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ABSTRACT

Motivation: Phylogenomics integrates the vast amount of phyloge-
netic information contained in complete genome sequences, and is
rapidly becoming the standard for inferring reliable species phylog-
enies. There are however fundamental differences between the
ways in which phylogenomic approaches like gene content, super-
alignment, superdistance and supertree integrate the phylogenetic
information from separate orthologous groups. Furthermore, they all
depend on the method by which the orthologous groups are initially
determined. Here, we systematically compare these four phyloge-
nomic approaches, in parallel with three approaches for large-scale
orthology determination: pairwise orthology, cluster orthology and
tree-based orthology.

Results: Including various phylogenetic methods, we apply a total of
54 fully automated phylogenomic procedures to the Fungi, the eu-
karyotic clade with the largest number of sequenced genomes, for
which we retrieved a golden standard phylogeny from the literature.
Phylogenomic trees based on gene content show, relative to the
other methods, a bias in the tree topology that parallels convergence
in life style among the species compared, indicating convergence in
gene content.

Conclusions: Complete genomes are no warrant for good, or even
consistent phylogenies. However, the large amounts of data in ge-
nomes enable us to carefully select the data most suitable for phy-
logenomic inference. In terms of performance, the superalignment
approach, combined with restrictive orthology, is the most success-
ful in recovering a fungal phylogeny that agrees with current taxo-
nomic views, and allows us to obtain a high resolution phylogeny.
We provide solid support for what has grown to be common practice
in phylogenomics during its advance in recent years.

Contact: dutilh@cmbi.ru.nl

1 INTRODUCTION

Phylogenomics, i.e., using entire genomes to infer a species tree,
has become the de facto standard for reconstructing reliable phy-
logenies (Ciccarelli, et al., 2006; Daubin, et al., 2002). Whereas
phylogenetic trees, i.e., based on single gene families, may show
conflict (Teichmann and Mitchison, 1999) due to a variety of
causes, phylogenomic trees have held the promise that they can
average out these anomalies by the sheer power of genome-scale
data. As it is based on the maximum genetic information, a phy-
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logenomic tree should be the best reflection of the evolutionary
history of the species, assuming this history is tree-like (Doolittle,
1999; Ge, et al., 2005). Although there are discordant processes at
the level of gene repertoires, such as horizontal gene transfer
(Doolittle, 1999) or differences in the rates of evolution and gene
loss between paralogs in different species (Daubin, et al., 2003),
these have been shown to add noise rather than a directional bias
(Dutilh, et al., 2004). However, this does not mean that phyloge-
nomics is the end of all conflict in species trees (Jeffroy, et al.,
2006): there are many ways to integrate the information from the
different gene families to form a single species phylogeny.

1.1  Phylogenomics

In taxonomy, the term phylogenomics indicates the construction of
a phylogeny on the basis of complete genome data. We can con-
sider this type of phylogenomics as parallel phylogenetics over all
gene families, combined with a synthesis step. This step from phy-
logenetics to phylogenomics integrates the phylogenetic informa-
tion from the different gene families to form a single species phy-
logeny, and can be taken at successive levels in the process. As a
guide line, we classify phylogenomic methods by the level where
the step from phylogenetics to phylogenomics is made (Fig. 1).
Here, we compare these four qualitatively different phylogenomic
approaches.

For sequence-based phylogenomic methods, the first step is to
make multiple alignments for every orthologous group (OG)
(Delsuc, et al., 2005). In the superalignment approach, the phy-
logenetic information is then combined by concatenating the mul-
tiple alignments to form a superalignment. Subsequently, conven-
tional phylogenetic inference methods can be used to transform the
alignment into a phylogeny. Superdistance trees continue the path
of phylogenetics by first calculating distance matrices for all gene
families. The phylogenomic distance between two species is then
defined as the average distance between all the shared gene fami-
lies (Kunin, et al., 2005). Finally, the supertree approach (Bininda-
Emonds, 2004; Daubin, et al., 2002) takes the step from phyloge-
netics to phylogenomics at the very end. After phylogenetic trees
have been composed for all gene families, an integration step com-
bines the multiple gene family trees to form a single phylogenomic
tree.

