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a b s t r a c t
Lineage sorting has been suggested as a major force in generating incongruent phylogenetic signal when
multiple gene partitions are examined. The degree of lineage sorting can be estimated using the coalescent process and simulation studies have also pointed to a major role for incomplete lineage sorting as a
factor in phylogenetic inference. Some recent empirical studies point to an extreme role for this phenomenon with up to 50–60% of all informative genes showing incongruence as a result of lineage sorting.
Here, we examine seven large multi-partition genome level data sets over a large range of taxonomic representation. We took the approach of examining outgroup choice and its impact on tree topology, by
swapping outgroups into analyses with successively larger genetics distances to the ingroup. Our results
indicate a linear relationship of outgroup distance with incongruence in the data sets we examined suggesting a strong random rooting effect. In addition, we attempted to estimate the degree of lineage sorting in several large genome level data sets by examining triads of very closely related taxa. This exercise
resulted in much lower estimates of incongruent genes that could be the result of lineage sorting, with an
overall estimate of around 10% of the total number of genes in a genome showing incongruence as a
result of true lineage sorting. Finally we examined the behavior of likelihood and parsimony approaches
on the random rooting phenomenon. Likelihood tends to stabilize incongruence as outgroups get further
and further away from the ingroup. In one extreme case, likelihood overcompensates for sequence divergence but increases random rooting causing long branch repulsion.
Ó 2012 Elsevier Inc. All rights reserved.

1. Introduction
The gene tree species tree phenomenon (Pamilo and Nei, 1988;
Maddison, 1997) has been inserted as a major problem in population genetics, speciation studies, and systematics. In systematics,
the gene tree problem can result in single gene trees showing
incongruence with each other. Two approaches at different extremes (Miyamoto and Fitch, 1995) have been posited as solutions
to problems of incongruence in systematics – taxonomic congruence (consensus) and character congruence (concatenation). More
recently the taxonomic congruence solution has involved utilization of coalescent theory (Maddison and Knowles, 2006; Edwards
et al., 2007; Ané et al., 2007; Carstens and Knowles, 2007; Than
and Nakhleh, 2009; Edwards, 2009; Knowles, 2009; Ané, 2010;
Knowles and Kubatko, 2010; Bansal et al., 2010; Yu et al., 2011)
and other approaches (Rosenberg, 2002; Meng and Kubatko,
2009; McCormack et al., 2009).
Empirical studies using multiple individuals from closely
related species and usually less than ten gene partitions have
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revealed considerable incongruence of individual gene tree/
species tree with each other and with the concatenated hypothesis.
A classic example of this kind of approach is the study from
Machado and Hey (2003) and Machado et al. (2002) on the closely
related Drosophila species cluster – D. pseudoobscura pseudoobscura, D. pseudoobscura bogatana, and D. persimilis, where no two
genes in their data set result in the same topology. Similar empirical studies using genome level information with dozens (and
sometimes thousands) of genes have also claimed large amounts
of incongruence of individual gene trees with each other and with
an overall concatenated hypothesis. One of the more extreme
examples of these kinds of studies is the Drosophila 12 Genomes
analysis where close to 50% of the greater than 12,000 genes examined support a hypothesis that is not in line with either accepted
taxonomy or with the concatenated hypothesis (Pollard et al.,
2006).
Fig. 1 summarizes some of these genome level studies and gives
the upper limit of the estimation of the number of phylogenetically
‘‘inaccurate’’ genes in each. Several simulation studies have also
demonstrated a high degree of incongruence of single gene partitions with each other and with the overall concatenated hypothesis generated from the simulated data. Degnan and colleagues
(Degnan and Rosenberg, 2006; Degnan and Salter, 2005, 2009;
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for phylogenetic analysis. Some empirical studies have also
examined this problem but again not at the genome level (Qiu
et al., 2001; Lartillot et al., 2007; Graham et al., 2002).
Gatesy et al. (2007) examined this problem in the Rokas et al.
(2003) genome level yeast data set. In the original analysis of the
yeast data set, Rokas et al. (2003) observed that nearly 40% of
the gene partitions favored a tree topology at odds with the
strongly supported concatenated hypothesis. Subsequent analyses
(Taylor and Piel, 2004; Phillips et al., 2004; Hedtke et al., 2006;
Gatesy and Baker, 2005; Gatesy et al., 2007) of this dataset have explored the problem of incongruence. Gatesy et al. (2007) showed
that the taxa used in the original analysis were randomly rooting
onto a stable network. In fact, all 106 gene partitions in this data
set give the same ingroup network. By examining the distance of
the outgroup to the ingroup taxa in this study, they also showed
that as the outgroup gets further away from the ingroup, the number of incongruent rooted topologies gets larger.
This communication examines the impact of rooting on incongruence in large multipartition data sets. We have compiled seven
large matrices from a broad array of taxa for this purpose. In this
study we ﬁrst examine the effect of increasing the distance of outgroups from the ingroup. We next examine the claim of rampant
lineage sorting in these data sets. Finally we examine the limits
of parsimony and likelihood analysis in accommodating this problem of random rooting.
2. Materials and methods
Fig. 1. Estimates of incongruence in four published genome-level studies. (A)
Possible trees from the Rokas et al. (2003) study showing the three topologies for
the yeast species considered in this paper. The percentages here do not add up to
100% because there are some gene topologies that are not relevant to the three
shown for this example. S stands for the three ingroup species – S. cerevisae, S.
paradoxus and S. mikatae. Sbay stands for S. bayanus and Skud stands for S.
kudriavzeii. (B) Possible trees from the Pollard et al. (2006) study showing the three
topologies considered in this paper. D stands for the three ingroup species – D.
melanogaster, D. sechelia and D. simulans. (C) Possible trees from the White et al.
(2009) study showing the three topologies considered in this paper for the Mus
musculus subspecies. Mmm stands for Mus musculus musculus, Mmd stands for Mus
musculus domesticus and Mmc stands for Mus musculus castaneus. (D) Possible trees
from the Hobolth et al. (2007) study showing the three major topologies for the
human (Hom), chimp (Pan), gorilla (Gor) trichotomy considered in this paper.
Percentages of gene partitions (A and B) or chromosomal regions (C and D) are
shown below each topology. The percentages in bold are for the concatenated tree
of each data set.

