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Large datasets with many genes

Typical phylogenetic analyses

• 1-10 genes

• 17 genes. Plants (Soltis et al. 2011)

• 19 genes. Birds (Hackett et al. 2007)

Transcriptomic and genomic 
phylogenetic analyses

• 140 genes. Metazoa (Dunn et al. 2008)

• 242 genes. Metazoa (Ryan et al. 2013)

• 248 genes. Turtles (Chiari et al., 2012)

• 1185 genes. Molluscs (Smith et al. 2011)

• 1720 genes. Rice (Cranston et al. 2007)

• 2970 genes. Seed plants (Lee et al. 2011)

• >8000 genes. Birds (Jarvis et al. 2014)

•259 genes. Birds (Prum et al. 2015) 

• 859 genes. Seed plants (Wickett et al. 2014)



Stephen A. Smith

Concatenate genes to get more information 

Gene 1 Gene 2 Gene 3 Gene 4 Gene 5

Phylogenetics The whole tree of life Next gen and phylogenetics Trees Matter Data growth Tree uses

Typical trees
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More information 
(all the genes together)
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Combining gene trees (using conflict as information)

Assume one underlying tree

Each gene contributes individually
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Triumphant 
phylogenomics
EXPLORING UNDERLYING MOLECULAR 
PATTERNS AND PROCESSES

Broad patterns
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Caryophyllales

• >12,500 species in 39 families

• extreme disparity in life history and 
ecology
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Carnivory
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Cold environments
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Photosynthetic modifications
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Morphological modifications



Genome 
duplications in 
Caryophyllales
• 168 species

• 736 gene regions used 
for inference (from 
thousands identified)

• 26 duplications 

• Yang et al. 2017
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Duplications in carnivores
Walker et al. 2017

4 duplications associated with the 
evolution of carnivory
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Duplications and diversification

• It has been suggested that diversification is 
associated with genome duplications

(Fig. 2b). This is perhaps unsurprising as this interval coincides
with the rise of many of the major lineages of angiosperms,
especially among the eudicots. This period also encompasses
the Cretaceous–Paleogene (K-Pg) extinction event, which pa-
leobotanical studies suggest led to the extinction of up to c.
60% of plant species in some regions (Wilf & Johnson,
2004), and which provoked major changes in regional floras
(McElwain & Punyasena, 2007). Furthermore, this time

period coincides with a nonrandom association of WGD
events (Vanneste et al., 2014).

We observe two general temporal trends in angiosperm diversi-
fication. The origin of Mesangiospermae marks the beginning of a
trend toward gradually increasing rates of net diversification
coupled with a trend of decreasing relative extinction (Fig. 2c,d).
Following this, we further observe a trend toward increasing
among-lineage heterogeneity in both net diversification and

Fig. 3 Phylogenetic location of whole-genome duplication (WGD) events and the corresponding increases in net diversification that support the WGD
radiation lag-time model (Schranz et al., 2012). Collapsed clades are drawn as triangles proportional to family-level species richnesses. Green stars indicate
WGD events, and colored circles show the location of increases in net diversification. Colors within circles reflect magnitudes of change in r (net
diversification) from the immediate phylogenetic background to the shifted lineage, averaged across the distribution of bootstrap replicates; bolder colors
are associated with greater magnitudes of shifts (Dr). The size of circles indicates shift support as the relative frequency of trees in the distribution for which
MEDUSA (modeling evolutionary diversification using stepwise AIC) recovers a given shifted lineage (see ‘support’ key). For clarity, support for shifts at
unresolved clades is indicated at the outermost extents of those clades (e.g. Asteraceae). Both WGDs and associated diversification rate shifts are
numbered according to Table 1, and major lineages are labeled.