Of the methods based on whole-genome features (Delsuc, et al.,
2005) we only consider gene content here, as gene order in the
Fungi evolves too fast to retain a phylogenetic signal (Huynen, et
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al., 2001). Gene content takes the step from phylogenetics to phy-
logenomics right after the definition of the OGs (Fig. 1). Species
are regarded as "bags of genes", and sequence information is only
used to determine the OGs. To infer a phylogenomic tree from
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gene content data, a binary character matrix indicating the presence
or absence of the OGs in all species can be treated in the same way
as a multiple sequence alignment.

Fig. 1. Making phylogenomic trees. Before starting tree inference, OGs are
defined (top row). Phylogenomics follows the steps of phylogenetics, from
multiple alignment through distance, likelihood or parsimony to the recon-
struction of a phylogeny. Integrating separate phylogenetics for each gene
family (gray boxes) to phylogenomics (white boxes) can be done at every
one of these steps. This defines the phylogenomic approach: gene content
(after OG definition), superalignment (after multiple alignment), su-
perdistance (after distance calculation) or supertree (after reconstruction of
gene family trees). The phylogenomic trees we reconstructed are listed at
the bottom, the number between square brackets indicates the number of
target nodes that the tree recovered correctly.

1.2  Orthology

The initial step in every phylogenomic approach is to determine
which genes are to be compared between species (top row in Fig.
1). We compare the performance of three types of orthology defini-
tion: pairwise orthology, cluster orthology, and tree-based orthol-
ogy. The first two methods use sequence similarity scores to define
orthologous groups of genes. Pairwise orthology is defined be-
tween only two species (e.g. bi-directional best hits or Inparanoid
(Remm, et al., 2001)), and cluster orthology (e.g. Clusters of
Orthologous Groups (Tatusov, et al., 1997)) is the natural exten-
sion of pairwise orthology to more than two species. Tree-based
orthology comes closest to the original phylogenetic definition of
orthology (Fitch, 1970). Rather than using only the sequence simi-
larity scores, it analyses a phylogenetic tree of a homologous group
of genes to obtain orthologous relations (van der Heijden, et al.,
submitted). Note that although tree-based orthology is an ideal
approach to determine orthology at scalable levels of resolution, it
needs to be operationalized: OGs have to be determined from the
trees separately for each pair of species. The superalignment and
supertree approaches, that consider a large set of species simulta-

neously, can not deal with pairwise orthology or operationalized
tree-based orthology (see "Methods" and supp. mat.).

1.3 Fungal phylogeny

To compare the performance of phylogenomic approaches, some
kind of golden standard phylogeny is imperative. We chose here to
benchmark the phylogenomic methods using a phylogeny of real
species. The alternative, to work with simulated evolutionary data
(Hillis, et al., 1994), would require the simulation of the evolution
of complete genomes for which we lack the models and parame-
ters. Prima facie, an approach that uses a known phylogeny ap-
pears to exclude the possibility for any improvements. However,
due to ambiguities in the literature our golden standard phylogeny
is not completely resolved. We expect that properly derived com-
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the species analyzed here, and for other (partly) unresolved clades
in future analyses.

Fig. 2. Target phylogeny. Labeled nodes are supported by literature. Unre-
solved issues are indicated by multifurcating nodes (bold lines). The num-
bers at every node indicate the number of the trees in each of the phyloge-
nomic approaches that recovered this node correctly. See supp. mat. for
references that support this tree.

The Fungi are the eukaryotic clade with the most sequenced ge-
nomes. Saccharomyces cerevisiae has been a model organism for
decades, and in this era of comparative genomics much work has
focused on sequencing the genomes of more or less closely related
species (Cliften, et al., 2003; Dujon, et al., 2004; Kellis, et al.,
2003). In total, 26 completely sequenced fungal genomes were
available in public databases at the start of this study (September
2005): 22 Ascomycota, 3 Basidiomycota and the Microsporidium
Encephalitozoon cuniculi (see Fig. 2 and Table 1). We included
E. cuniculi as an outgroup because this was the most closely re-
lated complete genome to the Fungi (Thomarat, et al., 2004;
Vivares, et al., 2002), and Rhizopus oryzae was not available yet.

