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Abstract

DNAsequence alignments have provided the majority of data forinferring phylogeneticrelationships
with both concatenation and coalescent methods. However, DNA sequences are susceptible to
extensive homoplasy, especially for deep divergences in the Tree of Life. Retroelement insertions
have emerged as a powerful alternative to sequences for deciphering evolutionary relationships
because these data are nearly homoplasy-free. In addition, retroelement insertions satisfy the “no
intralocus-recombination” assumption of summary coalescent methods because they are singular
events and better approximate neutrality relative to DNA loci commonly sampled in phylogenomic
studies. Retroelements have traditionally been analyzed with parsimony, distance, and network
methods. Here, we analyze retroelement data sets for vertebrate clades (Placentalia, Laurasiatheria,
Balaenopteroidea, Palaeognathae) with 2 ILS-aware methods that operate by extracting, weighting,
and then assembling unrooted quartets into a species tree. The first approach constructs a species
tree from retroelement bipartitions with ASTRAL, and the second method is based on split-
decomposition with parsimony. We also develop a Quartet-Asymmetry test to detect hybridization
using retroelements. Both ILS-aware methods recovered the same species-tree topology for each
data set. The ASTRAL species trees for Laurasiatheria have consecutive short branch lengths in
the anomaly zone whereas Palaeognathae is outside of this zone. For the Balaenopteroidea data
set, which includes rorquals (Balaenopteridae) and gray whale (Eschrichtiidae), both ILS-aware
methods resolved balaeonopterids as paraphyletic. Application of the Quartet-Asymmetry test to
this data set detected 19 different quartets of species for which historical introgression may be
inferred. Evidence for introgression was not detected in the other data sets.
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Retroelements are a broad class of “copy-and-paste” transposable
elements that comprise ~90% of the 3 million transposable elem-
ents in the human genome (Deininger and Batzer 2002; Bannert
and Kurth 2004). Retroelement transposition occurs through an
RNA intermediate and requires reverse transcriptase (Lander et al.
2001; Deininger and Batzer 2002). The 2 major groups of retroele-
ments are defined by the presence/absence of long-terminal repeats
(LTRs). Non-LTR retroelements include short interspersed nuclear
elements (SINEs) and long interspersed nuclear elements (LINEs),
which together are sometimes referred to as retroposons (Churakov
et al. 2009; Nishihara et al. 2009). Processed pseudogenes comprise
an additional category of non-LTR retroelements. LTR retroele-
ments include LTR-retrotransposons and endogenous retroviruses.
Endogenous viruses contain an envelope protein gene that is not a
component of LTR-retrotransposons (Lander et al. 2001; Johnson
2019).

In the last 2 decades, retroelement insertions have emerged
as powerful markers for resolving phylogenetic relationships
(Shimamura et al. 1997; Shedlock and Okada 2000; Nikaido et al.
2001; Ray et al. 2006; Nilsson et al. 2010, 2012; Hartig et al. 2013;
Doronina et al. 2015, 2017a, 2017b, 2019; Cloutier et al. 2019).
In part, this is because retroelement insertions have exception-
ally low levels of homoplasy relative to nucleotide substitutions
in sequence-based analyses (Shedlock et al. 2000, 2004; Ray et al.
2006; Hallstrom et al. 2011; Kuritzin et al. 2016; Doronina et al.
2017b, 2019; Gatesy et al. 2017). The basic mechanics of the copy-
and-paste process that generates retroelement insertions across the
genome contrasts with the process that yields high homoplasy in
DNA sequence data. In the former, new retroelement insertions
almost always occur at unique genomic locations and only rarely
undergo precise excision. In the case of DNA sequences, superim-
posed substitutions at single sites commonly flip to and fro between
just 4 states (G, A, T, C), especially for deep divergences in the Tree
of Life.

Conflicting retroelements that support different topologies are
generally interpreted as the products of incomplete lineage sorting
(ILS) rather than homoplasy when these systematic characters are
properly coded (Robinson et al. 2008; Suh et al. 2011; Kuritzin et al.
2016). (See Supplementary Text for additional discussion of the prac-
tical considerations and limitations of retroelement insertions.) Avise
and Robinson (2008) suggested the term hemiplasy for outcomes
of ILS that mimic homoplasy. As is the case for any new mutation,
a retroelement insertion is polymorphic when it first appears in a
population (e.g., Lammers et al. 2019) as is required for any marker
that is subject to ILS. Indeed, ILS-related problems with species tree
estimation, such as the occurrence of anomalous gene trees, are not
limited to sequence-based gene trees and broadly apply to other
genealogical traits including genomic rearrangements and retroele-
ment insertions (Degnan and Rosenberg 2006; Degnan J, personal
communication). The possibility of an anomaly zone (Degnan and
Rosenberg 2006) situation for retroelement insertions suggests that
these insertions should be analyzed with ILS-aware methods that
mitigate this potential problem.

Retroelement insertions have traditionally been analyzed using
one or more variants of parsimony [e.g., Camin-Sokal parsi-
mony (Nikaido et al. 1999); polymorphism parsimony (Suh et al.
2015); Dollo parsimony (Lammers et al. 2019)], distance methods
[e.g., neighbor joining (Lammers et al. 2019)], and networks (e.g.,
Doronina et al. 2017a; Lammers et al. 2019). In particular, recent
network-based analyses (Doronina et al. 2017a; Lammers et al.
2019) have used statistical methods (Huson et al. 2005; Huson and

Bryant 2006) that allow for both lineage sorting and hybridization
and represent a promising direction of research. In this study, we
explore the use of ILS-aware methods, specifically quartet-based
methods, to estimate species trees from retroelement insertions.
We argue that species tree estimation with retroelement insertions
avoids some of the practical challenges that impact gene tree sum-
mary and single-site coalescent methods.

Summary coalescent methods, such as MP-EST (Liu et al. 2010)
and ASTRAL (Mirarab and Warnow 2015), operate by estimating
gene trees from orthologous, recombination-free regions of the
genome and then inferring a species tree from the gene trees using
summary statistics. ASTRAL, for example, will identify the unrooted
species trees on 4 leaves (e.g., species) from the most frequent un-
rooted gene tree on 4 leaves, where gene trees are assumed to evolve
within a species tree under the multispecies coalescent (MSC) model
(Allman et al. 2011; Degnan 2013). In particular, ASTRAL searches
for a tree that maximizes the number of quartets induced by the
input gene trees. ASTRAL searches with the exact option (-x) are
guaranteed to find the globally optimal tree or one of the optimal
trees if there are multiple trees.

ASTRAL and other summary coalescent methods assume
that ILS is the only source of topological gene tree heterogeneity.
However, gene tree reconstruction error can be a major source of
conflict for summary coalescent analyses with sequence-based gene
trees (Huang et al. 2010; Meredith et al. 2011; Patel et al. 2013;
Gatesy and Springer 2014; Springer and Gatesy 2016; Scornavacca
and Galtier 2017). By contrast, very low levels of homoplasy effect-
ively liberate retroelement insertions from gene tree reconstruction
error (Shedlock and Okada 2000; Shedlock et al. 2004; Ray et al.
2006; Hallstrom et al. 2011; Doronina et al. 2017b, 2019). This is
because retroelement insertion at a specific genomic location is a rare
event, as is the precise excision of an inserted sequence (Shedlock
and Okada 2000; Doronina et al. 2019). Second, the basic units of
analysis for a summary coalescent method are coalescence genes
(c-genes), segments of the genome for which there has been no re-
combination over the phylogenetic history of a clade (Hudson 1990;
Doyle 1992, 1997). Summary coalescent methods assume that there
has been free recombination between c-genes but no recombination
within c-genes. This assumption is routinely violated when complete
protein-coding sequences or other long segments of the genome
are assumed to be c-genes (Gatesy and Springer, 2013; Springer
and Gatesy 2016, 2018a; Scornavacca and Galtier 2017; Mendes
et al. 2019). C-genes become even shorter as more taxa are added
to a phylogenetic analysis because of the “recombination ratchet”
(Gatesy and Springer 2014; Springer and Gatesy 2016, 2018a). By
contrast, the presence/absence of a retroelement is almost always due
to a single mutational event (Doronina et al. 2019) and is not sub-
ject to intralocus recombination that distorts interpretation. Hence,
the singularity of each retroelement insertion nullifies problems that
are derived from the recombination ratchet. Unequal recombination
can result in the complete deletion or duplication of a retroelement,
or in a chimaeric retroelement where the 5" and 3’ fragments are
from different retroelements, but if retroelement insertions are prop-
erly coded these rare events can be detected and culled from a data
set. Third, retroelements are thought to be largely neutral markers
(Kuritzin et al. 2016; Chuong et al. 2017; Kubiak and Makalowska
2017; Doronina et al. 2019) as is assumed by summary coalescent
methods (Liu et al. 2009). More specifically, the overwhelming ma-
jority of retroelement insertions are found in regions of the genome
where they have no known functional or selective significance
(Kuritzin et al. 2016; Chuong et al. 2017). There are exceptions, for
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example, when retroelements provide new promoter sequences for a
nearby gene (Dekel et al. 2015), but in general retroelements occur
in genomic “safe havens” where they are tolerated (Chuong et al.
2017).

Beyond summary coalescent methods that employ gene trees,
single-site coalescent methods such as SNAPP (Bryant et al. 2012)
and SVDquartets (Chifman and Kubatko 2014) can be used to es-
timate a species tree from unlinked SNP data. The first step in
SVDquartets consists of inferring species trees on all possible sets of
4 taxa. Importantly, the unrooted species tree on 4 taxa is identifi-
able using the inference method proposed by Chifman and Kubatko
(2014) when certain model assumptions are met: each site is as-
sumed to have its own genealogy under the MSC model, sequences
evolve according to a molecular clock, and sites evolve down each
gene tree under a single model of sequence evolution (general time-
reversible [GTR] or Jukes-Cantor [JC]) (Chifman and Kubatko
2015). In the second step, quartet puzzling is used to assemble a spe-
cies tree. An improved version of SVDquartets is available in PAUP*
(Swofford 2002). This version of SVDquartets, which has been
called SVDquartets + PAUP (Vachaspati and Warnow 2018a), uses
the same procedure as the original SVDquartets method to evaluate
quartets, but then assembles these quartets with the Quartet Fiduccia
Mattheyses (QFM) algorithm (Reaz et al. 2014) instead of quartet
puzzling. Subsequently, Vachaspati and Warnow (2018a) developed
SVDquest, which uses PAUP* to choose the best quartets and dy-
namic programming in ASTRAL to assemble these quartets into a
species tree.

Single-site methods bypass the problem of gene tree estimation
error that afflicts summary coalescent analyses with sequence-based
gene trees (Chou et al. 2015). Nevertheless, there can still be viola-
tions in model assumptions. For example, that sequence evolution
satisfies a molecular clock (Chifman and Kubatko 2015; Abo et al.
2017) and that DNA sequence evolution for each genealogically in-
dependent site in the genome is governed by a single substitution
rate matrix (Chifman and Kubatko 2015). The latter is related to
violations in model assumptions that are common across standard
models of DNA sequence evolution (e.g., stationarity, homogen-
eity, and reversibility). The DNA sequence SNPs that are input into
SVDquartets are increasingly impacted by homoplasy and long
branches at deeper divergences. Problems with long branches are
magnified when there is poor taxon sampling, which is typically
the case for quartets of taxa that are generated by subsampling a
data matrix with numerous taxa. By contrast, dense taxon sampling
enables subdivision of long branches and dispersion of homoplasy
(properly “local synapomorphies”; Wenzel and Siddall 1999) across
the tree (Hillis 1996; Graybeal 1998). Indeed, some early molecular
studies on placental mammal phylogeny had poor taxon sampling
and recovered murid rodents or hedgehogs as the earliest offshoots
of the placental tree (e.g., Graur et al. 1991; D’Erchia et al. 1996).
However, these long-branch misplacement problems have vanished
with improved taxon sampling (Murphy et al. 2001; Meredith et al.
2011). Unlike DNA sequences, for which individual quartets are sus-
ceptible to problems with homoplasy on long branches, individual
retroelement insertions remain virtually homoplasy-free even at
deep phylogenetic nodes and should not suffer from this problem
(Waddell et al. 2001). Finally, the assumption of free recombination
among sites is violated when SNP methods are applied to multiple
linked sites in a gene. By contrast, retroelement insertions almost al-
ways occur at dispersed sites.

