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PREMISE OF THE STUDY: Phylogenetic support has been difficult to evaluate within the
green plant tree,of life partly due to a lack of specificity between conflictsdv@oorly

informed branches. As data sets continue to expand in both breadth and depth, new support
measures.aremneeded that are more efficient and informative.

METHODS: We describe th@uartetSampling (QS) method, a quartesed evaluation system
that synthesizes several phylogenetic and genomic analytical approaches. QS characterizes
discordance inlargsparse and genomeide data sets, overcoming issues of alignment sparsity
and distinguishing strong conflict from weak support. We tested QS with simulatidmecent
plant phylogenies inferred from variously sized data sets.

KEY RESULTS QS scores demotrated convergence with increasing replicates and were not
strongly affected by branch depth. Patterns of QS support from different phylogdries le
coherent understanding of ancestral branches defining key disagreements)gribkeid
relationships ofsinkgoto cycads, magnoliids to monocots and eudicots, and mosses to
liverworts. Therelationships of ANgrade angiosperméinborella Nymphaeales,
Austrobaileyales), major monocot groups, bryophytes, and fern families are likely highl
discordant’in their evolutionary histories, rather than poorly informed. QS cadedéct
discordance due to introgression in phylogenomic data.

CONCLUSIONS: QuartetSampling is an efficient synthesis of phylogenetic tests that offers
more comprehensive and specific imf@tion on branch support than conventional measures. The
QS method"eorroborates growing evidence that phylogenomic investigations that irteorpora
discordance testing are warranted when reconstructing complex evolutioriang$jsn

particular thosessuwounding ANA-grade, monocots, and nonvascular plants.

KEY WORDSbootstrap; branch support; discordance; introgression; likelihood; lineage sorting;

phylogenetics; phylogenomicsjridiplantae
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Discordance and uncertainty have emerged as condisédntes throughout the history of our
evolving model of the green plant tree of life (Crane, 1985; Chase et al., 1993; Palmer et a
2004; Soltis et al., 2011; Wickett et al., 2014). Particularly strong contentions ofema

pivotal transitions intte evolution of plant life on earth, such as the development of vascular
tissue (Pryeret.al., 2001; Steemans et al., 2009; Banks et al., 2011), the rise of seggibets
(Chase et.al2993; Chaw et al., 1997; Bowe et al., 2000; Qiu et al., 2006; Jiao et al., 2011), and
the explosive radiation of flowering plants (Crane, 1985; Amborella GenomecBr2013;

Goremykin et al., 2015; Taylor et al., 2015; Edwards et al., 2016; Simmons, 2016). Modern
phylogenomic data sets, rather than quelling thesgiements, have repeatedly shown that

these phylegenetic conflicts are often the result of biological processes including incomplete
lineage sorting (ILS), introgressive hybridization, and paralog duplication an¢elgssZzhong et

al., 2013b; Wickett et al., 2014; Zwickl et al., 2014; Yang et al., 2015; Pease et al., 2016b; Eaton
et al., 2017;,Goulet et al., 2017; Walker et al., 2017c). Several methods have been proposed to
address these.issues during species tree inference (e.g., Zwickl and HiflisDgden and
Rosenberg, 2006; Shavit Grievink et al., 2010; Anderson et al., 2012; Roure et al., 2012; Hinchliff
and Roalson, 2013; Mirarab et al., 2014). However, we lack a generalized framework ify quant
phylogenetie.uncertainty (specifically branch support) that distinguisheshieandth low

information from those with multiple highly supported, but mutually exclusive, phylogeneti
histories.

One,of.the most commonly used branch support methods has been the nonparametric
bootstrap (NBS; Felsenstein, 1985) and recent variants such as the rapid bd®B$;ap (
Stamatakis‘etal., 2008), which resample the original data with replacessantiag that aligned
sites are independent and identically distributed (i.i.d.) samples that apatexhe true
underlying, distribution (Felsenstein, 1985; Efron, 1992). In practice, the assumptions ¢hNBS
particular sitesindependence) may rarely be met and can deteriorate underyao¥anatlitions
(Felsenstein-and Kishino, 1993; Hillis and Bull, 1993; Sanderson, 1995; Andrews, 2000; Alfaro et
al., 2003;.€ammings et al., 2003). More recently, the UltraFast bootstrap approximatimo(JUF
method proposed likelihoddased candidate tree testing to address speed and score interpretation
issues for NBS (Minh et a2013; see comparison by Simmons and Norton, 2014).

The other commonly used branch support metric has been the Bayesian posterior

probability (PP). PP scores are typically calculated from posterior distributions of trees generated
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using a Markov chain Mont€arlo (MCMC) sampler and summarized using a majatitg
consensus tree (e.g., Larget and Simon, 1999; Drummond and Rambaut, 2007; Holder et al.,
2008; Ronquist et al., 2012; Larget, 2013). The interpretation of PP values is more etraggdtf
than bodstrap proportions because PP values represent the probability that a clade exists in the
underlying.tree, conditioned on the model of evolution employed and the prior probabilities. The
individual andJrelative performance of PP has been well documented as geneoadipltav

(Wilcox et al., 2002; Alfaro et al., 2003; Cummings et al., 2003; Huelsenbeck and Rannala,
2004). However, PP may be excessively high in certain scenarios (e.g., overgimplifie
substitution madels; Suzuki et al., 2002; Douady et al., 2003; Nylander et al., 2004). Bayesian
posterior propability also may fail under a multispecies coalescent frafeuthrconflicting
phylogenies (Reid et al., 2013), which is particularly noteworthy in light of studiegrsipthe
disproportionate effecisf a few genes on overall genomewide phylogenies (Brown and
Thomson, 2017; Shen et al., 2017; Walker et al., 2017a).

Ongeing.efforts to expand genetic sampling to as many plant species as possible have
produced increasingly specigsh, but datesparse, lignments (i.e., largsparse or “fenestrated”
matrices). Meanwhile, the accelerating accretion of new genomes and transcriptomes will
continue tordeepen genomeade data sets with millions of aligned sites. Both axes of data set
expansien‘present challeegyto the tractability and interpretation of phylogenetic branch-support
analytics. Nonparametric bootstrap scores are known to perform poorly fosfages matrices
when the sampling procedure generates uninformative pseudoreplicates that mibstly o
informative sites or consist of mostly missing data (Driskell et al., 2004; Smith et al., 2011; Wiens
and Morrill;"2011; Roure et al., 2012; Hinchliff and Roalson, 2013; Hinchliff and Smith, 2014b).
Furthermare, resampling methods (including NBS) approxdrtieg resampling of a larger
idealized population. Genomic data sets contain virtually all available data and, therefore, are not
samples of-any-larger whole. Bayesian posterior probabilities provide an apprigstiaig
framework-and‘straightforward erpretation for genomic data, but available Bayesian methods
of analysis7are not scalable to genewide data under current computational speeds (though see
tools like ExaBayes; Aberer et al., 2014). They may also may over-estimate supportadats m
areoverly simple, which becomes increasingly problematic with expanding size and xibynple
of data sets. Posterior probability and NBS scores therefore both appearilmsoitase on
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large data sets due to feasibility and assumptions, respectively (also discussed by Smith et al.,
2009; Hinchliff and Smith, 2014b).

As phylogenomics has developed over the last decade, alternative methods have been
introduced to accommodate the increased amounts of data and inhereinégeapeciedree
conflicts. These mbbds measure the concordance of gene trees (broadly referring to a phylogeny
from any subsampled genomic region), including the internode certainty (IC) arwttainty
(TC) scores (Rokas et al., 2003; Salichos et al., 2014; Kobert et al., 2016; ZAho2@17),

Bayesian concordance factors (Ane et al., 2006), and other concordance measures (Allman et al.,
2017). These scores were developed around the central concept of a branch suppothstatistic
measures concordance of various trees with a particular tree hypothesis. This perspective offers
much for partitioning phylogenetic discordance and analyzing larger alignmergsapatly in a
phylogenomic coalescent-based framework. Unfortunately, though relevant to gene@nsetdat

they may noet.be asuitable for largesparse alignments.

Finally;.quartet methods—in particular, quartet puzzling methdasre-been developed
for phylogenetic reconstruction (Strimmer et al., 1997; Strimmer and von Had$8ér Ranwez
and Gascuel, 2001; Allman and Rhodes, 2004; Chifman and Kubatko, 2014; Mirarab et al., 2014,
Zwickl et al2014) and support (e.g., “reliability values”; Strimmer et al., 199mBer and
von Haeseler, 1997). More recently, quartet procedures have been explored ttefaatiigaling
of largesparse alignments (Misof et al., 2013) and as part of coaldsased quartet inference
methods (Stenz et al., 2015; Gaither and Kubatko, 2016; Sayyari and Mirarab, 2016). These
quartet methods benefit from the speed advantages of a smaller aligametihe statistical
consistency‘of quartet trees, which avoid complex lineage sorting issues thavitceaore
speciose phylogenies (Rosenberg, 2002; Degnan and Salter, 2005).

Despite the wide array of approaches to branch support quantification brieflysdidcus
above, fewsmeasures (excepting concordance methods) accommodate multiple histories and
distinguishedifferent causes of poor support for a branch in the phylogeny (e.g., multiple
supportedaut-conflicting phylogenetic relationships versus low information). Being able to
identify a braneh as having a strong consensus and a strongly supported secondary evolutionary
history would provide valuable insight into the green plant tree of life (among manygobes;

see also Brown and Lemmon, 2007).
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Here, we describe the Quartet Sampling (QS) method (summarized in Fig. 1 antl)Table
which blends aspects of many of the methods described above and leverages the efficiency of
guartet-based evaluation. The goal of the QS method is to dissect phylodewetidance and
distinguish among lack of support due to (1) low information (as in NBS and PP), (2) diseordanc
as a result.eflineage sorting or introgression (as in concordance measures), and (3) misplaced or
erroneous taxa (a:k.a. “rogue taxa”; Wilkinson, 1996; Aberer et al., 2012). In many modern
phylogenetic and particularly phylogenomic studies, these causes of discordanequemetly
surveyed and reported separately (e.g., Xi et al., 2014a; Wickett et al., 2014; Yang et al., 2015
Pease et al2016b; Walker et al., 2017c). Quartet Sampling provides a unified method for their
executionginteérpretation, and reporting. Additionally, the QS method offers a viablesrto
describe branch support in large phylogenies built from sparse alignments (10,000-30,000 tips
with >80% missing data), which are generally intractable for Bayesian analysis.

