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Introduction
Coalescent methods for species tree reconstruction have emerged as

important alternatives to concatenation (supermatrix) approaches for
species tree inference because they explicitly address the problem of
incomplete lineage sorting (ILS). For genome scale datasets that
include thousands of loci, fully parametric coalescence methods such
as *BEAST [1] are not computationally pragmatic, and summary
coalescence methods (e.g., STAR, MP-EST, ASTRAL [2-4]) commonly
are applied instead [5,6]. However, summary coalescence methods
make their own assumptions including recombination between but not
within loci, neutral evolution, and the supposition that all gene tree
heterogeneity is the result of ILS. Violations of these assumptions may
cause summary coalescence methods to perform poorly relative to
supermatrix approaches for species tree inference, and it should not be
blithely assumed that summary coalescence methods will always
perform better than concatenation as some authors have suggested [7].
In this note, we focus on gene tree heterogeneity and the improper use
of simulation procedures that have been employed to assess the relative
proportion of gene tree heterogeneity that can be explained by ILS.

ILS is undoubtedly an important source of gene tree heterogeneity.
However, there are other important contributors to gene tree
incongruence including gene tree reconstruction errors, undetected
paralogy, and interspecific hybridization. Gene tree reconstruction
error can be extensive when there are long branches, rapid radiations
with short internodes, deep divergences, inadequate models of

sequence evolution, improper alignments of sequences, and/or short
loci with few informative characters. Given the many sources of gene
tree dissonance, the relative importance of ILS is an open question for
most genomic data sets. Song et al. [8] and Zhong et al. [9] concluded
that ILS could account for the majority of gene tree heterogeneity for
phylogenomic data sets for mammals (77%) and land plants (68%),
respectively. However, Springer and Gatesy [10,11] and Gatesy and
Springer [12] disputed the relative contribution of ILS to gene tree
heterogeneity in both of these studies. At issue is the simulation
procedure that was used by both Song et al. [8] and Zhong et al. [9] to
assess the relative contribution of ILS to gene tree heterogeneity.
Springer and Gatesy [10,11] called attention to the circular logic that
underpins the simulation procedure employed by these authors [8,9].
Edwards et al. [13] claimed otherwise and suggest “recent computer
simulations used to test the robustness of MSC models are not circular
and do not unfairly favor MSC models over concatenation.” This
simulation procedure has also been employed in a recent study of
flightless birds (Palaeognathae) to assess the proportion of gene tree
heterogeneity that is attributable to the coalescent process [14]. To
borrow a phrase from Edwards et al. [13], the “smoke-and-mirrors”
procedure employed by these authors [8,9,14] is flawed at each step of
the procedure (Table 1) and should be diligently avoided in future
simulation work because it wrongly converts gene tree reconstruction
errors that have nothing to do with ILS into ILS-based gene tree
heterogeneity in the simulated gene trees.

Step Problem

1. Reconstruct gene trees for each locus. 1. Gene trees are highly inaccurate because of long branch misplacement, model
misspecification, missing data, lack of phylogenetic signal, poor searches, and/or
non-homologous sequences.

2. Construct species tree with MP-EST, which assumes that all gene tree
heterogeneity results from ILS.

2. Internal branches on species tree are much too short because of numerous
gene tree reconstruction errors that are unrelated to ILS.

3. Simulate gene trees based on the estimated MP-EST species tree. 3. Gene trees have too much topological variation because of stunted branches
on MP-EST species tree.

4. Compare reconstructed gene trees (Step 1) and simulated gene trees (Step 3)
and concludes that ILS explains a high percentage of gene tree variation.

4. Procedure is circular and is rigged to conclude that ILS explains a high
percentage of gene tree heterogeneity.

Table 1: Outline of the steps and problems in the circular simulation procedure employed by Song et al. [8] and Zhong et al. [9] to assess the
percentage of gene tree heterogeneity that is explained by incomplete lineage sorting (ILS) for mammalian and land plant data sets, respectively.