In summary, retroelements avoid many of the practical challenges
of estimating species trees from inferred gene trees or unlinked SNPs.

Therefore, the analysis of retroelement data sets using ILS-aware
methods may greatly improve species tree estimation in the presence
of rapid radiations at deep divergences.

Retroelement insertions, like DNA sequences, are also relevant
for assessing whether introgression has occurred in the evolu-
tionary history of a clade. Conflicting phylogenetic distributions
of biallelic DNA sequence markers are routinely analyzed with the
ABBA-BABA test, which uses the D statistic (Green et al. 2010).
This test was originally developed to assess SNP data for evidence
of gene flow between 1 of 2 human populations and Neandertals
and assumed that the primitive state for each SNP occurred in the
chimpanzee outgroup (Green et al. 2010). More recently, a similar
statistical test, named KKSC after the last names of the 4 authors,
was developed for inferring introgression based on the distribu-
tion of conflicting retroelements among 3 ingroup taxa relative
to an outgroup that lacks the insertions (Kuritzin et al. 2016).
Both the ABBA-BABA and KKSC tests can be used to determine
whether ILS alone can explain the distribution of conflicting pat-
terns among 3 ingroup species. These tests consider cases where
a SNP or retroelement insertion originates in the ancestor of 2 or
3 ingroup taxa (Figure 1A-D), but do not consider cases where a
SNP or retroelement insertion originates in the common ancestor
of all 4 taxa and then undergoes lineage sorting (Figure 1E-H).
Importantly, the latter scenario will result in 0011 and 1100
patterns that are both consistent with the quartet split WXIYZ
(Figure 1E-H). A more general test than the ABBA-BABA test or
KKSC test would account for all of the patterns that result from
a SNP or retroelement insertion in the ancestor all 4 lineages, and
would also allow for the analysis of symmetrical quartets of taxa
in a larger species tree.

Here, we develop 2 quartet-based, ILS-aware methods (Figure 2)
for species tree construction and apply these methods to 5 retroele-
ment data sets (Nishihara et al. 2009 [Placentalia]; Doronina et al.
2017a [Laurasiatheria-102, Laurasiatheria-139]; Cloutier et al.
2019 [Palaeognathae]; Lammers et al. 2019 [Balaenopteroideal).
Both of these methods are motivated by the identifiability of the
unrooted species tree on 4 species from the most probable unrooted
4-taxon gene tree, with the 2 alternative (gene tree) quartets having
equal probability (Allman et al. 2011; Degnan 2013). We expect
the same relationship between retroelements supporting different
quartet topologies under ILS with random mating (Slatkin and
Pollack 2008) unless there is also introgression or lateral transfer
of genomic material (Kuritzin et al. 2016). Then, we propose a
Quartet-Asymmetry test (Figure 3) that is similar to the ABBA-
BABA (Green et al. 2010) and KKSC (Kuritzin et al. 2016) tests
for 3 ingroup taxa. The Quartet-Asymmetry test does not require
an outgroup, enabling the analysis of all 4-taxon unrooted subtrees
independent of whether the rooted versions of these trees are pec-
tinate or symmetric in the overall species tree. Because retroelement
insertions are low-homoplasy characters, even for species trees with
relatively ancient divergences and short internodes, we argue for the
utility of this approach for discriminating between ILS alone versus
ILS + introgression for lineages that diverged as deep as the Upper
Cretaceous. By contrast, the application of analogous ABBA-BABA
tests (Green et al. 2010) to DNA sequences at this depth is chal-
lenged by superimposed substitutions at the same nucleotide pos-
ition (convergence, parallelism, reversal, and other multiple hits),
lineage-specific rate variation, and model misspecification. We apply
the Quartet-Asymmetry test to all 5 data sets, 4 of which encompass
divergences that extend into the Cretaceous (Meredith et al. 2011;
dos Reis et al. 2012; Jarvis et al. 2014).
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Figure 1. Schematic of different scenarios that will result in 0011 and 1100 retroelement insertion patterns. These scenarios include synapomorphic changes,
changes that mimic synapomorphy, and outcomes of lineage sorting that resultin the presence of a retroelement insertion in nonsister taxa. In A, a synapomorphic
retroelement originates in the common ancestral lineage of Y and Z and is fixed in the common ancestral lineage ofY and Z, resulting in a 0011 pattern. In B, a
synapomorphic retroelement originates in the common ancestral lineage ofY and Z but is fixed independently inY and Z, resulting in a 0011 pattern. In C and D,
aretroelement insertion originates in the common ancestral lineage of X,Y, and Z. In C, the retroelement is lost in X and fixed in the common ancestral lineage of
Y and Z. In D, the retroelement is lost in X and fixed independently inY and Z. In both C and D, the 0011 pattern mimics synapomorphy because the retroelement
insertion is present in sister taxaY and Z, but did not originate in the most recent common ancestor of Y and Z and instead is the result of lineage sorting. In
E-H, a retroelement insertion originates in the common ancestral lineage of all 4 taxa (W, X,Y, Z) and results in either a 0011 pattern (E, F) or 1100 pattern (G, H)
through lineage sorting. The 0011 pattern (E, F) mimics synapomorphy, but the insertion that is present in sister taxaY and Z did not originate in the immediate
common ancestral lineage ofY and Z and instead is the result of lineage sorting. In the 1100 pattern (G, H), the presence of the retroelement insertion in nonsister
taxa W and X is the result of lineage sorting. Likewise, the absence of the retroelement in sister taxaY and Z is the result of lineage sorting.

Methods

Retroelement Data Sets
The first data set (Placentalia) is comprised of 68 LINE insertions

The second data set (Laurasiatheria-102) is comprised of 102
retroelements (76 LINEs, 23 LTRs, and 3 retropseudogenes) for 4 or-
ders of Laurasiatheria (Carnivora [e.g., dogs, cats], Cetartiodactyla
le.g., pigs, cows, whales], Chiroptera [bats], Perissodactyla [e.g.,

that are informative for resolving relationships among 3 major clades horses, rhinos]) and the outgroup Eulipotyphla (e.g., shrews, moles,

of placental mammals (Afrotheria [e.g., elephants, hyraxes, tenrecs],
Boreoeutheria [e.g., primates, rodents, bats], Xenarthra [e.g., anteaters,
sloths, armadillos]) that diverged from each other at the base of this
clade (Nishihara et al. 2009). Retroelement counts for the 3 different
resolutions of Placentalia are 22 for Boreoeutheria + Xenarthra, 25

hedgehogs) (Doronina et al. 2017a). For this data set, retroelement
insertions support ten different bipartitions that are phylogenetically
informative for resolving ingroup relationships. Retroelement counts
for the Laurasiatheria data set range from 4 to 14 for different
bipartitions of taxa and were scored using Doronina et al.’s (2017a)

for Afrotheria + Boreoeutheria, and 21 for Afrotheria + Xenarthra. figure 1. There are no missing data for these 102 retroelement in-

Each of the 3 ingroup taxa (Afrotheria, Boreoeutheria, Xenarthra) in
the data set is coded as absent (0) or present (1) for each retroelement
character (i.e., there are no missing data), and the outgroup is coded
as absent for all 68 characters. Previously, Nishihara et al. (2009)
concluded that these 3 lineages diverged from each other nearly sim-
ultaneously in the Cretaceous.

sertions. We also analyzed an expanded data set from Doronina
et al. (2017a) that included an additional order of Laurasiatheria
(Philodota [pangolins]) and 162 retroelements. Some of the add-
itional retroelements were scored as missing for the eulipotyphlan
outgroup, and others show distribution patterns that conflict
with the monophyly of Scrotifera (all laurasiatherians excepting
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Figure 2. Schematic of 2 ILS-aware methods that can be used to reconstruct a species tree from a retroelement insertion matrix: (A) In ASTRAL_BP, ASTRAL
is used to analyze gene trees, each of which includes just one bipartition of taxa for each retroelement insertion character, and (B) in SDPquartets, parsimony
analyses of all retroelement insertion characters are executed for all possible quartets of species, and optimal quartet trees are analyzed in ASTRAL or using
parsimony analysis of an MRP supertree matrix derived from the optimal quartet trees. Taxon E is the user-specified outgroup. In A, estimated branch lengths
in coalescent units are indicated below 2 internal branches, and Bayesian local posterior probabilities and bootstrap support percentages are above internal
branches. In B, bootstrap percentages are above internal branches. Note that sample sizes for estimation of topology, support scores, and branch lengths are
small in this simple contrived example.
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Figure 3. Schematic showing Quartet-Asymmetry tests for a retroelement matrix. The first step is to construct a species tree using ASTRAL_BP or SDPquartets
(Figure 2). Next, every combination of 4 species is examined individually to test if the 2 alternative quartets that are not in the species tree are equally supported
by retroelement insertions as expected under ILS. A %2 or binomial test with a correction for multiple tests is used to assess statistical significance. Quartets of
species with significant differences in the number of alternative quartets provide evidence for introgression pathways. Note that in this hypothetical case, none
of the 3 quartets show significant asymmetry based on the exact binomial test so it was not necessary to perform a correction for multiple tests. Retroelements
that support clade A + B are colored blue, retroelements that support clade C + D are colored green, and retroelements that support the conflicting clade B+ C
are colored red. Additional retroelements that conflict with the species tree (last 3 columns in the matrix) are in black and are not highlighted.

Eulipotyphla). Also, only 139 of these retroelements are informative 6 balaenopteroids, which include 5 balaenopterids (Balaenoptera

for resolving unrooted quartets of taxa. We subsequently refer to this acutorostrata [common minke whale], Balaenoptera musculus [blue

data set as Lauraiatheria-139.

The fourth retroelement data set (Balaenopteroidea) is based
on a genome-wide scan that identified 24 598 CHR2-SINE inser-
tions for balaenopteroid baleen whales (Lammers et al. 2019). These
SINE insertions occur in 2 or more of 6 balaenopteroid species, but
not in the outgroup Balaenidae. Of the 24 598 CHR2-SINE inser-
tions, 17 225 are informative for resolving relationships among the

whale], Balaenoptera borealis [sei whale], Balaenoptera physalus
[fin whale], Megaptera novaeangliae [humpback whale]) and one
eschrichtiid (Eschrichtius robustus [gray whale]). The balaenid
outgroup is Eubalaena glacialis [North Atlantic right whale]). This
data set consists of 57 different bipartitions with counts that range
from 46 to 7373 (Supplementary Table S1). There are no missing
data in the balaenopteroid data set.
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The final retroelement data set (Palacognathae) is from Cloutier
et al. (2019; also see Sackton et al. 2019) and is comprised of 4301
retroelement insertions found in Palacognathae (ratites and tina-
mous). These retroelement insertions were scored for 12 ingroup
species and a single outgroup (chicken) and provide support for 20
different bipartitions of taxa with counts that range from 1 to 2318.
Retroelement distributions for Palaeognathae were taken from
Cloutier et al’s (2019) online file (“CR1_insertion_pattern_sum-
mary.xls”) and used to construct a presence/absence matrix (i.e., 01
matrix). Retroelement insertions that were scored as missing (M)
or omitted (O) by Cloutier et al. (2019) were scored as missing (?)
in our 01 retroelement insertion matrix. This matrix was then con-
verted into a file with 4301 Newick bipartitions (see below).

