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Abstract.—The impact of incomplete lineage sorting (ILS) on phylogenetic conflicts among genes, and the related issue of
whether to account for ILS in species tree reconstruction, are matters of intense controversy. Here, focusing on full-genome
data in placental mammals, we empirically test two assumptions underlying current usage of tree-building methods that
account for ILS. We show that in this data set (i) distinct exons from a common gene do not share a common genealogy,
and (ii) ILS is only a minor determinant of the existing phylogenetic conflict. These results shed new light on the relevance
and conditions of applicability of ILS-aware methods in phylogenomic analyses of protein coding sequences. [Coalescence;

exon; Supertree; phylogeny; placental.]

Dealing with the incongruence between genes is
a central issue in current phylogenomics (Galtier
and Daubin 2008; Rannala and Yang 2008; Degnan
and Rosenberg 2009; Szollési et al. 2015). For a
number of reasons, gene trees sometimes depart from
species trees and differ from each other. Explanations
for such conflicts include gene tree-building errors,
undetected paralogy, horizontal gene transfer, and
incomplete lineage sorting (ILS), when within-species
polymorphism lasts longer than the time between two
successive speciations. ILS, which was identified as a
potential source of phylogenetic incongruence decades
ago (Doyle 1997; Pamilo and Nei 1988), has recently
attracted a high level of attention after the discovery
that species-tree estimation methods neglecting ILS,
such as concatenation (=supermatrix) approaches, can
be inconsistent in the presence of ILS (Degnan and
Rosenberg 2006; Liu et al. 2015). A number of ILS-
aware algorithms correcting for this bias have been
developed (e.g., Rannala and Yang 2003; Kubatko et al.
2009; Liu et al. 2009, 2010; Bryant et al. 2012; Wu 2012;
Mirarab et al. 2014a; Bayzid et al. 2015; Mirarab and
Warnow 2015), assessed (Simmons and Gatesy 2015;
Simmons et al. 2016), and increasingly used in real
data analyses (e.g., Song et al. 2012; Betancur-R et al.
2013; Zhong et al. 2013; Xi et al. 2014; Mirarab et al.
2014b).

It is noteworthy that the rise of interest for ILS in
the phylogenomic literature was in large part driven
by theoretical, not empirical, arguments. Gatesy and
Springer (2013, 2014) and Springer and Gatesy (2014,
2016) vehemently criticized a number of analyses based
on ILS-aware methods, recalling that these are obviously
justified only if (i) ILS is a major source of conflicts,
(i) “genes” correspond to genomic blocks each having
a unique history of coalescence, and (iii) blocks are
sufficiently large and informative such that reasonably

reliable gene trees can be reconstructed (Xi et al.
2015). Surprisingly, despite the considerable amount
of literature dedicated to ILS-aware methods, these
aspects have hardly been quantified from real data
so far.

Here, we empirically investigate whether the condi-
tions of applicability of coalescence-based methods are
met in mammals—a group in which the controversy
has been particularly intense. Using protein-coding
sequence alignments, we analyze the congruence of
the phylogenetic signal between and within exons
for various nodes of the mammalian tree. We show
that coding sequences do not behave as homogeneous
phylogenetic markers, and that most of the phylogenetic
incongruence in mammals is unlikely to be explained by
ILS. We identify exons as reasonable units of gene-tree-
based analysis in mammals, and suggest that, as far as
currently available data sets in mammals are concerned,
ILS-aware methods are not obviously superior to—
but typically slower and less flexible than—previously
published super-tree methods.

DATA SETS

Sequence alignments of 7349 distinct mammalian
coding exons were retrieved from the Orthomam
v9 database (Douzery et al. 2014), which is based
on ENSEMBL v79. Orthomam v9 includes 43 fully
sequenced mammalian species, of which 39 are
placentals, 3 are marsupials, and 1 is a monotreme
(platypus Ornithorynchus anatinus). Platypus was here
disregarded due to the risk of misalignment and
saturation. For each exon alignment, a phylogenetic
tree was reconstructed using RAXML (Stamatakis 2006)
under the GTR+Gamma model and 100 bootstrap
replicates were performed.
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FIGURE 1.

