the RPB2 gene partition (79% CB
analyses in the 91-taxon data set) (Fig. 6). Node 9, which
supported the monophyly of Hypocreaceae and Clavicipit-
aceae clade C, received its highest level of support from
RPB1 (25% CB analyses from the 91-taxon data set)
(Fig. 6). In addition, RPB1 was the most important gene
partition (49% CB analyses from the 91-taxon data set)
for resolving node 10, which supported the monophyly of
Clavicipitaceae clades A and B (Fig. 6). This pattern of
localized support was also present in other nodes of the
tree. For example, node 2 (monophyly of Nectriaceae)
was supported solely by the EF-1a gene partition (100%
CB analyses from both the 91-taxon and 66-taxon data
sets) (Fig. 6). Despite the strong EF-1a support at node 2
in CB analyses, however, PBS values indicated that
RPB1 (PBS 28.75 in Fig. 6) was considered to be the
greatest contributor of signal for node 2 in the 91-taxon
data set.

The inconsistency of PBS values was further recognized
in their application to the 66-taxon data sets used in the 6-
gene CB analyses (Fig. 7). Although node 8 was strongly
supported by RPB2 and its contribution was pronounced
as compared with that from other gene partitions
(Fig. 6), only one (w/o EF-1a) of seven PBS analyses
clearly indicated the contribution of RPB2 in node 8 and
was recognized in RPB2 with other PBS analysis (w/o
nrLSU) (Fig. 7). As seen in the combinational analyses,
the resolving power for node 9 and 10 was mainly due to
the contribution of RPB1 gene partition (Fig. 6). However,
its contribution was not remarkable among seven PBS
analyses (Fig. 7). Although RPB1 was not the gene in con-
flict for nodes 9 and 10, its contribution was not consis-
tently recognized and largely unclear based on the
comparison of the results from seven PBS analyses. In rec-
ognizing the strong conflict of mtATP6 in node 9, one (w/o
nrLSU) of the analyses showed that RPB2 was the most
conflicted gene partition for resolving node 9. Due to the
numerous examples of the inconsistencies of PBS values
in Fig. 7, the results of CB analyses (Fig. 6) were more con-
sistent than PBS values in demonstrating the relative con-
tribution of each gene partition to the total supports.
These inconsistencies of PBS values suggest that they were
not good indicators for addressing the nodal support from
a particular gene partition and may be particularly sensi-
tive to stochastic properties associated with homoplasy of
heterogeneous data.
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4. Discussion

4.1. ILD test and the heterogeneity among gene partitions

One of the most common methods used in detecting
phylogenetic conflict among data partitions, is the incon-
gruence length difference (ILD) test (Farris et al., 1994).
The ILD test is based on the degree of homoplasy that
results from combining data from multiple independent
sources. In our study, significant heterogeneities were
detected in most of the pair-wise comparisons (19 out
of 21) in the ILD tests (Table 3). The utility of the
ILD test as a combinability test has been questioned in
recent studies (Barker and Lutzoni, 2002; Dowton and
Austin, 2002; Yoder et al., 2001), which demonstrated
that the difference of among site-rate variation and
evolutionary rates between data partitions leads to signif-
icant ILD results by generating excessive homoplasies in
combined data sets. The relative size of the data parti-
tions also influences the significance of the test (Dowton
and Austin, 2002). Therefore, the ILD tests should be
used with caution as a combinability test (Barker and
Lutzoni, 2002; Dolphin et al., 2000; Dowton and Austin,
2002).