Kubatko and Degnan, 2007) have pioneered these kinds of studies
and have made some interesting observations about tree topology
and tree symmetry and the incongruence of single gene partitions.
These three kinds of studies have led researchers to the conclusion
that lineage sorting is a pervasive problem in the systematics of
closely related species. Coalescent theory predicts such behavior
of gene trees in relation to the species tree, and so it is important
to examine the phenomenon in detail.
One of the issues not examined in great detail in most of these
studies is the role of outgroup choice on the incongruence of single
gene partitions with each other and with a concatenated hypothesis. Wheeler (1990) pointed out that if an outgroup is chosen that is
overly distant from the ingroup being studied, such an outgroup
would root ‘‘randomly’’ to the ingroup. This conclusion was a logical extension of examination of long branch attraction, but differed in that, in the case of random rooting, only one taxon (the
outgroup) has an inordinate long branch. Several other researchers
have addressed the problem of outgroup choice from a theoretical
vantage (Watrous and Wheeler, 1981; Farris, 1982; Maddison
et al., 1984; Lyons-Weiler et al., 1998; Milinkovitch and LyonsWeiler, 1998; Smith, 1992), but these studies were done before
the advent of genome level information as a source of characters

2.1. Data sets
We used seven large data sets ranging in number of partitions
from 13 (Collubines) to over 19,000 (Drosophila 12 genomes) and
from 30,000 characters (D. pseudoobscura data set) to 35,000,000
characters (Drosophila 12 genomes). All matrices were augmented
with NEXUS character set statements for partitioned analysis. The
names in parentheses are how we refer to each data set in this paper. All partitioned data sets are available as Nexus formatted Supplemental Tables (1 through 7).
D. pseudoobscura (pseud): For this data set we created a matrix
with three ingroup taxa (D. persimilis, D. p. pseudoobscura and D.
p. bogotana), and four outgroups (D. miranda, D. melanogaster, D
willistoni and D virilis), by starting with the Machado and Hey
(2003) data set and then searching the data base for genes present
in all seven taxa. Statistics for the matrix can be found in Table 1).
Fig. 2A shows the tree topology of the accepted relationships of
these ﬂies.
Drosophila 12 genomes (dro12): Incongruence in this group of
ﬂies has been shown by Wong et al. (2007) and Pollard et al.,
(2006). This data set (Table 1) was created from the raw Drosophila
12 Genome data base (http://rana.lbl.gov/drosophila/). In this data
set, Pollard et al. (2006) originally suggested that when examining
the relationships of D. melanogaster, D. yakuba and D. erecta, rampant lineage sorting was the source of incogruence. We focus on
Table 1
Parsimony metrics for the seven matrices used in this study. Data matrix names are
from the text. ConcPI stands for number of Concatenated phylogenetically informative characters. ConcTL stands for total length of the Concatenated tree and ConcCI
stands for the consistency index of the concatenated tree.
Matrix

