ARTICL!

L1

doi:10.1038/naturel12130

Inferring ancient divergences requires
genes with strong phylogenetic signals

Leonidas Salichos' & Antonis Rokas'

To tackle incongruence, the topological conflict between different gene trees, phylogenomic studies couple con-
catenation with practices such as rogue taxon removal or the use of slowly evolving genes. Phylogenomic analysis of
1,070 orthologues from 23 yeast genomes identified 1,070 distinct gene trees, which were all incongruent with the
phylogeny inferred from concatenation. Incongruence severity increased for shorter internodes located deeper in the
phylogeny. Notably, whereas most practices had little or negative impact on the yeast phylogeny, the use of genes or
internodes with high average internode support significantly improved the robustness of inference. We obtained similar
results in analyses of vertebrate and metazoan phylogenomic data sets. These results question the exclusive reliance on
concatenation and associated practices, and argue that selecting genes with strong phylogenetic signals and demon-
strating the absence of significant incongruence are essential for accurately reconstructing ancient divergences.

Concatenation, the compilation and analysis of hundreds of genes as a
single data set, has become the standard approach for determining
major branches of the tree of life'°. However, incongruence stemming
from either analytical errors in gene history reconstruction®” or the
action of biological processes®, evidenced by disagreements between
phylogenomic studies’'*, argues that the histories of some lineages
are better depicted by or more closely resemble networks of highly
related trees'® and that concatenation might not be as robust as confid-
ence indices indicate. To tackle incongruence, studies have adopted
several practices, such as removing unstable taxa'~, that are useful
but not always effective'*®,

The Saccharomyces and Candida yeasts are excellent for examining phy-
logenomic practices in the presence of incongruence, owing to the presence
of conflicting gene trees”'* and the availability of two synteny databases**'
for genome-wide identification of high-quality orthologues, minimizing
the risk of incongruence from hidden paralogy*>**and horizontal gene
transfer*. Importantly, levels of sequence divergence between yeasts are
intermediate to those observed between vertebrates and animals, making
them an appropriate model for the study of ancient divergences.

Analyses of 1,070 groups of orthologues (below we refer to groups
of orthologues simply as genes) from 23 yeast genomes showed that
although concatenation resolved the species phylogeny, several inter-
nodes of the extended majority-rule consensus (eMRC) phylogeny of
the 1,070 underlying gene trees were weakly supported. None of the
1,070 gene trees agreed with each other, with the concatenation phylo-
geny or with the eMRC phylogeny. The novel measure we developed to
quantify the observed incongruence showed that standard practices aimed
at reducing incongruence had little impact. In agreement with current
theoretical models™'***?°, incongruence was more severe for shorter
internodes that are deeper on the phylogeny. Notably, the selection of
genes whose bootstrap consensus trees had high average clade support,
or the selection of highly supported internodes, significantly reduced
incongruence, arguing that inference in deep time depends critically on
the identification of molecular markers with strong phylogenetic signals.

All gene trees differ from species phylogeny

We assembled a data set of 1,070 genes from 23 yeast genomes®**"*’
(Methods and Supplementary Table 1). Maximum-likelihood analysis

of the concatenation of all 1,070 genes produced a species phylogeny in
which all 20 internodes exhibited 100% bootstrap support (Fig. 1a); we
obtained identical results using Bayesian inference and one other type
of maximume-likelihood software (Supplementary Fig. 1). Notably, all
1,070 gene trees were topologically distinct and none matched the topo-
logy inferred from concatenation analysis (Fig. 1b). However, the average
tree distance between the 1,070 gene trees was much lower (normalized
Robinson-Foulds® tree distance = 0.52; that is, two gene trees differed,
on average, in 10.4 out of their 20 bipartitions) than that between ran-
domly generated trees of the same taxon number (0.99; that is, two trees
differed on average in 19.8 out of 20 bipartitions), indicating that the
yeast gene trees have similar evolutionary histories.

Summarizing the 1,070 gene trees into an eMRC phylogeny produced
a topology that was identical to the concatenation phylogeny (Fig. 1a).
However, although 11 out of 20 internodes in the eMRC phylogeny
had a gene-support frequency (GSF) of greater than 50%, 5 of the remain-
ing 9 internodes had a GSF of less than 30% (Fig. 1a). Furthermore, the
most prevalent conflicts to most of these weakly supported internodes
had substantial GSF values (Supplementary Table 2). For example, the
relative positions of Candida glabrata, Saccharomyces castellii and the
Saccharomyces ‘sensu stricto’ clade suggest that there are five uniquely
shared chromosomal rearrangements and a substantially higher number
of uniquely shared gene losses between C. glabrata and S. cerevisiae,
which indicates that divergence of S. castellii preceded that of C. glabrata
from the Saccharomyces sensu stricto clade”. Although concatenation
provided 100% bootstrap support for the apparently incorrect grouping
of S. castellii with the Saccharomyces sensu stricto clade (Fig. 1a), only
311 out of 1,070 gene trees (29%) favoured it, whereas 214 (20%)
favoured the grouping of C. glabrata with the Saccharomyces sensu
stricto clade.

