
Phylogenomic Analyses Support the Monophyly of Taphrinomycotina, including
Schizosaccharomyces Fission Yeasts

Yu Liu,* Jessica W. Leigh,� Henner Brinkmann,* Melanie T. Cushion,�
Naiara Rodriguez-Ezpeleta,* Hervé Philippe,* and B. Franz Lang*
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Several morphologically dissimilar ascomycete fungi including Schizosaccharomyces, Taphrina, Saitoella, Pneumocystis,
and Neolecta have been grouped into the taxon Taphrinomycotina (Archiascomycota or Archiascomycotina), originally
based on rRNA phylogeny. These analyses lack statistically significant support for the monophyly of this grouping, and
although confirmed by more recent multigene analyses, this topology is contradicted by mitochondrial phylogenies. To
resolve this inconsistency, we have assembled phylogenomic mitochondrial and nuclear data sets from four distantly
related taphrinomycotina taxa: Schizosaccharomyces pombe, Pneumocystis carinii, Saitoella complicata, and Taphrina
deformans. Our phylogenomic analyses based on nuclear data (113 proteins) conclusively support the monophyly of
Taphrinomycotina, diverging as a sister group to Saccharomycotina þ Pezizomycotina. However, despite the im-
proved taxon sampling, Taphrinomycotina continue to be paraphyletic with the mitochondrial data set (13 proteins):
Schizosaccharomyces species associate with budding yeasts (Saccharomycotina) and the other Taphrinomycotina group
as a sister group to Saccharomycotina þ Pezizomycotina. Yet, as Schizosaccharomyces and Saccharomycotina species are
fast evolving, the mitochondrial phylogeny may be influenced by a long-branch attraction (LBA) artifact. After removal of
fast-evolving sequence positions from the mitochondrial data set, we recover the monophyly of Taphrinomycotina. Our
combined results suggest that Taphrinomycotina is a legitimate taxon, that this group of species diverges as a sister group
to Saccharomycotina þ Pezizomycotina, and that phylogenetic positioning of yeasts and fission yeasts with mitochondrial
data is plagued by a strong LBA artifact.

Introduction

Ascomycota are currently subdivided into three
major taxa (Hibbett et al. 2007): Saccharomycotina
(Hemiascomycota; budding yeasts), Pezizomycotina
(Euascomycota; for the most part filamentous fungi, e.g.,
Neurospora), and Taphrinomycotina (Archiascomycota).
The taxon Taphrinomycotina was initially created based
on rRNA phylogeny (Nishida and Sugiyama 1993), re-
grouping diverse fungal species of previously uncertain
taxonomic affiliation: 1) Schizosaccharomyces species (fis-
sion yeasts; previously considered to be highly divergent
members of the budding yeast lineage), 2) Taphrina (sev-
eral fungal plant pathogens), 3) the anamorphic yeast-like
Saitoella, a suspected ascomycete or basidiomycete, and 4)
Neolecta irregularis, a fungus with filamentous cell growth
that forms complex fruiting bodies (unique within this
group of organisms). Yet, the statistical support for this
grouping with rRNA data is well below standards (for de-
tails, see Leigh et al. 2003). Addition of potential taphrino-
mycotina taxa, for instance more Schizosaccharomyces
species or Pneumocystis carinii (a unicellular lung patho-
gen [Edman et al. 1988] that like Schizosaccharomyces di-
vides by binary fission), has not improved the outcome.
Evidently, resolving this question requires substantially
more than just rRNA data.