Characters

Partitions

Conc PI

Conc TL

Conc CI

pseudo
dro12
yeast
mouse
coli
colII/ape

48,277
35,646,040
127,337
1,145,155
33,738
51,848

32
12,270
106
4108
13
55

6577
7,511,306
63,248
62,705
7914
17,971

25,478
54,864,641
268,991
78,622
26,738
93,122

0.80
0.60
0.53
0.84
0.44
0.33
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Fig. 2. Phylogenetic trees for each of the data sets examined in this study. Numbers above the species designation refer to outgroups and are numbered from closest possible
outgroup to most distant outgroup. The nodes where the numbered outgroups are relevant are similarly numbered. (A) Tree for the pseud dataset. (B) Tree for the dro12 data
set. (C) Tree for the yeast data set. (D) Tree for the mouse data set. (E) Tree for the colI data set. (F) Tree for the colI data set. Abbreviations are in Supplemental Table 9. These
abbreviations are also the same for Figs. 3 and 4.

that taxonomic problem as well as the relationships of the D. sechelia, D. simulans and D. melanogaster species triad. We have used
an amino acid matrix for this data set. The accepted topology for

this data set is shown in Fig. 2B. Since this data set is so large
(>35,000,000 characters) we subdivided it into seven manageable
subdatasets.
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Yeast (yeast): We used the Rokas et al. (2003) data set as a base for
this data set (obtained from the authors). We added ﬁve new outgroup taxa to the Rokas et al. (2003) data set representing novel phylogenetic distances over what was used in the original study
(Candida glabrata, Kluyveromyces polysporus [V. polyspora], Zygosaccharomyces, Kluyveromyces lactis, Zygosaccharomyces rouxii, and Ashbya gossypii) using the phylogenetic hypothesis for fungi in Dujon
(2010). The original phylogenetic problem in the Rokas et al.
(2003) data set involved the relationships of two species S. bayanus
and S. kudriavzevii. We also examine the relationships of the Saccharomyces mikatae, Saccharomyces cerevisiae and Saccharomyces paradoxus triad. Summary of this data set can be found in Table 1. The
accepted tree for this data set is shown in Fig. 2C (Dujon, 2010).
Mouse (mouse): We based this matrix on the study of White
et al. (2009). This study examined the relationships of several
inbred strains of lab mouse. The triad Mus mus musculus, M.m.
domesticus and M.m. castaneus was the focus of the White et al.
(2009) study. Since over ten inbred strains of M.m. musculus were
also examined we used the three most highly diverged M.m. musculus strains for this task. Because the data matrix in White et al.,
was not available, we constructed a matrix (Table 1) from the
raw data obtained from http://www.sanger.ac.uk/Projects/M_musculus/. This data set is part of a project to use Illumina sequencing
to re-sequence important laboratory mouse strains. The gene
sequences that comprise the matrix for each strain were extracted
and then compared to each other, and the human and rat genomes
using BLAT.
Primate (ape): We examined the relationships of the great apes
using the data set of Perelman et al. (2011). From this study we expanded the matrix to include the whole mitochondrial genomes of
as many primates in the original matrix as possible. We then
trimmed the number of taxa from the original 166 down to 50
and included only those taxa with full mitochondrial genomes.
The resolution of the human, chimp and gorilla relationships has
been a continuing question. Hobolth et al. (2007) estimated that
nearly 20% of a sequenced gene region on the X chromosome supported trees that were at odds with the now accepted (gorilla,
(human, chimp)) topology. Therefore we examined the relationships of these taxa as well as how orangutan and gibbon are related
to the aforementioned trio of species. Perelman et al. (2011) data
set allowed us to use outgroups with over 10 different phylogenetic distances from the ingroup to test hypothesis about outgroup
randomness (Table 1; Fig. 2E).
Colubine I (colI): Incongruence of trees generated from mitochondrial versus nuclear markers for colubines has been suggested
by Ting et al. (2008) and Roos et al. (2011). The latter study constructed a matrix to examine the possible conﬂict between mitochondrial and nuclear DNA gene trees for Colubine primates.
Their data set contained 17 taxa for 13 gene partitions (one of
which is the mitochondrial genome). The phylogenetic problem
examined by Roos et al. (2011) involved the topology of the Asian
versus African Colubines using two potential outgroups – Apes and
Old World monkeys. Speciﬁcally, the relationships of the African
Colubines, Pilocolobus and Procolobus to Colobus show incongruence amongst gene partitions for the 13 genes used by Roos
et al., 2011. In addition, within the Asian Colubines, the Odd-nosed