A novel measure that considers incongruence

To quantify incongruence, we developed ‘internode certainty’, which
evaluates support for a given internode by considering its frequency in
a given set of trees jointly with that of the most prevalent conflicting
bipartition in the same set of trees. Like phylogenetic network methods
developed for visualizing phylogenetic conflicts", internode certainty
relies on the bipartitions present in trees, each of which is a split of
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Figure 1 | The yeast species phylogeny recovered from the concatenation
analysis of 1,070 genes disagrees with every gene tree, despite absolute
bootstrap support. a, The yeast species phylogeny recovered from
concatenation analysis of 1,070 genes using maximum likelihood. Asterisks
denote internodes that received 100% bootstrap support by the concatenation
analysis. Values near internodes correspond to gene-support frequency and
internode certainty, respectively. The scale bar is in units of amino-acid
substitutions per site. b, The distribution of the agreement

between the bipartitions present in the 1,070 individual gene trees and the
concatenation phylogeny, as well as the distribution of the agreement

the taxa into two mutually exclusive non-empty groups. Compared to
other incongruence measures®*, internode certainty is not character-
based**!, does not depend on an optimality criterion®~*' or clade
support metric*’, and can be applied to any set of trees. For example,
if the entire set of gene trees is used, the internode certainty of a given
internode will reflect the amount of information available for that
internode in the set of gene trees by considering the internode’s GSF
jointly with the GSF of the most prevalent bipartition that conflicts
with the internode. If the set of bootstrap replicate trees for a given gene
is used, then internode certainty will be calculated based on bootstrap-
support values. Internode-certainty values near zero indicate the presence
of an almost equally supported bipartition that conflicts with the
inferred internode, whereas values close to one indicate the absence
of conflict. Examination of the eMRC phylogeny showed that 9 out of
20 internodes had an internode certainty of less than 0.3, which corre-
sponds to aless than4:1 ratio between the support for the inferred
internode and its most prevalent conflicting bipartition, and that 7 out
of 20 internodes had an internode certainty of less than 0.1 (a ratio of
less than 7:3) (Fig. 1a and Supplementary Fig. 2).

Given that internode certainty measures the degree of conflict
for every internode, it is more informative than GSF. For example,
the placement of Saccharomyces bayanus and the placement of
Zygosaccharomyces rouxii received 52% and 62% GSF, whereas their
internode certainties were 0.06 and 0.59, respectively (Fig. 1a). This
marked difference in the internode-certainty values of the two internodes
(despite similar GSF values) is a result of the strong secondary con-
flicting signal in S. bayanus only> (29% GSF for grouping S. bayanus
with Saccharomyces kudriavzevii), and not in Z. rouxii (Supplementary
Table 2). Furthermore, comparison of the sums of internode-certainty
values across trees of a given taxon number (‘tree certainty’) can be
used to quantify changes in the degree of incongruence between trees
inferred from different data sets or methods.
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between the bipartitions present in 1,000 randomly generated trees of equal
taxon number and the concatenation phylogeny, measured using the
normalized Robinson-Foulds tree distance. Average distances between the
1,070 gene trees and the concatenation phylogeny, between the 1,070 gene
trees themselves, and between 1,000 randomly generated gene trees that
have equal taxon numbers, are also shown. The phylogeny of the 23 yeast
species analysed in this study is unrooted and contains 20 non-trivial
bipartitions; because the divergence of Saccharomyces and Candida
lineages is well established, the mid-point rooting of the phylogeny is
shown for easier visualization.

Standard practices do not reduce incongruence

To test whether we could decrease incongruence, we evaluated the
effect of several standard phylogenomic practices purported to do so
on the inference of the yeast phylogeny (Fig. 2). Specifically, we tested
the effect of: removing sites containing gaps as well as ‘rogue’ genes
that produced alignments of bad quality (Supplementary Fig. 3);
removing unstable and quickly evolving species (Supplementary
Figs 4-6); using only genes that recover a particular internode widely
regarded as certain, or well established, from prior data (Supplemen-
tary Figs 6 and 7); using only slowly evolving genes (Supplementary
Fig. 8); and using conserved amino acid substitutions or indels
(Supplementary Fig. 9).