In this.study, we (1) describe the features, parameters, and interpretatierQs
method, (2):validate the QS method with simulations, and (3) apply the QS methaghttyrec
publisheddargesparse and phylogenomic data sets at timescales spannindifidiplantae
(green plants)to subgeneric clades. We demonstrate that the QS method is a flexible and
computationally tractable method for examining conflict and support in large dats\&ele not
a panacea, we argue that the QS framework makes import steps in addressing many of the issues
of branch support discussed above and hope it encourages additional discussion, testing, and
innovation.ef.new phylogenetic evaluation methods. The results presented herein eotdribet
broader discussion about moving the plant tree of life beyond the goal of resolving a single,
universal species tree (Hahn and Nakhleh, 2015; Smith et al., 2015) and into a futuch iwevh
more fully.explore and appreciate the complex “multiverse” of evolutionary ieistoranifest

throughout the plant tree of life.

<h1>MATERIALS AND METHODS

<h2>Quartet Sampling—

The Quartet Sampling (QS) procedure outlined here was inspired bysaispatseveral quartet
based and concordance methods, most particularly the process originally outliiedHdiff

and Smith (2014b). The QS method takes an existing phylogenetic topology (which can be
inferred by any method) and a molecular data set (not necessarily the one tratedeher
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phylogeny) and separately evaluates one or more internal branches on the given phylogeny. The
QS method (Fig. 1) was designed to rapidly and simultaneously assess the cenfidenc
consistency, and informativenessternal tree relationships, and the reliability of each terminal
branch.

For.argiven phylogeny, each observed internal tree branch partitions the tree into four
nonoverlapping subsets of taxa (Fig. 1A). These four sets of taxa (called a m&aimuzhou
et al., 2017) can exist in three possible relationships: the concordant relatibraghmatches the
configuration in the given topology, and two alternative discordant configurations. The QS
method repeatedly and randomly samples one taxon from each of the four subsets and then
evaluates thelikelihood all three possible phylogenies given the sequence data (either the full
alignment or a‘randomly sampled gene partition) for the randomly selected quantét g plaat
particular branch.

For.each quartesampled at a focal branch, the likelihood is evaluated (using the aligned
sequence,data).for all three possible topologies that these four sampled taxa can take (currently
using RAXML or PAUP*, though other likelihood calculators could be substitGwdfford and
Sullivan, 20035 Stamatakis, 2014). The quartet topology with the best likelihood is theredecord
and tabulated,across all replicates. This process generates a set of counts (across all replicates per
branch).where either the concordant or eaidihe two discordant relationships had the best
likelihood. This procedure can be carried out by evaluating the likelihood of the complete
alignment fer.each quartet (i.e., in a single-matrix framework) or by randomlylisgrfrom
individual genefpartion alignments from a multigene or genomewide alignment (i.e., in a
multigene tree coalescent framework).

Several refined options can be specified. For example, a minimum number of owngrlappi
non-empty sites;for all four taxa involved in a quartet carpbeied to ensure calculations are
performed-en:data rich subsets. Additionally, a parameter of a minimum likelihocecedtfal
may be setw=lfithe modikely topology (of the three) does not exceed the likelihood of the second-
mostlikelysphylogeny bythe set threshold, then the quartet is considered “uninformative” and
tabulated separately. In summary, the QS method generates counts of the thioéee possi
topologies (and uninformative replicates) for each internal branch by samplingtesplisang

unique quartets of taxa spanning the particular branch.

This article is protected by copyright. All rights reserved



The QS method uses these resampled quartet tree counts to calculate three scores for each
internal branch of the focal tree (Fig. 1B, Table 1; Appendix S1, see online Supplensatal D
with this article) The Quartet Concordance (QC) score is an entlikpyneasure (similar to the
ICA scorej Salichos et al. 2014) that quantifies the relative support among the three possible
resolutionssof-four taxa. When the most commonly sampled topology is concorthatitennput
tree, then the.QC.value is positive in the range (0,1]. Thus, QC equals 1 when dlltcpestare
concordant with the focal branch. When one of the discordant topologies is the mastrdpm
resampled quartet, QC value is negative in the range)[ approaching —1 when all quartet trees
are one of the two discordant phylogenies. The QC equals 0 when support is evenly split among
the three alternative topologies (or evenly split between two if only two of the three possible are
registeredas having an optimal likelihood across all replicates).

The Quartet Differential (QD) score uses the logic off tued D statistics for
introgression.(Reich et al., 2009; Green et al., 2010; Durand et al., 2011; Pease and Hahn, 2015)
and measures.the disparity between the sampled proportions of the two discordante®pologi
(though with quartet topology proportions, rather than site frequencies). The QD score does not
specifically guantify introgression nor identify introgressing taxa, but does indizdtene
alternative*relationship is sampled more often than the other is. Low values otfiigaté that
there is,@ne prefred topology between the two discordant topologies, a potential indication on
the given branch of a biased biological process beyond background lineage sorting, including
confounding.variables such as introgression, strong rate heterogeneity, hetarsdeseo
compositions, etc. QD varies in the range [0,1] with a value of 1 meaning no skew in the
proportions‘efithe two discordant trees and the extreme value of O meaning thabatladis
trees sampled are only from one of the two possible alternative relationships.

The Quartet Informativeness (QI) score quantifies for a given branch the tpyopmdr
replicates where the bdstelihood quartet tree has a likelihood value that exceeds the quartet
tree with secontbest likelihood value by a given difeatial cutoff. This score clarifies that
replicates-are not counted as being concordant or discordant when the molecula data ar
effectively equivocal on the topology (i.e., when two or all three of the three pagpsistet
topologies have nearly indisguishable likelihood scores). Quartet Informativeness is measured
in the range [0,1], which indicates the proportion of sampled quartets that extteedatbff. A

QI value of 1 means all quartets are informative, while a value of O indichtpmehs were
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uncertain (i.e., no significant information for the given branch). The QI measurenchbra
informativeness works in conjunction with QC and QD to distinguish between branches/éhat ha
low information versus those with conflicting information .(il@gh discordance).

Finally, for each terminal taxon, a Quartet Fidelity (QF) score is calculated to report the
proportion eftetal replicates (across all branches tested) including the given taxon thed resu
a concordant.quartet topology. The 0$€F is therefore similar in approach to a “rogue taxon”
test (Wilkinson, 1996; Aberer et al., 2012). However, an important distinction is tisat use
taxonomically complete bootstrap replicates to compute these scores rather than resampled
subtrees, and ti$ are subject to the same issues as bootstrap scores themselves in phylogenomic
analyses (ive4 the RogueNaRok algorithm will not report rogue taxa when all ljpstsiras are
100). For a'given taxon, the QF score is measured in the range [0,1] as the proportion of quartet
topologies involving the taxon that are concordant with the focal tree branch. Ther&ére, a
value of 1 indicates a given taxon always produces concordant topologies acrossall inter
branches where it was sampled for in a qua@iEtvalues approaching zero indicate mostly
discordanttopologies involving this taxon and may indicate poor sequence quality oy identit
lineagespecific process that is distorting the phylogeny, or that the taxon is sagtiijic
misplaced inithe given tree. Note that QF differs specifically from QC, @iDQ4 by being a
taxonspecific test across internal branch tests rather than an internal-spawific test.

Collectively, these four tests provide the means to distinguish the consistency of
information(QC), the presence of secondary evolutionary histories (QD), the amount of
information (QF), and the reliability of individual taxa in the tree (QF; FigahB see Table 1).

The QS tests'disentangle these effects rather than have them damildée a single summary
score as in standard measures of phylogenetic support. A full technical descriphieQ&

method isjincluded in Appendix S1.

<h2>Implementation of QS—

We implemented the above procedure in a Pythesed program called quartetsampling (Pease
et al., 2017), which samples an alignment randomly to generate many representdidte qua
topology replicates for each internal branch in a corresponding focal tree. d¢eslpre has a
number of advantages over NBS for larger data Bet, unlike NBS and RBS, alignment

columns are not resampled, which allows sparse alignments to be used. Second, the number of
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likelihood calculations that are required is the number of internal branches in the tree multiplied
by the number of replicates per branch multiplied by three possible topologiesofteref
computation time scales linearly with the number of taxa. Since individual replicates are
independent, the computations can be readily parallelized across processors and systems (with
resultscombined later), allowing QS to be efficiently applied to large alignments belyend t
practical limits<0f.NBS and PP. The most extensive computational time wé® 8t {749-taxon
data set of Zanne et al. (2014b) (see below), which we ran on the Wake Wakersity DEAC
high-performance cluster using 8 nodes with 16 CPU each. This analysis completed 200 replicates
for the full'itree in 13 h. Smaller genome-wide data sets finished 100Grgeneplicates on four
core desktops’in approximately 12 h. The conventional multigene data sets took only a few
minutes to a féw hours to run on a standard desktop.

Although the Shimodairatasegawdike approximate likelihood ratio test (S&LRT;
Guindon et.al42010) was by far the fastest method we consider here, the QS was fast enough for
largescale;analyses. QS can also be applied separately to individual focal branches, allowing a
more thorough exploration of particular branches of interest. Furthermore, QS dacesguiret r
the tree tested'to be the maximum likebd topology, a requirement for SH-aLRT. For our
simulateddata, we found that performing 200 QS replicates per branch was adegohieve a
low variance In the QS score (Fig. 2A). As would be expected, more replicateamar should
generally baised for larger trees to sample a greater fraction of the total possible quartets. Some
branches, especially in large trees, may be entirely unsupported by the alignmerd thok tof
alignmentoverlap among any possible combination taxa from the four subsets (Fig. 1A).
Therefore, no"phylogenetic information exists to inform the branch (i.e., they amecdive”
sensuSteel and Sanderson, 2010). The QS procedure identifies these branches, rather than

discarding;them,or ambiguously labeling them as having “low support”.