monkeys and langurs show topological incongruence amongst
gene partitions. A New World Monkey (Callithrix) was added to
the original Roos et al. (2011) matrix to increase the number of
outgroups for this data set to three. The accepted tree for these
data is shown in Fig. 1E and Table 1 summarizes the characteristics
of the data set.
Colubine II (colII): Perelman et al. (2011) data set was also used
to address the same topology questions addressed in the Colubine I
data set. The accepted tree for these data is shown in Fig. 2F and
Table 1 summarizes the characteristics of the data set.
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2.2. Phylogenetic analysis
All tree building analyses were accomplished in PAUP (Swofford, 2002). For all data sets, trees were generated using parsimony
and likelihood with Branch and Bound (bandb) searches. In most
analyses the likelihood settings were lset nst = 2 rates = gamma
shape = estimate. When we examined the yeast data set we also
used a more parameter rich model (lset nst = 6 rates = gamma
shape = estimate). Searches were trivial in all cases as there were
either 3, 4 or 5 ingroup taxa in analyses plus a single outgroup.
Phylogenetic analyses were scripted with command ﬁles that kept
ingroup taxa (either 3, 4 or 5 of them) stable with the swapping of
a single outgroup taxa into the analysis separately. Each tree generated in this study was saved as a Nexus ﬁle Newick tree. A ﬁle for
each single outgroup analysis for each matrix was generated and
these were then parsed to tabulate the number of trees for different hypotheses generated for the different matrices and different
outgroups. Raw data and summary excel ﬁles are available from
the authors on request.
2.3. Analysis of changing tree topologies by varying outgroup
We used two measures to quantify the impact of outgroup
manipulation. First, the ratio of the number of ‘‘bad’’ (B) phylogenetic hypotheses to ‘‘good’’ (G) phylogenetic hypotheses (the ‘‘B/
G ratio’’) was computed by dividing the number of trees with inaccurate topologies by the number of trees with the accepted phylogeny. So for instance if three taxa (A, B and C) were being examined
and the tree topology with taxon A as basal was the accepted
topology and it occurs in 100 genes in an analysis and there are
50 trees generated by genes with B and C as basal, then the B/G
ration would be 50/100 gene partitions or 0.5. Our second measure
was to take the total number of genes that produce an accurate
topology and divide it by the total number of genes that gave a resolved topology (called the G percentage). These measures were
correlated in most cases so we present here only the B/G ratio.
The genetic distance between each outgroup to the ingroup taxa
in each data matrix was then calculated using PAUP (with a K2P
model) and plotted versus the B/G ratio using linear regression.
2.4. Rooting strategies
Fig. 3 shows the possible points of rooting for networks with 3,
4 and 5 taxa. The three taxa network has three root points, a stable
four taxa network has ﬁve root points and a stable ﬁve taxa network has seven root points. The rest of the ﬁgure details the strategy for swapping outgroups in and out of analyses and which taxa
were used to keep the ingroup stable. In this way we were able to
examine the effect of using further and further distanced roots
when there are three, four and ﬁve ingroup taxa. We also examined
three taxon statements within the ingroups that allowed us to add
two ‘‘new’’ but extremely close outgroup taxa. We were able to do
this in six cases (the pseudo matrix only used three ingroup taxa to
begin with). Fig. 4 shows the strategy for manipulating the
outgroup taxa with the three ‘‘closer’’ ingroup taxa (we call these
analyses alternative or ‘‘alt’’).
3. Results and discussion
3.1. Impact of increasing root distance on tree topology
The general trend observed when increasing outgroup distance
is that the B/G ratio (see methods) increased in a linear fashion.
Fig. 5 shows this trend for both MP and ML analysis. In all cases,
the slopes of the curves in this ﬁgure are positive and in all but
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Fig. 3. Rooting points for networks with three (A), four (B) and ﬁve (C) ingroup taxa. The root points are numbered 1 through 5 and the taxa are numbered a through e. The
table to the right explains the combinations of ingroup taxa we used to manipulate outgroup addition for each of the seven data sets we used. For instance, for the dro12 data
set and three ingroup taxa, taxon ‘‘a’’ would be Dyak, taxon ‘‘b’’ would be Dere and taxon ‘‘c’’ would be either Dmel, Dsec or Dsim. The abbreviations in the table are the same
as in Fig. 2 and can be found in Supplemental Table 9.