The first three practices did not have a substantial effect on the
inference and support of the yeast phylogeny, whereas the use of slowly
evolving genes and conserved sites increased incongruence across
many internodes of the yeast phylogeny (Fig. 2). Furthermore, the
removal of unstable or quickly evolving species from the Saccharomyces
lineage had no effect on, often highly ambiguous, internodes in the
Candida lineage and vice versa (Supplementary Figs 5 and 6), arguing
that the impact of removing rogue taxa was not only minimal but also

highly localized.

Support depends on internode length and depth

Examination of whether the degree of incongruence, as measured by
low GSF, correlated with internode length and depth, as measured by
branch lengths, showed that incongruence was stronger in early diver-
gent and short internodes (Fig. 3). This is consistent with theoretical
expectations”'®**?°, To test whether this relationship is the same in
other lineages, we generated a data set of 1,086 genes from 18 verte-
brate species, which has higher sequence similarity than the yeast
data set (61% versus 44% average pairwise amino acid similarity,
respectively), and a data set of 225genes from metazoan species,
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K. polysporus (fast and unstable) 63.30 8.33 3 0 1 1 58 7.73
Removal of quickly evolving E. gossypii (fast and unstable) 61.93 7.98 2 0 0 4 60 8.24
or unstable species C. glabrata (fast and unstable) 63.10 8.30 3 0 1 2 :
K. lactis (fast and unstable) 61.86 7.99 2 1 0 3 62 8.75
E. gossypii, K. lactis 63.91 7.88 1 1 0 3 64 9.26
E. gossypii, C. glabrata, K. lactis 67.32 7.88 3 0 1 3 :
(C. glabrata, S. bayanus, S. kudriavzevii, 66 9.77
S. mikatae, S. cerevisiae, S. paradoxus) 65.88 9.47 4 1 6 3
Selection of genes that (Z. rouxii, K. polysporus, C. glabrata,
recover specific bipartitions S. bayanus, S. castellii, S. kudriavzevii, 63.34 8.62 3 0 0 4
S. mikatae, S. cerevisiae, S. paradoxus) : :
(C. tropicalis, C. dubliniensis, C. albicans) 61.20 8.62 1 0 0
Selection Of.the most The 100 slowest evolving genes 52.20 6.76 1 10 2 9
slowly evolving genes
Selection of genes whose bootstrap Genes with average BS > 60% (904 genes) 62.17 8.59 4 0 2 0
consensus trees have high Genes with average BS > 70% (545 genes) 65.68 9.18 14 0 12 0
average BS Genes with average BS > 80% (131 genes) 70.56 15 0 14 0
Selection of genes whose bootstrap Using only the 904 genes with the highest TC 62.26 8.72 6 0 2 0
consensus trees have high Using only the 545 genes with the highest TC 66.06 9.37 13 0 12 0
tree certainty Using only the 131 genes with the highest TC 16 0 12 1
Selection of bipartitions with high BS Using only bipartitions that have >60% BS - - 14 0
in the bootstrap consensus trees Using only bipartitions that have >70% BS - - 16 0
of genes Using only bipartitions that have >80% BS - - 15 0

Figure 2 | Differences in yeast phylogenies inferred from different

phylogenomic practices. The specific phylogenomic practice tested

(Treatment), the average GSF of the internodes of the yeast phylogeny, the tree
certainty (TC) of the yeast phylogeny, the numbers of internodes of the yeast
phylogeny in which GSF increases or decreases by more than 3% (GSF increases
and GSF decreases), and the numbers of internodes of the yeast phylogeny in
which internode certainty increases or decreases by more than 0.03 (internode
certainty (IC) increases and IC decreases). As the maximum value of internode
certainty for a given internode is 1, the maximum value of tree certainty for a

which has lower sequence similarity (29% average pairwise amino
acid similarity). The vertebrate genes produced 299 distinct gene trees
(average normalized Robinson-Foulds tree distance = 0.42). Concate-
nation analysis suggested a completely supported species phylogeny;
however, this phylogeny was topologically identical to 15 gene trees
and eMRC analysis showed that 4 out of 15 internodes had a GSF of
less than 50% and internode certainty of less than 0.3 (Supplementary
Fig. 10a—c). Similarly, the 225 metazoan genes produced 224 distinct
gene trees (average normalized Robinson-Foulds tree distance = 0.72).
Concatenation analysis suggested 14 out of 18 internodes with 100%
bootstrap support, despite the fact that it was not topologically identical
to any of the 225 gene trees and that 10 out of 18 internodes had less
than 50% GSF and less than 0.1 internode certainty (Supplementary
Fig. 10d-f). Interestingly, incongruence was significantly correlated
only with short internodes in the (less divergent) vertebrates, nearly
equally significantly with both internode length and internode depth in
yeasts, and more significantly with internode depth than with inter-
node length in the (more divergent) metazoans (Fig. 3).