The fungal kingdom has been extensively studied by phyloge-
neticists. Traditional phenotypic methods (e.g. reviewed in
(Guarro, et al., 1999)), molecular phylogenetic analyses based on
rRNA (Fell, et al., 2000; Lopandic, et al., 2005; Lutzoni, et al.,
2004; Scorzetti, et al., 2002; Tehler, et al., 2003) or small numbers
of other proteins (Diezmann, et al., 2004; James, et al., 2006; Kou-
velis, et al., 2004; Kurtzman, 2003), as well as some large scale
studies (Jeffroy, et al., 2006; Kuramae, et al., 2006; Robbertse, et
al., 2006; Rokas, et al., 2003; Thomarat, et al., 2004) have helped
resolve many of the phylogenetic relationships in the fungal king-
dom. Based on the available literature (Berbee, et al., 2000; Del-
suc, et al., 2005; Diezmann, et al., 2004; Jeffroy, et al., 2006;
Jones, et al., 2004; Kouvelis, et al., 2004; Kuramae, et al., 2006;
Kurtzman, 2003; Lopandic, et al., 2005; Lutzoni, et al., 2004; Me-
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dina, 2005; Prillinger, et al., 2002; Robbertse, et al., 2006; Tehler,
et al., 2003; Thomarat, et al., 2004), we composed a true fungal
phylogeny (Fig. 2) that we use as a benchmark.

Table 1. The organisms included in this research.

Species name Genes Reference

Ago Ashbya gossypii (Eremothecium) 4,720 (Dietrich, et al., 2004)
Afu  Aspergillus fumigatus 9,926 (Nierman, et al., 2005)
Ani  Aspergillus nidulans 9,541 (Galagan, et al., 2005)
Cal Candida albicans 11,904 (Jones, et al., 2004)

Cgl Candida glabrata 5,272 (Dujon, et al., 2004)
Cne Cryptococcus neoformans 5,882 (Loftus, et al., 2005)
Dha Debaryomyces hansenii 6,896 (Dujon, et al., 2004)

Ecu Encephalitozoon cuniculi 1,918 (Katinka, et al., 2001)
Fgr  Fusarium graminearum 11,640 (http://www.broad.mit.edu)
Kla Kluyveromyces lactis 5,331 (Dujon, et al., 2004)
Kwa Kluyveromyces waltii 5,230 (Kellis, et al., 2004)
Mgr Magnaporthe grisea 11,109 (Dean, et al., 2005)

Ncr  Neurospora crassa 10,620 (Galagan, et al., 2003)
Pch  Phanerochaete chrysosporium 11,777 (Martinez, et al., 2004)
Sha Saccharomyces bayanus 4,966 (Kellis, et al., 2003)

Sca  Saccharomyces castellii 4,690 (Cliften, et al., 2003)
Sce  Saccharomyces cerevisiae 6,702 (Goffeau, et al., 1996)
Skl Saccharomyces kluyveri 2,992 (Cliften, et al., 2003)
Sku  Saccharomyces kudriavzevii 3,813 (Cliften, et al., 2003)
Smi  Saccharomyces mikatae 3,100 (Kellis, etal., 2003)

Spa Saccharomyces paradoxus 8,955 (Kellis, et al., 2003)

Spo  Schizosaccharomyces pombe 4,990 (Wood, et al., 2002)

Sno  Stagonospora nodorum 16,597 (http://www.broad.mit.edu)
Tre  Trichoderma reesei 9,997 (http://www.jgi.doe.gov)
Uma Ustilago maydis 6,522 (Kamper, et al., 2006)
Yli  Yarrowia lipolytica 6,666 (Dujon, et al., 2004)

1.4  This study

Here, we compare the four phylogenomic and the three orthology
approaches presented above (Fig. 2) in parallel, assessing their
ability to infer the 19 target nodes derived from the literature. As
many different methods and algorithms exist for most of these
approaches, we include several implementations in order to buffer
our findings from possible biases in the individual methods. Thus,
we compose a total of 54 phylogenomic trees of the 26 complete
fungal genomes, using completely automated methods.