Fig. 2 Summary of results fromMEDUSA (modeling evolutionary diversification using stepwise AIC), focusing on 27 shifts that are well supported across a
distribution of bootstrap replicates (i.e. found in > 75% of bootstrap replicates). (a) Mean timing and nature of primary shifts: red points depict magnitude
of change in relative extinction comparing a shifted lineage (es) to its immediate ancestor (ea) such that De = es! ea. Similarly, black segments indicate
ancestor–descendant changes in net diversification (Dr = rs! ra). Numeric labels correspond to those in Table 2 and are ordered through time; for example,
the first shift (at c. 219 million yr ago (Ma), forMesangiospermae; Table 2) shows a moderate increase in net diversification and a precipitous drop in
relative extinction in comparison to the immediate background rates. (b) Uncertainty in timing of primary shifts, compiled fromMEDUSA analyses for each
tree in the distribution of bootstrap replicates. Temporal bins of 1 million yr (Myr) were used to assess the shift density through time (see text). Broader
peaks are those for which there is more uncertainty in timing (e.g. the mesangiosperm shift between c. 230 and 200 Ma). Densities may exceed 1 if
multiple shifts overlap in timing. (c, d) Trends through time in estimated means (black) and ranges (gray, where dark gray represents uncertainty in
estimated means across the bootstrapped distribution of trees, and light gray represents the absolute ranges across all trees) are shown for net
diversification (c) and relative extinction (d). Parameter estimates for all extant lineages in a given 1-Myr bin of time, and across all bootstrap replicates,
were used to generate panels (c) and (d). As a result of the inability to estimate relative extinction in clades that lack resolution (Rabosky et al. 2007),
estimates associated with shifts in unresolved clades were excluded from (d) and (a).

New Phytologist (2015) 207: 454–467 ! 2015 The Authors
New Phytologist! 2015 New Phytologist Trustwww.newphytologist.com

Research
New
Phytologist462

Are there diversification shifts 
associated with genome 
duplication?

Are there climatic shifts 
associated with genome 
duplication?
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Caryophyllales: annual mean temperature
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Summary of biological results
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with faster speciation
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There are cracks on the 
horizon…
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Duplications in carnivores
Walker et al. 2017

7 duplications associated with the 
evolution of carnivory
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Duplications in carnivores
Walker et al. 2017

7 duplications associated with the 
evolution of carnivory

 862   •    A M E R I C A N J O U R N A L O F B OTA NY 

 RESULTS 

 Species tree, dating analysis, and gene tree confl ict —   Th e mono-
phyly of the noncore Caryophyllales was supported in both the 
concatenated maximum likelihood supermatrix (online Appendix S4), 
and the maximum quartet supported species tree (MQSST) rec-
onciliations (Appendix S5), regardless of taxon sampling or mole-
cule type used in the analysis. Th e divergence of this group based 
on the use of a strict clock and lognormal prior appears to have 
occurred ~90 Ma, with adaptation of carnivory arising ~75 
Ma ( Fig. 1 ):  (ucln + logn = 55.9 − 76.4 Ma and ucln + exp = 58.1 − 
110.1 Ma). A general trend was that branches of high confl ict re-
sulted in shorter branch lengths for both the concatenated 
supermatrix and the MQSST analysis (Appendices S4, S5). A clade 
of Frankeniaceae and Tamaricaceae was supported as sister to the 
remaining noncore Caryophyllales in all data sets by most gene 
trees. In the case of the data set containing all taxa (AA ALLTAX), 
the branch supporting Frankeniaceae+Tamaricaceae as the lineage 
sister to everything else showed a large amount of confl ict with 
~15.4% of genes supporting the topology, ~14.6% supporting a 
dominate alternate topology of a monophyletic noncarnivorous 
noncore (NCNC), ~25% supporting other alternate topologies, and 

~45% of gene trees being poorly supported (SH-like < 80), with 
similar results for the fi ve other data sets used to reconstruct the 
species tree topology. Further support of a nonmonophyletic rela-
tionship of the NCNC was obtained by looking at the number of 
uniquely shared gene duplications found by the AA ALLTAX for 
the families in the carnivorous noncore with the clade of Plumbagi-
naceae and Polygonaceae was 93. Th e 93 shared duplications are in 
contrast to the three unique gene duplications shared among all 
members of the NCNC. Th e MQSST and concatenated ML super-
matrix analyses inferred that the next lineage to diverge was a clade 
containing both the families Plumbaginaceae and Polygonaceae, 
whose sister relationship received 100% bootstrap support and 
~70% genes concordant with the topology with 10.5% confl icting in 
the case of the AA ALLTAX. Th is relationship showed up in all data 
sets regardless of the composition of taxa used for the analysis. 