Strong signal reduces incongruence

To test whether the selection of genes with stronger phylogenetic signal
reduced incongruence, we analysed three data sets comprising genes
whose bootstrap consensus trees showed average bootstrap support
across all internodes that was greater than or equal to 60% (904
genes), 70% (545 genes), or 80% (131 genes), and three data sets com-
prising the 904, 545 or 131 genes whose bootstrap consensus trees had
the highest tree certainty. Selecting genes with high average bootstrap
support or high tree certainty significantly reduced incongruence across
many, but not all, internodes (Fig. 2, and Supplementary Figs 11 and

given phylogeny is the number of internodes, which will equal K — 3, where Kis
the number of taxa used. In the analyses concerned with the removal of poorly
aligned genes, only genes whose alignment length after gap removal is greater
than or equal to a certain percentage, x, of the original alignment were used. In
the analyses concerned with the use of bipartitions, only those bipartitions that
displayed bootstrap support greater or equal to 60%, 70% or 80% in the
bootstrap consensus trees of the 1,070 genes were used to construct eMRC
phylogenies, which were then compared with the default analysis. NA, not
applicable.

12). Concatenation analysis of the sets of genes with average bootstrap
supportthat was greater than or equal to 60% and70% (and of the
904 and the 545 genes with the highest tree certainty) produced the
same species phylogeny as when all genes were analysed. Notably,
analysis of genes with average bootstrap support that was greater than
or equal to 80%, as well as of the 131 genes with the highest tree cer-
tainty, produced the correct placement of C. glabrata (Supplementary
Fig. 11¢, f). This result, to our knowledge, has not been observed in any
concatenation-based yeast phylogenomic analysis™*?’, and suggests
that high bootstrap support is a good indicator of a gene’s phylogenetic
usefulness, but also that concatenating genes with high bootstrap sup-
port reduces incongruence and improves resolution.

We also tested whether selecting internodes with high bootstrap
support decreased incongruence by extracting only those bipartitions
that displayed bootstrap support values = 60%, = 70%, and = 80%
from every one of the 1,070 genes’ bootstrap consensus trees and then
using them to construct new eMRC phylogenies (Supplementary Figs
12 and 13). One advantage of working with taxon bipartitions, rather
than genes, is that we can quantify a given internode’s internode
certainty from only the subset of bipartitions that highly support or
conflict with that internode. This practice significantly increased
internode certainty values for = 14 internodes relative to the phylo-
geny of Fig. 1a and showed the highest tree certainty of all our analyses
(Fig. 2). Interestingly, while internode certainty for most internodes
increased when we increased the bootstrap support threshold, this
was not the case for several of the most difficult to resolve internodes
(Supplementary Fig. 13d), suggesting that those few genes that show
high bootstrap support for short internodes deep in the phylogeny
strongly conflict with each other. We obtained similar results when we
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performed the same analyses on the vertebrate and metazoan data sets
(Supplementary Fig. 14).

Standard practices can mislead

We constructed and analysed 1,070 yeast genes with the aim of deter-
mining the yeast phylogeny. If only concatenation and standard phy-
logenomic practices had been used, this analysis would have produced
an absolutely supported phylogeny similar to those obtained by major
phylogenomic studies'*">'*'>'%*_ However, examination of the signal
in gene trees showed that concatenation masked the considerable
incongruence present in several internodes. Thus, while analyses of
approximately 20% of the genes typically present in a yeast genome
definitively support many internodes of the yeast phylogeny, the
topology of a considerable number of others remains uncertain
(Supplementary Figs 15 and 16).