2 METHODS

2.1  Orthology

Sequences were downloaded from the respective fungal sequencing pro-
jects (see Table 1). We compare the performance of three types of orthol-
ogy definition: pairwise orthology, cluster orthology, and tree-based
orthology. Using Inparanoid (Remm, et al., 2001), we detected 1,025,849
pairwise “InparanOGs". For cluster orthology we used a method based on
COG (Tatusov, et al., 1997), yielding 8,044 triangle based "triOGs" and
10,754 pair based "duOGs". For specific purposes (supp. mat.), we com-
posed subsets of OGs without paralogs (8,722 unambiguous duOGs and
6,488 unambiguous triOGs) and OGs that occur exactly once in every
species (64 pan-duOGs and 59 pan-triOGs). To compose tree-based orthol-
ogy, phylogenetic trees were analyzed with LOFT (van der Heijden, et al.,
submitted). LOFT does not impose a phylogeny on the data, but assigns
orthology relations based on the species overlap between the branches of a
phylogenetic tree. Because tree-based orthology yields levels of orthology,
it needs to be operationalized between species pairs. We identified 858,622

distance tree-duOGs, 820,007 distance tree-triOGs, 856,363 likelihood
tree-duOGs and 822,570 likelihood tree-triOGs. Further details about the
orthology approaches can be found in the supp. mat. Orthology predictions
are available at www.cmbi.ru.nl/~dutilh/phylogenomics.

2.2 Phylogenomics

Phylogenomic trees based on gene content were calculated from presence-
absence profiles using either distance (Dutilh, et al., 2004; Korbel, et al.,
2002) or parsimony (Farris, 1977; Felsenstein, 1989). In the distance ap-
proach, we corrected for genome size, because distantly related species
with large genomes may share more genes than closer related species with
small genomes (supp. mat.). For the superalignment approach, Muscle
multiple alignments (Edgar, 2004) of either unambiguous cluster OGs or
pan-OGs were concatenated to form a superalignment. Unambiguous OGs
that are absent from certain species were coded with question marks, and
form gaps in the alignment (Philippe, et al., 2004). In some superalignment
trees, we analysed the effect of selecting unambiguously aligned amino
acids by using GBlocks (Castresana, 2000). We used either distance or
maximum likelihood approaches to reconstruct the superalignment trees.
The superdistance trees were calculated from superdistance matrices, based
on the average distance over all OGs that are shared between the two spe-
cies. We analysed the effect of correcting for rapidly evolving OGs by
using SDM* (Criscuolo, et al., 2006). Supertrees were composed of dis-
tance or maximum likelihood gene family trees. To integrate the different
phylogenetic trees into a phylogenomic supertree, we used either the major-
ity rule from Consense (Felsenstein, 1989), or CLANN (Creevey and
Mclnerney, 2005). For further details see the supp. mat., all the trees are
available at www.cmbi.ru.nl/~dutilh/phylogenomics.

2.3 Scoring the reconstructed trees

To score the reconstructed phylogenomic trees, we use the target phylog-
eny in Fig. 2. A phylogeny receives one point for each of the resolved
partitions that is correctly retrieved, so a maximum of 19 points can be
obtained. Note that, for example, the node "Yli primitive in Hemiascomy-
cetes" refers to the (Ago, Cal, Cgl, Dha, Kla, Kwa, Sha, Sca, Sce, Skl, Sku,
Smi, Spa) branch (see Fig. 2). This means that this node can contribute a
point for a certain tree, even if the Hemiascomycetes are not monophyletic
in that tree, for example if Y. lipolytica clusters with Sch. pombe. In that
case, however, it will not receive a point for the "Hemiascomycetes" node.