Exon-based mammalian supertree analysis. Left, SuperTriplets analysis of 5299 exon trees; Right, same analysis after nodes from

source trees with bootstrap support lower than 99 were collapsed. Highlighted nodes define the (Y,Z) subtrees in the (O,(X,(Y,Z))) four-clade
analyses. Nodes D, F, I, and L are controversial; they appear in red in the color version of the figure. ILS is documented at node A (green in
the color version of the figure). Triangles: nodes that differ between the two trees. Node labels: letters refer to node ID in Table 1, numbers
correspond to statistical support, that is, the proportion of consistent rooted triplets in source trees. The position of the horse Equus caballus was
not taken into account in the definition of node I. Trees were drawn and annotated using Dendroscope 3 (Huson and Scornavacca 2012).

We focused on 12 non-trivial nodes of the placental
tree, to which letter codes were assigned (Fig. 1
and Table 1). Four of these nodes—position of
the placental root (L), early divergence within non-
Eulipotyphla Laurasiatheria (I), early divergence within
Euarchontoglires (F), and early divergence within
Rodentia (D)—are yet unresolved (Meredith et al. 2011;
Romiguier et al. 2013a), and were called “controversial”.
Regarding the other eight nodes, which were called
“uncontroversial”, a consensus has been reached in the
literature. ILS has been previously demonstrated to affect
gene trees for the uncontroversial Homo/Pan/Gorilla
divergence (Hobolth et al. 2007; Dutheil et al. 2009, node
A in Fig. 1). Estimates of the age of nodes were obtained
from the TimeTree database (www.timetree.org).

RESULTS

Protein-Coding Sequences as Phylogenomic Entities

A number of data analyses based on ILS-aware
methods have used protein-coding sequences as “loci”,
or “genes”, or “c-genes” sensu Doyle (1997)—that is,
genomic entities from which gene trees are estimated—
implicitly assuming that the various exons of a given
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gene share a common, unique history of coalescence
(e.g., Song et al. 2012). We questioned this assumption by
asking whether exons carried by the same gene, hereafter
called co-genic exons, yield trees more similar than exons
from distinct genes. To this aim, we created five distinct
mammalian data sets by sub-sampling species (Table 1).
Species sub-sampling was designed in such a way that
the five data sets cover a wide range of phylogenetic
depth and difficulty. For each data set, we selected
coding sequence alignments in which no species was
missing, and at least two exons were available—applying
these criteria to the full data set would yield a very
small number of genes, hence the sub-sampling. Then,
we calculated the Robinson and Foulds (1981) distance
between exon trees and contrasted co-genic versus non
co-genic pairs of exons. We found that, across the five
data sets, the distributions of Robinson-Foulds distances
were indistinguishable between the two categories of
exon pairs (Fig. 2): two co-genic exons did not yield
more similar trees than two exons carried by distinct
genes, contradicting an implicit assumption behind the
gene tree-based analysis of protein coding sequences.
Qualitatively similar results were obtained when we
generated 100 bootstrap trees per exon and compared
the distributions of Robinson-Foulds distance between