<h2>Guidelines for interpretation of QS support values

An important consideration with any measure used to ascertain confidence is the precise
interpretation*We provide a concise visual description of the tests (Fig. 1)aivle ascribing
example scores and their interpretations (Table 1). Particularly notdabét the QS method not
only can “support” or “fail to support” a given branch hypothesis, but also can offer “counter

support” for an alternative branch (as in the IC/I€res; Salichos et al., 2014; Kobert et al.,
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2016; Zhou et al., 2017). Therefore, even “inaccurate” branch hypotheses can offer information a
“counter-support” for an alternative quartet topology (i.e., the degree of negafittite QC
score; see Tabll).

The QS scores we have described calculate the sensitivity of the resolution of a particular
branch to different combinations of taxa sampled around that branch. Each QS reglicddtes
whether the.four.sampled taxa support the resolution of the branch found in the trée over t
alternative resolutions. This framework is similar to interpretations of taxon jackknife analyses for
outgroup sensitivity (e.g., Edwards et al., 2005) and the IC score when used with incamgdete t
(Kobert etial., 2016; Zhou et al., 2017). We argue that this interpretation is nchfarmation
than NBSgInsSimulations, the QC score also appears to more conservatively and accurately assign
high support values to branches that are present in the true tree (i.e., yelawilse positive
rates, at least when the likelihood threshold is small in the rang2 o$ed here; Appendix S2).

QC scores.are-particularly helpful for clarifying strength of support for brandtiesamcordant

tree frequencies not close to 1pf@endix S3).

<h2>Generation and evaluation of simulated phylogenies

We first tested,the QS method by generating simulated phylogenies under the purerttirth (bi

1) modelof evolution with 50, 100, and 500 tips using pxbdsim from the phyx toolkit (Brown et
al., 2017). Using these trees, we generated 1000-bp alignments (no indels) under the Jukes—
Cantor madel.with INDELIible v. 1.03 (Fletcher and Yang, 2009). Trees were sodleat she
average branch lengths were about 0.2, based on the observatibisthanerated reasonable

trees with mest branches recovered correctly from ML analyses. Using the same procedure, we
also simulated trees with 500 tips and associated alignments with 10 nucleotide partitions, each
with 500 sites under the Juk&antor nodel. We simulated both the full alignment with

partitions and-ar-modified randomly resampled sparse alignment to examine theibeh@3 in

the presence-of missing data (see Appendix S1 for details). These partitionedrs@ad spa
alignmentsthad the same qualitative features as the full alignment.

Unlike'the NBS method, which generates a set of trees from which branch support is
estimated, the QS method requires only a single input topology for which branch supart w
measured. We calculated QC, QD, QI, and QF scores for the true underlying tree as well as the
ML tree generated by RAXML, but we focus on results for the ML tree. To examine how the
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number of replicates affects the QS precision, we conducted simulations where we increased the
number of replicates for randomly drawn branches in the simulated trees (FAp@#ndix S4).
Based on these simulations, we elected to use 200 replicates per branch, since the variance in the
QC score was generally low across all tree sizes when this many replicates were performed. We
used RAxMirand PAUP* to estimate the ML for the three alternative topologies for each QS
replicate (using the fN” option and the GTR+I" model in RAXML). We also calculated branch-
specific QC/QDI/QI and taxespecific QF scores usingkélihood differential cutoffs oAL = 0
(no filtering) andAL = 2.0, which requires stronger conflicting signal to interpret branches in the
input tree ‘as unsupported.

Additionally, we generated a simulated 20-taxon tree with variable branch lengitps us
the tool pxbdsim from the phyx toolki{Brown et al., 2017) (Appendix S5). For 100 replicates,
we generated twenty 5-kb nucleotide sequences over this tree using the progkéundsos
2002), inferred.a concatenated tree using RAXML (Stamatakis, 2014), and used thid trderre
and simulate@lignment as the inputs for QS. Population parameters werepsetlax 10°2and
N = 10. To'Simulate increasing amounts of ILS, we shortened the times betweeni@peciat
events by scaling all branch lengths by factors ranging from 0.5 to 10 anceckefieste
simulations«(kig. 2C). Additionally, using the original tree scaled by a factrwé added
introgression of varying intensity between “taxon_6" and “taxon_7” (using the migration
parameter in ms from 0 th4/4N. migrants per generation). Additional details can be found in
Appendix Si.

<h2>Testing'ef empirical data sets

We evaluated several recent laggale phylogenies: a 1@Bnscriptome data set spanning
Viridiplantaefrom Wickett et al. (2014; hereafter “WI2014”), two larggarse phylgenies
spanning landsplants from Hinchliff and Smith (2014b; “HS2014") and Zanne et al. (2014b;
“ZN2014")=and phylogenies spanning Magnoliophyta (angiosperms) with hundreds of genes
from Xi etal. (2014a, “XI12014") and Cannon et al. (2015b, “CN2015").idaldkally, to
demonstrate the utility of this method at medium and short time scales, weteyah@whole
transcriptome data sets from the wild tomato cladienunsect.Lycopersicorfrom Pease et al.
(2016b, “PE2016") and carnivorous plants from theeo Caryophyllales from Walker et al.
(2017c, “WA2017"). Finally, we tested this method on a more conventionally sized rmustiloc
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data set from Polypodopsida (ferns) from Pryer et al. (2016b, “PR2016”), such as mighirappea
many phylogenetic studies of large subgroups. Data for these studies were obtairted from

Dryad (http://www.datadryad.org) and CyVerb#g://www.cyverse.orgdatabases (Hinchliff

and Smith; 2014a; Matasci et al., 2014; Xi et al., 2014b; Zanne et al., 2014a; Cannon et al., 2015a;
Pease et als2016a; Pryer et al., 2016a; Walker et al., 2017b; additional detaelsu#sdrr

Appendix Si)s

We performed QS using 200 individual gene trees for X12014 and WA2017, and 1000
gene trees for PE2016 and WI2014. In this gene tree mode of QS, quartets are sampled as usual
but only the likelihoods of individual gene sequence alignments are compared. Thesenpsyloge
were all eyalyated using a minimum alignment overlap per quartet of 100 bp and aminimu
likelihood differential of 2 (i.e., the optimal tree’s ligelihood must exceed the secondmost
likely tree by a value of at least 2). We also calculated the phylogenfeandtwithout
partitioning.in.RAXML, but in all cases the partitioned data sets alidjnalitatively differ from
the results-ef.the unpartitioned data sets.

We'also either recalculated other measures of branch support or used values from the
published studies for comparison to the QS method for each phylogeny, except HS2014 and
ZN2014 wlere the size and sparseness of the data sets prohibited the calculation of other
measures of support. For the data sets from CN2015, PR2016, WA2017, and X12014, 100
replicates each of RAXML NBS and Skist were performed. Additionally, PP scores for PR2016
were calculated, using MrBayes (Ronquist et al., 2012), and IC scoMRD17 were
calculateddusing RAXMLFor PE2016 and WI2014, RAXML NBS, MEST, or IC sores were
taken from published values. Finally, we also calculated QF scores and rogue tagsrusig
RogueNaRok (Aberer et al., 2012) to compare these two measures, particliandogesparse
ZN2014 data set (for details and results, see AppeditixAll data used and results from both
simulationssand:empirical dasats are available the DryadDigital Repository
(http://dx.deixerg/10.5061/dryad.6m20j

<h1>RESULTSAND DISCUSSION

<h2>Simulation analyses—
We tested the consistency and reliability of QS on a set of simulated phylogenies. The QC scores
converged (with decreasing variance as expected) on a consistent mean value for each branch as
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the number of replicates increased (Fig. 2A). Sampling 200 quartets per branch reduced the
variance to less than 3 x £0n all cases, and can be seen as a generally a reasonable number of
replicates. As these are brarsyecific tests, branches of interest can be tested individually at
much higher numbers of replicates without the needtéstréhe entire tree.

Wealso,simulated sequences over a standard phylogeny (Appendix S5), and then
simulated.inereasing ILS by shortening branch lengths and introgression via mighatio
expected, QC scores that measured concordance decreased in both cases due to the increased
presence of discordant sites and QD scores that measure skew in discordance decreased
dramatically with increasing directional introgression (Fig. 2B). We also found that while QC and
QD both measure discordance levels, they are not strictly correlated with each other or the raw
frequency of the concordant quartet (Appendices S2, S6). As QC goes to the limitargets
[-1,1], QD values tend to have more extreme values due to a lack of discordant trees (QC near 1)
or high frequeney of one discordant tree (QC rdar Applying a minimum log-likelihood
differentialthreshold to small trees tended to push scores toward extresudiing in more 0s
and 1s (Appendix S2). Finally, we foutttht those data sets with lower QF score generally
identified more rogue taxa than inferred by RogueNaRok, despite the different datangputs

analysis frameworks (Appendix S1).

<h2>QS analyses of major land plant lineages

The primary=goal of this stydvas to use QS to reanalyze and compare several recent speciose

and phylogenomic data sets to address ongoing debates of phylogenetic relationships in the gree

plant tree of life. We used QS methods to evaluate two of the most speciose phglo§éand

plants currently available (Hinchliff and Smith [2014b; Fig. 3]; Zanne et al. [201gb4F, and

one of theemosticomprehensive phylogenieginfliplantae (Wickett et al., 2014; Fig. 5). QS

analyses wererable to provide a broad scale summary of the stability of the data sets.
As'expected, given the sparsity of the matrices for HS2014 and ZN2014 (96% and 82%

missing.eharacters, respectively), the proportion of informative quartetewas both cases

(mean QI of 0725 and 0.35, respectively). Overall, the mean QC for the HS2014 (0.15;

interquartile range (IQR) =.13, 0.46]) and ZN2014 (0.17; IQR = [-0.10, 0.63]) were low

compared to the less speciose phylogenies (Fig. 2C; Appendix S7). Notably, we found 33.4% and

29.8% of branches in HS2014 and ZN20respectively, had QC values less théu5. Thus,
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consensus phylogenies reported not just “low support” for a third of the branches, biutrthent

to report “counter-support” (i.e., a negative QC score) for one of the two altertogdlegical
arrangements. Most major plant taxonomic groups showed strong support in HS2014 and
ZN2014, and all. major groups showed strong support in W12014 (Table 2). In contrast to strong
support forsmajor groups themselves, we found low support along the “backitateig these
groups, in;a.manner consistent with most previous phylogenies of land plants.