Species Tree Estimation Using Retroelement
Insertions
Here, we present 2 different methods for estimating species trees
from retroelement insertions in the presence of ILS. Both approaches
operate by weighting each quartet of species based on the number
of retroelement insertions that support that quartet and then
assembling the weighted quartets into a tree on the full set of species.
Our first approach, ASTRAL with bipartitions (ASTRAL_BP),
effectively weights each possible quartet tree by its frequency in the
retrolement insertion matrix, and then assembles the weighted quar-
tets using ASTRAL. Our second approach uses split decomposition
with parsimony (SDP) followed by quartet assembly and is referred
to as SDPquartets. This method infers unrooted species trees on sets
of 4 taxa by examining the number of retroelement insertions that
support each of the 3 possible quartet topologies. Importantly, under
ILS with neutrality and panmixia there is no anomaly zone for the
unrooted 4-taxon species tree. Therefore, the most probable un-
rooted gene tree on 4 species agrees with the unrooted species tree
on 4 species, with the 2 alternative (gene tree) quartets having equal
probability (Degnan and Rosenberg 2009; Ané 2010; Allman et al.
2011; Degnan 2013). We expect a similar relationship for retroele-
ment insertions if a constant rate of retroelement insertion per gen-
eration, neutrality, and panmixia are assumed.

ASTRAL_BP

For ASTRAL_BP (Figure 2A), the first step is to convert each matrix
of presence/absence characters into a set of incompletely resolved
“gene trees” with each gene tree representing a single retroelement
character and supporting just a single bipartition of taxa. We used
a custom script (https://github.com/ekmolloy/phylotools) to con-
vert a presence/absence matrix of retroelement insertions (phylip
format) into a file with one Newick string per retroelement inser-
tion. Taxa that were scored as missing (?) for a given retroelement
were excluded from the corresponding Newick string (only the
Palacognathae and Laurasiatheria-139 data sets had missing data).
We then executed ASTRAL-II v. 4.11 (Mirarab and Warnow 2015)
given the incompletely resolved “gene trees” as input (Figure 2A).
When run in this fashion, ASTRAL computes the frequency with
which each quartet appears in the retroelement insertion matrix
and then solves the maximum quartet support supertree (MQSS)
problem exactly within a constrained search space that includes all
bipartitions defined by retroelement insertions. Because the data sets
analyzed in this study had sufficiently small numbers of taxa, we
were able to run ASTRAL in “exact” mode (-x), meaning that every
possible bipartition is included in the search space. Thus, the spe-
cies tree returned by ASTRAL is a global optimum for the MQSS

problem. A caveat is that ASTRAL will only find one optimal tree
even if there are multiple optimal trees (Vachaspati and Warnow
2018b). This caveat applies to all analyses that are run with cur-
rent implementations of ASTRAL including analyses with sequence-
based gene trees.

The output of ASTRAL includes the inferred species tree, esti-
mated branch lengths in coalescent units (CUs), and local posterior
probabilities (PPs) for each supported clade (Sayyari and Mirarab
2016). Bootstrapping with 1000 pseudoreplicates in ASTRAL pro-
vided a second measure of clade support. Simmons et al. (2019) ar-
gued that gene-wise bootstrap resampling is more appropriate than
site-wise bootstrap resampling for summary coalescent analyses, but
for bipartitions that represent single retroelement insertions, these 2
support measures are effectively identical. Finally, we tested the sta-
bility of supported clades in a third way by estimating the minimum
number of gene tree removals that are required to collapse each
clade (Gatesy et al. 2017, 2019) using ASTRAL v. 5.6.3.

ASTRAL is typically applied to fully resolved gene trees, but both
ASTRAL-II (Mirarab and Warnow 2015) and ASTRAL-III (Zhang
etal.2017,2018) accept gene trees with polytomies. When a branch
in a gene tree is collapsed (creating a polytomy), the corresponding
bipartition and the quartets induced by only that bipartition are re-
moved from the gene tree. Thus, polytomies have the potential to
impact ASTRAL by changing the quartet frequencies and the con-
strained search space; the latter issue is only problematic when
ASTRAL cannot be run in exact mode, and thus does not impact
the results of our study. Of course, gene tree estimation error also
changes the quartet frequencies and the constrained search space.
Zhang et al. (2018) advocated highly conservative filtering of in-
ternal branches on gene trees that are not well supported. This
strategy has been employed in analyses with both sequence-based
gene trees (Blom et al. 2017; Longo et al. 2017; Chen et al. 2019)
and indel-based gene trees (Houde et al. 2019). For example, Houde
et al. (2019) collapsed more than 60% of the internal branches
in some of their indel-based gene trees that were analyzed with
ASTRAL. A similar collapsing of very short branches in gene trees is
also the default option of the summary coalescent method MP-EST
2.0 (Liu et al. 2010).

Our implementation of ASTRAL with retroelement bipartitions,
ASTRAL_BP, could be viewed as an extreme variant of collapsing
clades because each gene tree includes only a single bipartition.
Nevertheless, these bipartitions presumably have higher accuracy
than bipartitions on sequence-based gene trees because independent
retroelement insertions at the exact same genomic site (convergence)
are rare and the probability of precise excision of a retroelement
(reversal) is extremely small (Doronina et al. 2019). As noted by
Zhang et al. (2018), future work should examine conditions where
ASTRAL remains statistically consistent in challenging regions
of tree space, such as the anomaly zone, when poorly supported
branches on sequence-based gene trees are collapsed. Similar studies
should examine the limiting case of single bipartitions that have high
reconstruction accuracy (e.g., retroelement insertions).

SDPquartets

SDPquartets, like other split decomposition methods, consists of 2
discrete steps that are performed in series: 1) parsimony analysis
of all possible species quartets in the 01 retroelement matrix and
2) subsequent assembly of the most parsimonious quartets into a
species tree that fits the most quartets (Figure 2B). For step 1, we
note that the most parsimonious quartet is equivalent to the most
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frequent quartet, and thus parsimony is well-suited for the inference
of unrooted quartets with retroelements. For step 2, we used matrix
representation with parsimony (MRP) (Ragan 1992). The logic here
is that the most parsimonious tree(s) based on the MRP matrix is
one and the same as the tree(s) that is compatible with the maximum
number of quartets. This is because each quartet that fits a given
species tree perfectly will have just one step, but if the quartet does
not fit that species tree, 2 steps will be required. Therefore, min-
imizing the number of steps also maximizes the fit of quartets to
alternative species tree topologies. Quartet assembly could also be
performed using other supertree methods as well as methods that are
explicitly designed for quartets, including ASTRAL, as is the case for
SVDquest (Vachaspati and Warnow 2018a), Quartet Max Cut (Snir
and Rao, 2012), or QFM (Reaz et al. 2014). Importantly, the MQSS
problem is an NP-hard optimization problem (Jiang et al. 2000),
and thus all of these approaches (except ASTRAL run in exact mode
or MRP run in exact [branch-and-bound] or exhaustive mode) are
heuristics, that is, they are not guaranteed to return a tree with max-
imal quartet support.

SDPquartets was implemented in a custom Perl script (https://
github.com/dbsloan/SDPquartets). In the first step (quartet infer-
ence), the script directs PAUP* (Swofford 2002) to evaluate all pos-
sible quartets and save the most parsimonious tree(s) for each quartet
of species to a treefile. The script also implements nonparametric
bootstrapping of the original retroelement matrix by resampling
characters with replacement. We employed this script to generate
1000 bootstrap pseudoreplicates for each data set that we analyzed
with SDPquartets. To address the possibility of equally parsimonious
ties for a given quartet of species, we employed 6x weighting for a
quartet tree that is the single most parsimonious resolution for a
quartet of species, 3x weighting for the best trees when there are 2
equally most-parsimonious trees, and 2x weighting when all 3 trees
for a quartet of species are equally parsimonious. This weighting
was accomplished by writing the most parsimonious tree(s) to the
treefile 6 times, 3 times, or 2 times, as appropriate. In the second
step (quartet assembly), the script employs the MRP (Ragan 1992)
option in PAUP* to convert the most parsimonious species quar-
tets in the treefile into a 01 MRP matrix. For parsimony searches
with the MRP matrices for both the original data sets and the boot-
strap resamplings, we used the branch and bound (bandb) search
option to ensure identification of multiple parsimonious trees. For
each SDPquartets bootstrap pseudoreplicate, if there were multiple
most parsimonious trees in the MRP matrix search, a strict con-
sensus was constructed before inclusion in an extended majority
rule consensus of all 1000 bootstrap pseudreplicates. Analyses were
performed with the current Linux command-line version of PAUP*
(paup4al66_centos64).

Quartet-Asymmetry Test for Introgression

The expectation under ILS without hybridization is that the number
of retroelement characters that support each of the 2 nonspecies-tree
quartets will be equal (Degnan and Rosenberg 2009; Ané 2010). By
contrast, introgression has the potential to distort this 50:50 ratio,
with one alternative quartet tree overrepresented relative to the
second alternative quartet tree. To determine if ILS alone can ex-
plain the distribution of conflicting quartets, we propose a general
Quartet-Asymmetry test that is similar to the ABBA-BABA test
(Green et al. 2010) for DNA sequences and the KKSC test (Kuritzin
et al. 2016) for retroelement insertions. The ABBA-BABA and KKSC
tests only count patterns where the outgroup lacks the derived state
(i.e., 0011 [AAIBB], 0110 [ABIBA], and 0101 [BAIBA]) and thus do

not count the other 3 phylogenetically informative patterns: 1100
(corresponding to AAIBB), 1001 (corresponding to ABIBA), and
1010 (corresponding to BAIBA). Importantly, all 6 of these patterns
are possible when the derived state (e.g., a retroelement insertion)
originates in the ancestral population of all 4 species. By counting
these patterns, our proposed general Quartet-Asymmetry test can
be applied to unrooted 4-taxon species tree topologies to determine
whether ILS alone explains the distribution of conflicting patterns.
However, unlike the KKSC test, the Quartet-Asymmetry test merely
tests for evidence of introgression and does not provide statistical
support for any particular network topology, and inferring phylo-
genetic networks on 4 species can be quite challenging when there is
ILS (Yu et al. 2011).

The Quartet-Asymmetry test can be performed with a y? statistic
or a binomial distribution (e.g., exact binomial test using binom.test
function in R) if there are concerns with sample size. The minimum
number of retroelement insertions for conflicting topologies that is
required to obtain a significant result with the exact binomial test is
6. The Quartet-Asymmetry test can be applied to both symmetric
and pectinate 4-taxon subtrees (Figure 3) and unlike the ABBA-
BABA test (Green et al. 2010) and KKSC test (Kuritzin et al. 2016)
allows for derived states (i.e., retroelement insertions) that originate
in the common ancestor of all 4 taxa.

In the case of pectinate species trees, there are 3 different
scenarios where ILS will result in ABBA and BABA patterns with
equal probabilities. In the first scenario (Figure 4A and B), the
retroelement insertion (state 1 = black gene lineages) originates in
the common ancestor of all 4 taxa, is retained across the basal split
of the species tree, and is lost by lineage sorting in W (Figure 4A
and B) and in Z (Figure 4A) or Y (Figure 4B). The retroelement
absence allele (state 0 = green gene lineages), in turn, is lost in X
(Figure 4A and B) and in Y (Figure 4A) or Z (Figure 4B). In the
second scenario (Figure 4C and D), the retroelement insertion also
originates in the common ancestor of all 4 taxa. However, in this
case the ABBA and BABA patterns result through lineage sorting
when the retroelement insertion allele is lost in X (Figure 4C
and D) and in Y (Figure 4C) or Z (Figure 4D). The retroelement
absence allele, in turn, is lost in W (Figure 4C and D) and in Z
(Figure 4C) or Y (Figure 4D). In the third scenario, the retroele-
ment insertion originates in the common ancestor of X, Y, and
Z (Figure 4E and F). In the ABBA pattern (Figure 4E), the retro-
element insertion allele is lost in Z and the retroelement absence
allele is lost in X and Y. In the BABA pattern (Figure 4F), the retro-
element insertion allele is lost in Y and the retroelement absence
allele is lost in X and Z.