In Step 1 of their simulation procedure (Table 1), both Song et al. [8]
and Zhong et al. [9] reconstructed gene trees for each locus in the
dataset. In the case of Song et al. [8], these gene trees are highly

inaccurate because of few informative sites in some alignments,
switched taxon names that interchanged a marsupial (wallaby) and a
primate (macaque), alignment of non-homologous sequences,
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extensive missing data for some taxa, poor branch swapping, and an
inadequate model of sequence evolution (GTR instead of GTR+Γ)
[11]. We corrected the switched taxon names, discarded alignments
with non-homologous sequences that are shared by multiple taxa, and
performed more thorough searches with SPR + NNI branching and a
GTR+Γ model of sequence evolution [11] for 413 alignments. These
searches resulted in improved gene trees with much less gene tree
reconstruction error. For example, we [11] recovered Boreoeutheria as
monophyletic on 324 of 413 gene trees (78.5% congruence) whereas
Song et al.’s [8] original analyses yielded a monophyletic Boreoeutheria
on just 117 of 447 gene trees (26.2% congruence). Even with these
improvements, the 413 fixed gene trees contain numerous
reconstruction errors because of long-branch misplacement, model
misspecification, long tracts of missing data, and or/ lack of
phylogenetic signal [11]. For example, 154 of 413 gene trees conflict
with Haplorhini (anthropoids+tarsiers) even though relationships at
the base of this clade are not candidates for ILS or interspecific
hybridization (see below). The plant gene trees from Zhong et al. [9]
show even more conflicts than the mammal gene trees with an average
of 73% incongruence in pairwise comparisons among gene trees
[15,16]. After reconstructing gene trees, Song et al. [8] and Zhong et al.
[9] reconstructed species trees with the summary coalescence method
MP-EST in Step 2 of their simulation procedure (Table 1). However,
estimates of internal branch lengths in the MP-EST species trees are
much too short (in coalescent units) because of reconstruction errors
in the input gene trees that are unrelated to ILS. In Step 3, the MP-EST
species tree with its stunted internal branches was used to simulate
gene trees (Table 1). These simulated gene trees exhibit excess
topological variation because the gene trees were simulated from an
MP-EST species tree with much shorter internal branches than those
in the true species tree. In the final step (Step 4; Table 1), Robinson
Foulds (RF) distances [17] for the simulated gene trees (Step 3) were
compared to RF distances for the original gene trees (Step 1) to
determine the percentage of gene tree variation that is accounted for by
ILS. However, this procedure necessarily converts all gene tree
variation, including variation that has nothing to do with ILS (Step 1
trees), into ILS variation (Step 3 trees) because MP-EST assumes that
the only source of gene tree heterogeneity is ILS. This procedure
therefore leads to the spurious conclusion that ILS accounts for the
majority of gene tree variation, both for Song et al.’s [8] mammal data
and Zhong et al.’s [9] land plant data.

A simple example with three primates (Microcebus [mouse lemur],
Tarsius [tarsier], Homo [human]) and one outgroup (Mus [mouse])
illustrates the fundamental problems with this simulation procedure
(Figure 2 and Table 1). The three primate species in this example are
representatives from the three main groups of the order Primates:
Strepsirrhini (mouse lemur), Tarsiiformes (tarsier), and Anthropoidea
(human). Relationships among these three groups have a long history
of debate, with all three alternatives (1=tarsier-first hypothesis
[Strepsirrhini+Anthropoidea], 2=Prosimii [Strepsirrhini
+Tarsiiformes], 3=Haplorhini [Anthropoidea+Tarsiiformes]) receiving
support from molecular phylogenetic analyses in the last two decades
[18-23]. More recent sequence-based studies based on multiple loci
and genomic data consistently support Haplorhini [8,24-31], but with
mixed support from the individual gene trees (Figures 1A-1C). By
contrast, a recent study of rare genomic changes reported 104 conflict-
free transposon insertions that are shared by Haplorhini
(Anthropoidea+Tarsiiformes) to the exclusion of Strepsirrhini (Figure
1D) [32]. Transposon insertions are especially useful for
discriminating between ILS and gene tree reconstruction errors

because they have extremely low levels of standard homoplasy
(reversal and convergence) that afflicts nucleotide substitutions
[12,33-35]. At the same time, conflict among transposon characters is
expected when successive speciation events occur in rapid succession
and there is ILS [35,36].