The significant higher level of discordance we found in
the relationships between separate and combined analyses
(Figs. 1 and 2) may be due to the saturation of each gene
partition that results in the poor resolution for the higher
relationships in separate analyses (Barker and Lutzoni,
2002; Engstrom et al., 2004). To investigate the substitu-
tional saturation of nrSSU, nrLSU and each codon posi-
tion of protein-coding genes, we calculated the observed
pair-wise distances for transversions and transitions for
each pair of taxa and plotted against the corrected distance
with the F81 model (data not shown). The nrSSU and
nrLSU showed linear relationships in both transversions
and transitions, exhibiting no saturation. Therefore, the
poor resolution in the separate analyses of nrSSU and
nrLSU (Fig. 1) may be from the lower number of
parsimony informative characters (Table 1). In contrast,
saturation was detected in the third codons of all five pro-
tein-coding genes, in both transversions and transitions, at
higher level of divergences. These results indicated that the
relative substitutional rates of the third codons in protein-
coding genes were substantially different from those of the
nrSSU and nrLSU. In addition, the first codons of protein-
coding genes also appeared to be saturated for transitions
at higher level of divergences except for EF-1a gene parti-
tion. The saturation patterns in protein-coding genes may
have resulted in the significant noise of first and third
codon positions, and the significance of the ILD tests in
our study may be due to the high level of homoplasies in
gene partitions (Barker and Lutzoni, 2002; Dolphin et al.,
2000). Therefore, the results of ILD tests in our study
(Table 3) were not interpreted as a measure of incongru-
ence and combinability between data partitions. Rather,
they were considered as preliminary indicators of the
hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-
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overall level of homoplasy from combining the heteroge-
neous data partitions.

4.2. Comparison of phylogenetic methods in combined

analyses

Although strong localized conflict was detected at node
9 between mtATP6 and other nuclear partitions (RPB1 and
RPB2) (Fig. 1), our results based on MP and B-
MCMCMC analyses were topologically congruent for the
ten major deeper nodes. Exclusion or inclusion of the
mtATP6 partition did not alter the topologies for the ten
major relationships in the 91-taxon or the 66-taxon data
sets analyses in MP or B-MCMCMC analyses (Figs. 2–
4). Despite the topological congruence between the MP
and B-MCMCMC analyses, the posterior probabilities
supported the sister-group relationships (PP = 1.00) of
Hypocreaceae and Clavicipitaceae clade C (node 9 in
Fig. 2) and did not reflect the strong conflict in the mtATP6

gene partition (Fig. 1; Table 4). These results were consis-
tent with the tendency of the Bayesian posterior probabil-
ities to overestimate the phylogenetic confidence of
relationships. The use of Bayesian posterior probabilities
in assessing phylogenetic confidence has been intensely
debated (Alfaro et al., 2003; Cummings et al., 2003;
Doaudy et al., 2003a,b; Huelsenbeck and Ronquist,
2001). They have been considered as an equivalent measure
to bootstrap support in some studies (Cummings et al.,
2003; Huelsenbeck and Ronquist, 2001; Larget and Simon,
1999), while other empirical and simulation studies showed
the significant difference between bootstrapping and pos-
terior probabilities (Doaudy et al., 2003a,b; Erixon et al.,
2003; Gontcharov et al., 2004; Reeb et al., 2004; Suzuki
et al., 2002; Whittingham et al., 2002). Our results were
in agreement with these latter empirical and simulation
studies in that posterior probabilities were insensitive in
detecting the localized incongruence or conflict associated
with the mtATP6 data. Although the conditions were not
all known, the posterior probabilities appeared to overesti-
mate the phylogenetic confidence for short internodes such
as node 9 and 10 (Fig. 3) in this study (Alfaro et al., 2003;
Kauff and Lutzoni, 2002).