The relationships among Marchantiophyta, Bryophyta (mosses), Anthocerotophyta,
lycophytes, and euphyllophytes (i.e., ferns and $essating plants) have been neatt of ongoing
debate (Shaw et al., 2011). HS2014 inferred Bryophyta as a lineage separate fronaithiege
land plants; but:showed counter-support (negative QQ.64) for a branch defining a common
ancestor of liverworts with all other land plants to the exclusion of mosgeS8&)i This result
suggested that the most common quartet branch among the replicates was notthe bra
displayed in.the published tree. By contrast WI2014 showed strong support (with a high QC =
0.67) for a.eammon ancestor of mosses and liverworts (Fig. 5). ZN2014 indicated weak support
(low positive QC= 0.15) for the branch separating mosses and liverworts from the rest of land
plants. Therefore, while the topology of HS2014 was consistent with many previous phylogenies
(Nickrent etsal., 2000; Qiu et al., 2006; Chang and Graham, 2011), the QS results collectively
supported‘the alternative configuration of mosses and liverworts as sisips Fig. 6A; see
also Renzaglia et al., 2000; Zhong et al., 2013a).

In all.three dataets, the monophyly of vascular plants (tracheophytes) was strongly
maintained, even with the inclusion ®&laginellawith its unusual GC content (Banks et al.,

2011). The branch leading 8elaginellaoften had a lower QD value, possibly because of this
biased composition, but a higher QF value, suggesting that it was not a misptagad™{*

taxon. Wesalso ebserved substantial discordance and counter-support for relatiessips t
among varieusgbryophyte groups and key taxa in HS2014, possibly indicative of substantially

under-appreciated hybridization among mosses (Nylander et al., 2004).

<h2>QS analyses of ferns-
The branch establishing aghyllophytecommon ancestor of ferns and sd@ring plants
showed low QC scores and high QD scores in both HS2014 and ZN2014, indicating a weak

consensus but with little indication of an alternative history (Table 2). Within ferns, the
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arrangement of major clades in ZN2014 (Fig. 4E) was mostly consistent witdctly

published phylogeny by the Pteridophyte Phylogeny Group (PPG I, 2016). Those clades whose
relationships were countsupported (Marratiales, Salviniales, Hymenophyllales) were discordant
with the PPG censensus and other recent phylogenies (Pryer et al., 2004; Testo and Sundue,
2016), whiehrdemonstrated the diagnostic utility of QS in highlighting suspect relapignshi

Some key.areas.of known high uncertainty (&gccolomalindsaea andEquisetuwere also
highlighted with low or negative QC scores.

While QS was designed for large data sets also found that QS performed well on
smaller multigene data sets conventionally used for systematics studies. The QS scores for
PR2016, withras5778-bp alignment, were more conservative, but confirmed the conclusions of
Pryer et al. (2016b) regarding the monophyly of maidenhair fé&dligrtun) and its placement in
a clade with the vittarioids (Fig. 7). This analysis also revealed some cgupfarted nodes

(negative QC.values) within the genidiantum

<h2>QS analyses of gymnosperms

Another questin that has attracted substantial historical debate is the relationships among the
major extant.\gymnosperm lineages and angiosperms. Under QS evaluation, all foler destab
sets indieated strong support for monophyly of gymnosperms (Table 2), bwawéhle
relationships among the major lineages within gymnosperms. ZN2014 and WI12014 iaferred
common ancestor @inkgoand cycads (consistent with Bowe et al., 2000; Qiu et al., 2006; Lee
et al., 20141; Xi'et al., 2013). While the HS2014 topology plageads as sister to the remaining
gymnosperms (i.e., not monophyletic Wiinkgg, the QS evaluation countsupports this
relationship. Therefore, even though HS2014 and WI12014 differed from ZN2014 in the
topological relationship of these taxa, the @8lgses of these data sets indicated a consistent
message of-&inkgoand cycads common ancestor separate from the rest of gymnosperms (Fig.
6B).

This'pattern of disagreeing topologies but consistent QS interpretation was obsenved aga
in the placement of Gnetales relative to the conifer linages (Fig. 6C). ZN201ddhavwmmon
ancestor of Gnetales and Pinales (consistent with Lee et al., 2011). Even thonfiictang
Gnetales and Pinaceae ancestor (distinct from other conifers) appeared in both &%P2014
WI2014 (i.e., the “Gnepine” hypothesis; Bowe et al., 2000; Xi et al., 2013), the ne@aea-
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QD scores in both cases indicated coustgyport for a “Gnepine” ancestor and a strongly
support alternative history (QC/QD—6.19/0.56 and —0.67/0.0, respectively). Collectively, these
results suggest the monophyly of Pinales, but also offer some (albeit weak) evidence that warrants

further examination of possible gene flow between Gnetales and Pinales.

<h2>QS analyses.of ANAyrade angiosperms-

Few iss@s. in angiosperm evolution have garnered more recent debate than the relationship
among the ANA-grade angiosperms (Qiu et al., 1999), which indud®orella Nymphaeales,

and Austrobaileyales. Two questions surround the evolutionary history of thegfddi-
angiosperms{ First, what are the relationships among these lineages? Secihredloagstanding
disagreements in inference of these relationships the result of genuine biological conflict (i.e.,
introgression, horizontal transfer, etc.), limitagdn the data, or a methodological artifact (i.e.,
due to the depth of this branch, the monotypic statégrdforellg and/or the rapidity of the
angiospermsradiation)?

Oncthe first question, QS analyses of the data sets here lack support for “Nymphaeales
first” but finds support for botAhmborella-Nymphaeales and®mborellafirst” (as found also by
The Amborella Genome Project, 2013). While the resolutions of consensus phylogenies diffe
betweensthe four testable data sets (W12014 wAinljorellafirst” hypothesis, ZN2014 with
“Nymphaealedirst”, and HS2014 and X12014 withmborellatNymphaeales), the branches
surrounding.the, ANA grade were all counter-supported €@} and biased in their discordance
(QD < 0.2§Fig.'6D). ZN2014 offers weak support fantorella+tNymphaeales, while X12014
countersupports this relationship. If this first question is to be resolved, our results indicate
additional'data sets or different analyses will be required.

Onithe second question, our analyses show low QD values fupssa conflicting
phylogenetie-history may be present. Other studies have found bryophyte mitochondrial
sequencespresentAmborella(Rice et al., 2013; Taylor et al., 2015), which establishes the
potential forintrogression in these lineages. OvefHllthe intense efforts to address these
relationships without a resulting broad community consensus, (2) evidence of long-range
introgression, and (3) the QS results presented here together suggest thi@raigderstanding
of the evolution of ANA-grde angiosperms likely lies in an examination of a more complex
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evolutionary history at this key transition, instead of in continuation of the debate ove

appropriate sampling or models (see also discussion by Shen et al., 2017).

<h2>QS analyses of “core angiosperms”

The three “core angiosperm” lineages (eudicots, monocots, and magnoliids) hafaiinad the
biosphere; and thus a better understanding of the timing and order of their origins is of key
concern. Consensus topologies disagree between ZN2014, WI2014, and X12014 (with
magnoliid+eudicot clade; Figs. 4B, 5, 6E; Appendix S8) and HS2014 (with eudicot+monocots;
Fig. 3B). However, the QS analyses of HS2014 showed counter-support of an exclusive common
ancestor of etidicots and monocots, suggestirigdbapite disagreement among topologies, QS
scores support a common ancestor for magnoliids and eudicots to the exclusion of monocots.
Additionally, the placement of Chloranthaceae seems inextricably linked witbl#tienships of

the three ceresangiospn groups (see discussion by Eklund et al., 2004). However, the placement
of this family.remains unresolved by QS, since all tested configurations shogagt/a&)C-

value counter-support (Table 2).

<h2>QS analyses of monoceots

In general, the arrangentesf monocot orders in both HS2014 (Fig. 3C) and ZN2014 (Fig. 4C)
agreed with recent consensus phylogenies (Givnish et al., 2010, 2016; Barrett et al., 2015;
McKain et.als2016). Two exceptions are the placement of Liliales (Tabla®yemeral
inconsistency of commelinid orders. From the QS results, we would cautiouslihetf¢t) the
relationships®among the commelinids are still unknown, (2) there may be unclizedcter
secondary evolutionary history distorting the phylogenetic placement of these gnodi(3) the
variable data fram both Liliales and Arecales may be creating a joint effect in causing
inconsisteneysin the phylogenetic inference.

In Poaceae, QS analyses highlight the wwbHracterized discordance and complex
relationships (e.g., Washburn et al., 2015; McKain et al., 2016). Even if someone werdalgmple
unfamiliar withithe known controversies in monocots, QS scores would make abuntismtly ¢
this area of the phylogeny had highly conflicted data. The “BOP” clade itself and tadeyg c
with in the “PACMAD” clade were counteupported by negative QC values in HS2014 and
ZN2014. However, low QI values were observed in both HS2014 and ZN2014 for this clade,
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indicating that both data sets contain poor information. Therefore, QS asraasffective

diagnostic tool for identifying conflicted portions of larger phylogenies.

<h2>QS analyses of nomosid/asterid eudicots-

QS analysesrare capable of identifying conflict and discordance due to rapid radiations as
demonstrated-well for thelationships among the superasterid groups (Caryophyllales,
Berberidopsidales, Santalales, and asterids). A common pattern was found in HS2014, WI12014,
X12014, and ZN2014 of nearero QC values0.03 to 0.08) that indicate weak consensus for the

given relationships, strong QD values (0.97-1) that indicate no strongly competingtalee

history, and low, QI values (0.14-0.51) that indicate low information for branches. Juiisleel

to a consensus QS interpretation of poor phylogenetic informatety tiue to the rapid

radiation of these lineages. Generally, these phylogenies tended to support aeakly t

controversialkplacement of Caryophyllales as most closely related to the eudicot ancestor.