Figure 1: Conflict and congruence for the phylogenetic placement of
Tarsiiformes (tarsiers) within Primates in recent large-scale
systematic studies (A-D). All phylogenetic analyses of DNA
sequences (A-C) robustly position Tarsiiformes as sister to
anthropoid primates (e.g., Jameson et al. [24]), and 104 insertions of
transposons that were mined from genomic comparisons uniformly
support this clade (Haplorhini; green bar at internode) (D). One
hundred percent congruence of 104 transposon inserts with no
conflicts suggests an extremely low rate of incomplete lineage
sorting (ILS) at this node. By contrast, DNA-based reconstructions
of gene trees in multiple studies (A-C) document poor congruence
(green) at this node (48%-55%), which therefore implies extensive
gene tree reconstruction errors (red; 45%-52%) at a node where no
conflict is expected. For each study, the number of gene trees
reconstructed is shown, and the number of species sampled for each
group is in parentheses to the right of each taxonomic name.
'Outgroups' refers to all species in an analysis that are not primates.

Hartig et al.’s [32] characterization of 104 uncontradicted
transposon insertions for Haplorhini (Figure 2A) suggests that ILS (or
gene flow between divergent lineages) does not contribute to gene tree
heterogeneity for the phylogenetic placement of tarsiers relative to
anthropoids and strepsirrhines. Indeed, the MP-EST tree based on
these 104 transposon trees has a branch length of 7.0 coalescent units
for the stem Haplorhini branch (i.e., ancestral branch leading to
human and tarsier) (Figure 2A). This value of 7.0 coalescent units is
the maximum branch length for an MP-EST species tree. We simulated
100000 gene trees based on this MP-EST species tree, and 99.9% of the
trees support human+tarsier to the exclusion of lemur (Figure 2A).
This result precludes any significant role for ILS in generating
topological variation at this node. We also extracted 4-taxon subtrees
(mouse, mouse lemur, tarsier, human) from the 413 RAxML gene trees
that were estimated using a GTR+Γ model of sequence evolution for
loci from Song et al. These subtrees were obtained by pruning all other
taxa and then rooting on mouse. The consensus of these 413 gene trees
(four taxa) shows ~65.4% support for human+tarsier to the exclusion
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of mouse lemur (Figure 2B). Similar levels of mixed support for
Haplorhini are evident in gene trees from other data sets with 45% to
52% conflict at this node (Figures 1A-1C). Next, we used MP-EST to
construct a species tree based on these 413 gene trees for mouse,
mouse lemur, human, and tarsier (Figure 2B). The inferred MP-EST
species tree, with a short branch length of 0.656 coalescent units for
stem Haplorhini, was then used to simulate 100000 gene trees. The
consensus of these 100000 simulated gene trees shows ~65.5% support
for human+tarsier. Song et al.’s [8] simulation procedure would then
conclude that ILS explains nearly 100% of the gene tree heterogeneity
in this example! This is because 35.5% of the simulated gene trees do
not support human+tarsier just as 35.6% of the original gene trees do
not support this clade (Figure 2B). However, the failure of ~35.5% of
these gene trees to support Haplorhini (human+tarsier) cannot be
attributed to ILS in view of unanimous, overwhelming support from
104 transposons [32]. Instead, the failure of gene trees to support
Haplorhini must be attributed to gene tree reconstruction errors or
other factors such as unrecognized paralogy in the DNA sequence
alignments.

It is perhaps surprising that Haplorhini is frequently absent on
individual gene trees given unanimous and compelling transposon
support for this clade. Possible causes of gene tree reconstruction error
include a relatively long Tarsiiformes branch on many gene trees and a
divergence time for Haplorhini that extends as far back as the early
Paleocene e.g., 65 million years ago [28]. If Haplorhini is so difficult to
recover even though transposon support is unambiguous, then we
should be especially wary of gene tree reconstruction error that affects
difficult to resolve nodes that are bracketed by short internal branches
and have equivocal transposon support, e.g., the root of Placentalia or
relationships among laurasiatherian orders [35,37,38]. Future efforts to
infer species trees from gene trees must confront real biological
phenomena such as ILS and interspecific hybridization, but should not
ignore the impact of gene tree reconstruction error, which in many
cases can dwarf other causes of gene tree heterogeneity.