The rationale for application of this test to symmetric subtrees
(Figure 4G-J]) is that each of the 2 alternative quartet trees are
equally likely under the MSC, as is the case for the application of
this test with pectinate subtrees of 4 taxa (Figure 4A-F). This is
because the alternate quartet resolutions have equivalent amounts
of time (branch lengths) on the species tree for ABBA (0110 or
1001) and BABA (1010 or 0101) patterns under ILS with neutrality
and panmixia (Figure 4G-J). However, for symmetric trees the retro-
element insertion must originate in the common ancestor of all 4
taxa and there are only 2 scenarios where ABBA and BABA pat-
terns occur with equal probabilities (Figure 4G-]). In the first scen-
ario (Figure 4G and H), the retroelement insertion allele is lost in W
(Figure 4G and H) and in Z (Figure 4G) or Y (Figure 4H), and the
retroelement absence allele is lost in X (Figure 4G and H) and in Y
(Figure 4G) or Z (Figure 4H). In the second scenario (Figure 4I and
]), the retroelement insertion allele is lost in X (Figure 41 and J) and
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Figure 4. lllustration of ABBA-BABA patterns for the distribution of retroelement insertions on pectinate and symmetric species trees for 4 taxa (W,
X, Y, Z). In all cases, the quartet split on the unrooted species tree is WX|YZ. In A-F, a pectinate species tree is associated with complementary pairs of
retroelement bipartitions (A versus B, C versus D, E versus F) that disagree with the species tree and have equal probabilities for ABBA and BABA hemiplasy
via ILS under neutrality and random mating. ABBA (0110 or 1001) and BABA (0101 or 1010) patterns can arise if the retroelement insertion originates in
the common ancestral lineage of all 4 taxa (A-D) or in the common ancestral lineage of X,Y, and Z (E and F). A and B show equal probabilities for 0101
and 0110 patterns when the retroelement originates in the ancestor of all 4 taxa (W, X, Y, Z). Similarly, equal probabilities exist for 1010 and 1001 patterns
(C and D). E and F show equal probabilities for 0110 and 0101 patterns when the retroelement originates in the ancestor of 3 taxa (X, Y, Z). Overall, ABBA
and BABA patterns have equal probability. In G-J, symmetric trees have equal opportunities for ABBA and BABA hemiplasy with ILS under neutrality,
but will only occur when the retroelement insertion originates in the common ancestral lineage of all 4 taxa. G and H show 0110 and 0101 patterns,
respectively, that have equal probabilities. | and J show 1001 and 1010 patterns, respectively, that also have equal probabilities. Again, ABBA and BABA
patterns have equal probability. Retroelement presence alleles are shown in black and retroelement absence alleles are shown in green. See main text for
additional details.

inY (Figure 41I) or Z (Figure 4]), and the retroelement absence allele quartet were then excluded (“exclude” command) and the number
is lost in W (Figure 4I and J) and in Z (Figure 41) or Y (Figure 4]). of informative characters for each quartet was recorded in an Excel

We applied the Quartet-Asymmetry test to each data spreadsheet. We then performed a parsimony search for each quartet
set (Placentalia, Laurasiatheria-102, Laurasiatheria-139, with the option to save “best trees” set to 3; these 3 trees correspond
Balaenopteroidea, Palacognathae) that was included in our study. to all 3 unrooted trees for any given quartet of taxa. The number of
For 2 ASTRAL_BP species trees (Placentalia, Balaenopteroidea), we steps for each tree was then recorded in the same Excel spreadsheet.
examined each unique quartet of species and compared the observed Based on the number of informative characters for each quartet and
and expected number of retroelements that support each of the 2 the minimum number of steps for each quartet tree, we then calcu-
quartet trees that conflict with the inferred species tree. For both lated the number of retroelement insertions that support the quartet
Laurasiatheria data sets (Laurasiatheria-102, Laurasiatheria-139), that is compatible with the species tree and each of the alternative
we examined each possible quartet for the 5 core taxa (Carnivora, conflicting quartet trees. Specifically, the number of supporting
Cetartiodactyla, Chiroptera, Eulipotyphla, Perissodactyla). For characters for each resolution of a quartet of taxa = total no. of
Palaeognathae, we examined 5 quartets that sampled 5 deep lin- characters - (quartet tree length - total no. of characters). These cal-
eages of Palacognathae (ostrich, emu, Chilean tinamou, great culations were performed with an Excel calculator (“Retroposon_
spotted kiwi, and greater rhea). For each data set, we executed the 01 Introgression_Calculator.xlsx” in Supplementary Material). Because
matrix (nexus format) of retroelement characters in PAUP* 4.0a165 multiple quartets of species were examined in each species tree, we
(Swofford 2002) (Figure 3). Next, we deleted all taxa except for the employed a Holm-Bonferroni sequential correction (Holm 1979)
4 taxa that comprise the relevant quartet. This was accomplished with Gaetano’s (2018) EXCEL calculator to account for multiple

with the “delete” command. Uninformative characters for each comparisons.
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Simulation of Gene Trees

Ten thousand gene trees were simulated from the ASTRAL_BP retro-
element species trees for both Laurasiatheria-102 and Palacognathae
(branch lengths in CUs) using DendroPy v3.12.0 (Sukumaran and
Holder 2010) and a script from Mirarab et al. (2014a). In anomaly
zone conditions, the most probable gene tree does not match the spe-
cies tree (Degnan and Rosenberg 2006, 2009). The simulated gene
tree outputs were used to determine whether the most common gene
tree topology conflicts with the species tree.

Results and Discussion

Placentalia Retroelements

The ASTRAL_BP and SDPquartets species trees for the Placentalia
data set of 68 retroelement insertions both resolve the clade
Afrotheria + Boreoeutheria, but with low bootstrap support
(58%) and local PP (0.52) values on the ASTRAL tree (Figure 5A)
and a correspondingly low PAUP* bootstrap value (54%) on the
SDPquartets tree (Figure SA). The removal of just 3 bipartitions
(out of 68) collapses the clade in ASTRAL_BP analysis, further
suggesting instability and low support due to extensive conflicts in
the retroelement insertion data. Indeed, among the 68 retroelement
insertions there are 22 that support Boreoeutheria + Xenarthra,
25 that support Afrotheria + Boreoeutheria, and 21 that sup-
port Afrotheria + Xenarthra. The internal branch length uniting
Afrotheria and Boreoeutheria is very short (0.0445 CUs), espe-
cially relative to long terminal branches in the tree that extend to
the Cretaceous (Figure 5B; Meredith et al. 2011). Kuritzin et al.
(2016) performed the KKSC test on this same data set and con-
cluded that there is no compelling evidence for ancient hybridiza-
tion among lineages. In agreement with Kuritzin et al. (2016), we
did not find any support for introgression based on the single spe-
cies quartet (outgroup, Xenarthra, Afrotheria, Boreoeutheria) that
we examined with the Quartet-Asymmetry test using the exact bi-
nomial test (P =1.0). The mixed support that retroelements pro-
vide for different resolutions of the placental root is consistent

with the conflicting results of sequence-based phylogenetic studies
that favor Xenarthra + Boreoeutheria (Murphy et al. 2001;
Meredith et al. 2011 [DNA], McCormack et al. 2012; Romiguier
et al. 2013), Afrotheria + Boreoeutheria (Waddell et al. 2001), and
Afrotheria + Xenarthra (Song et al. 2012; Meredith et al. 2011
[amino acids], Morgan et al. 2013; Tarver et al. 2016; Chen et al.
2017; Liu et al. 2017).

Laurasiatheria Retroelements

We re-examined the Laurasiatheria polytomy by analyzing both
the higher stringency Laurasiatheria-102 data set (no missing
data) and lower stringency Laurasiatheria-139 data set (missing
data) from Doronina et al. (2017a). This polytomy is perhaps
the most challenging interordinal problem in all of Placentalia
given that it involves 4 lineages (Carnivora + Pholidota,
Cetartiodactyla, Chiroptera, Perissodactyla) that diverged in the
Late Cretaceous and 2 very short internal branches (Meredith
et al. 2011; dos Reis et al. 2012; Emerling et al. 2015; Foley et al.
2016; Tarver et al. 2016). Previous investigations of this system-
atic problem have employed both genome-scale DNA sequence
data and retroelement insertions, yielding highly incongruent
results (Nishihara et al. 2006; Hallstrom et al. 2011; Meredith
et al. 2011; Song et al. 2012; Tarver et al. 2016; Chen et al.
2017; Doronina et al. 2017a; Feijoo and Parada 2017; Liu et al.
2017). Some of these analyses are further complicated by hom-
ology problems with the underlying data (Springer and Gatesy
2016, 2017; Gatesy and Springer 2017; Springer et al. 2019).
Our ASTRAL_BP and SDPquartets analyses of Doronina et al.’s
(2017a) data sets recovered the same species tree reported by
these authors based on polymorphism parsimony (Felsenstein
1979) (Figure 6). With the 102-retroelement data set (5 taxa),
Carnivora and Cetartiodactyla are sister taxa, with Perissodactyla
and Chiroptera as successively more distant relatives to this clade
(Figure 6A and B). Relationships among these laurasiatherian or-
ders are identical for the 139-retroelement data set (6 taxa), and
the additional order (Phoilidota) is positioned as the sister taxon

A) Placentalia retroelement insertions: ASTRAL_BP species tree

% Xenarthra
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0.52, 58%, 3, 54%
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< Afrotheria m

< Boreoeutheria h

B) Placentalia retroelement insertions: ASTRAL_BP species tree

Xenarthra
Afrotheria

Boreoeutheria

Figure 5. ASTRAL species trees for Placentalia (A and B).The first 3 numbers at the internal node correspond to local PP, ASTRAL bootstrap support percentage,
and the minimum number of retroelement bipartitions that must be removed to collapse the clade in ASTRAL_BP analysis; the fourth number is the SDPquartets
bootstrap percentage. Terminal branches are truncated in A so that the short length of the single internal branch, in coalescent units (CUs), can be seen.The
species tree in B shows the entire terminal branch lengths in CUs, demonstrating the extreme length of terminal branch relative to the very short internal
branches that is barely visible. CU estimates for terminal branches are derived from molecular clock analyses (Meredith et al. 2011) because ASTRAL does
not estimate terminal branch lengths. One million years from timetree estimates were converted to one CU (see Springer and Gatesy 2016 for rationale).
Relationships in the SDPquartets species tree are identical to those in the ASTRAL_BP species tree that is shown. Illustrations of mammals are by C. Buell.
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Figure 6. ASTRAL species trees for Laurasiatheria (A-D). The first 3 numbers at internal nodes correspond to local PP, ASTRAL bootstrap support percentage,
and the minimum number of retroelement bipartitions that must be removed to collapse the clade in ASTRAL_BP analysis; the fourth number is the SDPquartets
bootstrap percentage. Terminal branches are truncated in A and C so that the relative lengths of internal branches in coalescent units (CUs) can be seen.
Species trees in B and D also show the entire internal branch lengths in CUs, demonstrating the extreme length of terminal branches relative to the very short
internal branches that are barely visible. CU estimates for terminal branches are derived from molecular clock analyses (Meredith et al. 2011) because ASTRAL
does not estimate terminal branch lengths. One million years from timetree estimates were converted to one CU (see Springer and Gatesy 2016 for rationale).
Relationships in SDPquartets species trees are identical to those in the ASTRAL_BP species trees that are shown. The successive short branch lengths in CUs
(0.1027 and 0.0661 for 5 taxa [A and B], 0.0765 and 0.1254 for 6 taxa [C and D]) in the species trees for Laurasiatheria are consistent with anomaly zone conditions
(Degnan and Rosenberg 2006). The outgroup Eulipotyphla is not shown. lllustrations of mammals are by C. Buell.

to Carnivora (Figure 6C and D). However, posterior probabil-
ities and bootstrap scores for interordinal relationships are low
except for Carnivora + Pholidota (6 taxa). Carnivora + Pholidota
collapses with the removal of 65 bipartitions (out of 139), but
the other 2 internal branches collapse with the removal of just

1 to 6 bipartitions (out of 102 or 139) in ASTRAL_BP analyses
(Figure 6A and C).