Several multigene analyses have more recently been
conducted to overcome the apparent problems with infer-
ring fungal relationships. These analyses differ in their
choice of genes. First, data sets with six or fewer nuclear

genes also produce conflicting phylogenies. For instance
in an early overview paper (Baldauf et al. 2000), Schizosac-
charomyces, the only Taphrinomycotina included in this
analysis, groups with Saccharomycotina, although without
significant support. This topology is recovered by a more
recent analysis (Diezmann et al. 2004) but contradicted
by others (James et al. 2006; Liu et al. 2006; Spatafora
et al. 2006; Sugiyama et al. 2006) that find high bootstrap
support for Taphrinomycotina as a monophyletic grouping
as a sister group to Saccharomycotina þ Pezizomycotina.
Yet, rigorous statistical testing (e.g., by applying the ap-
proximate unbiased [AU] test [Shimodaira 2002]) has
not been performed in these cases, and because most
sequence information was obtained by polymerase chain
reaction, less genomic sequence information was available
to exclude potentially misleading gene paralogs. Additional
reasons why analyses with small data sets are more likely
misled by phylogenetic artifacts are discussed elsewhere
(Delsuc, Brinkmann, and Philippe 2005). Finally, in two
of these analyses (James et al. 2006; Spatafora et al.
2006), both rRNA and protein sequences were used in
the same data set, which implies the use of mixed-model
analyses, complicating rigorous statistical AU testing.
The applied Bayesian analyses are known to largely over-
estimate confidence when using real data as these evolve in
much more complex ways than implemented in current
models (Erixon et al. 2003; Taylor and Piel 2004; Mar
et al. 2005). In turn, when applying the AU test to alterna-
tive analyses that are restricted to the nucleotide level, the
risk of error due to compositional bias (rRNA vs. protein
gene sequences) increases.

In phylogenomic analyses that utilize the maximum
amount of discrete sequence data, Schizosaccharomyces
pombe consistently diverges as a sister group to Saccharo-
mycotina þ Pezizomycotina with significant support (e.g.,
Philippe et al. 2004; Fitzpatrick et al. 2006; Robbertse
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et al. 2006; Dutilh et al. 2007). Yet, the question of Taph-
rinomycotina monophyly remains open as genome-size
data sets are not available for other taphrinomycotina lin-
eages. Finally, mitochondrial data sets with 13 proteins
and 3 Schizosaccharomyces species consistently support
a grouping of fission yeasts with Saccharomycotina
(Bullerwell et al. 2003; Leigh et al. 2003). Obviously,
the use of multigene data sets is insufficient to tackle the
given phylogenetic question without paying close attention
to potential phylogenetic artifacts (Delsuc, Brinkmann, and
Philippe 2005). In the analyses of mitochondrial data
(Bullerwell et al. 2003; Leigh et al. 2003), the authors sug-
gest that the grouping of Saccharomycotina and Schizosac-
charomyces may be due to a long-branch attraction (LBA)
artifact, which causes clustering of fast-evolving line-
ages irrespective of their true evolutionary relationships.
A common strategy to overcome this artifact involves
the complete elimination of fast-evolving species; yet in
the mitochondrial data set, all Schizosaccharomyces and
budding yeast species are fast evolving. Other less radical
options include the exclusion of fast-evolving sequence
positions (Brinkmann and Philippe 1999) or the use of more
realistic evolutionary models, for example, the CAT model
(Lartillot et al. 2007). Evidently, such improvements at the
analytical level should be combined with improved taxon
sampling, with particular emphasis on the addition of
slowly evolving species. Finally, congruence with analyses
with alternative data sets (e.g., nuclear vs. mitochondrial) is
an indication that results are accurate.

In the present study, we take advantage of new data
provided by both nuclear and mitochondrial genome
projects for all key taphrinomycotina species except
Neolecta, which unfortunately has not yet been grown in
culture. We compare two large data sets, one with 113
nuclear and another with 13 mitochondrial proteins, and
conclude that Taphrinomycotina is indeed a monophyletic
group diverging as a sister group to Saccharomycotina þ
Pezizomycotina.