Song et al. [8], Zhong et al. [9], and Cloutier et al. [14] have all
suggested that ILS can account for the majority of gene tree
heterogeneity in diverse datasets for mammals (77%), land plants
(78%), and flightless birds (>70% for most comparisons with CNEEs
and UCEs, >90% for some comparisons with introns), respectively.
These values are all based on the same circular simulation procedure
and conflict with simulations where authors have compared true gene
trees that were simulated under the multispecies coalescent with gene
trees that were estimated from simulated DNA sequences (for the same
true gene trees). Edwards et al. [13] performed simulations based on a
species tree from Springer and Gatesy [11], and gene tree
reconstruction error accounted for 50% of the total gene tree
heterogeneity relative to the species tree. This estimate is higher than
for any of the above empirical estimates that employed circular logic.
Mirarab et al.’s [39] simulation results show that gene tree
reconstruction errors impact 27%-79% of the nodes on the simulated
gene trees for species trees modeled form bird and mammal datasets.
Assuming that there is absolutely no gene tree reconstruction error and
then blithely carrying on with simulations is therefore not a sound
procedure when the output is so dependent on the input (Table 1 and
Figure 2).

Figure 2: A schematic of the four main steps in the circular
simulation procedure used by Song et al. [8] and Zhong et al. [9] to
estimate how much conflict among gene trees is due to ILS for (A)
Hartig et al.’s [32] 104 transposons and (B) Springer and Gatesy’s
[11] 413 protein-coding genes from Song et al. [8]. For Step 1, the
percentages of congruence (green) and conflict (red) among loci are
indicated at the Haplorhini node (Anthropoidea+Tarsiiformes) for
gene trees inferred from the original data. For Step 2, the MP-EST
species tree estimated from the original gene trees is shown with the
branch length (in coalescent units=CUs) indicated for the common
ancestor for Haplorhini (blue). In Step 3, the percentages of
congruence (green) and conflict (red) among 100000 gene trees
simulated from the MP-EST species trees are shown. In Step 4, gene
trees estimated from the original data are compared to gene trees
from the simulations. Note that that the amount of conflict among
loci in the output of the simulations closely matches the amount of
conflict in the output of the circular simulation procedure. For both
datasets, just one genus was sampled from each group to simplify
calculations (Anthropoidea=Homo, Tarsiiformes=Tarsius,
Strepsirrhini=Microcebus, outgroup=Mus).
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It is naive to assume, at the start, that every node in every gene tree
is accurately reconstructed. We suspect that this is very rarely the case
for DNA sequence based phylogenomic analyses, especially in view of
problems with real sequence alignments (e.g., long tracts of missing
data, non-homologous sequences, non-stationarity) that negatively
impact gene tree accuracy but are rarely modeled in simulated
sequences.

In summary, the multispecies coalescent is a fundamentally
important concept in population genetics, and provides a conceptual
model for addressing problems with ILS in systematic studies.
However, the application of the multispecies coalescent to deep level
phylogenomics is a challenge, in contrast to the opinions of many
authors [6-9,13]. Concatenation may fail in the anomaly zone [40], but
summary coalescence methods have their own problems and are not
guaranteed to fare any better due to small coalescence genes that are
the input for these methods [11,41], the recombination ratchet
[11,12,42], and gene tree reconstruction errors [11,12,35,43]. Indeed,
Scornavacca and Galtier [41] reported that ILS only makes a minor
contribution to conflict among gene trees for a mammalian
phylogenomic data set comprised of protein-coding sequences. It
remains critical to assess the relative contribution of ILS to gene tree
heterogeneity for other data sets, but the circular simulation procedure
of Song et al. [8] and Zhong et al. [9], which has also been applied to
assess gene tree heterogeneity in flightless birds [14], should not be
used for this purpose because of its flawed consecution.
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