3 RESULTS

We present a systematic comparison of two important factors in
phylogenomic inference: the orthology approach and the level of
integration of phylogenetic information to a genomic scale. We use
various implementations for each of these approaches, such as the
inclusive pair-based or the more restrictive triangle-based cluster
OGs; and distance, maximum likelihood or parsimony for the re-
construction of the tree (Fig. 1 and supp. mat.). Thus, we automati-
cally construct 54 phylogenies from the available genome data of
26 Fungi. To assess the performance of the phylogenomic meth-
ods, we compare the nodes in the reconstructed trees to the 19
resolved nodes of a partly unresolved golden standard phylogeny
based on extensive literature research (Fig. 2 and supp. mat.). All
of the canonical phylogenomic methods that we tested perform
remarkably well at reconstructing the known fungal phylogeny.
The phylogenomic trees in the three sequence-based approaches
(superalignment, superdistance and supertree) recovered at least 16
out of the 19 target nodes. This constitutes a major distinction with
the gene content trees, that performed much less well: even the
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best methods recovered no more than 13 nodes. All the phyloge-
nomic trees can be found in the supp. mat.

3.1 Collapsing recent duplications to gain data

We included two types of cluster orthology: the inclusive pair-
based "duOGs", and the more restrictive triangle based "triOGs"
(see "Methods"). A subset of these cluster OGs are the unambigu-
ous OGs, that occur no more than once in every species. Even
more constrained are the pan-orthologs, that are both unambiguous
and universal, occurring exactly once in every species. We de-
tected 8,722 unambiguous duOGs, 6,488 unambiguous triOGs, 64
pan-duOGs and 59 pan-triOGs in the Fungi. This result depends on
collapsing the recent duplications, as identified from the phylogen-
ies by LOFT (van der Heijden, et al., submitted), before selecting
the unambiguous OGs from the cluster OGs (see supp. mat.).
Without collapsing recent duplications, we retrieved no more than
4,421 unambiguous duOGs, 4,887 unambiguous triOGs, 13 pan-
duOGs and 13 pan-triOGs. This difference (an average of 42%)
illustrates the necessity to filter out species-specific gene expan-
sions and systematic errors, such as the diploid genome assembly
of Can. albicans (Jones, et al., 2004), to increase the number of
genes that can be considered.

3.2  Orthology approaches

An orthology definition that considers a recent last common ances-
tor will have a higher resolution than one that considers a more
ancient common ancestor. Thus, pairwise orthology and tree-based
orthology should, in principle, obtain a higher resolution than clus-
ter orthology, that includes in a single OG all gene duplications
since the last common ancestor of all the species compared. How-
ever, pairwise orthology incorporates information from only two
species, and may miss genes that cluster orthology and tree-based
orthology can identify. We expected tree-based orthology, that
includes sequence information from many different species, while
allowing a high-resolution view where necessary, to combine the
advantages from pairwise and cluster orthology. However, al-
though the orthology definition does turn out to be an important
factor in the quality of a phylogenomic tree, the highest scoring
trees were based on either unambiguous cluster OGs (duOGs and
triOGs) or pan-triOGs, rather than tree-based OGs.

It is striking that although there is a large overlap between the 64
pan-duOGs and 59 pan-triOGs (56 OGs are identical), the pan-
triOGs give better trees in both the superalignment and the super-
tree approach. However, the choice for one of these orthology
definitions is no warrant for a good phylogeny. Both the unambi-
guous cluster OGs and the pan-triOGs also produced relatively
low-scoring trees in every phylogenomic approach (Fig. 1).

3.3 Superalignment trees and supertrees can recover
all target nodes

Superalignment can be considered the most successful phyloge-
nomic approach: four of the 14 superalignment trees correctly infer
all 19 target nodes (see Fig. 1). The most difficult to recover as a
monophyletic group are the Ascomycota (although not for the trees
constructed with maximum likelihood) and the (Mgr, Ncr) node
(Fig. 2). In those superalignment trees that did not group M. grisea
with N. crassa, neither of these species was preferentially found at
the root of the Sordariomycetes.