Our finding that incongruence correlates with early divergent and
short internodes indicates that analytical factors are major contribu-
tors; however, it is likely that biological factors have also contributed.
‘Species tree’ methods use coalescent theory to estimate the species
phylogeny from the individual gene trees, allowing for lineage sorting,
a common biological explanation for gene trees that are incongruent
with the species phylogeny®. Unfortunately, many such methods
assume that analytical errors in inference are minimal, a valid assump-
tion for most shallow clades but one that is untenable for the deeply
divergent clades of the yeast phylogeny. For example, analysis of our
data set with the average unit-ranking method® produced a species
phylogeny in which all the internodes with very low GSF and inter-
node-certainty values were extremely short, mainly because all incon-
gruence was considered to be due to variation in coalescent depth
across gene trees (Supplementary Fig. 17a). Not surprisingly, these
coalescent unit-based branch lengths were highly correlated with inter-
nodes’ GSF and internode-certainty values (Supplementary Fig. 17b).
Furthermore, bootstrapping of this data set produced a highly sup-
ported species phylogeny (Supplementary Fig. 17a), again contradict-
ing our findings of extensive conflict in certain internodes.

Perspective

These results argue that elimination of the observed incongruence
between phylogenomic studies**'"'* will require three fundamental
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revisions to current practices. First, we should abandon using bootstrap
support on concatenation analyses of large data sets. Bootstrapping was
developed long before the discovery of high-throughput sequencing,
and it is an extremely useful measure of sampling error—that is, the
robustness of inference when data are limited®*—such as when a single
gene is analysed. Given the availability and ease of generating genome-
scale data®, relying on bootstrap to analyse phylogenomic data sets
is misleading, not only because sampling error is minimal but also
because its application will, even in the presence of notable conflict’
or systematic error®'¢, almost always result in 100% values™'**".

The second critical revision is that we carefully examine the signal
present in individual genes'***~**** and their trees'. Our results indicate
that the subset of genes with strong phylogenetic signal is more inform-
ative than the full set of genes, suggesting that phylogenomic analyses
using conditional combination approaches, rather than approaches based
on total evidence, may be more powerful*. Preferably, such analyses
would be combined with internode-specific approaches® because the
latter can uncover internodes that harbour several conflicting phylo-
genetic signals. As the internode certainty measure shows (Supplemen-
tary Fig. 2), the amount of information for a given internode that is
supported by 50% of gene trees, with the remaining 50% being unin-
formative, is far greater than in cases in which the remaining 50% of the
gene trees support two or three alternative conflicting topologies. In the
first case the gene trees strongly suggest that the internode is resolved,
whereas in the second there is reason to be cautious.

Finally, it is necessary to identify explicitly internodes that, despite
the use of genome-scale data sets, robust study designs and powerful
algorithms, are poorly supported. We argue that the ongoing debate
regarding phylogenies inferred from different phylogenomic studies™
concerns internodes that are poorly supported by individual gene
trees. Identifying these internodes and distinguishing them from
those that are supported by a considerable fraction of genes and that
lack conflicts will be far more beneficial than simply helping to pin-
point challenging internodes. It should enable us to identify the broad
contours of the network of highly related gene histories that is the tree
of life. Perhaps most importantly, it will focus the attention of
researchers to develop novel phylogenomic approaches and markers
to more accurately decipher the most challenging ancient branches of
life’s genealogy from the DNA record.
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METHODS SUMMARY

Using synteny and orthology information present in the YGOB* and CGOB*!
databases from 23 yeast genomes®*"*, we constructed an initial data set of
2,651 genes that, following quality control (see Methods), was reduced to the
final 1,070. We also used the complete gene sets from 18 vertebrate and 21 meta-
zoan species and used the cRBH algorithm® to identify 1,086 vertebrate and
225 metazoan genes. Genes were aligned using MAFFT*, the best-fit evolution-
ary model was determined using ProtTest*, and the maximum-likelihood tree
was estimated using RAXML*. eMRC trees were determined using the Phylogeny
Inference Package (PHYLIP; J. Felsenstein, University of Washington, Seattle;
http://evolution.genetics.washington.edu/phylip.html) and custom Perl scripts.
A series of different data sets was constructed using custom Perl scripts. Internode
certainty, our novel measure that evaluates support for a given internode by
considering its GSF (or bootstrap support) jointly with that of the most prevalent
conflicting bipartition in the entire set of gene trees (or bootstrap replicate trees),
was calculated according to the equation:

Internode certainty = log,(2) + p(x1/(x; + x2)) loga(p(x1/(x1 + x3)))
+ plra/(x1 + x2)) loga(p(xa/ (x1 + x2)))

where x; and x, are the frequencies of the first and second most prevalent con-
flicting bipartitions for a given internode.