Fig. 4. Strategy for examining six of the seven data sets for ‘‘closer’’ ingroup taxa (by closer we mean phylogenetically closer). The tree shows the three ingroup taxa labeled as
a, b and c. The dots refer to the possible rooting points of the network and these are numbered 1 through 3. Outgroups are listed in order of increasing distance from the
ingroups (OG1 through OG11). Abbreviations are the same as in Fig. 2. We omitted the pseud data set from this analysis because there were only three ingroup taxa to begin
with.

one case the correlation coefﬁcient is signiﬁcant at the P < 0.1 level
and better (Table 2). This result indicates that there is a positive
correlation of increasing genetic distance of an outgroup with
increasing phylogenetic inaccuracy. Another way to summarize
this observation is to note that the closer the ingroup is to the

outgroup, (by closer we mean phylogenetically closer) the fewer
incongruent gene partitions are found.
Because there are seven potential root points on a stable network with ﬁve ingroup taxa, this means that there are more opportunities for random rooting for this number of taxa than for three
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or four ingroup taxa. We therefore tested whether the number of
potential root points was a factor in the correlation. To do this,
we examined each data set by including just three ingroup and
then just four ingroup taxa. Supplemental Table 8 shows the results of this analysis and indicates that while the correlation starts
to erode when the number of root points in a network is reduced,
there are still strong correlations for most analyses (Supplemental
Table 3).
Another striking result of these analyses is that the B/G ratio
intercept when distance is 0.0 is either negative or very close to
zero. This result suggests that the ratio of inaccurate to accurate
gene trees goes to zero as the outgroup gets closer and closer to
the ingroup. The only departure from this general trend for ﬁve
taxa, is the yeast data set where the B/G intercept for MP is 0.14
and the same intercept for ML is 0.20. For four and three taxa ingroup analyses, the B/G ratio intercept shows greater departure
from zero than for ﬁve taxa (Tables 2 and 3). These results together
with the assumption that the relationship of distance to B/G ratio is
linear suggest that the amount of lineage sorting at the point of
divergence of closely related species is closer to zero than previously inferred. The reason for the discrepancy lies in the extreme
distance of the chosen outgroups to the ingroups in nearly all of
the matrices we examined. The major departure from this trend
is the mouse matrix, where the slopes of the regressions for this
data set are either 0 or slightly signiﬁcantly different from 0.
3.2. Examining very closely related taxa for the random outgroup
effect
In at least three of the data sets (Rokas et al., 2003; Pollard et al.,
2006; White et al., 2009) we examined, the previous analyses suggested large numbers of genes experiencing lineage sorting in taxa
that were not the most closely related taxa in the data set. For the
yeast data set, the major problems attributed to incongruence

Fig. 5. Linear regressions for the seven data sets in the analysis. A shows the
regressions for the parsimony analyses and B shows the regressions for likelihood
analyses. Legends for the different data sets are shown as insets in each graph.
Sequence distance (calculated using the K2P model) is graphed on the X axis and
B/G ratio (‘‘bad’’ to ‘‘good’’ ratio; see text) is graphed on the Y axis.