<h2>QS analyses of rosids and asterds
Analysis of the rosids confirms that the QS method is capable of identifyingteoguelhe QS
scores identified a poorly supported relationship in HS2014 bet@geomoriumand
Cucurbitates (QC =0.31). Cynomoriuma nonphotosynthetic parasitic plant with unusual
morphology, has been placed tenuously and variably in groups as diverse as Rosales (Zhang et al.,
2009) and.Saxifragales (Nickrent et al., 2005). This “rogue” status was corroldwyatdutlow-
average QF score of QF = 0.18 (mean 0.21 for HS2014). This loscG)e means that for
guartets thatinclud€ynomoriumas a randomly sampled taxon, only 18% produced a quartet
topology concordant with the HS2014 tree.

Published phylogenies of asterids have indicated disagreement and substaotidadce
(Soltis et al2021; Beaulieu et al., 2013; Refulio-Rodriguez and Olmstead, 2014). QS scores
from ZN2014=supported the unusual hypothesis of an exclusive common ancestor of &nidales
Cornalesyweakly supported the campanulid clade, and counter-supported a comidon la
ancestor. Therarrangement of families within Asterales either roughly conformed to Soltis et al.
(2011) and Beaulieu et al. (2013), or counter-supported branchej@tt did not agree with
these consensus phylogenies (see also analysis of CN2014; Appendix S9). However, most of the
branches that define relationships among asterid orders in ZN2014 were copperted by the
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data, though most had QC and QD values close to zero. This indicated a scenariadof a rapi

radiation rather than hybridizatidthough these are not mutually exclusive).

<h2>QS analyses of shallosimescale phylotranscriptomic datasets
So far, we have demonstrated the utilityQafartet Samplingn large, sparse, and conventional
multigene.alignments, which are often computationally intractable with other suppourezeas
We have also shown for W12014 that a relatively large and fully occupied matrixd&ep
timescale transcriptomic data can also be evaluated by QS. However, the QS method also can
rapidly evaluate lpylogenetic support on genome-wide dsggs with little missing data for
shorter evolutionary timescales. We tested the QS method on two phylotranscrigatesiets for
the wild and domesticated tomato cl&tdanunsect.Lycopersicor(Fig. 8A; Pease &l., 2016b)
and carnivorous plants spanning the Caryophyllales (Fig. 8B; Walker et al., 2017c).
TheSelanunphylogeny of Pease et al. (2016b) was inferred from the alignment of
33,105,168:nueleotide sites for 30 populations spanning all 13 wild and doatestiomato
species, and two outgroup species. As described by Pease et al. (2016b), this data set contains a
high level of phylogenetic discordance, but had a consensus phylogeny with 100% NBS support
at all but twesbranches. However, gene tree anabystss group showed evidence of massive
phylogenetic discordance. When we applied QS to this phylogeny using the entire alignment,
scores for many branches were also perfect (i-e11Table 1). However, several of the other
branches in.the.“Peruvianugnoup” species complex had lower QS scores in the full alignment
(Fig. 8A). When gene trees were used (a random gene and quartet of taxa were chosen for 1000
QS replicates), all branches had @@ in a manner consistent with the gene tree discordance
found previously in this clade. We also observed the presence of low QD values within the major
subgroups reported for this clade, indicating the presence of introgressive gene flontrdstc
nodes definingithe major subgroups showed high QC and QD vhhtesdicated strong
monophyly=These scores accurately captured the low discordance between groups versus high
discordance within the major groups found by Pease et al. (2016b).
Most netably, the tree shown in Fig. 8A inclu®suaylasensE360. This population
has beerknown (from both Pease et al. [2016b] and other data sets) mostly likely to be a hybrid
between populations from the grefeaited and redruited lineages (essentially those accessions

above and below LA1360, respectively, in Fig. 8A). Thus, the inclusion of this putative hybrid
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lineage distorted the phylogeny as tree inference methods tried to cope witlechhedt
introgressed alleles from two separate groups to place this accession in a consensus location on
the tree. While NBS sces were high for the branches surrounding the placement of LA1360, QS
showed negative QC scores and low QD scores (QD = 0 for full alignment). The low QD Support
the preseneeof the alternative phylogenetic history that has been previously caetbbyather
studies andithe negative QC indicates cousui@port for the placement of this accession (see
additional discussion in the Supplementary Results of Pease et al., 2016b). Thebewdhat
QS was able to distinguish between consistently supbogtationships and branches known to
have conflict due to introgression (whereas NBS does not).

Ananalysis of transcriptomes of carnivorous plants from Caryophyllales (Figv8Rer
et al., 2017¢) was also enhanced by QS. The zezarQC scores andioQD (0.32) scores for
the ancestor of a clade containPlymbagoandNepentheor gene trees supported the
hypothesis.of.Walker et al. (2017c) that introgressive gene flow may have ocauoed these
lineages. Evidence for placimrosophyllumamong the carnivorous Caryophyllales has been
previously‘tenuous, and the QS analysis showed not only a low QF value (0.76) compared to the
WA2017 mean QF (0.89) for this taxon, but also IQ@/low-QD values for the two branches
that form the.clade witAncistrodadusandNepenthesAs with Solanumthis example
demonstrates how QS scores highlighted an entire sector of the topology that mayrteel dig

the inclusion of a taxon with a likely secondary evolutionary history (i.e., possitigression).

<h2>Limitations and directions forward-
QuartetSampling was designed to evaluate phylogenetic information efficiently and to highligh
conflict for one or more branches in a phylogeny. In the presentation here, QS is usedate evalu
a single topology, and not for comparing alternatives topologies or performing any optingzati
that mightsmaximize QS scores. Therefore, QS does not suggest topological reaerdaagad
is purely evaluative. These and other directions should be explored in future studes@bers
develop.more ways to examine uncertainty in large skt

Concurrently with our study, Zhou et al. (2017) proposed the Q-IC method, an approach
similar to QS. Both approaches use quartets to evaluate a focal tree. Both approaches can be used
in a singlematrix or multigene tree framework, implemented #Cy sampling from either a

single tree distribution or from a gene tree set, and implemented in QS byiramaiytzer the
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whole alignment or by also randomly sampling individual gene-quartet combinations (asishown i
Fig. 8). One key difference is that QS evaluates the relative likelihood of all three possible quartet
configurations for each branch based on the alignment data set, while Q-I1C svahhathe

quartet topologies sampled from a data set of topologies from “evaluation tregsidividual

gene trees.ora bootstrap/posterior distribution). These differences ivalat@ien might make

these approaches.sensitive to different error types (e.g., gene tree topological estimatio

versus likelthood estimation errors). Overall, we find QS and Q-IC complerpéntieir

approaches and their appropriateness dependent upon the data available and types of questions

being asked.

<h1>CONECLUSIONS

We reanalyzed several lomgntested, key conflicts in the green plant tree of life and describe a
framework for distinguishing several causes of low phylogenetic branch support. Fatdege
sets, traditionallmeasures such as the bootstrap or posterior probabilities may be computational
intractableexhibit irregular behavior, or report high confidence despite substantial conflict. The
QS framework provides a tractable means to analyze sparseetiataith tens of thousands of

taxa but poer'sequence overlap. QS provides a key function that has been missing from other
support measures, hamely the ability to distinguish among different causes of low swgiport th
commonly:occur in modern molecular phylogenies. We demonstrate this by reporting the
existence ofsmultiple conflicting but supped evolutionary histories at several key points in the
green plant.tree of life (e.g., the placemenAoitborellg possible widespread gene flow in the
monocots; and notoriously difficulb-place taxa likeCynomoriunm. We hope that our discussions
here will'also lead to the development of other means for parsing the infornmaitamed

within exponentially expanding molecular data sets. The artist Man Ray oncé&ednigve

have never attained the infinite variety and contradictions that exist irerigdwerall, the picture
painted by QSris one of substantial contradiction, but this conflict can be a ridripative (not

just confounding) illustration of the interwoven evolutionary histories contairntaihwine tree of

life.
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TABLE 1. QuartetSampling(QS) score interpretation.

Example QS'scare I nter pretation
(QC/QD/QI)
1.0H1.0 Full support: All sampled quartet replicates suppioe focal branch (QC = 1)

with all trees informative when likelihood cutotise used (QI = 1).

0.5/0.98/0.97 Strong support: A strong majority of quartets support the focal branck(QC
0.5), and the low skew in discordant frequencies (@D indicate no alternative
history is favored.

0.7/0.1/0.97 Strong support with discordant skew: A strong majority of quastgtport the
focal branch (QC = 0.7), but the skew in discordance (QD = 0.1) ieditia¢
possible presence of a supported secondary evolutionary history.

0.05/0.96/0.97 Weak support: Only a weak majority of quartets support the fwaach (QC =
0.05), and the frequey of all three possible topologiessimilar (QD= 1).

0.1/0.1/0.97 Weak support with discordant skew: Only a weak migj@f quartets support the
focal branch (QC = 0.1), and the skew in discordance (QD =rilitates the
possible presence of a suguted secondary evolutionary history.

-0.5/0.1/0.93 Countersupport: A strong majority of quartets support one of the alternative
discordant quartet arrangemdiigtory (QC< 0; QD expected to be low).

1/0.97/0.05 Poorly informed: Despite supportive Q@I values, only 5% of quartets passe!
the likelihood cutoff (QI = 0.05), likely indicatinfew informative sites.

0.0/0.0/1.0 Perfectly conflicted: The (unlikely) case where the frequenciad tfree
possible trees are equal and all trees are infovmatihich indicates a rapid

radiation or highly complex conflict.