Patterns similar to overestimation of nodal support by
Bayesian posterior probabilities were also evident among
more closely related taxa within the major clades (Figs. 3
and 4). The Bayesian analyses of the 91-taxon 7-gene and
6-gene data sets strongly supported most of relationships
(94% of internal nodes) by posterior probabilities
(PP P 0.95) (Figs. 3 and 4). However, different topological
resolutions between the 7-gene and 6-gene analyses of more
closely related species (marked with asterisks in Fig. 3)
received posterior probabilities of P0.95. In contrast,
MP analyses showed that none of these topological incon-
gruencies was strongly conflicted (BP P 70%) between the
7-gene and 6-gene analyses (Fig. 2); the strongly supported
relationships in 7-gene analyses were also strongly sup-
ported in 6-gene analyses. Furthermore, the overall num-
Please cite this article in press as: Sung, G.-H. et al., A multi-gene p
logenet. Evol. (2007), doi:10.1016/j.ympev.2007.03.011
ber of strongly supported nodes (BP P 70%) in MP
analyses was much lower (73%) than that (PP P0.95) of
Bayesian analyses (Figs. 2 and 3) and many of the well-sup-
ported nodes in Bayesian analyses were not supported in
MP analyses of either the 7-gene or 6-gene data sets.

4.3. Incongruence, sampling and bootstrap support

We detected strong localized conflict in mtATP6 gene
partition at node 9 in the comparison of separate analyses
(Fig. 1). Identifying the conflicted gene partition greatly
improved the support for phylogenetic relationships in
the combined analyses (Fig. 2; Table 4). To better under-
stand the incongruence among gene partitions and demon-
strate the trends of combining the heterogeneous data in
more detail, combinational bootstrap (CB) analyses were
performed for the ten major deep nodes by MP analyses
of 126 data sets (see Section 2) (Fig. 5). These analyses sug-
gested that different numbers of combined genes were
required for any given node to provide robust phylogenetic
estimates. The short internodes (nodes 9 and 10 in Figs. 3
and 4) required more character and taxon sampling to
resolve the relationships than longer branches (e.g., nodes
2, 3, 5, and 6 in Figs. 3 and 4). Node 9, for example, was
not supported by mean bootstrap supports due to the
localized conflict in mtATP6 and it was only supported in
6-gene combined analyses without mtATP6 in both 91-
taxon and 66-taxon data sets (Table 4). On the other hand,
longer branches (e.g., nodes 2, 3, 4, 5, and 6) received the
strong mean bootstrap supports (BP P 70%) by combining
three or four genes (Fig. 5).

Based on CB analyses, one to few gene partitions con-
tributed most of the phylogenetic signal of the total sup-
port for a given node with no one gene partition being
the major support contributor for all nodes (Fig. 6). For
example, the monophyly of Nectriaceae (node 2 in Fig. 6)
was only supported when the EF-1a gene partition was
included in the combined analyses, whereas the support
from the RPB2 gene partition was essential to resolve node
8 (Fig. 6). Similarly, the contribution of RPB1 was consid-
ered important to support the sister-group relationships
(Hypocreaceae and Clavicipitaceae clade C and Clavicipit-
aceae clade A+B) in nodes 9 and 10 (Fig. 6). These results
indicated that the contributions of each gene partition were
biased for certain nodes and represented the heterogeneous
nature of gene partitions as evolutionary markers (Wiens,
1998). Our results indicated that combining the heterogene-
ities of gene partitions was beneficial to construct a well-
resolved phylogeny through supporting different relation-
ships from different gene partitions.

We analyzed data in two different taxon samplings (91-
taxon vs. 66-taxon) to demonstrate the impact of missing
data in the 91-taxon data set. Interestingly, the sister-group
relationship of Clavicipitaceae clade A and B (node 10) was
only strongly supported by the 91-taxon analyses (Table 4).
These results suggested that taxon sampling was more
important than character sampling in confidently address-
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ing the relationship in node 10. Numerous studies have
focused on the attributes of sampling more characters ver-
sus more taxa. Many simulations have suggested that
increasing character sampling is beneficial for phylogenetic
accuracy and increases the phylogenetic confidence for cer-
tain branches (Braum et al., 1994; Mitchell et al., 2000;
Rosenberg and Kumar, 2001; Sullivan, 1996). Other stud-
ies, however, have addressed the beneficial effect of taxon
sampling in addressing problematic lineages characterized
especially by long-branch attraction (Graybeal, 1998;
Zwickl and Hillis, 2002). When we increased the character
sampling, we observed dramatic increases in bootstrap sup-
port for most of the ten major relationships (Fig. 6), but our
results also demonstrated that taxon sampling is important
in resolving the relationship of node 10 (Fig. 5). These
results provide support that, in general, increased character
sampling increases the phylogenetic confidence for a given
node, but that increased taxon sampling may also be impor-
tant, but difficult to predict a priori.