Table 2
Linear regression statistics for the seven data sets analyzed with ﬁve ingroup taxa.
Dataset

Slope

r2

Ape_5T_MP
Ape_5T_ML
ColI_5T_MP
ColI_5T_ML
ColII_5T_MP
ColII_5T_ML
Yeast_5T_MP
Yeast_5T_ML
pseud_5T_MP
pseud_5T_ML
Dro12_5T_MP
Dro12_5T_ML
Mouse_5T_MP
Mouse_5T_ML

1.397 ± 0.8441
1.830 ± 0.8007
11.59 ± 0.9370
2.883 ± 0.5556
2.746 ± 1.516
3.141 ± 1.539
1.870 ± 0.8686
7.621 ± 4.272
2.006 ± 0.7904
2.605 ± 2.326
8.896 ± 0.7933
14.36 ± 1.186
1.467 ± 0.7264
1.286 ± 0.3329

0.1205
0.207
0.9623
0.8178
0.1351
4.165
0.4358
0.3466
0.7631
0.3854
0.9402
0.9483
0.8031
0.9372

Intercept
0.5452
0.289
0.06703
0.01384
0.498
0.3184
0.1453
0.2045
0.1186
0.1361
0.006766
0.06703
1.566
1.719

Signiﬁcance
⁄⁄
⁄⁄
⁄⁄⁄⁄
⁄⁄⁄
⁄
⁄⁄
⁄⁄
⁄
⁄
ns
⁄⁄⁄⁄
⁄⁄⁄⁄
⁄
⁄

⁄

p < 0.10, ⁄⁄P < 0.05, ⁄⁄⁄p < 0.01, ⁄⁄⁄⁄p < 0.001. Data matrix names are from the text.
5T stands for 5 taxa and MP and ML stand for Maximum Parsimony and Maximum
Likelihood respectively.

involved Sbay and Sklu, when three taxa – Smik, Scer and Sper –
are actually more closely related to each other than the examined
triad. In the ﬂy data set, the triad of species D. melanogaster, D. yakuba and D. erecta were examined for lineage sorting, when three
taxa – D. melanogaster, D. simulans and D. sechelia are actually more
closely related to each other than the examined triad. Finally, in
the mouse data set, the three taxa examined were a strain of Mus
musculusmusculus, M.m. domesticus and M.m. castaneus, while there
are at least ten other M.m. musculus strains that are more closely
related to each other than the three taxa examined. In addition,
by shifting the three ingroup taxa to examine the potential for lineage sorting to even more closely related entities, this also allows
for the use of closer outgroup taxa. For example, in the yeast data
set, where for the ﬁve ingroup taxa – Sklu, Sbay, Smik, Scas and
Sper are used as ingroups, if we examine the relationships of the
three most closely related taxa in the group, then Sklu and Sbay become outgroups. These two taxa are more closely related to the
three ingroup taxa than the originally designated outgroups (see
Fig. 3). Table 3 shows the results of altering the ingroup taxa to include the most closely related taxa in each data set (see Fig. 6). This
table demonstrates that in four out of ﬁve cases we examined for
maximum parsimony, adding closer and closer outgroups results
in lower B/G ratios. The intercept values for signiﬁcant regressions
are all either slightly negative or very close to zero, indicating that
when the outgroups chosen are extremely close to the ingroup species, the number of incongruent genes is expected to go to zero or
nearly so.
We also used these analyses to give us an estimation of the degree of lineage sorting amongst closely related taxa. Table 4 shows
the best estimate of percentage of genes that are incongruent with
the concatenated hypothesis and hence candidates for lineage sorting. Not surprisingly the data set with the smallest number of partitions shows a relatively large percentage of gene partitions that
are incongruent with the concatenated tree (44% for MP and 50%
for ML). This result may be due to the small number of gene partitions that are included in this data set (13 partitions). In fact, when
the same phylogenetic question is examined using the larger
Perelman et al. (2011) data set (ColII) with 55 partitions the percentage of incongruent genes drops to 20% for MP and 41% for
ML. The Mouse data set is also highly incongruent and hence
shows the largest percentage of potential lineage sorting. This
observation could also be the result of the large number of extremely closely related strains that are in this data set. The divergence
of these mouse lineages is almost certainly very recent (Yang et al.,
2007; White et al., 2009), and in fact, the taxa examined in this
data set are all considered part of the same species (M.m. musculus,