Notes:QC =Quartet Concordan¢c€D =Quartet Differential Ql = Quartet Informativeness
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TABLE 2. QuartetSamplingscores for key branches in the plant tree of life

Quartet Concordance
Branch HS2014 ZN2014  WI2014 XI2014 Consensus

interpretation

Embryophytes (land plants) 0.35 n.t. 1.0 n.t. strong support
Tracheophytes (vascular plants)  0.14 0.31 0.29 n.t. moderatestrong support
Euphyllophytes’(ferns + seed plants0.02 —0.06 0.44 n.t. low/variable support
Spermatophytes (seed plants) 0.23 0.36 0.95 n.t. strong support
Acrogymnospermae (gymnosperms0.37 0.32 0.92 1.0 strong support
Anthocerotophyta (hornworts) 0.54 0.94 1.0 n.t. strong support
Bryophyta(mosses) 0.41 0.15 1.0 n.t. moderatestrong support
Lycopodiophyta 0.38 0.32 0.89 n.t. strong support
Magnoliophyta (angiosperms) 0.68 0.75 0.92 0.95 strong support
Marchantiophyta.(liverworts) 0.15 0.8 1.0 n.t. moderatestrong support
Polypodopsida (ferns) 0.23 0.46 1.0 n.t. moderate support
Chloranthaceae #3core angiosperms«0.26  —0.04 n.m. n.t. countersupported
Chloranthaceae + eudicots n.m. n.m. -0.47 n.t. countersupported
Magnoliids 0.20 0.31 0.53 0.54 strong support
Eudicots 0.16 0.43 0.32 0.71 moderatestrong support
Asterids -0.01 0.32 0.63 0.0 low/variable support
Rosids 0.05 n.m. 1.0 0.25 low/variable support
Monocots (includingAcorug 0.04 0.06 0.38 n.t. low/variable support
Monocots (excluding\corug 0.01 -0.05 0.39 0.76 low/variable support
Liliales + commelinids 0.03 n.m. n.t. n.t. low support

Liliales + Asparagales n.m. 0.03 n.t. n.t. low support

Notes:n.t. =pottestable with this data set; n.m. = not monophyletitis tree.

FIGURE 1. Description of the Quartet Sampling method. (A) The focal brabtdivides the
phylogeny into four subclade${, S, S5, S} from which tips (A-J) are sampled. Two replicates
with different sampled tips for the given branch are shown with the three possiéeainr
topologies (one concordant and two discordant). (B) Each internal branch ésllaliidl a set of
three scores (Quartet Concordaueartet Differential/Quartet Informativeness), which offer

different, but complementary, information. Terminal branches are evaluated Quahiet
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Fidelity score, which reports the frequency of a taxon’s inclusion in concordanid@ml(See

Materials and Methods for full details and Appendix S1 for a technical description.)

FIGURE 2. Results of simulation testing of the Quartet Sampling ({@&hod. (A) Quartet
Concordaneey(QC) values converge on a central value with increasing numbers of replicates from
randomly selected branches from simulated trees with 50, 100, and 500 taxa. (B) MeandQC (soli
diamond) and Quartet Dédrential (QD; open circle) values with 58bth percetile (whiskers)

across 100 replicates for branches QS16 (left) and QS12 (middle) for a sinndatésbpendix

S5) where the tree branch lengths were scaled by the factors»eaxise(i.e., 1 is th original

tree). As expected, shorter branch lengths will increase the level of incomplete lineage sorting and
thus lower the"QC scores. The right panel shows branch QS11 from the simulatathtree

increasing levels of introgression introduced by simulation. As expected, QC andu@b va
decrease with.increasing introgness (C) Distributions of QC, Quartet Informativeness, and
QuartetFidelity.values for HS2014 (black), ZN2014 (dotted black), and
X12014/CN2015/PR2016/WA2017 (similar distributions; gray solid). (D) Mean QC values
(diamond) with'5th to 95th percentile (whiskers) for branches in HS2015 binned by the number of
subtendingtaxa (i.e., moving rootward in the tree left to right). Overall mean is shithwn

horizontal"dotted line.

FIGURE 3.Phylogeny from Hinchliff and Smith (2014b). (A) Full phylogeny with heat map
colorationsf branches byu@rtetConcordance (QC3cores for internal branches: dark green (QC
> 0.2), light'green (0.2 QC> 0), light orange (& QC> —0.05, or dark orange (Q€—0.05).

(B) QC/Quartet Differential (QD)/Quartet Informativeness (§dres (200 replicates of full
alignment) for major plant groups and key orders within angiosperms. QC/QD/QI s&ores a
shown. Greup:names are for the ancestral branch (i.e., the “stem” branch), or a sartgé Q
Fidelity scoresis shown for monotypic tips. Major subgroups groups are highlighted with vertical
labels. (C)Quartet SamplingQS) scores for monocots (excludidgorug. (D, E, F)QSscores

for rosids, Bryephyta, and gymnasms.Abbreviations:Acro, Acrogymnospermae; ANA, ANA
grade; Aru, Arundinoideae; Bry, Bryophyta, Chl, Chloridoideae; Dan, Danthonioideae; Mar,
Marchantiophyta; Poly, Polypodopsida.
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FIGURE 4. Phylogeny from Zanne et al. (2014b). (A) Full phylogeny with heat map coloration
of branches by QartetConcordance (QQGycores for internal branches using same color scheme
as in Fig. 3. (BRC/Quartet DifferentidQuartet Informativenesscores (200 replicates of full
alignment), for major plant groups and key orders within angiosperms, using color schegie in Fi
3. (C)Quartet=Sampling (QScores shown for monocots (excé&gbrug. (D) QS scores for
asterids. (E).QS.scores for fern lineages and (F) QS scores for gymnosperm lineages.
AbbreviationsAlseu, Alseuosna@iceae; ANA, ANAgrade angiosperms; Argo, Argophyllaceae;
Aster, Asteraceae; Bory, Boryaceae; Caly, Calycanthaceae; Eriach, Eriachneae; Good,
Goodeniaceae; gym, gymnosperms; Hypox, Hypoxidaceae; Isach, Isachneae; PhakcBaell

Poly, Polypodopsida.

FIGURE 5. Maximum likelihood phylogeny spanningridiplantaefrom Fig. 2 in Wickett et al.
(2014) withQuartet Concordance (QC)/Quartet Differential/Quartet Informativesoesss for

200 replicates.of the full alignment. Nodes are colored according ®cQ€ using the same

color scheme as in Fig. 3. Bootstrap values (italicized in square brackets) from Wickett et al.
(2014) are shown for comparison. Missinga@etSampling or bootstrap values indicate a perfect
score. The'three taxa with the lowesta@et Fidelity values are highlighted. Species names have

been exeluded or abbreviated when two congeners are included.

FIGURE 6.Key.phylogenetic disagreements wipnartet Concordance (Q&gores for the same

branches compared across various data seiacBes for HS2014 and ZN2014 were resampled
with 10,000 replicates. Branches for W12014 and X12014 were exhaustively sampled (>1000
replicates). Highlighting of QC values follows the same colors as in Fig. 3.f&stii refers to

a hypothesized clade comprising the non-Pinales orders in PiAiolaviations:Gnet,

Gnetidae;*RingPinidae.

FIGUREZ*Phylogeny of Pteridaceae ferns from Pryer et al. (2016b)Qutrtet Concordance
(QC)/Quartet Differential/Quartet Informativenesores for 200eplicates of the full alignment.
Nodes are colored according to QC score using the color scheme in Fig. 3. Bootstrap/
ShimodairaHasegawa3H) test/posterior probability values (italicized in square brackets) are
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shown for comparison. Omitted values irate a perfect score. The three taxa with the lowest

QuartetFidelity values are highlighted\bbreviations: PityrpPityrogramma

FIGURE 8. QuartetSampling scores for phylogenies from whoigascriptome data. Omitted
values indicate,a perfect score. Nodes are colored accordigattet Concordance score using
the same coloer'scheme as in Fig. 3. (A) Phyloger8otdnunsect.Lycopersicorfrom Pease et
al. (2016b). Bootstrap values (italicized in square brackets) are shown for conpés)
Phylogeny of Caryophyllales from Walker et al. (2017c). Internode certainty scoregféght
are shown for comparison (all bootstrap &mimodairaHasegawaH) test scores were 100).

The three gtaxawith the lowest Quarkatelity values are highlighted.
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magnoliids other eudicots
ANA»);\" superrosids
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Coleochaetales
Charales

C. Monocots

<] Alismatales (0.04/0.7/0.59;176)

<] Petrosaviales (0.02/0.84/0.43;2)
Dioscoreales (0.05/0.71/0.51;19)
Pandanales (0.34/0.47/0.63;26)
Orchidaceae (0.62/0.67/0.83;679)
other Asparagales (0.02/0.85/0.5;347)
~@'Liliales (0.27/1/0.62;67)

~J Arecales (0.09/0.92/0.53;196)
Zingiberales (0.38/0.89/0.82;97)
Commelinales (0.05/0.69/0.72;52)
~g Bromeliaceae (0.49/0.89/0.54;55)
other Poales families (—/-/=;204)
Bambusoideae (0.19/0.46/0.49;88)
Ehrhardteae (0.45/0.15/0.57;4)
Oryzeae (0.69/0.33/0.66;11)
Pooideae (-0.07/0.55/0.47;188)
Micrairoideae (0.01/0.88/0.33;8)
Aristidoideae (0.28/0.35/0.26;3)
Aru+Chl+Dan (-0.14/0.84/0.24;136)
centothecoids (-0.12/0.48/0.19;8)
panicoids (0.16/0.64/0.28;170)

0.48/0.96/0.81

-0.02/0.77/0.58
0.03/0.76/0.61
-0.06/0.55/0.64

-0.12/0.46/0.66
0.32/0.8/0.77
-0.01/0.84/0.56

commelinids ..
Poales..

Poaceae..

A
o
o,
a
o

=1 Geraniales (0.14/0.71/0.62;16)
Myrtalés (0.35/0.39/0.67;280)
Crossosomatales (0.21/0.51/0.53;13)
Picramniales (0.6/0.24/0.64;2)
Sapindales (0.5/0.96/0.72;374)
Huerteales (0.3/0.43/0.47;5)
Malvales (0.27/0.65/0.62;280)
Brassicales (0.16/0.82/0.73;387)
—=m Zygophyllales (0.55/0.8/0.72;23)
Celastrales (0.44/0.45/0.75;90)
< Oxalidales (0.06/0.64/0.62;41)
(20.12/0. 88/0'59 Malpighiales (0.17/0.85/0.73;440)

malvids

fabids ..