4.4. Congruence vs. combinability

The strong conflict in mtATP6 at node 9 begs the ques-
tion whether or not mtATP6 should be included in the
combined data set to infer a final working hypothesis of
the relationships in Clavicipitaceae. Proponents of total
evidence (character congruence) would argue that the
mtATP6 gene partition should be included in the combined
data set (Barrett et al., 1991; Kluge, 1989; Kluge and Wolf,
1993; Kluge, 1998; Miyamoto and Fitch, 1995). On the
other hand, the supporters of a conditional combinability
approach might claim that mtATP6 should be excluded
from a combined data set because of the incongruence in
mtATP6 gene partition (Bull et al., 1993; Chippindale
and Wiens, 1994; de Queiroz, 1993). Our results from
nucleotide content, saturation analyses, and ILD tests were
consistent in characterizing these data partitions as hetero-
geneous. Combining these heterogeneous gene partitions
resulted in increased support for different nodes by differ-
ent gene partitions (e.g., node 2 by EF-1a, node 7 by
RPB2, and nodes 9 and 10 by RPB1 in Fig. 6) and an over-
all robust estimate of phylogeny. Non-uniform distribu-
tions of congruence and conflict complicated the
interpretation of the mtATP6 partition. If the decision
was made to exclude the mtATP6 gene partition in the
combined data set, the phylogenetic signal would be signif-
icantly diminished for other relationships. For example,
node 5 was supported by the mtATP6 gene partition, equal
to that of the RPB1 and RPB2 gene partitions (Fig. 6). Sev-
eral similar cases in Fig. 6 indicated that one particular
gene partition varied significantly in the level of support
for different relationships (e.g., RPB2 for nodes 8 and
10). Therefore, excluding certain partitions in combined
analyses may not be desirable when the conflict is localized,
as the same gene partition may provide an important signal
in the combined analyses that increases the overall robust-
ness of the inference (Wiens, 1998).
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With an increasing number of taxa, several studies have
shown that incorporating data from multiple genes is nec-
essary to confidently resolve higher-level relationships (e.g.,
Lutzoni et al., 2004; Rokas and Carroll, 2005). Due to the
complexities of large data sets that include many genes and
taxa, the evolutionary processes affected by constraints
unique to gene partitions may not be sufficiently modeled
for lineage specific parameters (Rokas and Carroll, 2005).
For heterogeneous data, the violations of assumptions
associated with phylogenetic algorithms may happen in
one particular gene partition, or for certain lineages, and
result in its strong localized conflict against the phyloge-
netic estimate of other gene partitions when analyzed sep-
arately or combined. In our study, we provide a working
hypothesis on the relationships in Clavicipitaceae by dem-
onstrating the contribution of each gene partition for spe-
cific nodes. Our results suggest that it is not advantageous
to simply exclude one particular gene partition in the com-
bined data set because of its localized incongruence, rather
analyses should explore the complexity of the conflict and
the ramifications of the potential loss of signal for other
nodes as well. That is, analyses should be performed with
and without the conflicting data to best assess the overall
inference of phylogenetic relationships.