Materials and Methods
Construction of cDNA Libraries and Expressed
Sequence Tag Sequencing

Saitoella complicata (NRLL Y-17804) and Taphrina
deformans (NRRL T-857) cDNA libraries were constructed
from strains grown on glycerol medium, following recently
published protocols (Rodriguez-Ezpeleta et al., forthcom-
ing). Plasmids were purified using the QIAprep 96 Turbo
Miniprep Kit (Qiagen, Valencia, CA), sequencing reactions
were performed with the ABI Prism BigDyeTM Termina-
tors version 3.0/3.1 (PerkinElmer, Wellesley, MA), and
a total of 3,840 S. complicata and 3,919 T. deformans ex-
pressed sequence tags (ESTs) were sequenced on an MJ
BaseStation. Trace files were imported into the TBestDB
database (http://tbestdb.bcm.umontreal.ca/searches/login.
php) (O’Brien et al. 2007) for automated processing, in-
cluding assembly as well as automated gene annotation
by AutoFact (Koski et al. 2005). Pneumocystis carinii
sequences were obtained from the Pneumocystis Genome
Project (http://pgp.cchmc.org).

Mitochondrial Sequencing

Saitoella complicata and T. deformans were grown
with vigorous shaking in liquid medium (1% yeast extract
and 3% glycerol). The harvested cells were disrupted by
manual shaking with glass beads, and mitochondrial DNA
(mtDNA) was isolated following a whole cell lysate protocol
(Lang and Burger 2007) and sequenced using a random
procedure (Burger et al. 2007).

Data Set Construction

The nuclear data set was assembled by adding EST
and genomic sequences from GenBank to a previously
published alignment (Rodriguez-Ezpeleta et al. 2007).
Paralogous proteins were identified and removed from
the alignment as described (Roure et al. 2007). Gblocks
(Castresana 2000) (default parameters) was used to extract
unambiguously aligned regions. The inclusion of some
missing data allowed us to add more genes and species.
From originally 174 proteins, 113 were selected to mini-
mize the degree of missing data in phylogenetic analysis.
The final alignment has a total number of 29,387 amino acid
positions and 54 species. The average proportion of missing
data is 25% per species. The proportion of missing data for
each species is listed in supplementary table S1 (Supple-
mentary Material online).

The mitochondrial protein alignment includes our new
T. deformans and S. complicata sequences as well as
sequences retrieved from public data repositories (GenBank
and the Pneumocystis Genome Project). Sequences of
13 mitochondrial proteins (cox1, 2, 3, cob, atp6, 9 and
nad1, 2, 3, 4, 4L, 5, 6) were selected for phylogenetic
analysis. Anapplication developed in-house (mams)was used
for automatic protein alignment with Muscle (Edgar 2004),
removal of ambiguous regions with Gblocks (Castresana
2000), and concatenation. The final data set contains 2,596
aminoacidpositionswith missing dataonly inSchizosacchar-
omyces species and in Saccharomyces cerevisiae (46.2%
missing positions for those species), which both lost
all nad genes, coding for subunits of complex I of the re-
spiratory chain.

Phylogenetic Analysis of the Nuclear Data Set

Phylogenetic analyses were performed at the amino
acid level. The concatenated nuclear protein data sets were
analyzed either by maximum likelihood (ML) or Bayesian
inference (BI) methods. Three ML programs, Treefinder
(Jobb et al. 2004), PhyML (Guindon and Gascuel 2003),
and RAxML (Stamatakis 2006) were used with the Whelan
and Goldman (WAG)þ gamma model with four categories.
IncaseofBI methods, we usedeither MrBayes (Ronquist and
Huelsenbeck 2003; WAG þ gamma model, 500,000 gener-
ations,first100,000generationsremovedasburn-in,analysis
repeated three times with identical results) or PhyloBayes
(version 2) (Lartillot and Philippe 2004; CAT model,
3,000 cycles, first 1,000 cycles removed as burn-in, analysis
repeated three times with identical results). The reliability
of internal branches was either evaluated based on 100
(ML) bootstrap replicates or on posterior probabilities (PPs).
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Likelihood tests of competing tree topologies were
also performed. An exhaustive set of 945 topologies was
generated by constraining trusted internal branches (mono-
phyly of Saccharomycotina, Pezizomycotina, Ascomycota,
Basidiomycota, and the grouping of Zygomycota and
Chytridiomycota), leaving the four Taphrinomycotina un-
constrained within Ascomycota. The sitewise likelihood
values for each topology were estimated using Tree-Puzzle
(Schmidt et al. 2002), and P values for each topology were
calculated with CONSEL (Shimodaira and Hasegawa
2001).