ASTRAL_BP branch lengths for the consecutive internal branches
at the base of the Laurasiatheria trees are very short (0.1027 and
0.0661 for 5 taxa, 0.0765 and 0.1254 for 6 taxa) and are dwarfed
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by the long terminal branch lengths of these trees (Figure 6B and
D). The tiny internal branch lengths, along with the pectinate
species tree for the 4 main lineages (Chiroptera, Perissodactyla,
Cetartiodactyla, Carnivora + Pholidota), indicate that the vir-
tual polytomy for Laurasiatheria may reside in the anomaly zone
(Degnan and Rosenberg 2006, 2009) where the most likely gene tree
topology differs from the species tree. Consistent with this interpret-
ation, we simulated 10 000 genes trees from the 5-taxon ASTRAL_
BP species tree, and the 3 most common gene tree topologies differ
from the species tree. Specifically, all 3 of the symmetrical gene
trees for the ingroup are better represented than the pectinate gene
tree that agrees with the species tree. The symmetrical gene trees
occur 1182 times ((Cetartiodactyla, Carnivora),(Perissodactyla,
Chiroptera)), 1046 times
(Carnivora, Chiroptera)), and 991 times ((Cetartiodactyla,

(Cetartiodactyla, Perissodactyla),

Chiroptera),(Carnivora, Perissodactyla)). By contrast, there are only
916 gene trees that match the species tree (Chiroptera,(Perissodact
yla,(Carnivora, Cetartiodactyla))). An anomaly zone situation has
also been suggested for palaeognath birds (Cloutier et al. 2019;
Sackton et al. 2019), but in that case the consecutive short branches
are more likely caused by conflicts from high reconstruction error
for sequence-based gene trees, an interpretation that is corroborated
by our analysis of retroelement insertion data from these birds (see
below).

Doronina et al. (2017a) extended the KKSC test of Kuritzin
et al. (2016) to a 4-lineage insertion likelihood test that allowed for
different hybridization scenarios for Carnivora, Cetartiodactyla,
Chiroptera, and Perissodactyla. This test did not include retroele-
ment data for Eulipotyphla, which is the sister taxon to the remaining
laurasiatherians. They applied this test to a data set that included
162 retroposon insertions and concluded that gene flow among lin-
eages had occurred and that the most likely hybridization pathways
were between 1) Perissodactyla and Chiroptera, 2) Perissodactyla

and Carnivora, and 3) Perissodactyla and the common ancestor of
Carnivora + Cetartiodactyla. We applied the Quartet-Asymmetry
test to all 5 species quartets for the Laurasiatheria-102 data set
by using an exact binomial test in R and found that there are no
statistically significant differences between pairs of nonspecies-tree
quartets (Table 1). We also examined these same 5 quartets for
the Laurasiatheria-139 retroelement data set and again obtained
nonsignificant results (Table 1). These results are consistent with ILS
alone and do not require introgression (Table 1). The most extreme
discrepancy in these comparisons is 20 versus 12 retroelement inser-
tions for alternative nonspecies tree quartets, but the P value (0.215)
for this comparison is not significant even without correcting for
multiple comparisons. This result contrasts with Doronina et al.’s
(2017a) conclusion that there is evidence for gene flow among basal
laurasiatherian lineages based on their analysis of the 162 retroele-
ment data set. However, there are important differences between
the Quartet-Asymmetry test and Doronina et al’s (2017a) 4-lin-
eage insertion likelihood test. We applied the Quartet-Asymmetry
test to all combinations of 4 taxa for 5 different orders (Carnivora,
Cetartiodactyla, Chiroptera, Eulipotyphla, Perissodactyla), but as
noted above Doronina et al. (2017a) did not consider Eulipotyphla
and instead focused on different hybridization models for the re-
maining 4 orders. Also, the Quartet-Asymmetry test only indexes
bipartitions that are informative for unrooted trees (i.e., 130 of 162
retroelement insertions for 5 taxa). By contrast, Doronina et al.’s
(2017a) results are based on rooted trees and are influenced by
all 162 retroelement insertions (see supplemental material S1 of
Doronina et al. 2017a).

Balaenopteroidea Retroelements

Phylogenetic relationships among balaenopteroid species remain
contentious based on previous phylogenetic analyses. Some studies
support a sister-group relationship between Eschrichtiidae and

Table 1. The number of retroposons that support different splits for 5 different quartets of taxa that are associated with the Laurasiatheria

polytomy®
Quartet of taxa Split 102 Retroposon data set 139 Retroposon data set”
Obs. no. of Exp. no. of P value for Obs. no. of Exp. no. of P value
quartets quartets Quartet- quartets quartets for Quartet-
under ILS Asymmetry test® under ILS Asymmetry test®
Eu, Pe, Ca, Ce Eu Pe | Ca Ce 22 0.878 25 1.0
Eu Ca | Pe Ce 22 21 22 21.5
Eu Ce | Pe Ca 20 21 21 21.5
Eu, Pe, Ca, Ch Eu Ch | CaPe 25 0.43 25 0.43
Eu Ca | Pe Ch 23 20 23 20
Eu Pe | Ca Ch 17 20 17 20
Eu, Pe, Ce, Ch Eu Ch | Pe Ce 24 0.215 24 0.311
Eu Ce | Pe Ch 20 16 21 17.5
Eu Pe | Ce Ch 12 16 14 17.5
Eu, Ca, Ce, Ch Eu ChlCaCe 28 0.864 31 1.0
Eu Ce | Ca Ch 18 17 19 18.5
Eu Ca | Ce Ch 16 17 18 18.5
Pe, Ch, Ce, Ca Pe Ch | Ce Ca 25 0.608 38 0.885
Ch Ce | Pe Ca 15 17 25 24
Ch Ca | Pe Ce 19 17 23 24

Obs., observed; Exp., expected; Ca, Carnivora; Ce, Cetartiodactyla; Ch, Chiroptera; Eu, Eulipotyphla; Pe, Perissodactyla.

“The species tree split for each quartet is shown in bold font.
*Compiled from Doronina et al.’s (2017a) supplemental table S1.

<P values are uncorrected and are based on the exact binomial test in R. We did not employ a correction for multiple tests because none of the P values were

significant.
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Balaenopteridae (e.g., Deméré et al. 2008; Steeman et al. 2009; Marx
2010; Gatesy et al. 2013), whereas Eschrichtiidae is resolved as
nested inside of a paraphyletic Balaenopteridae in other studies (e.g.,
McGowen et al. 2009; Marx and Fordyce 2015). Figure 7A and B
show the ASTRAL_BP species tree for balaenopteroids with internal
branch lengths in CUs. Relationships in the SDPquartets topology
are identical to those in the ASTRAL_BP tree. Bootstrap support per-
centages (ASTRAL_BP, SDPquartets), local PP values, and stability
to removal of retroelement bipartitions are also shown in Figure 7A.
The basal split in Balaenopteroidea is between minke whale and the
other 5 balaenopteroids. Consistent with previous molecular studies
(e.g., Rychel et al. 2004; Sasaki et al. 2005; Nikaido et al. 2006;
Deméré et al. 2008; McGowen et al. 2009; Arnason et al. 2018),
fin whale and humpback whale are sister taxa, and blue whale is
closely related to sei whale. The gray whale is positioned as the sister
taxon to the clade of fin whale + humpback whale. This coalescence-
based retroelement topology matches a neighbor-joining distance
analysis and a Bayesian inference tree for the same data (Lammers
et al. 2019) as well as earlier studies based on molecular (McGowen
et al. 2009; Arnason et al. 2018) and molecular + morphological
data (Marx and Fordyce 2015). The branch that unites gray whale
with the fin whale + humpback whale clade is very short (0.0182
CUs) on the ASTRAL_BP tree. Bootstrap support for this clade is
73% (SDPquartets) to 86% (ASTRAL_BP) and local PP is 0.88. The
nested position of an eschrichtiid gray whale within Balaenopteridae
renders this family paraphyletic (Figure 7A).

Overall, our species tree is robustly supported at most nodes and
concordant with the ASTRAL tree that Arnason et al. (2018) re-
ported for the same taxa based on gene trees for 34 192 genome
fragments, each of which was 20 kb in length. Unlike retroelement
gene trees (bipartitions), there are significant nonbiological contribu-
tors to gene tree heterogeneity when gene trees are inferred from
DNA sequence alignments. These include long-branch misplace-
ment, misaligned sequences, long tracts of missing data for one
or more species, model misspecification, and paralogy problems.
These issues can be partially mitigated by employing long segments
of DNA (e.g., 20 kb segments of Arnason et al. 2018), but if these
regions span one or more recombination breakpoints, multiple
branching histories might be jumbled and violate the assumption
of no intralocus recombination that underpins summary coalescent
methods (Liu et al. 2009). Likewise, introgression of genetic material
between lineages results in a patchwork of “native” and “foreign”
DNA along chromosomes. If 20 kb segments include stretches of
both native and foreign DNA, the assumption of a single underlying
gene tree for each 20 kb segment would be violated. By contrast,
the primary sources of conflict among retroelement insertions are
biological and include ILS and/or introgression. This assumes that
the presence/absence of retroelement insertions has been carefully
scored in genomic screens (Doronina et al. 2019).

Arnason et al. (2018) inferred that extensive hybridization oc-
curred in the evolutionary history of balaenopteroids based on
network analysis of 34 192 gene trees with PhyloNET (Yu et al.
2014) and D, /D statistic (ABBA-BABA) tests on biallelic nucleo-
tide sites (Durand et al. 2011; Pease and Hahn 2015). With these 2
approaches, they detected as many as 7 different gene flow signals
(Figure 7C). Beyond these suggested historical pathways for intro-
gression, there is also compelling genetic and phenotypic evidence
for recent hybridization events between blue whales and fin whales
(Bérubé and Aguilar 1998), as well as for a backcross between a fe-
male fin whale-blue whale hybrid and a male blue whale (Bérubé and
Palsbell 2018). In the presence of such gene flow, we do not expect

the observed distribution of retroelements to be fully consistent with
MSC expectations. Lammers et al. (2019) reported a dissonant pat-
tern of CHR2 SINE insertions among balaenopteroids, but did not
test whether the conflicting signal is the result of ILS alone or ILS
plus introgression. Here, we reanalyzed the retroelement data set for
Balaenopteroidea (Lammers et al. 2019) to test whether these data
support the cases of introgression inferred by Arnason et al. (2018)
using analyses of DNA sequences. We performed the Quartet-
Asymmetry test (Figure 3) on 35 different quartets of species, and 19
of 35 tests were statistically significant at P = 0.05 following correc-
tion for multiple tests (Table 2).