4.5. Phylogenetic relationships of Clavicipitaceae

Clavicipitaceae comprise a morphologically and ecolog-
ically diverse group of fungi. Robust phylogenetic hypoth-
eses of the family are essential to assess its biodiversity and
to gain insight into the dynamic evolution of its ecology
(e.g., host affiliation). Identifying and understanding the
localized conflict in the mtATP6 partition enabled us to
confidently construct a well-resolved hypothesis for the
higher relationships of Clavicipitaceae. One recent simula-
tion study (Kolaczkowski and Thorton, 2004) demon-
strated that if a data set comprises heterogeneous
partitions, the phylogenetic estimate from parsimony anal-
yses is more robust than that from Bayesian analyses. Both
the insensitivity of the B-MCMCMC posterior probabili-
ties to the localized conflict of mtATP6 and the pattern
of well-supported conflicting terminal nodes observed in
our study were consistent with this finding. Therefore, the
topologies with strong bootstrap support were used in con-
structing the working phylogenetic hypotheses for Clavici-
pitaceae and posterior probabilities from Bayesian analyses
were used as a supplementary measure of support. In inter-
preting nodal support and proposing a working hypothesis
for the phylogeny of Clavicipitaceae, we chose nodes with
the highest bootstrap support and posterior probability
between the 6- and 7-gene analyses in both the 91- and
66-taxon data sets as the most plausible hypothesis of phy-
logenetic relationships.

Our results agree with a previous multi-gene phyloge-
netic study (Castlebury et al., 2004) in supporting the
monophyly of other families in Hypocreales (Bionectria-
ceae, BP = 100%, PP = 1.00; Nectriaceae, BP = 96%,
hylogeny of Clavicipitaceae (Ascomycota, Fungi): ..., Mol. Phy-
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PP = 1.00; Hypocreaceae, BP = 100%, PP = 1.00) and
additional taxon sampling within Clavicipitaceae did not
affect the monophyletic relationships of these three fami-
lies. The placements of Nectriaceae and Bionectriaceae
with respect to Clavicipitaceae and Hypocreaceae also
agreed with previous phylogenetic results (Castlebury
et al., 2004). Our results, however, rejected the monophyly
of Clavicipitaceae due to the sister-group relationship
(BP = 74%, PP = 1.00) of Hypocreaceae and Clavicipita-
ceae clade C (Figs. 2–4). Therefore, the support for mono-
phyly of Clavicipitaceae in Castlebury et al. (2004)
arguably results from their limited taxon sampling espe-
cially with respect to Clavicipitaceae in general and specif-
ically with Clavicipitaceae clade C.

Clavicipitaceae has long been recognized based on the
diagnostic characters of long cylindrical asci, a thickened
ascus apex, and filiform ascospores that often break into
part-spores at maturity (Diehl, 1950; Hywel-Jones, 2002;
Rogerson, 1970; Spatafora and Blackwell, 1993). Species
of Hypocreaceae also possess long cylindrical asci and
ascospores that break into part-spores, but they differ from
the species of Clavicipitaceae in a less pronounced ascus
apex and ovoid to ellipsoidal ascospores (Rossman et al.,
1999). These results suggest that the diagnostic characters
historically used to recognize Clavicipitaceae (e.g., long
cylindrical asci with pronounced apices and filiform
ascospores) are symplesiomorphic. Furthermore, the ovoid
to ellipsoidal ascospores of Hypocreaceae (Rossman et al.,
1999) are synapomorphies inherited from the common
ancestor of the family, i.e., node 3.

Our results reject the monophyly of Clavicipitaceae and
indicate that it comprises three strongly supported
(BP = 100%, PP = 1.00) clades. Clavicipitaceae clade A
consists of four strongly supported subclades, but their
interrelationships are not well supported. Subclade A1
(BP = 99%, PP = 1.00) includes one asexual species, Verti-

cillium epiphytum, and the grass symbionts (e.g., Claviceps,
Balansia, and Epichloë) of subfamily Clavicipitoideae.
Subclade A2 (BP = 95%, PP = 1.00) comprises members
of subfamily Oomycetoideae that includes the genus
Hypocrella (asexual genus Aschersonia),with species which
are pathogens of scale insects and white flies. Subclade
A3 (BP = 98%, PP = 1.00) includes two species of Cordy-

ceps and members of the asexual genera Pochonia, Meta-

rhizium, and Rotiferophthora while the subclade A4
contains only one species, Shimizuomyces paradoxus, which
fruits on seeds of the flowering plant Smilax.