Selecting the unambiguously aligned positions of the super-
alignment using GBlocks (Castresana, 2000) made it computation-

ally possible to include more unambiguous OGs (supp. mat.),
which led the unambiguous duOGs to match the results of the un-
ambiguous triOGs (Fig. 1). However, the decrease in the number
of aligned positions that GBlocks brought about in the pan-triOGs,
resulted in a sub-optimal tree (Fig. 1). It appears that it is not sim-
ply the selection of unambiguously aligned positions, but rather the
increase in the amount of high quality data that leads to a better
phylogeny. To further test this, we composed Consense supertrees
from an increasing number of phylogenetic distance trees of the
most restrictive OG set, the 59 pan-triOGs. Interestingly, no two
single gene trees were identical, and none was identical to the tar-
get: on average, they recover only 11.5 nodes. Yet when we com-
bine at least 30-40 phylogenetic trees to a supertree, we already
recover the external golden standard (Figure 3 in the supp. mat.).
Three of the 12 phylogenomic trees inferred using the supertree
approach correctly recover all 19 target nodes. The Consense su-
pertree based on phylogenetic distance trees from pan-triOGs is
identical to the four highest scoring superalignment trees (Fig. 3a),
but differs slightly from the equally high-scoring Clann supertrees
based on phylogenetic maximum likelihood trees from both duOGs
and triOGs (supp. mat.). This is possible because of the unresolved
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nodes in the target phylogeny. Note that superdistance and gene
content trees never retrieve all 19 target nodes.

Fig. 3. Phylogenomic trees. a) One of the two highest scoring fungal to-
pologies. This topology was recovered by four superalignment trees and
one supertree. A ML tree based on a superalignment of pan-triOGs, a ML
tree based on a GBlocks-filtered superalignment of unambiguous duOGs
(present in >24 species, 132,409 positions; this is the tree displayed, only
bootstrap values <100% are indicated) or triOGs (present in >24 species), a
distance tree based on a superalignment of pan-triOGs, and a Consense
supertree based on phylogenetic distance trees of pan-triOGs. b) Gene
content tree. Bio-NJ distance tree based on the InparanOG gene content
distance between two species (see "Methods" and supp. mat.). Like the
other gene content trees, this tree indicates convergence in gene content of
species with similar life styles.

3.4  Gene content trees have a phenotypic bias

Compared to the other phylogenomic methods, the gene content
trees perform relatively poorly at recovering the required target
nodes: on average, they only recover 10.38 nodes. Several numbers
stand out in Fig. 2. While almost all the other trees group the Hy-
menomycetes, (Sce, Smi, Spa) and (Ago, Kla, Kwa, Skl) together,
none of the gene content trees recover these nodes. The distance
based gene content trees also fail to retrieve the Ascomycota as a
monophyletic group, although this proves to be a problem for most
superdistance trees as well. Interestingly, we find that part of the
explanation for these biases can be found in the lifestyle of the
Fungi (Fig. 3b). Although Sch. pombe shares relatively many genes
with the Basidiomycota (supp. mat.), and might thus be expected
to cluster at the root of the Ascomycota, the main dichotomy we
find within the gene content tree of the Fungi is between the yeasts
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on the one hand, and the filamentous fungi on the other. The di-
morphic fungi, Sch. pombe, Y. lipolytica and in some cases
Can. albicans as well, are more or less placed in between these two
branches. The filamentous P. chrysosporium is drawn closer to the
filamentous Euascomycetes within the Basidiomycota, breaking up
the Hymenomyecetes, and leaving the dimorphic Cry. neoformans
and U. maydis as the more derived Basidiomycota in most trees.
The filamentous Ash. gossypii stays close to its relatives, K. lactis
and K. waltii, but the (Ago, Kla, Kwa, Skl) branch is never intact
in the gene content trees: Sac. kluyveri is often at the root of this
cluster. This may be a remnant genome size effect, as Sac. kluyveri
is a very incompletely sequenced genome. To investigate the effect
of the small outgroup E. cuniculi on the position of Sac. kluyveri,
we removed E. cuniculi from the data set and recomposed the Bio-
NJ distance tree based on the InparanOG gene content distance
(Fig. 3b). The position of Sac. kluyveri did not alter (not shown).