Phylogenetic Analysis of the Mitochondrial Data Set
with the Slow–Fast Method

LBA artifacts may possibly be overcome by elimina-
tion of fast-evolving sequence positions with the slow–fast
(SF) method (Brinkmann and Philippe 1999). Briefly, the
data set is split into monophyletic groups, and the number
of substitutions for each position in each group is esti-
mated using a maximum parsimony criterion with PAUP*
(Swofford 2000). These numbers are summed over all

groups of the data set, providing an estimate of the variabil-
ity for each position. A number of data sets (in the current
analysis, 14) are then constructed with an increasing
fraction of fast-evolving sequence positions.

Trees and bootstrap support (100 replicates) for the
subdata sets were estimated with RAxML, as Treefinder
and PhyML were often trapped in local optima with these
relatively small data sets.

Results
Phylogenetic Analysis of the Nuclear Data Set

Our nuclear data set contains 113 orthologous proteins
(29,387 amino acid positions) from 54 fungal species, in-
cluding 33 Ascomycota and representatives of the three
other major fungal groups (Basidiomycota, Zygomycota,
and Chytridiomycota). In the phylogenetic tree shown in
figure 1, the monophyly of Ascomycota, Saccharomycoti-
na, Pezizomycotina, and Basidiomycota are recovered with
significant support by both ML and BI methods. In addi-
tion, Taphrinomycotina form a significantly supported

FIG. 1.—Phylogeny based on nucleus-encoded protein sequences. This tree was inferred from 113 nucleus-encoded proteins (29,387 amino acid
positions), with three ML (Treefinder, PhyML, and RAxML) and two BI (MrBayes and PhyloBayes) methods, either using the WAG þ Gamma (four
categories) model or the CAT model (PhyloBayes). The PP using MrBayes and PhyloBayes are 1.0 for all branches, except for the one that groups
Taphrina and Saitoella (PP 0.6). Numbers at internal branches represent support values obtained with 100 bootstrap replicates on the concatenated data
set with Treefinder/RAxML/PhyML. When all support values are identical, only one is indicated.
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monophyletic group (.99% bootstrap proportion [BP] and
PP 1.0). The grouping of S. pombe with P. carinii receives
95% support using Treefinder, 86% with RAxML, and 98%
with PhyML; the branching order of S. complicata and
T. deformans remains unresolved.

Data sets including ESTs usually contain a fraction of
missing data, amounting for S. complicata and T. defor-
mans to 66.8% and 56.8%, respectively. The data set con-
tains 113 proteins, but only one single protein contains

sequences from all 54 species (rpl4B). To test the potential
influence of missing data, we reduced the data set to the
most complete 76 proteins, thereby decreasing missing po-
sitions for these two species to 43.0% and 39.9%, respec-
tively. The inferred tree topologies remain the same, and
support values for the monophyly of Taphrinomycotina
are only moderately effected, decreasing or decreasing
slightly depending on the analysis method (ML inferences,
BP . 95%; MrBayes, PP 1.0; and PhyloBayes, PP 0.99;
supplementary fig. S1, Supplementary Material online).

Likelihood Test of Competing Topologies

Using the original complete nuclear data set, both ML
and BI approaches yield identical, well-supported tree to-
pologies. To assess the level of confidence with a strict, al-
ternative approach, we performed likelihood-based tests of
competing tree topologies with CONSEL (Shimodaira and
Hasegawa 2001), with the complete data set (113 proteins).
The corresponding 10 top-ranking topologies according to
AU test P values are shown in table 1. All scenarios in
which Taphrinomycotina are paraphyletic are rejected with
confidence (P , 0.01), thus confirming the monophyly of
Taphrinomycotina as well as their position as a sister group
to Saccharomycotina þ Pezizomycotina.