 All data sets revealed a strongly supported (BS = 100%) clade 
consisting of the carnivorous families and the noncarnivorous fam-
ily Ancistrocladaceae. In the case of the AA ALLTAX data set, the 
majority of the well-supported gene trees (~57%) were concordant 
with the species tree topology, with similar results for all other data 
sets. In all cases, Droseraceae and Nepenthaceae were each mono-
phyletic ( Fig. 2 ).  Th e main discordance in the species tree topology 

  FIGURE 1  Inferred and dated species tree from the three-gene Bayesian dating analysis. Numbers on each branch represent inferred shared unique to 
clade gene duplications, and branch lengths are proportional to time. Circles on branches represent inferred genome duplications, position sup-
ported only by Ks plots (green) and position supported by Ks plots along with shared gene duplications (blue). Pie charts show gene tree confl ict 
evaluations at each node, proportion concordant (blue), proportion confl icting (red), dominant alternative topology (yellow) and unsupported with 
SH-like less than 80 (gray). Ancestral states on branches taken from  Heubl et al. (2006) .   
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Introduction Homology Pairwise

Alternative phylogeny also has support

Stephen A. Smith Homology and pairwise alignment

Ctenophores Sponges Jellyfish Bilateria

Dunn et al. 2008
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Alternative views

Just showed you this one
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Metazoan phylogeny using 242 genes

of synaptic connections and their presynaptic
morphology (44).

Many of the genes known to be critical to the
nervous system of bilaterians and cnidarians are
present in the spongeAmphimedon queenslandica,
an animal without a nervous system. It has been
hypothesized that the origin of the nervous sys-
tem in nonsponges coincided with the origin of
a few neural components that are absent from
A. queenslandica (4, 45), but our phylogenetic
results and the absence of these same compo-
nents inM. leidyi challenge this hypothesis. Both
A. queenslandica andM. leidyi contain orthologs
of transcription factors involved in bilaterian and
cnidarian neural development, including lhx (46),
bHLH (basic helix-loop-helix), six, gli, and sox
(classes B, C, E, and F) genes. The neural differ-

entiation RNA binding genes ELAVandMusashi,
as well as the axon guidance genes neurexin,
semaphorin, plexin, and an ephrin receptor, are
all present in both A. queenslandica andM. leidyi.
However, netrin, slit, and unc-5, involved in axon
guidance, are absent from both genomes.

Many of the genes involved in the formation
of bilaterian synapses and neural differentiation are
present in both A. queenslandica andM. leidyi—
but again, sponges and ctenophores lack a similar
set of synaptic scaffolding genes (tables S17 and
S18), all of which are present in cnidarians and
bilaterians (Fig. 5). The pattern of presence and ab-
sence of these scaffolding genes is consistent with
these genes being primitively absent in sponges and
ctenophores. Almost all of the enzymes involved
in the biosynthesis of dopamine and other catechol-

amine neurotransmitters are also absent in both
A. queenslandica andM. leidyi (table S19). An ex-
ception to this shared pattern with sponges is the
presence of two definitive opsin genes inM. leidyi,
but notA. queenslandica, that are expressed in photo-
cytes (light-producing cells), as well as in putative
photosensory cells in the apical sense organ (12).

Mesoderm Components in M. leidyi
Ctenophores have several cell types (such as dis-
tinct muscle cells and mesenchymal cells) that,
in bilaterians, are characteristically derived from
mesodermal tissues. Cell lineage studies (14) have
indicated that these cells are derived from a true
endomesodermbecausemesodermal cells are gen-
erated from precursors that also give rise to the
endodermal portions of the gut; this is similar to the

0.07

= 100 bootstrap
support
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Fig. 4. Treeproducedbymaximum-likelihoodanalysis of gene content. The
tree was produced from a matrix consisting of 23,910 binary characters indicating
the presence or absence of a particular species within a cluster of genes. Clusters were
produced with default settings of OrthoMCL. Columns consistent with known re-

lationships within Bilateria were up-weighted, whereas conflicting characters were
down-weighted. Thematrix was analyzed with RAxML under the GTR-G model of rate
heterogeneity. All nodes received 100% bootstrap support. Constraining known
relationships did not affect the position of Ctenophora (fig. S4).