Fagales (0.52/0.76/0.68;36)
Cynomorium (0.18)

0.25/0.39/062, - rbitales (0.08/0.6/0.78:124)

embryophtes..

tracheophytes..

euphyllophytes ...

spermatophytes -

Magnoliophyta -

SSYEEEIR PISERGEby copyright. All r

Coleochaetales (green algae;0.48/0.06/0.76;2)
Charales (stoneworts;0.95/0/0.99;6)

.pd

Bryophyta (0.41/0.22/0.75;760)
0.35/0.63/0.71

< Marchantiophyta (0.15/0.44/0.59;280)
0-0.04/0.69/0.57
0.33/0.74/0 .68 Anthocerotophyta (0.54/0.6/0.67;13)
: : : Selaginelia (0.35)
0.24/0.17/0.71

0.38086/0.65 _ | Soetes (0:35)
O014/0.757088 Lycopodiales (0.71/0.33/0.73;5)

Polypodopsida (0.23/0.65/0.55;310)

Acrogymnospermae (0.37/0.8/0.66;87)
Amborelia (0.53)

Nymphaeales (0.7/0.83/0.77;9)

—=mmm Austrobaileyales (0.39/0.62/0.71;5)
Chloranthales (0.66/0/0.65;4)
Ceratophyilum (0.35)

magnoliids (0.2/0.91/0.66;264)

3 Acorus (0.26)

od8megnsr ] monocos 000005620
O 0. 16/0 79/0.62

- Nefumbo (0.31)
0.18/0.47/0.55
~5.08/0 53/0 57 Proteales (0.39/0.09/0.72;81)

Sabiaceae (0.7/0.75/0.49;2)
fglgﬁglggfjgﬂ Trochodendrales (0.86/0.5/0.68;2)
Q-ouioBsns __ EE 60 74410
=1 Dilleniales (0. . 74,
033/329/2)/217/:)56 Gunnerales (-0.11/0.41/0.49;2)
O0.1471/0.65 Vitaleg (0.91/0/0.83;14)
& -0.05/0.66/03 Saxifragales (0.26/0.62/0.62;116)
0 0570950 67 4 rosids (0.05/0.94/0.65;3243)
.0.04./0.75./0.62 Santalgles (Q .23/0.89/0.59;141)
0.07/0.92/0.53 =1 Berberidopsidales (0.14/0.57/0.52;2)
.. 01/0.99/0. 62 Caryophyllales (0.16/0.88/0.69;598)
<] asterids (-0.01/0.96/0.59;4402)

O 0.02/0.92/0.57

0.23/0.65/0.55
0.3/0.67/0.76
0.68/0.62/0.91
-0.34/0.25/0.65
0.12/0.5/0.57
-0.26/0.19/0.57
-0.29/0.16/0.61

(00.04/0.67/0.

eudicots...

E. Bryophyta

Funaria (0.35)
Archidium (0.3)
0 zg/g‘gg/gi/gw Leucobryaceae (0.7/0.22/0.52;12)
r y - Diphysciales (0.87/1/0.73;3)

-0.42/0.29/0.57 Buxbaumia (0.27)
-0.01/0.94/0.48 Andreaea (0.38)

Andreaeobryum (0.41)

Takakia (0.35)

Sphagnales (0.64/0.67/0.58;3)

Oedipodium (0.33)

Tetraphidaceae (0.93/0/0.55;2)

Polytrichaceae (0.41/0.52/0.53;18)

Timmia (0.19)

Luisierella (0.26)

Chrysoblastefla (0.21)

Catoscopium (0.23)

Funariidae (0.33/0.29/0.46;18)

Dicranidae (0.05/0.85/0.32;169)

Bryanae (-0.17/0.9/0.36;91)

Hypnanae (0.38/0.19/0.37;432)

F. Acrogymnospermae

—=ag] Cycadales (0.65/0.92/0.66;10)
Ginkgo (0.29)

Gnetidae (0.76/0.18/0.85;3)
Pinaceae (0.63/0.84/0.91;11)
Araucariaceae (0.35/0/0.87;3)
Podocarpaceae (0.73/0/0.77;20)
Sciadopitys (0.39)
upressaceae (0.93/1/0.72;32)
Cephalotaxus (0.24)
Amentotaxus (0.33)

Torreya (0.35)

Taxaceae (0.55/0.67/0.54;3)

-0.02/0.86/0.53

0.44/0.5/0.59
0.24/0.54/0.54
0.44/0.8/0.78
0.12/1/0.51
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Bryophyta (0.15/0.98/0.58;27)

superrosids
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Marchantiopsida (0.82/0/0.89;7)
Haplomitrium (0.4)
Jungermanniopsida (0.82/0.29/0.79;65)

C. Monocots

<] Alismatales (0.05/0.86/0.47;391)
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o ~0.01/0 87‘/0 37' - Oryzeae (0.74/0.67/0.67;20)
0.470.91/0 53 Streptogyna (0.35)
0.66/0/0.47 ___ Micraira (0.12)
Ol@® 0.35/0.55/0 43 <] Janseﬁell'a+Er|ach+Isach (NA;11)
<L '_0 05'/0 6§/0 35 Arur)dlpmdeae (0.04/0.83/0.22;10)
= 02770 48]0 33 Panicoideae (-0.24/0.16/0.36;310)
o @ '_0 Oé/O 61./0 35 Avristidoideae (0.64/1/0.92;31)
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—|® : Apiales (0.63/0.27/0.64;674)
g' O._001g(1‘./%7207.;10746 < Campanulaceae (0.48/0.21/0.46;216)
© g _'0 06/0 87/0 ) ——] Rousseaceae (0.39/0/0.51;4)
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b Alseu+Argo+Phell (-0.2/0.93/0.16;13)
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Metteniusa (0.16)

Garryales (0.33/0.27/0.48;5)

Icacinales (0.18/0.35/0.26;9)
Apodytes+Dendrobangia (0.33/0.29/0.35;2)

Boraginales (0.31/0.6/0.54;286)
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Solanales (0.14/0.53/0.5;620)
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/soetes (0.86/0.5/0.66;4)
Lycopodiales (1.0/-/0.91;17)
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Acrogymnospermae (0.32/0.97/0.65;593)
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—alll Nymphaeales (0.77/0.67/0.78;48)
Amborelfa (0.16)

Austrobaileyales (0.46/0.5/0.64;36)
Chloranthales (0.36/0.75/0.67;30)

Ceratophyfium (0.95/0/0.88;3)
Acorus (1.0/-/0.76;7)

monocots (-0.05/0.61/0.6;7053)

magnoliids (0.31/0.87/0.57;1047)
Ranunculales (0.2/0.91/0.52;620)
Nelumbo (0.75/0/0.6;2)

Proteales (0.41/0.96/0.6;299)
Sabiaceae (0.63/0.75/0.77;12)
Trochodendrales (1/-/0.34;2)
Buxales (0.94/0/0.79;25)
Saxifragales (0.2/0.91/0.52;396)
Tetrastigma (0.6)

Vitales (0.95/0/0.8;64)

malvids (-0.04/0.66/0.5;3374)
fabids (0.12/0.98/0.56;6174)
Gunnerales (0.61/0.88/0.72;17)
Dilleniales (0.62/0.88/0.74;25)
Santalales (0.44/0.96/0.61;145)
Caryophyllales (0.46/0.46/0.68;1408)
Berberidopsidales (0.6/0.5/0.5;3)
asterids (0.32/0.73/0.58;9743)

0.75/0.15/0.93
-0.32/0.48/0.65
-0.19/0.3/0.6
-0.04/0.84/0.59

0.06/0.92/0.62
0.1/0.85/0.59
0.0/0.93/0.53

eudicots..

Marattiales (1.0/—/0.03;5)
Psilotales (NA;5)

Ophioglossales (0.87/0.6/0.12;15)
—tll Equisetum (1.0/—/0;13)

~=l Osmudales (0.91/1.0/0.14;8)

-0.58/0.17/0.36

Schizeales (0.86/1.0/0.27;8)

Cyatheales (0.08/1.0/0.12;19)
Salviniales (0.29/0.79/0.48;23)
Saccoloma (0.91/1/0.07;2)

Lindsaea (1.0/~/0;3)

Pteridaceae (0.95/1/0.16;50)
Dennstaedtiaceae (0.11/0.46/0.41;14)
Aspleniaceae (0.54/1.0/0.44;135)
Eupolypods | (-0.4/0.84/0.63;114)
Eupolypods 11 (0.51/0.0/0.61;29)

Polypodales

F. Acrogymnospermae

Cycadales (0.9/0.67/0.77;121)
0.38/0.72/0.56 Ginkgo (0.25

Gnetidae (0.4/0.93/0.71;39)
Pinaceae (0.83/0.29/0.85;186)
Araucariaceae (0.84/1/0.83;39)
Podocarpaceae (0.92/0.67/0.94;88)
Sciadopitys (0.44)

Cupressaceae (0.83/0.33/0.72;100)
Cephalotaxus (1.0/—/0.82;4)
Amentotaxus (1.0/—/0.74;2)

Torreya (1.0/—/0.77;4)
Taxaceae (0.23/0.92/0.38;10)

0.25/0.16/0.77



0.75/1/0.96 [99]
Chiorophaib 2- 1016, 1506045 [Z
-0.2

53]
3/0/0.8

0.5/0.93/0.86

0.9/0.5/0.99c

Streptophyta

0.9/1/0.99

—0.44/0.08/0.96

0.95/0/1@
0.92/0/1

embryophytes ...

-0.36/0.2/0.99
0.64/0.17/0.99
0.8/0/0.99.:
Anthocerotophyta

Marchantiophyta ...

0.54/0.25/0.97

_‘—0.17/0.72/0.98 ..... =

0.69/0/1
0.29/0.34/0,98
. 0.18/0/0.97
—® Polypodopsida
@
9
>
N
Q.
8 0.44/0/0.99
(;% _. Agrogymnospermae-...
s g 0.92/0/1
ol | 00000 T Lo
E‘ 0.210.25/0.9B p--
2 0.89/0/0.99 "
= 0.95/0/0.99
z ~0.56/070.98
o
3 0.92/0/1 0.09/0/0.95 [97]

-0.36/0.31/0.99 [71]
-0.53/0.01/1 [92]

0.86/0.33/0.97

0.53/0.97/0.99{2
0.95/0/0.98

Magnoliophyta ...