This strong phenotypic effect does not explain the inability of
gene conent to reproduce the target branching order in the Sac-
charomyces sensu stricto branch. In part, this may be explained by
the fact that the genome sequences of Sac. bayanus,
Sac. kudriavzevii and Sac. mikatae only covered 85 to 95%
(Cliften, et al., 2003). Another issue that may specifically hinder
the correct inference of the Saccharomyces sensu stricto branching
order are differential gene losses following the complete genome
duplication or alloploid genome fusion in these species (Langkjaer,
et al., 2003; Scannell, et al., 2006; Wolfe and Shields, 1997). Due
to the large number of redundant genes that resulted from this
event, and the differential processes of gene loss that followed in
the descendant lineages, a patchwork of overlapping gene reper-
toires will have been the result. Although such gene losses should
not be in conflict with the evolutionary signal, it may be part of the
reason that the gene content approaches were confounded, result-
ing in the deviations from the target phylogeny within the Sac-
charomyces sensu stricto clade.

3.5  Suggestions for the unresolved nodes in the fungal
taxonomy

The target nodes we selected from the literature were recovered in
most of our phylogenomic trees (Fig. 2). This high recovery rate
supports our perhaps subjective golden standard phylogeny. In
addition we were faced with three nodes that remained ambiguous
in our review of the literature (supp. mat.): the internal resolution
of the (Ago, Kla, Kwa, Skl) partition; the most primitive clade in
the Euascomycetes; and the most primitive clade in the Ascomy-
cota (bold lines in Fig. 2). In Table 2, we have scored the support
for each of the possible branching orders in these unresolved nodes
over the four phylogenomic approaches. Based on our phyloge-
nomic data, we can make some careful conclusions about the is-
sues that remained unresolved in the fungal phylogeny thus far.

In virtually all phylogenomic trees reconstructed in the current
research, Ash. gossypii and K. lactis are sister species in the (Ago,
Kla, Kwa, Skl) branch. In fact the literature references that reject
this hypothesis do so with low support (Diezmann, et al., 2004;
Kurtzman, 2003), while the references that support it present well
supported nodes (Jeffroy, et al., 2006; Kuramae, et al., 2006;
Tehler, et al., 2003). All the phylogenomic approaches support a
clustering of K. waltii and Sac. kluyveri, except for the gene con-
tent trees. This suggests that the correct phylogeny is ((Ago, Kla),

(Kwa, SkI)), as we also found in the high-scoring phylogenomic
tree in Fig. 3a.

Table 2. Support among the trees in each of the phylogenomic approaches
for the different possible branchings in the unresolved nodes of the fungal
taxonomy.
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Our phylogenomic trees are also quite consistent regarding
which clade should be placed at an ancestral position in the
Euascomycetes (blue bold line in Fig. 2). Except for two of the
superdistance trees, all sequence-based trees agree that
Sta. nodorum groups with the Eurotiomycetes, and the Sordario-
mycetes are ancestral (Table 2). This is largely supported by the
literature (Lopandic, et al., 2005; Robbertse, et al., 2006; Tehler, et
al., 2003), while the only contradictory references contain other
Pleosporales or Dothideomycetes, but not the species Sta. nodorum
itself. Strikingly, the Sta. nodorum node is the single ill-supported
node in a recent analysis of Ascomycota (Robbertse, et al., 2006).

The solution to the third unresolved issue, that of which is the
most primitive of the three Ascomycotal clades (black bold line in
Fig. 2), is less evident than the two above. The initial hypothesis
was that Sch. pombe would be the first to branch off the Ascomy-
cotal lineage (hence the name Archiascomycetes), which is also
supported by most, but not all, literature references (supp. mat.). In
all but two of the gene content trees the Euascomycetes are the
most primitive Ascomycota, even though Sch. pombe clearly
shares more genes with the Basidiomycota than do the other As-
comyecota (supp. mat.). Conversely, the superalignment trees con-
fidently provide the Archiascomycetes with this label, and the
superdistance trees and the supertrees are inconclusive. As the
superalignment trees have correctly recovered most of the other
nodes as well, we conclude that their placement of the Archiasco-
mycetes as the most primitively branching ascomycotic clade is the
most reliable. Thus, the topology depicted in Fig. 3a is our final
suggestion for the fungal phylogeny.