http://www.timetree.org
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TABLE1.  Analyzed species, data sets, and nodes
Genus Species Clade DI D2 D3 D4 D5 A» B C D E F G H I J K L
Monodelphis  domestica Marsupial * * * o O
Macropus eugenii Marsupial * * O O
Sarcophilus ~ harrisii Marsupial o O
Echinops telfairi Afrotheria O zZ X
Loxodonta africana Afrotheria * * * O Y X
Procavia capensis Afrotheria * * O Y X
Choloepus hoffmanni Xenarthra * X Y
Dasypus novemcinctus Xenarthra * * X Y
Otolemur garnettii Primates * X X Z Y X Z
Microcebus murinus Primates * X X z Y X Z
Tarsius syrichta Primates * Y X z Y X Z
Callithrix jacchus Primates * V4 X Z Y X Z
Papio anubis Primates z Z X Z Y X Z
Macaca mulatta Primates * Y Z X Z Y X Z
Chlorocebus  sabaeus Primates X Z X z Y X Z
Nomascus leucogenys Primates * o Z X z Y X Z
Pongo abelii Primates * O O Zz X z Y X Z
Gorilla gorilla Primates * X 0O Z X Z Y X Z
Homo sapiens Primates * * * * * Y O Zz X z Y X Z
Pan troglodytes Primates * * zZz O Z X Z Y X Z
Tupaia belangeri Scandentia * * X Y X Z
Ochotona princeps Lagomorpha O O Y Y Y X Z
Oryctolagus  cuniculus Lagomorpha * * O O Y Y Y X Z
Ictidomys tridecemlineatus ~ Rodentia O X Z2 Y Y X Z
Cavia porcellus Rodentia O z Z Y Y X Z
Dipodomys ordii Rodentia O Y Z Y Y X Z
Rattus norvegicus Rodentia * O Y Z Y Y X Z
Mus musculus Rodentia * * * * O Y zZ Y Y X Z
Sorex araneus Eulipotyphla * o O z X Z
Erinaceus europaeus Eulipotyphla * * (@] O 7z X Z
Pteropus vampyrus Chiroptera * @) X z X Z
Myotis lucifugus Chiroptera * * (@] X zZ X Z
Equus caballus Perissodactyla * * * (@] zZz X Z
Felis catus Carnivora * O O O Y ZzZ X Z
Canis lupus Carnivora * * * O O X Y Z X Z
Ailuropoda melanoleuca Carnivora * * O O Y Y zZ X Z
Mustela putorius Carnivora * * O 0O zZz Y z X Z
Vicugna pacos Cetartiodactyla * O X zZz 7Z X Z
Sus scrofa Cetartiodactyla * o Y zZz 7Z X Z
Tursiops truncatus Cetartiodactyla * * o z zZz Z X Z
Ovis aries Cetartiodactyla o z zZ Z X Z
Bos taurus Cetartiodactyla * * * * o Z z 7Z X Z

? Asterisks indicate the species that belong to data sets D1-D5 shown in Fig. 2.
Symbols O, X, Y, and Z define the four clades used in analyses of nodes A-L shown in Figs. 1, 3, and 4.

bootstrap trees from co-genic versus non-co-genic pairs
of exons (Supplementary Fig. S1, available on Dryad at
http://dx.doi.org/10.5061/dryad.1m3s2).

Spatial Autocorrelation of the Phylogenetic Signal

To investigate in a more detailed way the spatial
autocorrelation of the phylogenetic signal, we focused
on 12 nodes of the mammalian tree (Fig. 1). Each of
these nodes defines a rooted subtree (O,(X,(Y,Z))), where
O, X, Y, and Z are four mammalian clades (Table 1).
For each node, we selected exon alignments of length
greater than 700 bp in which at least one species of the
four clades was available. These were reduced to four-
species alignments by randomly sampling one species
per clade—10 replicates per node were achieved this
way. Then, we counted the number of informative sites
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in agreement with the true phylogeny (O = X, ¥ =
Z), hereafter called trustworthy sites, and the number
of informative sites contradicting the true phylogeny
O=Y,X=2Z orO =2 X =Y), called misleading
sites. The phylogenetic quality of exon e for node m was
measured as

Q(e,m)=(nt—nwm)/(nT+nm),

where nt is the number of trustworthy sites and ny
the number of misleading sites in exon e regarding
node m. As far as controversial nodes are concerned,
Q cannot be taken as a measure of quality—the truth
being unknown—but can still be used to examine the
congruence between exons.