The overall pattern of retroelement insertions is complex and in-
cludes multiple quartets of species with skewed support for alterna-
tive topologies relative to expectations based on ILS alone (Table 2,
Figure 7D). Even with this complexity there are several themes that
emerge from these comparisons. First, minke whale and blue whale
are overrepresented in 3 different quartet tests, as are minke whale
and sei whale in 3 tests. These results are consistent with Arnason
et al’s (2018) gene flow pathway I between the minke whale lin-
eage and the common ancestral lineage of blue whale + sei whale
(Figure 7C and D). Second, there is one significant quartet test that
is consistent with gene flow between the gray whale lineage and
the humpback whale lineage, which corresponds to Arnason et al.’s
(2018) gene flow pathway III. Third, there are 4 asymmetry tests that
are consistent with Arnason et al.’s (2018) gene flow pathway IV be-
tween the gray whale lineage and the blue whale lineage and/or the
closely related gene flow pathway V between the gray whale and the
common ancestral lineage of sei whale and blue whale. Fourth, there
are 4 comparisons that are consistent with Arnason et al’s (2018)
gene flow pathway VII between the common ancestral lineage of
humpback whale + fin whale and the blue whale lineage. Two of
these 4 comparisons are also consistent with recently observed
hybrids between fin and blue whales. The remaining comparisons
with statistically significant P values provide evidence of gene flow
pathways that are different from those suggested by Arnason et al.
(2018). There is one significant quartet test for gene flow between the
minke whale lineage and the humpback whale lineage. This is similar
but not identical to Arnason et al’s (2018) gene flow pathway II
between the minke whale lineage and the common ancestral linage
of humpback whale + fin whale. The next 2 overrepresented quartet
splits are (right whale, fin whalelhumpback whale, blue whale) and
(right whale, fin whalelhumpback whale, sei whale). These results are
suggestive of introgression between the humpback whale lineage and
the common ancestral lineage of blue whale + sei whale rather than
Arnason et al’s (2018) pathway VI between the common ancestral
lineage of fin whale + humpback whale and the common ancestral
lineage of blue whale + sei whale. Finally, there is an overrepresented
split between (right whale, fin whalelminke whale, gray whale) that
is consistent with hybridization between minke whale and gray
whale (Table 2).

We note that the interaction of multiple gene flow pathways is ex-
pected to result in a complex pattern of retroelement insertions that
does not necessarily translate into an overabundance of observed
retroelement insertions for a particular alternative quartet. For ex-
ample, hybridization between gray whale and humpback whale
(path III of Arnason et al. 2018) will increase the proportion of
retroelements that are shared between these 2 species in some quar-
tets, but hybridization between gray whale and blue whale (path IV)
and between gray whale and the common ancestral lineage of blue
whale + sei whale (path V) are expected to have the opposite effect.
These competing pathways of gene flow become even more complex
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A) Balaenopteroidea retroelement insertions: ASTRAL_BP species tree
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Figure 7. The ASTRAL_BP species tree for Balaenopteroidea based on 24 598 retroelement bipartitions (A-D). The first 3 numbers at internal nodes in A
correspond to local PP, ASTRAL_BP bootstrap support percentage, and the minimum number of gene trees that must be removed to collapse the clade in

ASTRAL_BP analysis; the fourth number is the SDPquartets bootstrap percentage. Terminal branches are truncated in A, C, and D so that relative lengths of

internal branches in coalescent units (CUs) can be seen. The ASTRAL_BP species tree in B shows the entire branch lengths. CU estimates for terminal branches
are derived from a molecular clock analysis (McGowen et al. 2009). One million years was converted to one CU (Springer and Gatesy 2016). Relationships in the
SDPquartets species tree are identical to those in the ASTRAL_BP species tree that is shown. Arnason et al’s (2018) 7 hypothesized pathways for introgression
based on genomic sequences are shown in C. Possible gene flow pathways detected using the Quartet-Asymmetry test for retroelement insertions are shown
in D. Note that 5 of Arnason et al’s (2018) 7 hypothesized pathways are supported, whereas 2 are not. Also, 2 novel pathways are detected. Note that some
pathways (e.g., VI) are necessarily historical and involve ancestral lineages rather than extant taxa. lllustrations of whales are by C. Buell.
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if we consider past hybridization between the ancestor(s) of a living
taxon and a completely extinct side-lineage of the clade (Maddison
1997; Rogers et al. 2019). For baleen whales, this is a nontrivial
concern given that many extinct taxa have been described from this
clade and species commonly share geographic ranges within ocean
basins (Marx 2010; Marx and Fordyce 2015). Nevertheless, we infer
an evolutionary history of hybridization in balaenopteroids based on
significant retroelement asymmetry via several pathways that violate
expectations based on ILS alone (Table 2; Figure 7D). If retroele-
ments are coded properly without ascertainment bias, then compari-
sons of the observed and expected number of retroelements should
not be complicated by gene tree reconstruction errors that can con-
found similar comparisons for gene trees that are based on sequence
alignments (Song et al. 2012; Zhong et al. 2013; Jarvis et al. 2014;
Liu et al. 2017).

Finally, we note that for a few quartets of taxa (e.g., blue whale,
fin whale, gray whale, right whale) the number of retroelement in-
sertions that agree with the species tree is less than the number of
insertions that support one or both of the alternative trees (Table 2).
This circumstance may result from an inaccurate species tree, sam-
pling error, or introgression that overwhelms the correct species tree
for a given quartet.

Palaeognathae Retroelements
Palacognathae includes volant tinamous and the flightless ratites
(ostrich, emu, rheas, kiwis, cassowaries). Recent analyses based on
phylogenomic data sets have recovered conflicting phylogenetic hy-
potheses for this avian clade (Yonezawa et al. 2017; Cloutier et al.
2019; Sackton et al. 2019). All of these studies recovered a basal
split between ostrich and other palaeognaths, but relationships
among the non-ostrich palaecognaths differ in Yonezawa et al. (2017)
versus the other 2 studies (Cloutier et al. 2019; Sackton et al. 2019).
Yonezawa et al. (2017) suggested that rheas are the sister taxon to
all other non-ostrich palaeognaths based on a supermatrix analysis
of ~871 kb (also see ML concatenation tree of Prum et al. 2015),
whereas Cloutier et al. (2019) and Sackton et al. (2019) recovered
tinamous as the extant sister group to all other extant non-ostrich
palacognaths based on summary coalescent analyses with MP-EST
and ASTRAL on 20850 loci (Figure 8A and B). Yonezawa et al.’s
(2017) topology was corroborated by supermatrix analyses of
the 20850 loci compiled by Sackton et al. (2019) that also placed
rheas as sister to all other non-ostrich palaeognaths. Sackton et al.
(2019) and Cloutier et al. (2019) suggested that very short branches
on their MP-EST species tree (Figure 8A) provide evidence for an
“empirical anomaly zone” in palaeognaths that misled concaten-
ation analyses. Specifically, the consecutive and very short branches
of 0.3657, 0.0632, and 0.0662 CUs on their MP-EST tree are the
primary evidence for asserting that the palaecognath tree resides in
the anomaly zone (Cloutier et al. 2019; Sackton et al. 2019). The
2 shortest branches are even shorter (0.0194, 0.0532) on Cloutier
et al’s (2019) ASTRAL species tree (Figure 8B). Consistent with
their anomaly zone inference, the most common gene tree in their
analysis differs from the inferred species tree as predicted by the-
oretical work (Degnan and Rosenberg 2006, 2009). Sackton et al.
(2019) also reported that retroelement insertions from Cloutier et al.
(2019) provide independent support for their preferred phylogenetic
hypothesis, although the retroelements were not analyzed with ILS-
aware methods in these studies.

We reanalyzed the retroelement data set (4301 insertion charac-
ters, 13 taxa) with ASTRAL_BP and SDPquartets and the resulting

species tree is robustly supported (Figure 8C and D). All relation-
ships agree with the MP-EST and ASTRAL species trees based on
DNA sequence alignments (Figure 8A and B; Cloutier et al. 2019;
Sackton et al. 2019), but a fundamental difference is that internal
branch lengths (in CUs) are much longer on the ASTRAL_BP species
tree based on retroelements (Figure 8C and D). On average, internal
branch lengths on the retroelement species tree are ~4.8x longer
than the corresponding internal branches on the MP-EST species
tree, including the 3 branches that make or break the anomaly zone
(Figure 8C). First, the common ancestral branch for all palacognaths
except ostrich is 2.539 CUs on the retroelement tree but only 0.3657
CUs on the MP-EST tree. Second, the most striking discrepancy is
for the internal branch leading to the clade of rheas, kiwis, emu, and
cassowary where the ASTRAL_BP branch length (0.8938 CUs) is
~14.1x longer than the same branch (0.0632 CUs) on the MP-EST
tree constructed from DNA sequence-based gene trees. Finally, the
internal branch leading to kiwis, emu, and cassowary is 0.2528 CUs
on the ASTRAL_BP tree but only 0.0662 CUs on the MP-EST tree.

We used the ASTRAL_BP species tree with its estimates of
branch lengths in CUs (Figure 8C and D) to simulate 10 000 gene
trees with DendroPy v3.12.0 (Sukumaran and Holder 2010). The
most common gene tree topology is congruent with the ASTRAL_
BP species tree based on retroelements and accounts for 14.9% of
the simulated trees. The next most common gene tree was a distant
7.28% of the total. These results contrast strikingly with the distri-
bution of gene tree topologies based on analyses of DNA sequence
data, for which the most common gene trees disagree with the spe-
cies tree (Sackton et al. 2019), and only ~240 of the 20 850 gene
trees (1.15%) match the MP-EST species tree (Cloutier et al. 2019;
Sackton et al. 2019).

In addition to ILS, topological gene tree heterogeneity may re-
sult from gene tree reconstruction error (e.g., due to long branch
misplacement, misalignment of nonhomologous sequences, model
misspecification) and arbitrary resolution of polytomies. The latter
problem is common in phylogenomic studies where RAxML and/
or PhyML are used to reconstruct gene trees from sequence data
(Gatesy and Springer 2014; Simmons and Norton 2014; Simmons
and Randle 2014). Given that Sackton et al. (2019) and Cloutier
et al. (2019) used RAXML to reconstruct gene trees, we applied
the Shimodaira-Hasegawa-like approximate likelihood-ratio test
(SH-like aLRT; Anisimova and Gascuel 2006; Guindon et al. 2010)
to their posted 20 850 MAFFT-alignment gene trees to determine the
fraction of clades that are the result of arbitary resolution in their
RAxML-derived gene trees. RAXML only ever presents to the user a
single fully resolved optimal gene tree irrespective of whether or not
the clades are unambiguously supported by the data (e.g., Simmons
and Norton 2014; Simmons and Randle 2014). The SH-like aLRT,
which is implemented in RAXML, tests if resolution of each in-
ternal branch provides a significant increase in likelihood relative to
either collapsing that branch or the 2 alternative nearest-neighbor-
interchange resolutions of the internode. Clades with ~zero length
branches as well as those that are absent in the strict consensus of
slightly suboptimal trees generally are assigned 0% SH-like aLRT
support (Simmons and Kessenich 2019). Of the 224 257 internal
branches in the 20 850 gene trees, 55 269 (24.6%) received 0%
SH-like aLRT support, and hence are unsupported and arbitrarily re-
solved. Thus, one would expect that many of these internal branches
are not accurate reconstructions.

As noted above, the consecutive short branches of 0.3657,
0.0632, and 0.0662 CUs on the palacognath MP-EST tree
(Figure 8A) and similarly short branch lengths for the ASTRAL
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Table 2. Mysticete quartets with statistically significant asymmetry for introgression?