18

J.A. Rosenfeld et al. / Molecular Phylogenetics and Evolution 64 (2012) 12–20

Table 3
Regression analysis for ‘‘closer’’ three taxa as ingroup analysis.
Data set

Slope

r2

Ape_alt_MP
Ape_alt_ML
ColI_alt_MP
ColI_alt_ML
ColII_alt_MP
ColII_alt_ML
Yeast_alt_MP
Yeast_alt_ML
Dro_alt_MP
Dro_alt_ML
Mouse_alt_MP
Mouse_alt_ML

4.211 ± 0.8661
4.781 ± 1.137
1.645 ± 1.401
0.8885 ± 1.910
1.117 ± 0.4580
0.3905 ± 1.077
0.7189 ± 0.567
2.507 ± 0.2869
1.410 ± 0.05667
1.902 ± 0.05792
0.004891 ± 0.1
2.605 ± 2.326

0.4962
0.4241
0.04258
0.02635
0.4596
0.00385
0.1673
0.9052
0.9841
0.9908
0.0002145
0.3854

Intercept
0.01699
0.03605
0.1259
0.8228
0.2322
1.065
0.04428
0.001863
0.03688
0.02081
190.6
0.1361

Signiﬁcance
⁄⁄⁄⁄
⁄⁄⁄⁄
⁄
ns
⁄⁄
ns
⁄
⁄⁄⁄⁄
⁄⁄⁄⁄
⁄⁄⁄⁄
ns
ns

⁄

p < 0.10, ⁄⁄P < 0.05, ⁄⁄⁄p < 0.01, ⁄⁄⁄⁄p < 0.001. Data matrix names are from the text. alt stands for the alternative taxon set using closer three taxa sets and MP and ML stand for
Maximum Parsimony and Maximum Likelihood respectively.

Fig. 6. Linear regressions for the data sets where the ‘‘closer’’ outgroup analyses
were accomplished. A shows the regressions for the parsimony analyses and B
shows the regressions for likelihood analyses. Legends for the different data sets are
shown as insets in each. Sequence distance (calculated using the K2P model) is
graphed on the X axis and B/G ratio (see text) is graphed on the Y axis. We omitted
the pseud data set from this analysis because there were only three ingroup taxa to
begin with.

M.m. castaneus and M.m. domesticus and several inbred strains of
M.m. musculus). It is not surprising therefore that incongruence of
gene trees is pervasive in this data set because of the recentness of
reticulation.
The three data sets with large numbers of genes and strongly
differentiated taxa – dro12, ape and yeast – all show a similar pattern of having very few genes that are incongruent with the concatenated topology. The yeast data set in particular, shows no
incongruence when the most closely related three ingroups are
examined. This result is entirely consistent with the Gatesy et al.
(2007) result where all 106 yeast genes give the same 5 taxa network topology when the outgroup problem is removed. The Drosophila 12 genomes data set shows at most 8% of the genes in
the data set as being incongruent with the accepted (which is also
the concatenated) topology. This percentage can be contrasted
with the original suggestion that in Drosophila up to 50% of the
genes are incongruent and thus candidates for lineage sorting.
The ape data set for parsimony is incongruent at 14% of the informative partitions with the accepted (which is also the concatenated) topology. This estimate is for the degree of incongruence
for the chimp human gorilla trichotomy. Recently Hobolth et al.
(2011) have estimated the degree of lineage sorting with orangutan-human-chimp to be 1.5%, which is more in line with our analysis here. When the percentage of incongruent gene partitions
relative to the total number of partitions in each data set is estimated, the level of incongruence over the entire data set is reduced
even more (for MP this ranges from 0% to 15% and for ML from 0%
to 38%). This variance is most likely caused by the range of taxonomic systems examined in this study.
3.3. Assessing the impact of likelihood analysis versus parsimony
analysis with random outgroups

Table 4
Best estimate of percentage of genes that are incongruent with the concatenated
hypothesis at the time of divergence of species and hence candidates for ‘‘true’’
lineage sorting. We used the intercept values for each of the analyses shown in Figs. 5
and 6 to compile these estimates. Percentages are calculated for just those genes that
gave trees that were resolved (informative) and for all genes (total) in the data sets.
Maximum Parsimony is represented by MP and Maximum Likelihood is represented
by ML.