4 CONCLUDING REMARKS

We have systematically compared four phylogenomic approaches
in parallel with three orthology definitions that define OGs at dif-
ferent levels of resolution. Using various algorithms and tree build-
ing methods, we composed a total of 54 fully automated phyloge-
nomic trees. The main dichotomy in the topologies of the recon-
structed trees is that between trees reconstructed using a sequence-
based method, and trees reconstructed using gene content data
(Fig. 4). The phylogenomic trees that best reproduced the target
phylogeny can be found among the superalignment trees and the
supertrees, using either unambiguous cluster OGs or pan-triOGs.
However, although these approaches can yield trees that are com-
pletely consistent with the current opinions on the fungal phylog-
eny, they are not a guarantee for a successful phylogenomic tree.
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Fig. 4. Similarity between the phylogenomic trees composed in this re-
search, ordered based on a) the phylogenomic approach and b) the orthol-
ogy approach. As superalignment trees and supertrees can not use pairwise
or tree-based orthology, these approaches are excluded from figure b. The
small numbers in the matrices are the number of partitions shared between
each pair of trees. These numbers are color coded: green (max. 23) indi-
cates many shared partitions, red indicates few shared partitions in the tree.
The large numbers are the average number of shared partitions between all
trees in the four main phylogenomic approaches.

Gene content trees recover relatively few of the target nodes.
This is at least partly due to convergence in the gene repertoires of
Fungi with comparable phenotypes: the evolutionary and pheno-
typic signals are combined in one tree (Snel, et al., 1999). For ex-
ample, we observe that the filamentous Euascomycetes and
P. chrysosporium are drawn closer together, breaking the generally
accepted topology of both the Ascomycota and the Basidiomycota
(e.g. Fig. 2). While prokaryotes from different lineages have previ-
ously been shown to assume convergent gene repertoires in com-
parable ecological niches (Zomorodipour and Andersson, 1999),
this is the first time (to our knowledge) that a parallel between
convergence in gene content and in phenotype has been shown in
Eukaryotes, to the extent that it affects a gene content phylogeny.

This research strongly supports the fungal phylogeny as dis-
played in Fig. 3a. The node that was recovered by the fewest phy-
logenomic trees is the basal position of the Archiascomycetes,
represented by Sch. pombe here, within the Ascomycota. All other
nodes are supported by many of the trees (see Fig. 2 and Table 2).
Although most of these branches are supported by recent literature
(Table 1 in supp. mat.), this research helped provide support for
those cases that were inconclusive (Table 2 and Table 2 in supp.
mat.). What is striking in our phylogenetic findings is that that
several of the fungal groups presented in the Genbank Taxonomy
Database (Wheeler, et al., 2002) should actually be adjusted. For
example, Candida, Kluyveromyces, Saccharomyces and the Sac-
charomycetaceae remain mentioned as clades, while their members
should be regrouped (see also (Diezmann, et al., 2004; Kurtzman,
1998; Kurtzman, 2003; Lopandic, et al., 2005; Prillinger, et al.,
2002; Tehler, et al., 2003)).

Our phylogenomic trees of the Fungi reproduced many of the
clades in accordance with the current taxonomic views. At least for
the Fungi, we confirm a number of standard practices in the current
phylogenomics field, albeit it with small differences relative to the
less well-established approaches such as supertrees. A recent su-
peralignment tree (Ciccarelli, et al., 2006) has been criticised as
being a "tree of one percent" of the genome (Dagan and Martin,

2006). In the current study, we show that methods that are restric-
tive in selecting genes often create a phylogeny that is close to the
golden standard. Apparently, this selection procedure is necessary
to filter out the noise caused by evolutionary processes like gene
duplication and gene loss, even in the absence of horizontal trans-
fer (Andersson, 2005). Complete genomes allow us to do this
automatically and still retain enough genes to construct a reliable
phylogeny. Our results indicate that a (1) maximum likelihood (2)
superalignment tree based on (3) selected well aligned positions of
(4) unambiguous cluster OGs, automatically derived at the level of
resolution most suitable for the group of species considered, will
yield a respectable tree. Maximum likelihood (1), because we find
that distance trees may have trouble with the outgroup we used in
this study; superalignment (2), because on average, this phyloge-
nomic approach recovers the most target nodes; unambiguously
aligned positions (3), because this enables the inclusion of more
high quality data; and finally unambiguous cluster OGs derived at
the level of the taxon of interest (4), because this ensures that you
have the highest resolution possible.
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