Phylogenetic Analysis of Mitochondrial Data Sets

The mitochondrial data set contains 2,596 amino acid
positions from 13 well-conserved mitochondrial proteins,
including 29 species from the four major fungal lineages.
In ML analyses, the newly added Taphrinomycotina
(T. deformans,P. carinii, andS. complicata) group as a sister
group toSaccharomycotinaþPezizomycotina (fig.2), andas

Table 1
Likelihood Tests of Alternative Tree Topologies

Rank Tree Topology Taphrinomycotina DlnLa AU Test

1 Best tree (fig. 1) Monophyletic �14.4 0.869
2 ((T.d, S.c), (S.p, P.c)) Monophyletic 14.4 0.297
3 (S.c, (P.c, (T.d, S.p))) Monophyletic 27.6 0.131
4 ((T.d, S.p), (P.c, S.c)) Monophyletic 45.1 0.032
5 (P.c, (S.c, (S.p, T.d))) Monophyletic 50.2 0.011

6
(T.d, (S.c, (S.p, P.c)),

(Sacch,Pezi)) Paraphyletic 163.1 0.007

7
((S.p, (T.d, P.c)),

((S.c, Sacch), Pezi)) Paraphyletic 525.6 0.007

8
((T.d, S.c), (P.c, (S.p,

(Sacch, Pezi)))) Paraphyletic 243.0 0.005

9
(S.p, ((S.c, T.d), (P.c,

(Sacch, Pezi)))) Paraphyletic 265.6 0.004

10
((S.p, P.c), ((S.c, T.d),

(Sacch, Pezi))) Paraphyletic 99.2 0.004

NOTE.—A total of 945 topologies were generated by constraining well-

supported internal branches (monophyly of Saccharomycotina, Pezizomycotina,

Ascomycota, Basidiomycota, and Zygomycota plus Chytridiomycota as outgroup),

leaving the four Taphrinomycotina unconstrained within Ascomycota. Table 1 lists

the P values of the 10 top-ranking topologies based on the AU test (data model as in

fig 1). The following abbreviations are used: P.c: Pneumocystis carinii; S.c:

Saitoella complicata; S.p: Schizosaccharomyces pombe; T.d: Taphrina deformans;

Sacch: Saccharomycotina; and Pezi: Pezizomycotina. In the five best topologies,

Taphrinomycotina are monophyletic. All other topologies in which they are

paraphyletic are rejected at a significance level less than 0.01.
a Log likelihood difference.

FIG. 2.—Phylogeny based on concatenated proteins encoded by mtDNA. The sequences of 13 proteins (cox1, cox2, cox3, cob, atp6, atp9 and
nad1, nad2, nad3, nad4, nad4L, nad5, nad6) were concatenated (2,596 amino acid positions). For details on inference methods, see figure 1. The BI
with MrBayes has PPs of at least 0.99, except for the internal branch that groups Allomyces and other chytrids (PP 0.64).
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in previously published analyses (Bullerwell et al. 2003;
Leigh et al. 2003; Pramateftaki et al. 2006), S. pombe,
Schizosaccharomyces japonicus, and Schizosaccharomyces
octosporus group with Saccharomycotina. Yet, due to the
addition of the new Taphrinomycotina species, the support
for the grouping of fission yeasts with budding yeasts is no-
ticeably lower (fig. 2; 92% with Treefinder, 76% with
RAxML, and 87% with PhyML). In our experience, the
heuristic search of RAxML is most effective in avoiding
local minima; thus, the 76% confidence level of RaxML
in this analysis is the most reliable. BI analyses (using
MrBayes and PhyloBayes) inferred the same topology as
ML approaches, with more than PP 0.99 for all internal
branches except the one leading to Chytridiomycota
(PP 0.64).

As Schizosaccharomyces and Saccharomycotina spe-
cies have relatively long branches, they are suspected to
group due to an LBA artifact. If this interpretation is correct,
removing Saccharomycotina is expected to relocate the
Schizosaccharomyces to its correct position. Indeed, in-
stead of grouping with Pezizomycotina, the three Schizo-
saccharomyces group with other Taphrinomycotina after
Saccharomycotina are removed. The monophyly of Taph-
rinomycotina receives varying support (Treefinder, BP
95%; RAxML, 66%; PhyML, 97%; and MrBayes, PP
1.0; fig. 3).