Full Methods and any associated references are available in the online version of
the paper.
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METHODS

Data matrix construction. We used the complete sets of annotated genes from
23 yeast genomes®**"** (Supplementary Table 1) and, using the synteny and
orthology information present in the YGOB*’ and CGOB*' databases, we con-
structed an initial data set of 2,651 groups of orthologues (referred to below
simply as genes) that had representatives in all 23 genomes. This reliance on
two highly accurate and manually curated synteny databases and the requirement
for a given orthologue to be present in all 23 species greatly minimized errors in
orthology inference due to hidden paralogy>>*. It also avoided the inclusion of
any horizontally transferred genes present in some, but not all, species as well as
any horizontally transferred genes present in regions that lack synteny conser-
vation. For any potentially horizontally transferred gene to be included in our
data matrix, it would have had to have been gained in some, but not all, yeast
species used in our study and it would have had to replace the native gene and take
up its position on the chromosome, which has never been observed in yeasts****~>
and is probably very rare.

The nucleotide sequences of all genes were translated to amino acids, taking
into account that in certain species in the Candida lineage the CUG codon
encodes for the amino acid serine rather than leucine. Using alignment quality
and individual-gene-length filtering criteria described below, we then reduced the
number of genes to 1,070. Examination of the functional annotation—as defined
by the Gene Ontology consortium® —of the 1,070 S. cerevisiae orthologues using
the GOstat software® showed that this gene set is statistically overrepresented for
several different functional categories, such as cellular metabolic process, cellular
component organization and biogenesis, and ribosome assembly and biogenesis;
that is, for categories associated with standard cell housekeeping functions.
Analysis of different orthologue subsets (for example, of the 131 genes whose
bootstrap consensus trees show the highest average bootstrap support) shows
that for many of these subsets, some of the same functions were statistically
overrepresented.

We also created two additional data sets from the complete sets of annotated
genes from 18 vertebrate and 21 metazoan species (Supplementary Table 1). The
two data sets were constructed using the cRBH algorithm*, and were comprised
of 1,086 vertebrate and 225 metazoan genes. To avoid constructing groups of
orthologues that contained very distant homologues, we set the filtering para-
meter of the cRBH algorithm®, which considers the degree by which the two
proteins differed in sequence length or BLAST alignment, to r = 0.3.

For each species, for reasons of space and convenience, we constructed a
corresponding acronym using the first letter from the genus name and the three
first letters from the species name (for example, the acronym for S. cerevisiae is
‘Scer’; see Supplementary Information). All data matrices are available from the
authors on request.

Gene alignment and filtering criteria. To minimize the use of genes that con-
tained sequences whose annotation was problematic, or which resulted in align-
ments of low quality, we applied various filtering criteria. We first excluded, before
alignment, all genes that had an average sequence length of less than or equal
to 150 amino acids. Second, we aligned all genes using the MAFFT software®,
using the default settings, and excluded genes whose alignments after removing
all positions that contained gaps wereless than or equal to 50% of the original
alignment length.

Gene-tree inference. For each gene, the best-fit evolutionary model was selected
using ProtTest*. The models typically consisted of an empirically determined
amino acid substitution matrix (for example, WAG®?), empirically measured
amino acid state frequencies and accounted for heterogeneity in evolutionary
rates among sites by using the gamma distribution as well as by allowing for a
given proportion of sites to be invariable. The unrooted phylogenetic tree of each
and every gene, also called the gene tree, was then inferred using RAXML*.
Species phylogeny inferred from concatenation and eMRC approaches. For
the concatenation analysis, gene alignments were analysed as a single superma-
trix. An unrooted concatenation species phylogeny was then inferred under the
PROTGAMMAIWAGF model of amino acid substitution in RAXML*, and
confirmed with GARLI* as well as with MrBayes™. The unrooted eMRC phylo-
geny that consisted of those bipartitions that appear in more than half of the
maximum-likelihood estimated gene trees, as well as of additional compatible
bipartitions that appear in less than half of the gene trees>*, was inferred from
the CONSENSE program in PHYLIP. The eMRC phylogeny of bipartitions with
high bootstrap support was constructed using custom Perl scripts. As the diver-
gence of Saccharomyces and Candida lineages is well established, all phylogenies
shown in figures have been mid-point rooted at the internode that separates these
two lineages for easier visualization.

Species phylogeny inference using a consensus phylogenetic network approach. A
consensus phylogenetic network was constructed based on the 1,070 gene trees

estimated by maximum likelihood using the median network construction algo-
rithm in the SplitsTree4 software'® with a threshold of0.1.