dr12
mouse
ColI
ape
ColII
yeast

Percent informative

Percent total

MP

ML

MP

ML

0.036
0.495
0.444
0.142
0.200
0.000

0.020
0.331
0.500
0.320
0.416
0.000

0.016
0.082
0.153
0.054
0.072
0.000

0.010
0.027
0.090
0.145
0.384
0.000

Another observation that can be made from Tables 2–4 is that
for the likelihood approach, only about half of the analyses give
signiﬁcant correlations, suggesting, not surprisingly, that ML and
MP are behaving differently in the way they process information
from the distant outgroups. Changing the likelihood model to include more parameters, has little impact on the overall results
(data not shown). This result suggests that in some cases ML tends
to stabilize the number of accurate gene partitions, whereas MP
tends to allow for the observation of the incremental decrease of
accuracy with increasing distance.
The yeast dataset requires a detailed examination with respect
to comparing MP and ML. The following analysis involves considering the three closest Yeast ingroups only (scer, spar, smik). The
number of genes giving the three different topologies these three
ingroups can generate during MP analysis is given in Table 5. Note
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Table 5
Number of gene partitions (out of 106) that agree with the accepted topology (also
the concatenated topology) for the yeast three taxon data set that includes Scas, Smik
and Spar. ML1 model parameters were nst = 2, rates = gamma, shape = estimate, ML2
model parameters were nst = 6, rates = gamma, shape = estimate. MP is the maximum
parsimony analysis.
Outgp

ML1

ML2

MP

Agos
Calb
Cgla
Klac
Sbay
Scas
Sklu
Skud
Vpol
Zrou

55
53
71
66
105
77
82
106
70
75

59
65
77
70
102
78
86
106
80
77

101
102
99
100
103
104
102
106
101
103

that for both ML analyses (ML1 and ML2) the number of inaccurate
gene partitions is much larger than for MP. We attribute the poor
performance of the ML approach in this case to a previously recognized phenomenon called long branch repulsion (Siddall, 1998;
Siddall and Whiting, 1999). This phenomenon results when two
taxa have extremely long branches and are actually each others’
closest relative. Siddall (1998) showed that maximum likelihood
overcompensates for the two long branches and repulses them to
accrue a position in a topology that is ‘‘inaccurate’’. This is exactly
the problem we observe for the yeast data set. In this case, any outgroup we choose outside of scud and sbay is at least three times
more distant to the ingroups (scer, smik, sper) and the longest
branch of the ingroups is the smik branch which is 60% longer than
either of the scer or sper branches. Hence the ‘‘correct’’ topology is
avoided as a result of repulsion of smik and the outgroup.
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concatenated analysis), symmetrical trees (St) and swapped trees
(ST). Symmetrical trees are those trees that maintain the network
topology of the MT. In other words, they are very much like the
trees we have discussed at length in this paper where roots can attach randomly and give an ‘‘altered’’ topology. Kubatko and Degnan (2007) call these ‘‘anomalous’’. The STs are trees that change
the MT network topology and are only discoverable in analyses
with greater than four taxa. Kubatko and Degnan (2007) showed
that under the coalescent the St’s could become quite predominate
in their simulated data sets, but under no coalescent model did the
ST trees rise to any signiﬁcant percentage of the total. We point out
that the alternative trees that we examined for the analyses in this
paper are anomalous trees with respect to the MT.
The frequency of lineage sorting has been focused upon as a
problem in modern systematics (Edwards, 2009; Knowles, 2009;
Degnan and Rosenberg, 2009). Several authors using genome level
data sets have suggested that the amount of lineage sorting is
alarming. We do not deny the existence of lineage sorting, as coalescent theory predicts that gene trees and the species tree don’t
necessarily have to be congruent in all cases. With studies that
utilize several closely related taxa within species, the problem of
lineage sorting and incongruence could indeed be extreme as a result of reticulation. However, we suggest that much of the lineage
sorting observed so far in genome level data sets can be attributed
to something much simpler – random rooting.
Appendix A. Supplementary material
Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.ympev.2012.
02.029.
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