For each node m and each replicate, we focused on
pairs of co-genic exons, arbitrarily labeled the members
of a pair as e; and e, and calculated the across
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FIGURE2. Phylogenetic incongruence between co-genic and non-co-genic exons. Each pair of boxes is for a data set (12-15 species, see Table 1).
Gray: pairs of co-genic exons. White: pairs of non-co-genic exons. Y-axis: Robinson-Foulds distance between exon trees.

genes correlation coefficient of Q(ej,m) and Q(en,m).
The distribution of correlation coefficients among nodes
(median across replicates) was roughly centered on zero
(Fig. 3a), confirming the lack of a congruent phylogenetic
signal between co-genic exons, and the generality of this
effect across the whole mammalian tree. Only one node
(H, i.e., monophyly of ferret and giant panda) resulted
in a significantly positive correlation.

Then, we conducted the exact same analysis using
half-exons rather than exons. Exons alignments were
split in two parts containing the same number of
informative nucleotides (excluding gaps and missing
data). Then nt, ny, and Q were calculated separately
for the 5'-half and the 3’-half of each alignment. For 10
of the 12 nodes considered here, a significant, positive
correlation was found between the phylogenetic signals
carried by the two halves of an exon (Fig. 3b). This
analysis does not demonstrate that the two halves of an
exon share a common genealogy (Springer and Gatesy
2016), but suggests that large exons might plausibly be
used as genomic units for gene tree-based phylogenomic
analysis in mammals.

Plausibility of ILS as the Main Source of Phylogenomic
Incongruence

ILS is a source of phylogenetic conflict when
genetic polymorphism is retained across two (or more)
successive events of speciations. This implies that, for

a given internal node, the total number of ILS-induced
misleading sites cannot be higher than the number of
polymorphic sites in the ancestral population. More
precisely, consider a node of the species tree of the
form (O,(X,(Y,Z2))) and call X*, Y*, and Z* the ancestors
to X, Y, and Z, respectively, at the time of the split
between Y and Z. The number of ILS-induced misleading
sites for node (O,X,(Y,Z))) equals the number of sites at
which either X* and Y*, or X* and Z*, shared a derived
allelic state. In the worst case of two simultaneous
events of speciation, and assuming a panmictic, Wright—
Fisher ancestral population and neutral mutations, the
expectation for thisnumberis 6/3, where § =4Nep is four
times the product of ancestral effective population size,
Ne, and mutation rate, p (Wright 1938; Supplementary
Fig. S2, available on Dryad).

Ancestral 6 cannot be directly measured, but genome-
wide estimates of heterozygosity, n, from wild-caught
individuals are available in a number of extant
mammalian species, including primates (Perry et al.
2012; Prado-Martinez et al. 2013), rodents (Halligan
et al. 2013; Romiguier et al. 2014; Deinum et al
2015), lagomorphs (Carneiro et al. 2012; Romiguier
et al. 2014), perissodactyls (Jonsson et al. 2014) and
carnivorans (Liu et al. 2014). In none of these species
did the average m exceed 1% in non-coding regions, and
0.35% in coding regions. Knowing that in a panmictic
population m is an unbiased estimate of 6 (Tajima
1983), this provides an upper bound of ~0.12% for the
expected proportion of ILS-induced misleading sites in
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FIGURE 3. Spatial autocorrelation of the phylogenetic signal: gene effect versus exon effect. Top: across-nodes distribution of correlation

coefficient of phylogenetic quality between pairs of co-genic exons. Bottom: across-nodes distribution of correlation coefficient of phylogenetic

quality between the two halves of an exon. Gray: significantly positive.

protein coding sequences for any particular node of
our reference mammalian phylogeny—assuming that
the level of genetic polymorphism in ancestral species
was similar to that of extant ones.

Figure 4 shows the per-base proportion of misleading
sites, myi/L (where L is the total alignment length), as
a function of the age of the node, for 12 mammalian
nodes (closed circles). In only 2 of the 12 analyzed
nodes was the observed amount of misleading sites
compatible with the effect of ILS only. These correspond
to recent divergences within primates, including the
well-documented (gorilla (human,chimpanzee)). For all
the other nodes, and particularly the most ancient ones,
ILS can only explain a small fraction of the observed
phylogenetic incongruence, unless one assumes that the
genetic diversity of ancestral mammalian species was 10
times as high as than that of mice, voles, and rabbits—a
highly implausible hypothesis (Romiguier et al. 2013b,
2014).