We further explored the use of a fast-evolving fungal
outgroup, which was expected to draw Schizosaccharomy-
ces away from Saccharomycotina, toward the outgroup. To
test this prediction, we reduced the original mitochondrial
data set to 19 species, including all 15 Ascomycota plus
four (fast evolving) Chytridiomycota. Indeed, analyses of
this data set with ML and BI methods position Schizosac-
charomyces closer to the fungal divergence point (supple-
mentary fig. S2, Supplementary Material online), although
with marginal support (Treefinder, BP 71%; RAxML, 57%;
PhyML, 86%; and MrBayes, PP 0.95).

Finally, we analyzed the mitochondrial data set with the
SF method, which is designed to reduce the effect of LBA by
selecting slowly evolving positions, thus increasing the ratio

of phylogenetic signal to noise (Delsuc, Brinkmann, and
Philippe 2005). A series of data matrices containing in-
creasing fractions of fast-evolving positions were analyzed
with both ML and BI methods (fig. 4). In the data sets
with the most slowly evolving sites and most reliable phy-
logenetic information (S2–S5; only results from S3 and S5
are shown in fig. 4A; for more details, see supplementary
fig. S3, Supplementary Material online), the Schizosac-
charomyces lineage grouped together with other Taphrino-
mycotina. Yet, although there was good support (BP of
96% or 88%) to reject a grouping of Saccharomycotina
plus Taphrinomycotina, there was not significant BP sup-
port to the monophyly of Taphrinomycotina, due to the
small size of the remaining data sets (S2 contains only
1,023 amino acid positions, S3: 1,223; S4: 1,436; and
S5: 1,638). In fact, addition of further fast-evolving posi-
tions to S5 resulted in decrease of support, as expected in
a classical case of LBA. Finally, as more fast-evolving
positions were included (the S6–S14 data sets), Schizosac-
charomyces grouped with Saccharomycotina, and the BP
for this incorrect topology increased (the result from S7
and S9 is shown in fig. 4B). The evolution of BP supports
for all S data sets is shown in supplementary figure S3
(Supplementary Material online).

Discussion
The Nuclear Data Set Significantly Supports the
Monophyly of Taphrinomycotina

Two previous analyses of five or six genes supported
monophyletic Taphrinomycotina (James et al. 2006; Spata-
fora et al. 2006); however, data sets with few genes are
often misled by stochastic error. Our phylogenetic analysis
is first in using a large number (113) of nucleus-encoded
proteins from most key taphrinomycotina species and con-
cludes with high confidence that Taphrinomycotina is
monophyletic. Some authors have claimed that missing
data (in our case, due to partial EST sequencing) may result
in unstable tree topologies (Anderson 2001; Sanderson

FIG. 3.—Phylogenetic analysis of mitochondrial data set after removing Saccharomycotina. All Saccharomycotina were removed from the
complete mitochondrial data set. The analyses were performed as in figure 1. The Schizosaccharomyces group with other Taphrinomycotina with
various BPs among three ML methods (TreeFinder: 95%, RAxML: 66%, and PhyML: 97%), the PP of BI using MrBayes is 1.0.
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et al. 2003). Yet, consistent with other work (Wiens 2003;
Philippe et al. 2004), our ML analysis did not confirm this
claim. Our explanation is that the effect of missing data is
negligible when using large data sets with a strong phylo-
genetic signal. The comparison of alternative topologies
with the AU test confirmed the monophyly of Taphrinomy-
cotina with high confidence (P , 0.01), although the rela-
tionships among Taphrinomycotina remain to be resolved.
Additional data from the ongoing S. octosporus and S. ja-
ponicus genome projects are expected to improve tree res-
olution, and complete genome sequences from Taphrina
and Saitoella (slowly evolving taphrinomycotina genomes
that we expect to be more gene rich and more typical for
Taphrinomycotina than those of Schizosaccharomyces)
are required for confident inference of their phylogenetic
position. Finally, EST or genome sequencing will be
required to confirm that N. irregularis belongs in
Taphrinomycotina.