www.sciencemag.org SCIENCE VOL 342 13 DECEMBER 2013 1242592-5

RESEARCH ARTICLE

Ryan et al. 2013

Sequenced 
the whole 
genome

Is data the problem?
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Are molecular 
models the problem?
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Building a more complete view of the Tree of Life
Open Tree of Life tried to accommodate this but is there a way to 
resolve any of this confidently?
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2017 BROWN AND THOMSON—BAYES FACTORS UNMASK VARIATION, BIAS, AND INFLUENCE 519
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FIGURE 1. Overview of amniote phylogeny, with major groups labeled on internal branches. Representative species are samples of those
sequenced in the six data sets used in this study. Colored, upward bars on each branch give the median 2ln(BF) value across genes supporting
that relationship for each data set (see values in Table 1). Red, downward bars show the percentage of genes in each data set that strongly reject
(2ln(BF)<−10) each clade (see values in Table 2). For Archosauria and Diapsida, we provide values for the monophyly of these groups along with
turtles, since most studies suggest that turtles are a member of these clades. Silhouette images were obtained from PhyloPic (http://phylopic.org).

found these genes to contain previously unrecognized
paralogs and their removal led to strong support for
turtles as sister to archosaurs. BFs also demonstrate
marked differences in overall information content and
quality across data sets, with important implications for
how each data set might be best analyzed. Some data
sets contain a sizable proportion of genes that strongly
reject known relationships. Despite these differences, all
data sets consistently exhibited very little information
to resolve the phylogenetic placement of turtles. The
relative lack of information available to place turtles
offers an explanation for the sensitivity of this placement
to data and model selection.

METHODS

Data
Six phylogenomic data sets were taken from recent

studies (Chiari et al. 2012; Crawford et al. 2012; Fong
et al. 2012; Lu et al. 2013; Shaffer et al. 2013; Wang
et al. 2013) that focused on resolving the phylogenetic
placement of turtles among amniotes. The size of these
data sets ranged from 75 to 1955 genes. All data sets
were taken “as-is” from previous authors in order to
maintain the influences of researcher decision-making
on the extent and quality of phylogenetic information.
Processing of these original data files involved only

conversion of the file types to a common NEXUS
format and, if necessary, standardizing the taxonomic
names. These NEXUS files are available on Dryad at
http://dx.doi.org/10.5061/dryad.8gm85.

Gene Characterization
The six studies used very different methods.

Techniques ranged from Sanger sequencing of PCR
amplicons (Fong et al. 2012) to collection of whole-
genome assemblies using a variety of sequencing
technologies (Shaffer et al. 2013; Wang et al. 2013). After
data collection, each study also developed and used
an independent data processing pipeline to perform
sequence quality filtering on the raw data, assign
homology, and carry out alignments. Due to the diversity
of approaches employed, we expected differences in
the amount and nature of data included in each of the
data sets. We characterized these differences using five
summary statistics described below.

(i) We calculated the percentage of missing data
for each gene as the total number of missing and
ambiguous bases (“N”s, “-”s, and “?”s) divided by
the total number of bases included in the alignment
(sequence length multiplied the number of taxa).
(ii) We summarized alignment quality for each
gene by employing the widely used Heads-or-Tails
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Abstract.—As the application of genomic data in phylogenetics has become routine, a number of cases have arisen where
alternative data sets strongly support conflicting conclusions. This sensitivity to analytical decisions has prevented firm
resolution of some of the most recalcitrant nodes in the tree of life. To better understand the causes and nature of this
sensitivity, we analyzed several phylogenomic data sets using an alternative measure of topological support (the Bayes factor)
that both demonstrates and averts several limitations of more frequently employed support measures (such as Markov chain
Monte Carlo estimates of posterior probabilities). Bayes factors reveal important, previously hidden, differences across six
“phylogenomic” data sets collected to resolve the phylogenetic placement of turtles within Amniota. These data sets vary
substantially in their support for well-established amniote relationships, particularly in the proportion of genes that contain
extreme amounts of information as well as the proportion that strongly reject these uncontroversial relationships. All six data
sets contain little information to resolve the phylogenetic placement of turtles relative to other amniotes. Bayes factors also
reveal that a very small number of extremely influential genes (less than 1% of genes in a data set) can fundamentally change
significant phylogenetic conclusions. In one example, these genes are shown to contain previously unrecognized paralogs.
This study demonstrates both that the resolution of difficult phylogenomic problems remains sensitive to seemingly minor
analysis details and that Bayes factors are a valuable tool for identifying and solving these challenges. [Expressed sequence
tags; negative constraints; ortholog; posterior probability; ultraconserved elements.]