Pyramimonas (0.77)
onomastix é0.62)
Uronema ;0. 7)
Nephroselmis (0.66)
Mesostigma 80.85)
Spirotaenia (0.83
Chiorokybus éO.S )
Entransia (0.85)
Klebsormidium (0.84)
Chara (0.64)
Chaetosphaeridium g,0.77)
Coleochaete irr. (0.77)
Coleochaete scu. gO.SO)
Mesotaenium (0.7
Cylindrocystis bre. (0.79
Cylindrocystis cus. (0.7
ougeot/aé .68)
Spirogyra (0.61)
etrium g0.81)
Roya (0.83
Penium (0.78
Cosmarium (0.81
Nothoceros aen. (0.79)
Nothoceros vin. (0.76)
Bazzania (0.892
Metzgeria (0.92)
Sphaerocarpos (0.93)
icciocarpos (0.92)
Marchantia pol. (0.91)
Marchantia ema. (0.89
Sphagnum (O.91g
Polytrichum 50.8 )
Physcomitrella §0.84)
Ceratodon (0.83)
Hedwigig gq.SG)

Bryum
ngsulagn/urr)i (0.73)
Leucodon (0.80
Anomodon (0.77)
Thuidium (0.69)
Rhynchostegium (0.678
Selaginella genome; .87)
Selaginella (1KP; 0.88)
Huperzia (0.81
Dendrolycopodium (0.83
Pseudolycopodielia (0.77)
Equisetum (0.73)
Pteridium (0.79)
Alsophila (0.77
An?/opter/s go. 6)
Psilotum (0.83)
Ophioglossum (0.79)
Ginkgo (0.85)
Zamia (0.88)
Cycas rum. (0.83)
Cycas mic. (0.88)
Prumnopitys 60.85)
Sciado, ltgs( .87)
Taxus (% 6)
Cunninghamia 80.88)
Juniperus (0.86
Cedrus (0.81)
Pinus (0.81)
Ephedra g)]2)
Gnetum (0.74
Weiwitschia (0.74)
Amborelia (0.74)
Nuphar (0. 5%
))

)

Kadsura (0.5
Acorus (0.74
Dioscorea (0.67)
Smilax (0.65
Colchicum (0.71)
Yucca (8.4 )
Sabal (0.69)
Zea (0.76)
Sorghum (0.76)
Brachypodium (0.76)
Oryza (0.76)
Liriodendron (0.83)
Persea (0.82)
Houttuynia §0.83)
Saruma (0.83)
Sarcandra (0.50)
Eschscholzia (0.85
Podophylium (0.86
Aquilegia (0.85)
Vitis(0.61
Larrea(0.58)
Boehmeria (0.63)
Medicago (0.61)
Populus (0.57)
Hibiscus (0.54)
Carica (0.61)
Arabidopsis (0.50)
bl gt
iy S res
1gnacetum (0. ;1
Inuia (0.79)
Rosmarinus (0.68)
Ipomoea (0.68
atharanthus (0.78)
Allamanda (0.72)



A. non-vascular plants

HS2014 ajb2_1Q}8.f6. p%om
Bryophyta VD\ 0.19 —C Bryophyta
-@1(4 Marchantiophyta 0.22

Marchantiophyta
028 <<tracheophytes Anthocerotophyta
: Anthocerotophyta

D-sz 0_52\<: Lycopodopsida
non-embryophytes

euphyllophytes

B. Ginkgo + cycads C. Gnetidae + conifers

ZN2014 HS2014- ZN2014 HS2014
wi2014 Ginkgo P|naceae Wi2014
0.24 Cycadales p~ Conifers—ll »... -0.14
0 03, 0.22 e
Lt Gnet+P|n Gnetidae ; 0.39
aII other p-" aII other P

D. “ANA grade” angiosperms
HS2014 (“Ambo+Nym-first”) WI2014 (“Amborela-first”)

other. angiosperms>_0_20
-0.29 AustrobaileyaIeS»J\
Nymphaeales
Lo C Amborelia -0.10

all'other >/

ZN2014 (“Nymphaeales first”) X12014 (“Ambo+Nym-first”)

other angiosperms magnoliids+eudicots
'0'16'<: : 0.50
f\ Austrobaileyales : monocots
Amborelia

0.96 ~0.24 C Amborella
- \C Nymphaeales Nymphaeales

all other euphyllophytes
E. magnoliids, monocots, and eudicots

cudidRps-artiglgis protected by coj
wi2014 0-10/Cmagnoliids>~...,

ZN2014 0.00

XI12014 0.00 monocots ;
all other "



/E@ﬁramma crispa (0.8)
Pityro. austroamericana (0.83)
Bommeria hispida (0.8)
Pellaea atropurpurea (0.7)

[98/96/1.0] —

-0.15/0.33/0.29 0-94/0/0.77
[70/73/0.98] ™

0.88/0/0.9
0.87/440-72

Myriopteris covillei (0.74)
Notholaena grayi (0.77)
Pentagramma triangularis (0.72)
Hemionitis paimata (0.69)
Cheifanthes nitidula (0.68)

0.46/0.16/0.5’

[68/74/0.81]

Vittarioids-,

Calciphilopteris Judens (0.75)
Rheopteris cheesmaniae (0.84)
Vaginularia acrocarpa (0.83)
Hecistopteris pumifa (0.83)
Haplopteris elongata (0.83)
Monogramma graminea (0.83)
Antrophyum latifolium (0.75)
Anetium citrifolium (0.73)
Vittaria graminifolia (0.84)

0.310/0.78
199799/1.0]

. A. subcordatum (0.69)
0.95/0/0.93 A. digitatum (0.73)
A. formosum (0.81)
A. raddianum (0.71)
0.38/1/0.29 1@ A- aethiopicum (0.69)
[47/9/0.66] "% A. hispidulum (0.65)
0.15/0.83/0.38 \70.17/0146/0.42 @ A. pedatum (0.61)
[90/95/1.0]; | [41/73/0.72] A. andicola (0.6)
Adiantum:": A. tenerum (0.63)
A. tricholepis (0.67)
0.33/0.5/0.52 [/~/0.85] | : feffaphy”um (0.69)

A. caplllus veneris (0 73)
A. davidii (0.76)
A. malesianum (0.8)



A. Solanum secg{jﬁ-{ffﬁf'é_ifgﬁdf

(0_97/0_5/0_8)E S. sitiens 4116 (0.91,0.49)

S. lycopersicoides 2951 (0.87,0.42)
(0.87/0.88/0.53)™ S. Jycopersicoides 4126 (0.87,0.40)
) (0.61/1/0.52) = S. pennellii 0716 (0.89,0.36)
- sect. Lycopersicon S. pennellii 3778 (0.87,0.37)
“©(0.98/0.67/0.8) (0-06/0.69/0.32) S. habrochaites 0407 (0.9,0.39)
(0.69/0.98/0.58)% S. habrochaites 1777 (0.88,0.37)
(0.11/0.81/0.34) (0.27/0.96/0.38)€ S. chilense 1782 (0.84,0.23)
S. chilense 4117 (0.82,0.23)
(0.14/1/0.35) 0.86/0/1 S. peruvianum 2964 (0.84,0.19)
(0.01/1/0.26) Oevgé} S. huay/asense 1358 (0.79,0.16)

(-0.09/0.51f0.34) S. corneliomulferi 0444 (0.8,0.16)
-0.34/011 (0/069;/19-12/? F5g)S- comeliomulleri 0107 (0.82,0.17)

- S. peruvianum 2744 (0.49,0.16)
0. 2-/8%//8/_;) S. huaylasense 1364 (0.57,0.17)

(~0.07/0.54/0.29) S. huaylasense 1360 (0.8,0.21)
-0.12/0/1 S. chmielewskii 1316 (0.92,0.29)
(=0.06/0.57/0.3) S. chmielewskii 1028 (0.94,0.29)

S.

0/0/1 arcanum 2172 (0.94,0.25)
(0.12/0.8/0.36)T (0. X : S. neorickii 1322 (0.92,0.26)
S. neorickii 2133 (0.93,0.25)
S. lycopersicum 2933 (0.94,0.20)
S. pimpineliifolium 1589 (0.94,0.21)
S. pimpinelfifolium 1269 (0.91,0.23)
..................... S. lycopersicum 3475 (0.94,0.25)
S. lyco. "Heinz 1706" (0.94,0.23)
S. cheesmaniae 3124 (0.95,0.21)
S. cheesmaniae 0429 (0.94,0.18)
S. galapagense 0436 (0.91,0.18)
(0.5/0.29/0.04) &= S. galapagense 3909 (0.93,0.19)

(0.18/0.56/0.18) ]
(0.15/0.48/0.19) |

B. Caryophyllales

Beta vulgaris (0.89,0.74)
6(1/—/0.94)[0.96] o

Spinacia oleraceae (0.88,0.76)
Frankenia laevis (0.87,0.64)
Reaumuria trigyna (0.89,0.74)

Plumbago auriculata (0.81,0.55)
(0.74/0.4/0.71)[0.63] ) o

Ruprechtia salicifolia (0.97,0.57)

(0.01/0.92/0.44) 0.27/0:32/0.96

0.40,
[0-40] (0.88/1/0.85)

D
0.42/0.91/0.55)
Aldrovanda vesiculosa (0.89,0.53)

(1/-/0.86) [0.83]

(1/-/0.95)[0.96]

Drosera binata (0.98,0.61)
ionaea muscipula (0.86,0.60)

(0.27/0.89/0.62)

[0.47] Drosophyilum lusitanicum (0.76,0.65)

1S axticle.isnrasesied by 6o

Nepenthes alata (0.86,0.67)
Nepenthes ampuflfaria (0.86,0.64)

(0.06/0.74/0.52)
0.08/0/1

“non-core” Caryophyllales ..