The Mitochondrial Tree Topology Is Sensitive to
Phylogenetic Artifacts

Mitochondrion-encoded protein data have been suc-
cessfully used to resolve a large variety of phylogenetic
questions, in some cases, predicting for the first time deep
relationships with high confidence (e.g., Lang et al. 2002).
Yet, mitochondrial genes tend to have a high A þ T se-
quence bias that contributes to phylogenetic artifacts, par-
ticularly in lineages with elevated evolutionary rates. For
instance, in a previous analysis that includes three Schizo-
saccharomyces species, Schizosaccharomyces plus Saccha-
romycotina group with strong support (BP 95%), although
an alternative (likely correct) position of Schizosaccharo-
myces as sister group to Saccharomycotina þ Pezizomyco-
tina was not rejected by an AU test (Bullerwell et al. 2003).
In this study, amino acid instead of nucleotide sequences

have been used to decrease the effect of A þ T bias.
Yet, after inclusion of further complete mitochondrial data
from three slowly evolving Taphrinomycotina (S. compli-
cata, T. deformans, and P. carinii), the position of Schiz-
osaccharomyces does not change, although the bootstrap
support for this topology decreases to 76% (fig. 2). This
result is consistent with the suggestion that adding more
sequences (particularly from slowly evolving species) usu-
ally helps to reduce the effect of LBA (for a review, see
Delsuc, Brinkmann, and Philippe 2005).

We have further tested whether Schizosaccharomyces
mitochondrial sequences contain little phylogenetic signal
and a strong tendency for LBA by inferring a phylogeny
with a distant fungal outgroup composed of four fast-
evolving Chytridiomycota. In this case, Schizosaccharomyces
changes its position, away from Saccharomycotina toward
the outgroup, apparently due to LBA with the distantly
related Chytridiomycota. When Saccharomycotina are
removed from the original data set, Taphrinomycotina
become monophyletic, though without significant support.
Finally, positional sorting with the SF method confirms our
interpretation. Only the slowest evolving positions (S2–S5
data matrix) are able to recover the tree topology inferred
with the nuclear data set, although only with marginal
statistical support. Our analyses strongly suggest that the
grouping of Schizosaccharomyces with Saccharomycotina
in trees based on mitochondrial data is due to an LBA
artifact.

Limitations of Mitochondrial Sequence Data in
Phylogenetic Analysis

A limitation of mitochondrial genome data is their
small data size compared with nuclear genomes. The most
popular mitochondrial data set contains only 13 proteins,
including some that are rather small (atp9, nad4L) and

FIG. 4.—Impact of fast-evolving positions on the inferred phylogeny from proteins encoded by mtDNA. The SF method was used to generate
a series of 14 data sets (S0, S1, S2, . . ., S14) with an increasing fraction of fast-evolving sequence positions. The phylogenies were inferred using
RAxML on these data sets (WAG þ gamma with four categories). Results with S3 and S5 are shown in (A) and with S7 and S9 in (B). Numbers at
internal branches represent BP obtained with 100 bootstrap replicates, which are in the order S3, S5 (A) and S7, S9 (B) from top. When all bootstrap
values are .95%, only one value is presented.
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others that are fast evolving (nad2, nad6) and are therefore
of limited value for the inference of deep phylogenies.
To expand these data sets, mitochondrial genes that were
transferred to the nucleus might be added. Yet, because
the A þ T content and other evolutionary constraints are
different in mitochondrial and nuclear genomes, evolution-
ary models and inference methods might have to be adapted.

Conclusion

The current analysis ends a long-standing controversy
on the phylogenetic position of Schizosaccharomyces spe-
cies: We conclude that they are part of Taphrinomycotina,
branching as a sister group to Saccharomycotina þ Pezizo-
mycotina. Yet, the phylogenetic identity of Neolecta, an-
other putative representative of this group, remains to be
assessed by phylogenomic analysis.

Supplementary Material

Supplementary figures S1– S3 and table S1 are avail-
able at Molecular Biology and Evolution online (http://
www.mbe.oxfordjournals.org).
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