Tree distance estimation. Distances between trees were estimated using the
normalized Robinson-Foulds tree distance?, as calculated by RAXML®. Sets of
random trees for 23 taxa (yeasts), 18 taxa (vertebrates), and 21 taxa (metazoans),
were generated using the random tree generator in the T-REX webserver™, using
the random tree generation procedure described by Kuhner and Felsenstein™.
Internode certainty. A phylogenetic tree is an acyclic connected graph that
represents evolutionary relationships among different genes or taxa and consists
of nodes that are connected by edges or internodes. Phylogenetic trees can also be
represented in a variety of other ways. One useful depiction is as sets of biparti-
tions (or splits). In this representation, each internode in a phylogenetic tree is
viewed as a bipartition between two sets of taxa. For example, given a set of
five species (S. cerevisiae, Saccharomyces paradoxus, Saccharomyces mikatae,
S. kudriavzevii and S. bayanus), one example of a bipartition is one that separates
the set of S. cerevisiae, S. paradoxus and S. mikatae from the set of S. kudriavzevii
and S. bayanus.

Information from multiple phylogenetic trees from the same set of taxa is
typically summarized using consensus trees. For example, the MRC approach®
calculates the shared bipartitions across all phylogenetic trees and displays only
those shared by their majority. Consequently, each internode in the MRC tree
typically contains a value that corresponds to the percentage of individual trees
that contain a given bipartition, but does not provide any information about the
next most prevalent conflicting bipartition, or more generally, about the distri-
bution of bipartitions that conflict with the internode. For example, if a consensus
tree reports that 51 out of 100 phylogenetic trees contain a specific bipartition, we
are not informed about whether the second-most prevalent conflicting biparti-
tion is present in the remaining 49 trees or in 5 of the remaining trees. However,
the first case (51% versus 49%) would indicate that both bipartitions have nearly
equal support, whereas the second case (51% versus 5%) would indicate that the
first bipartition is the only strongly supported bipartition for this internode.
Consensus phylogenetic networks'>®, which are potentially hyperdimensional
graphs inferred from all bipartitions present above a certain frequency in a given
set of trees, are very useful in visualizing such conflicting bipartitions. To quantify
the degree of incongruence, as well as examine whether incongruence is reduced
when standard phylogenomic practices are applied, we developed internode cer-
tainty, a measure that provides robust quantitative measures of the information
conveyed by conflicting bipartitions for each internode.

Shannon’s entropy measures the amount of certainty found in a random
variable®'. For example, when tossing a fair coin, heads or tails are equally prob-
able and so the amount of certainty that we have about the outcome is 0, whereas
if the coin is not fair, our certainty about the toss outcome will be high. Similarly,
we can quantify the certainty that we have in the deduction of a given internode in
a phylogenetic tree, by introducing a function that is maximized in the absence of
any conflicting bipartitions but is minimized in the presence of equally prevalent
conflicting bipartitions. Internode certainty quantifies the certainty of a bipartition
that appears on a phylogenetic tree (that is, of a given internode) by considering its
frequency of occurrence against that of the second most prevalent conflicting
bipartition. Specifically, for the two most prevalent conflicting bipartitions:

Internode certainty = log,(2) + p(x;/(x; + x2)) loga(p(x1/(x; + x3)))
+ o/ (x1 + x2)) logy(p(xa/ (1 + x2)))

where x; and x, are the frequencies of the first and second most prevalent con-
flicting bipartitions for a given internode.

Internode certainty, as well as the related measure called tree certainty (see
below), can be measured on any given set of trees. For example, if the entire set of
gene trees is used, the internode certainty value of a given internode will reflect the
amount of information available for that internode in the set of gene trees by
considering the internode’s GSF jointly with the GSF of the most prevalent
bipartition that conflicts with the internode. If the set of bootstrap replicate trees
for a given gene is used, then internode certainty will be calculated based on
bootstrap support values (instead of GSF values). Internode certainty can also
be measured on any given set of bipartitions. For example, any two-state character
that is variable across x species can be thought of as a bipartition, as it splits the set
of taxa into two distinct groups. Thus, one can use internode certainty to measure
the amount of information available for a given bipartition, and quantify the
extent of incongruence, by considering the number of characters supporting that
bipartition jointly with the number of characters supporting the most prevalent
bipartition that conflicts with the internode. For example, if we assume that there
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are four prevalent conflicting bipartitions with frequencies of 40%, 10%, 10% and
10%, respectively, for a given internode, then:

Internode certainty = 1 + (40/(40 + 10)) log»(40/(40 + 10)) +
(10/(40 + 10)) log,(10/(40 + 10)) =~ 0.28

As another example, if we assume that there are four prevalent conflicting biparti-
tions with frequencies of 40%, 40%, 10% and 10%, respectively, for a given
internode, then:

Internode certainty = 1 + (40/(40 + 40)) log,(40/(40 + 40)) +
(40/(40 + 40)) log,(40/(40 + 40)) = 0.00

We define tree certainty as the sum of all internode-certainty values across all
internodes of a phylogenetic tree.