The proportion of misleading sites is positively
correlated with node age in our 4-taxa analysis (Fig. 4),
reflecting the accumulation of homoplasy as sequences
diverge and multiple substitutions accumulate. A
number of these multiple substitutions, however, can be
identified by sampling more species. We performed a
similar analysis using as source data the reconstructed
ancestral sequences of clades X, Y, Z, and O, rather than

randomly drawn representatives. For each clade, the
sequence of the most recent common ancestor of the
sampled species was estimated under the HKY model
(Hasegawa et al. 1985) by selecting for each site the
marginally most probable state, as described by Yang
et al. (1995), assuming a discrete gamma distribution
of rates across sites. The proportion of misleading sites
in this analysis was still generally higher than expected
under ILS only (Fig. 4, open circles). For three nodes—
divergence of Laurasiatheria, of Boreoeutheria, and
of Glires—ILS might non-negligibly contribute to the
phylogenetic conflict generated before the ancestors of
clades X, Y, and Z.

GC-Content Effect

For each uncontroversial node, we calculated the GC-
content at third codon positions (GC3) of each exon
alignment by averaging across sequences. We found that
Q, the phylogenetic quality of an exon, was negatively
correlated to GC3 in seven out of eight uncontroversial
nodes, the only exception being the Homo/Pan/Gorilla
divergence. In four cases, the negative correlation was
significant (E, HK, J, Fig. 1, Table 1). This result
corroborates the report by Romiguier et al. (2013a) of
a higher reliability of AT-rich than GC-rich alignments
in mammalian phylogenomics.
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Exon Tree Analysis

If ILS was indeed a minor determinant of phylogenetic
conflict in mammals, we would expect ILS-aware
methods to behave more or less similarly to ILS-
naive ones. To test this prediction, we conducted a
gene tree phylogenomic analysis in mammals based on
ORTHOMAM v9 using exons as our source data set.
Marsupials (Monodelphis domestica, Macropus eugenii, and
Sarcophilus harrisii) were used to root placental trees. We
kept only those trees containing at least one of the three
outgroup species and we checked whether the outgroup
species formed a monophyletic clade; if yes, we rooted
the tree on this clade using BppReroot of the BppSuite
(Guéguen et al. 2013), otherwise we discarded the tree.
This procedure generated 5299 rooted exon trees, a forest
we here denote by F.

We applied three methods to infer a species tree from
F: SuperTriplets (Ranwez et al. 2010), a supertree method
for rooted trees that does not explicitly account fo ILS,
ASTRAL (Mirarab et al. 2014a, 2015) and MP-EST (Liu
et al. 2010), two gene-tree-based methods that were
specifically developed to cope for ILS. SuperTriplets and
ASTRAL accept polytomic trees, and were thus applied
both to F and to the forest of trees, denoted by 9,
obtained from F by collapsing internal branches with
a bootstrap value lower than 99. The running time for
SuperTriplets was of 6 s, while ASTRAL took around

32 min to compute a species tree for the unrooted version
of F, and more than 22 h for the unrooted version of F%?.
MPEST_1.5 took around 46 min (10 independent rounds
were performed).

The results of the SuperTriplets analysis are shown
in Fig. 1, where on the left we have the species tree
obtained from F and on the right the one obtained
from F%. The two trees differ regarding the position of
the placental root, of horse Equus caballus and of tree
shrew Tupaia belangeri—three controversial branching
orders. Moreover, they also differ in the support that
SuperTriplets provided for each node of the estimated
species tree. Importantly, the uncontroversial nodes,
which were reconstructed in both the F and F?? analyses,
each obtained a stronger statistical support in the latter
analysis. The trees reconstructed by ASTRAL on F and
F?% (Supplementary Fig. S3, available on Dryad) were
identical to the ones reconstructed by SuperTriplets,
respectively, on F and F%°. The MP-EST species tree,
obtained from the analysis of F, differed from the one
obtained by SuperTriplets and ASTRAL on F regarding
the position of Tupaia and the position of Cavia, which
is unresolved as well (Supplementary Fig. S3, available
on Dryad). The fact that ASTRAL and MP-EST behaved
very similarly to SuperTriplets is consistent with the
suggestion that ILS does not substantially impact this
mammalian data set.