Quartet of taxa Split Obs. no. of  Exp. no. of x2 P value uncorrected/ Introgression pathway*
quartets quartets under ILS P value corrected®

RW, MW, GW, SW  RW MWIGW SW 3210 24.54 7.26E-07/ 1.52E-05 I (MW <— SW + BW)
RW GWIMW SW 1749 1608.5
RW SWIMW GW 1468 1608.5

RW, MW, GW, BW  RW MWIGW BW 3684 51.46 7.31E-13/ 1.10E-10 I (MW <— SW + BW)
RW GWIMW BW 1813 1609.5
RW BWIMW GW 1406 1609.5

RW, MW, FW, SW RW MWIFW SW 3055 66.72 3.33E-16/ 1.10E-10 I (MW <— SW + BW)
RW FWIMW SW 1853 1620.5
RW SWIMW FW 1388 1620.5

RW, MW, FW, BW  RW MWIFW BW 3480 104.61  0.0E-10/ 0.0E-10 I (MW <— SW + BW)
RW FWIMW BW 1965 1669.5
RW BWIMW FW 1374 1669.5

RW, MW, HW, SW ~ RW MWIHW SW 3168 24.47 7.56E-07/ 1.52E-05 I (MW <— SW + BW)
RW HWIMW SW 1683 1545.5
RW SWIMW HW 1408 1545.5

RW, MW, HW, BW RW MWIHW BW 3578 52.16 S5.12E-13E/ 0.0E-10 I (MW <— SW + BW)
RW HWIMW BW 1742 1541.5
RW BWIMW HW 1341 1541.5

RW, GW, FW, HW  RW GWIFW HW 3318 27.52 1.55E-07/ 3.41E-06 I (GW <—> HW)
RW FWIGW HW 1695 1549
RW GWIFW HW 1403 1549

RW, BW, GW, FW RW BWIGW FW 1779 29.09 6.89E-08/ 1.58E-06 IV and V (GW <— BW)
RW GWIFW BW 2000 2178
RW FWIGW BW 2356 2178

RW, GW, SW, BW RW GWISW BW 3948 97.85 1E-10/ 0.0E-10 IV and V (GW <— BW)
RW SWIGW BW 1736 1468
RW BWIGW SW 1200 1468

MW, GW, SW, BW MW GWISW BW 3726 52.86  3.58E-13/0.0E-10 IV and V (GW <—> BW)
MW SWIGW BW 1795 1590
MW BWIGW SW 1385 1590

RW, GW, FW, SW RW SWIGW FW 2074 16.89  3.96E-05 V (GW <-> SW)
RW FWIGW SW 2115 1985.5
RW GWIIFW SW 1856 1985.5

MW, FW, SW, BW ~ MW FWISW BW 3754 32.78 1.03E-08/ 2.68E-07 VII (BW <—> FW + HW); also
MW SWIFW BW 1651 1494.5 observed BW <—> FW in nature
MW BWIFW SW 1338 1494.5

MW, HW, SW, BW MW HWISW BW 3666 40.57  1.90E-10/ 5.1E-09 VII (BW <—> FW + HW)
MW SWIHW BW 1694 1518.5
MW BWIHW SW 1343 1518.5

RW, HW, SW, BW  RW HWISW BW 3845 83.68 1E-10/ 1.10E-10 VII (BW <—> FW + HW)
RW SWIHW BW 1598 1359.5
RW BWIHW SW 1121 1359.5

RW, FW, SW, BW RW FWISW BW 4108 72.97 1E-10/ 1.10E-10 VII (BW <—> FW + HW); also
RW SWIFW BW 1540 1320.5 observed BW <—> FW in nature
RW BWIFW SW 1101 1320.5

RW, MW, FW, HW ~ RW MWIFW HW 4824 16.13  5.91E-05/1.06E-03 MW <-> HW
RW FWIMW HW 1214 1119
RW HWIMW FW 1024 1119

RW, BW, FW, HW  RW BWIFW HW 3131 32.25 1.36E-08/ 3.40E-07 HW <-> BW + SW
RW FWIHW BW 1758 1597.5
RW HWIFW BW 1437 1597.5

RW, SW, FW, HW  RW SWIFW HW 3349 29.50  5.60E-08/1.34E-06 HW <-> BW + SW
RW FWIHW SW 1499 1357.5
RW HWIFW SW 1216 1357.5

RW, MW, GW, FW ~ RW MWIGW FW 3388 10.61 1.12E-03/ 1.90E-02 MW <-> GW
RW GWIMW FW 1503 1595
RW FWIMW GW 1687 1595

Obs., observed; Exp., expected; BW, blue whale; FW, fin whale; GW, gray whale; HW, humpback whale; MW, minke whale; RW, North Atlantic right whale;

SW, sei whale.

“The species tree split for each quartet is shown in bold font. The Quartet-Asymmetry test was performed with a % test.

"Corrected for multiple comparisons using a Holm-Bonferroni test with Gaetano’s (2018) Excel calculator (1.3).

“Roman numerals correspond to introgression pathways of Arnason et al. (2018).
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A) Palaeognathae DNA sequences: MP-EST species tree (Cloutier et al., 2019)
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B) Palaeognathae DNA sequences: ASTRAL species tree (Cloutier et al., 2019)
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Figure 8. Species tree estimates for Palaeognathae based on summary coalescence methods: (A) MP-EST species tree derived from analysis of 20 850 sequence-
based gene trees (Cloutier et al. 2019; Sackton et al. 2019), (B) ASTRAL species tree derived from analysis of 20 850 sequence-based gene trees (Cloutier et al.
2019), and (C and D) ASTRAL_BP species tree derived from analysis of 4301 retroelement insertions characterized by Cloutier et al. (2019). Internal branch lengths
in coalescent units (CUs) are to the same scale in A, B, and C, and terminal branch lengths are truncated. The ASTRAL_BP retroelement tree in C is at a lower
scale in D to show the long terminal branches relative to the shorter internal branches. CU estimates for terminal branches are derived from a molecular clock
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analysis of the same sequence data (Figure 8B) are the primary evi-
dence for asserting that the palacognath species tree resides in an
“empirical anomaly zone” (Cloutier et al. 2019; Sackton et al. 2019).
If we view the early palacognath radiation as a 5-taxon problem
(ostrich, tinamous, rheas, emu + cassowaries, and kiwis), then the
3 internal branches that define relationships among these lineages
may each have a maximum value of 0.1934 CUs if the rooted spe-
cies tree is in the anomaly zone and if the 3 branches are coequal
in length (Rosenberg and Tao 2008; Degnan and Rosenberg 2009).
One or two of these branches may be longer in the anomaly zone,
but only if the other branches compensate by being shorter (see
length limits for branches x, y, and z in figure 4 of Rosenberg 2013).
In the case of a 4-taxon problem (tinamous, rheas, emu + casso-
waries, and kiwis), the 2 internal branches may each have a max-
imum value of 0.156 CUs in order for the rooted species tree to be
in the anomaly zone if the branches are coequal in length (Degnan
and Rosenberg 2006). If the basal branch length (x) is >0.2655 then
the anomaly zone is not applicable for the 4-taxon case (Degnan
and Rosenberg 2006). Sackton et al’s (2019) MP-EST tree has 3
consecutive branches (x, y, z) that are consistent with an anomaly
zone situation for 5 taxa (Rosenberg 2013), including 2 branches
that are <0.1934 CUs (Figure 8A). Similarly, Sackton et al’s (2019)
MP-EST tree is consistent with an anomaly zone situation for 4 taxa,
and Cloutier et al.’s (2019) ASTRAL species tree for sequence-based
gene trees also has branch lengths that imply an anomaly zone for
both the 4 and 5 taxon cases (Figure 8B). However, there are no
internal branches on our ASTRAL _BP retroelement tree that are
below 0.1934 CUs (Figure 8C) for the 5-taxon case or below 0.156
CUs for the 4-taxon case. For the Palaecognathae retroelement data
set, we used gene-wise bootstrap resampling (Simmons et al. 2019)
with ASTRAL_BP to pseudoreplicate 100 species trees with branch
lengths in CUs. In every case, the branch lengths (x, y, z) on these
ASTRAL_BP retroelement species trees are not short enough to war-
rant an anomaly zone interpretation in either the 4- or 5-taxon case.

The internal branch lengths in the sequence-based species trees
(Figure 8A and B) and the retroelement-based species tree (Figure 8C
and D) tell 2 very different stories about the early diversification
of palaecognaths. For example, 18 retroelement insertions show
uniform support, with no conflicts, for the clade that includes all
palacognaths except the ostrich (Cloutier et al. 2019), suggesting
limited ILS. By contrast, sequence-based gene trees show extensive
conflict at this node (69% for conserved nonexonic elements, 39%
for UCEs, 35% for introns). We contend that the much longer in-
ternal branch lengths on the retroelement species tree for this clade
and others are more accurate than the much shorter branch lengths
on Sackton et al.’s (2019) MP-EST species trees. This is because gene
tree reconstruction error is negligible for retroelements (Doronina

et al. 2019), but not for sequence-based gene trees at deep diver-
gences (Huang and Knowles 2009; Huang et al. 2010; Springer and
Gatesy 2014, 2016, 2018a, 2018b; Bayzid et al. 2015; Mirarab and
Warnow 2015; Simmons and Gatesy 2015; Sayyari and Mirarab
2016; Gatesy et al. 2017; Sayyari et al. 2017; Scornavacca and
Galtier 2017; Molloy and Warnow 2018). Cloutier et al. (2019,
p- 16) noted that an “important and related question is whether
we can confidently detect an empirical anomaly zone given that the
same short internal branches expected to produce anomalous gene
trees also increase the likelihood of gene tree estimation error due
to the short time interval for informative substitutions to accumu-
late in individual loci of finite length (Huang and Knowles, 2009).”
The retroelement data collected by these authors provide an answer
to this question when converted to bipartitions and analyzed with
ASTRAL. Specifically, the branch lengths on the ASTRAL-BP spe-
cies tree are well outside of the anomaly zone (Figure 8C and D).
Furthermore, arbitrary resolution of more than 24% of the nodes
in Cloutier et al.’s (2019) gene trees reiterates these authors’ worries
about extensive gene tree conflicts due to lack of informative vari-
ation at short internodes.

Finally, we used an exact binomial test to implement the Quartet-
Asymmetry test for 5 quartets from the Palacognathae data set.
These quartets sample one representative from each of the 5 major
lineages (ostrich, tinamous, rheas, emu/cassowary, kiwis) and index
the early radiation of this clade. However, there is no evidence for
introgression based on these analyses (Table 3). Instead, the number
of retroelements that support each of the 2 nonspecies-tree quar-
tets is in agreement with expectations under ILS only (Table 3).
Moreover, the number of retroelements that support each species
tree quartet always exceeds the number of retroelements that con-
flict with the species tree quartet. By contrast, retroelement support
for the 3 competing hypotheses (species tree quartet and conflicting
quartets) is more evenly split for the Laurasiatheria data set (Table 1)
than for Palaeognathae. Specifically, the number of retroelements
that support each species tree quartet for Laurasiatheria is always
much less than the sum of retroelements that support the 2 con-
flicting quartets. These results suggest that ILS is more problematic
for resolving the Laurasiatheria polytomy than for the early radi-
ation of Palacognathae.