Evaluation of phylogenomic practices. To remove positions or genes with gaps,
we used custom Perl scripts to modify our default alignments by removing sites
that contained greater than or equal to 50% gaps, or sites that contained any gap.
We also tested whether the removal of genes producing alignments of bad quality
improved inference of the species phylogeny by filtering genes whose alignment
length after removal of all gap-containing sites was less than or equal to 70% of the
original alignment length (instead of the less than or equal to 50% threshold used
in the default analysis).

We removed several different unstable and quickly evolving species from the
default data set, singly and in combination. After each removal, the gene
sequences were re-aligned, a new best-fit evolutionary model was identified,
and the phylogenetic analysis was carried out again with the new alignment
and model.

To select genes that recover specific bipartitions, for the 100 bootstrap replicate
trees constructed from each gene, we used the CONSENSE program in the PHYLIP
package to generate the bootstrap consensus tree as well as its bipartitions. Using
custom Perl scripts, we then extracted all genes that supported the three following
bipartitions: first, Candida albicans, Candida dubliniensis and Candida tropicalis;
second, C. glabrata, Kluyveromyces polysporus, S. bayanus, S. castellii, S. cerevisiae,
S. kudriavzevii, S. mikatae, S. paradoxus and Z. rouxii; and third, C. glabrata,
S. bayanus, S. cerevisiae, S. kudriavzevii, S. mikatae and S. paradoxus. We then
used the selected genes and their gene trees to infer a species phylogeny using
concatenation and eMRC analysis.

The 100 most slowly evolving genes were identified by calculating the 100
genes whose gene trees had the smallest sum of branch lengths.

To reduce the effect of homoplasy for early divergent internodes, many studies
have suggested the use of rare substitution types®* as well as insertions or deletions
(indels)®. We constructed three data sets by extracting all sites from our
1,070 gene alignments that contained first, a single radical amino acid substi-
tution (defined as a substitution with a blosum62 matrix score of less than or
equal to -3) (20,289 sites); second, a single substitution between amino acids that
differ radically in their physicochemical properties®® (4,075 sites); or third, a
single indel that spans seven or more amino acids (2,474 sites). The presence of
any of these three types of sites instantly parts a set of x species into two groups of
taxa or, equivalently, into two bipartitions (0; ... 0,, and 1;... 1,,), where m =2
species contain the ‘0’ character state, n = 2 species contain the ‘1’ character state,
and m + n = x. To quantify the extent of incongruence of each type of site on a
given internode, we used internode certainty to measure the amount of informa-
tion available for that internode by considering the number of characters sup-
porting that internode jointly with the number of characters supporting the most
prevalent bipartition that conflicts with the internode.
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For every gene from the default data set, we estimated the average bootstrap
support value of all 20 internodes of its bootstrap consensus tree. We also used the
set of bootstrap replicate trees for every gene to calculate the internode-certainty
value of every internode in its bootstrap consensus tree. When the internode
certainty is calculated in this way, its value reflects the amount of information
available for that internode in the set of bootstrap replicate trees because it con-
siders the internode’s bootstrap support jointly with the bootstrap support of the
most prevalent bipartition that conflicts with the internode. We then calculated
the tree-certainty value for each gene by summing the internode-certainty values
of all internodes in its bootstrap consensus tree. Finally, we used these average
bootstrap support and tree-certainty values to construct six subsets of orthogroups:
three with genes that have average bootstrap support values that are greater than or
equal to 60% (904 genes), 70% (545 genes) and 80% (131 genes), as well as three
data sets of the 904, 545 and 131 genes with the highest tree certainty.

For every gene from the default data set, we extracted all bipartitions from its
bootstrap consensus tree that had bootstrap supportthat was greater than or
equal to 60%, 70% and 80%. We then used each one of these three sets of highly
supported bipartitions to construct eMRC species phylogenies with custom Perl
scripts.

We calculated the root-to-node length as the sum of all branch lengths from the
midpoint of the rooted concatenation species phylogeny to the focal node. For the
internode length, we considered the branch length of the internode leading to the
focal node.
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