Downl oaded from https://academ c. oup. con sysbi o/ article-abstract/66/1/112/ 2449707

by Bl U Montpel lier user
on 14 June 2018



118

SYSTEMATIC BIOLOGY

VOL. 66

DIsCUSSION

Our analysis of the distribution of the phylogenetic
signal across nodes, genes, and exons in mammals
revealed that, for this data set, (i) exons are more
plausible phylogenomic units than coding sequences,
and (ii) ILS is only a minor determinant of the existing
phylogenetic conflict between sites.

It has previously been argued that typical mammalian
genes occupy genomic windows substantially wider
than recombinational units, and are therefore unlikely
to share a common genealogy (Gatesy and Springer
2013, 2014). We here empirically confirm this claim
by detecting essentially no correlation in phylogenetic
signal between co-genic exons. This argues against the
usage of protein coding sequences as phylogenomic
units in gene-tree-based phylogenomic analyses,
especially if methods explicitly modeling the processes
that generate conflict between gene trees, such as ILS-
aware methods, are to be used (e.g., Song et al. 2012).
The expected impact of ILS on phylogenetic conflicts,
and therefore the length of c-genes, is dependent on
species sampling and recombination rate (Springer and
Gatesy 2016), and the option we took here (c-genes =
exons) will presumably not fit every data set.

The relative impact on phylogenetic conflict of ILS
versus undetected multiple substitutions has been
investigated based on simulations (e.g., Huang et al.
2010; Lanier and Knowles 2015). Here, we show
that, with the exception of very recent nodes, the
density of misleading sites in ORTHOMAM v9 coding
sequence alignments exceeds by large the typical within-
species heterozygosity. This implies that the majority
of misleading sites must have appeared posterior to
speciation events by a process different from ILS—
presumably multiple substitutions. Whether we will
once be in position to resolve the most difficult nodes
of the mammalian tree, therefore, seems to critically
depend on our ability to correctly model the substitution
process, not only the coalescence process, as suggested
by, for example, the existence of a GC3 effect on gene tree
accuracy (Romiguier etal. 2013a, this study). The work of
De Maio et al. (2015) has a place in this context, offering a
natural avenue for considering ILS and complex models
of sequence evolution concurrently.

The exon trees we analyzed are noisy, as demonstrated
by the relatively high Robinson-Foulds distances
reported in Fig. 2. To reduce the amount of noise in
gene trees, it is tempting to use larger phylogenomic
units, such as coding sequences (Song et al. 2012)
or bins of alignments (Mirarab et al. 2014b). But by
doing so, one departs an implicit assumption underlying
ILS-aware methods, which is that the history of a
phylogenomic unit is represented by a single gene tree
(Gatesy and Springer 2013, 2014; Liu and Edwards 2015).
If this assumption is to be relaxed, then ILS-aware
methods appear to loose their justification, compared
with other super-tree methods. Using the fast and
flexible SuperTriplets algorithm (Ranwez et al. 2010),
we show that a pre-processing of gene trees that only

selects highly supported nodes is an alternative way
to reduce the phylogenetic noise (Fig. 1), which in this
case yielded a species tree in good agreement with
supermatrix estimates (Meredith et al. 2011) with fairly
high support for most uncontroversial nodes.

Our analysis suggests that ILS is not the main
cause of phylogenetic conflict in this mammalian
data set, and rather points to undetected multiple
substitutions, alignment errors, or hidden paralogy as
the dominant conflict-generating processes. Besides,
recent comparative genomic analyses suggest that in
mammals hybridization and horizontal gene transfer
can occur between closely related but differentiated
taxa (e.g., Sankararaman et al. 2014; Li et al. 2016).
This is another potential source of phylogenetic conflict,
which somewhat mimics ILS if restricted to recently
diverged lineages, and has been largely neglected in the
mammalian phylogenomic literature so far.
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