Clavicipitaceae clade B contains three major subclades
that all include members of Cordyceps and several closely
related asexual genera (e.g., Hirsutella, Haptocillium, and
Hymenostilbe). Subclade B1 (BP = 100%, PP = 1.00) con-
tains species of Cordyceps (e.g., C. ophioglossoides) that
parasitize the fungal truffle genus Elaphomyces and
wood-inhabiting scarabaied (Coleoptera) larvae (e.g., C.
subsessilis). Subclade B2 (BP = 100%, PP = 1.00) contains
one species of Cordyceps (e.g., C. gunnii infecting Lepidop-
tera) and three species of the asexual genus Haptocillium,
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which are pathogens of free-living nematodes. Subclade
B3 (BP = 99%, PP = 1.00) consists of members of Cordy-

ceps and the asexual genera of Hirsutella and Hym-

enostilbe. Clavicipitaceae clade C consists of two major
subclades. Subclade C1 is a strongly supported asexual
lineage (BP = 100%, PP = 1.00), which includes three spe-
cies of the asexual genus Simplicillium. These asexual taxa
are primarily isolated as parasites of fungi and are not
linked to any sexually reproducing species of Clavicipita-
ceae. Subclade C2 (BP = 75%, PP = 1.00) includes the
members of genera Cordyceps and Torrubiella as well as
several members of asexual genera (e.g., Beauveria, Isaria,
and Lecanicillium) with known links to Cordyceps and
Torrubiella.

The three clavicipitaceous clades in the present study not
only reject the monophyly of Clavicipitaceae, but they are
also inconsistent with the recognition of the subfamilies
Clavicipitoideae, Cordycipitoideae and Oomycetoideae
(Fig. 2). Species of the subfamily Clavicipitoideae (e.g.,
Claviceps, Balansia, and Epichloë) form subclade A1 within
Clavicipitaceae clade A, which also includes species of the
subfamily Oomycetoideae (e.g., Hypocrella), subclade A2.
On the other hand, species of the subfamily Cordycipitoi-
deae (e.g., Cordyceps and Torrubiella) belong to all three
clavicipitaceous clades, indicating that both Cordyceps

and Cordycipitoideae are not monophyletic (Fig. 2). These
results point to the need for significant taxonomic revisions
of the clavicipitaceous fungi at numerous taxonomic ranks
ranging from familial to generic.

5. Conclusion

The phylogenetic analyses presented here provide a
robust hypothesis for the higher-level relationships within
Clavicipitaceae and Hypocreales. We demonstrated that
identifying the localized conflict in mtATP6 gene partition
improves the phylogenetic estimates of the relationships,
but that complete exclusion of this gene partition is not
without cost for other nodes. These analyses revealed that
Clavicipitaceae is paraphyletic and comprises three statisti-
cally well-supported groups (Fig. 2). The paraphyly of Cla-
vicipitaceae here is defined by the monophyly of
Hypocreaceae and Clavicipitaceae clade C (node 9 in
Fig. 2). The mtATP6 partition is in conflict with this rela-
tionship (Fig. 1), which is strongly supported by the RPB1

gene partition (Fig. 6). Although most of the higher-level
relationships are not sensitive to taxon sampling (91-taxon
vs. 66-taxon), the sister-group relationship of Clavicipita-
ceae clade A and B (node 10 in Figs. 2 and 5; Table 4) is
only supported in the 91-taxon analyses. These results indi-
cate that while increased character sampling generally
increases nodal support, taxon sampling can be more
important for particular nodes (e.g., node 10). Our results
also showed that multi-gene phylogenies produced by
heterogeneous data sets are advantageous in resolving
higher relationships by combining the complementary
support for different nodes from different gene partitions.
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Therefore, unequivocal exclusion of a gene partition due to
localized incongruence is not advantageous in inferring a
robust phylogenetic hypothesis for Clavicipitaceae and
Hypocreales.
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