GeneTree Reconstruction Error, ILS, and the

Anomaly Zone

Previous studies repeatedly have shown that branch lengths (in CUs)
on coalescence-based species trees are stunted because of gene tree
reconstruction error, which mimics conflict due to ILS (Gatesy and
Springer 2014; Mirarab et al. 2014a, 2014b; Springer and Gatesy
2014, 2016, 2018a, 2018b; Bayzid et al. 2015; Roch and Warnow

analysis (Jarvis et al. 2014) because ASTRAL does not estimate terminal branch lengths. One million years from the timetree estimate were converted to one
CU (Springer and Gatesy 2016). Note the disparity of internal branch lengths between the retroelement-based species tree (C) and the 2 species trees based
on DNA sequence gene trees (A and B) at the base of Palaeognathae. Internal branches for the ASTRAL_BP retroelement tree are much longer. The 3 internal
branches that comprise the “empirical anomaly zone” of Sackton et al. (2019) are colored red and labeled x, y, and z as in Rosenberg (2013). Support scores for
the ASTRAL_BP retroelement tree (C) are shown at internal nodes (Bayesian local PP, ASTRAL bootstrap support percentage, minimum number of retroelement
bipartitions that must be removed to collapse the clade), and also SDPquartets bootstrap percentages. All clades in the MP-EST tree (A) received 100% support
for the multilocus bootstrap, and all clades in the ASTRAL tree (B) had Bayesian local PP of 1.0 (Cloutier et al. 2019; Sackton et al. 2019). All species trees are
rooted with chicken (Gallus) outgroup (not shown), and 2 taxa (North Island brown kiwi, little bush moa) that were not sampled in the retroelements data set
were pruned from the DNA-sequence-based species trees (A and B). Internal branch lengths for the MP-EST species tree are from the “TENT_mafft MP-EST_
runi.tre”file of Sackton et al. (2019); branch lengths are similar for other MP-EST species trees posted by these authors; branch lengths for the ASTRAL species
tree are from the “TENT _astral_species_tree.tre” file of Cloutier et al. (2019). Silhouettes of tinamou, kiwi, and cassowary are freely available from PhylPic (http://
phylopic.org/; Public Domain Mark 1.0 license). Silhouettes for ostrich (credit to Matt Martyniuk [vectorized by T. Michael Keesey]; https://creativecommons.org/
licenses/by-sa/3.0/) and rhea plus emu (Darren Naish [vectorized by T. Michael Keesey]; https://creativecommons.org/licenses/by/3.0/) also were downloaded
from PhyloPic.
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Table 3. The number of retroposons that support different splits for 5 different quartets of taxa that are associated with the early radiation

of Palaeognathae?

Quartet of taxa Split Obs. no. of quartets Exp. no. of quartets under ILS P value for Quartet-Asymmetry test
CT, GR, GK, E CT GRIGK E 15 1.0
CT GKIGR E 7 6.5
CT EIGK GR 6 6.5
O, CT, E, GR O CTIE GR 11 0.625
O EICT GR
O GRICTE 1
0, CT, GK, GR O CTIGK GR 10 0.625
O GKICT GR
O GRICT GK 1
O, CT, E, GK O CTIE GK 17 1.0
O EICT GK 1
O GKICTE 1
O, GR, E, GK O GRIE GK 12 1.0
O EIGK GR 5 5.5
O GKIE GR 6 5.5

Obs., observed; Exp., expected; CT, Chilean tinamou; E, emu; GK, great spotted kiwi; GR, greater rhea; O, ostrich.

“The species tree split for each quartet is shown in bold font.

bP values are uncorrected and are based on the exact binomial test in R. We did not employ a correction for multiple tests because none of the P values were

significant.

2015). Retroelement insertions and sequence-based gene trees for
the phylogenetic placement of tarsiers within primates provide an
excellent example of the gene-tree reconstruction error problem
(Supplementary Figure S1; Gatesy and Springer 2014; Gatesy et al.
2017; Springer and Gatesy 2018b). More generally, we argue that
much of the gene tree heterogeneity in sequence-based analyses at
deep divergences is unrelated to ILS and instead results from long
branch misplacement, model misspecification, lack of phylogenetic
signal, arbitrary resolution (see above), missing data, homology
problems, and poor tree searches (Gatesy and Springer 2013, 2014;
Patel et al. 2013; Springer and Gatesy 2014, 2016, 2017, 2018a,
2018b, 2018c¢; Gatesy et al. 2017, 2019). Such gene tree reconstruc-
tion errors artificially inflate conflicts and are known to result in
bonsai species trees (MP-EST and ASTRAL) with highly stunted in-
ternal branches (Gatesy and Springer 2014; Mirarab et al. 2014a,
2014b; Springer and Gatesy 2014, 2016, 2018b; Bayzid et al. 2015;
Roch and Warnow 2015). In the case of palacognaths, the much
longer internal branches on our retroelement species tree therefore
call into question the existence of an “empirical anomaly zone” for
Palacognathae (Figure 8).

Cloutier et al. (2019, p. 13) used simulations of gene trees from
their MP-EST species tree with tiny internal branches (Figure 8A) to
“assess what proportion of total gene tree heterogeneity is likely at-
tributable to coalescent processes rather than to gene tree estimation
error” and found that 70-90% of the gene tree conflict is compat-
ible with ILS. However, previous work has shown that this simula-
tion procedure is flawed because of gene tree reconstruction error
that stunts branches on sequence-based MP-EST species trees and
is therefore a poor phylogenetic model for subsequent simulation of
gene trees (Springer and Gatesy 2014, 2016, 2018a, 2018b; Gatesy
et al. 2017). Indeed, we have shown that almost 25% of nodes in
the sequence-based gene trees of Cloutier et al. (2019) are arbitrarily
resolved. By contrast, retroelement insertions can be more reliably
reconstructed due to very low levels of homoplasy at single genomic
sites (Doronina et al. 2019). In accordance with this expectation, the
palaeognath species tree based on retroelements has ~4.8x longer
internal branch lengths than the species tree that was reconstructed

from sequence-based gene trees (Cloutier et al. 2019; Sackton et al.
2019). Furthermore, branch lengths on the retroelement species tree
for palacognaths are inconsistent with the “empirical anomaly zone”
hypothesis (Figure 8C).

Applications of ILS-Aware Methods to OtherTypes

of Bipartition Data

ASTRAL_BP and SDPquartets were developed to infer species trees
with retroelements. However, these methods are generally applicable
to other bipartition characters if they satisfy or approximate the
assumptions of the multispecies coalescent including no intralocus
recombination, free recombination among loci, no gene tree recon-
struction error (i.e., no homoplasy or homology errors), and neutral
evolution. Bipartition characters that are good candidates to satisfy
at least some of these assumptions include several classes of rare
genomic changes such as large insertions and deletions (indels), nu-
clear DNA sequences of mitochondrial origin (NUMTs), gains or
losses of introns, and chromosomal rearrangements (e.g., inversions,
translocations) (Rokas and Holland 2000; Han et al. 2011; Liang
et al. 2018). The Quartet-Asymmetry test may also be applied to
test for introgression with these bipartition characters. For example,
Schull et al. (2019) recently characterized large (>75 bp) indels
that support alternative relationships among the paenungulate or-
ders Sirenia (manatees and dugongs), Proboscidea (elephants), and
Hyracoidea (hyraxes). Four hundred twenty-two long indels sup-
port Sirenia + Proboscidea, 242 support Proboscidea + Hyracoidea,
and just 54 support Sirenia + Hyracoidea. If Sirenia + Proboscidea,
the dominant indel pattern, represents the species tree, then there is
strong evidence for introgression between the hyracoid and probos-
cidean lineages according to the Quartet-Asymmetry test (P < 2.2e-
16 based on exact binomial test).

Conclusions

Retroelement insertions provide an important alternative to DNA
sequence alignments for inferring species trees. This is because ILS-
aware analyses of retroelements avoid many of the well-documented
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challenges that can plague the practical application of sum-
mary (gene tree) and single-site coalescent methods to real DNA
sequences. First, retroelement insertions are singular events that are
subject to interlocus recombination and ILS, but the presence/ab-
sence of a retroelement is not impacted by intralocus recombination.
Second, gene tree reconstruction error is minimized because retro-
element insertions have very low rates of homoplasy. Importantly,
retroelements retain signal at deep divergences in the Tree of Life
because of these low levels of homoplasy. Finally, many or perhaps
most retroelement insertions occur in genomic safe havens where
they are tolerated by natural selection and may be effectively neutral.

We analyzed 5 retroelement data sets (Placentalia,
Laurasiatheria-102, Laurasiatheria-139, Balaenopteroidea,
Palaeognathae) with ASTRAL_BP and SDPquartets (Figure 2) to
infer species trees that are in general agreement with previous ana-
lyses (Nishihara et al. 2009; Doronina et al. 2017a; Cloutier et al.
2019; Lammers et al. 2019; Sackton et al. 2019). Our coalescence
analyses of Laurasiatheria retroelements further identified a possible
case of the anomaly zone based on consecutive short branch lengths
of 0.1027 and 0.0661 CUs (5 taxa) or 0.0765 and 0.1254 CUs (6
taxa) (Degnan and Rosenberg 2006, 2009) (Figure 6) for lineage
splits that likely occurred in the Upper Cretaceous (Meredith et al.
2011). By contrast, an ILS-aware analysis of Palaecognathae retro-
elements recovered a species tree with estimated branch lengths that
are outside of the anomaly zone (Figure 8C and D). This analysis of
Palaeognathae retroelements disagrees with previous interpretations
of DNA sequence-based species trees for this clade that are charac-
terized by stunted internal branch lengths (Figure 8A and B; Cloutier
et al. 2019; Sackton et al. 2019).

The analysis of retroelements with ILS-aware methods offers
hope for resolving rapid radiations that are deep in evolutionary
history. We further demonstrate the utility of retroelement data for
discerning ancient hybridization events using a simple but general
Quartet-Asymmetry test (Figure 3). As for the application of ABBA-
BABA tests (D statistic) to DNA sequence data (Green et al. 2010),
significant results for this test suggest that ILS alone is insufficient
to explain highly skewed distributions of shared genetic changes for
particular species quartets. Introgression is a plausible explanation
for this pattern because other sources of gene tree heterogeneity such
as gene tree reconstruction error and intralocus recombination are
thought to be inconsequential when retroelement insertions are con-
servatively coded and without ascertainment bias (Doronina et al.
2019). More specifically, variables such as lineage-specific rate vari-
ation and heterogeneous base compositional shifts over deep time
can drive asymmetry in support for alternative quartets based on
DNA sequence alignments (Pease et al. 2018), but retroelement in-
sertions should be immune to these problems.

In the case of Balaenopteroidea, comparisons between ob-
served and expected distributions suggest that ILS alone cannot
account for the observed distribution of retroelements in the gen-
omes of these whales. By contrast, retroelement insertions for
Laurasiatheria, Placentalia, and Palaeognathae are consistent with
ILS expectations. We suggest that our general test for asymmetry
in retroelement patterns, which allows for all possible outcomes of
ILS (e.g., Figures 1 and 4), offers a valuable framework for the ana-
lysis of ancient hybridization events across the Tree of Life in lin-
eages where retroelements were active. The development of novel
phylogenetic methods that simultaneously consider both ILS and
introgression (Yu et al. 2014; Solis-Lemus et al. 2016) should be
a priority in future systematic studies that utilize retroelement in-
sertions. Methods that only allow for ILS may recover an incorrect

species tree in the context of introgression, even when homoplasy
is only a minor issue for retroelement insertions. If there is evi-
dence for introgression, then retroelements may be especially useful
for teasing apart regions of the genome with different histories.
Specifically, retroelements in one region of the genome may track
initial speciation (cladogenesis) whereas retroelements in a dif-
ferent region of the genome may provide evidence for more recent
gene flow (Li et al. 2019). In this context, the distribution of retro-
elements in different regions of the genome should enable mean-
ingful comparisons with previous hypotheses for introgression
based on sequence-based analyses (Li et al. 2016, 2019; Arnason
et al. 2018).

Supplementary Material

Supplementary data are available at Journal of Heredity online.
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