Phylogenetic studies now make routine use of
genome-scale strategies to collect data sets containing
tens, hundreds, or even thousands of sequenced
loci. More data should reduce stochastic error and
lead to topological resolution. As predicted, many
published studies now provide highly resolved
phylogenetic estimates with maximal support values for
all bipartitions (posterior probabilities approximated
to be = 1.0, bootstrap proportions = 100%), despite the
fact that different data sets and studies often support
fundamentally different conclusions about evolutionary
relationships. For instance, different studies concerning
the root of Metazoa, and the phylogenetic position of
ctenophores and poriferans, have arrived at strongly
contrasting phylogenetic inferences (Dunn et al. 2008;
Philippe et al. 2009; Pick et al. 2010; Chang et al. 2015;
Pisani et al. 2015). Recent attempts to reconstruct the
phylogenetic relationships among major groups of birds
are another high-profile example of resolution within
and incongruence between data sets (Jarvis et al. 2014;
Prum et al. 2015). The unsettling observation of strong
conflict necessarily means that data sets and/or the
methods used to analyze them differ in fundamental
respects. To better understand these differences,
researchers need a way to investigate how much
phylogenetic information each data set contains and how
this information is distributed across genes and sites.
Unfortunately, typical measures of support offer little
ability to meaningfully explore these patterns, because
their estimated values often equal one or zero and they
are therefore indistinguishable from one another.

Bayes factors (BFs; Kass and Raftery 1995) offer
an alternative perspective on support for topological

relationships in a Bayesian context. Defined as the ratio
of marginal likelihoods comparing two hypotheses (H1
and H2),

Bayes Factor= P(D|H1)
P(D|H2)

=
P(H1|D)
P(H2|D)

P(H1)
P(H2)

,

a BF is closely linked to the posterior probabilities
currently favored in most Bayesian phylogenetic studies.
One convenient interpretation of the BF is the degree to
which the support for two hypotheses, in this case the
presence or absence of a particular bipartition, changes
after observing the data (D). Stated another way, a BF
quantifies the change in the odds favoring a hypothesis
when comparing the prior to the posterior. When the
prior odds are even

(
P(H1)
P(H2) =1

)
, the BF simply reflects

the posterior odds ratio, P(H1|D)
P(H2|D) .

There are several reasons why one might wish to
estimate BFs instead of, or in addition to, posterior
probabilities for phylogenetics. The first reason is
perhaps primarily psychological. BFs, and particularly
log(BF)s, offer a larger numerical range to measure
support than posterior probabilities. The advantage of
an expanded range becomes apparent if we think about
rescaling posterior probabilities into posterior odds
ratios when two different data sets strongly support H1
with posterior probabilities of 0.99 and 0.999999. While
both of these values are very close to 1, they actually
have a >10,000-fold difference in their posterior odds
ratios

(
0.99
0.01 and 0.999999

10−6

)
. A data set that produces a
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to quantify the distribution of phylogenetic signal for T1 and T2 at 
the site and gene levels (Fig. 1c), as well as visualize the proportions  
of sites’ or genes’ support for T1 and T2 (Fig. 1d). This quantifica-
tion and visualization of phylogenetic signal can be extended to the 
comparison of three alternative phylogenetic hypotheses (T1, T2 
and T3), as shown in Supplementary Fig. 1.

A tiny amount of data can drive phylogenetic inference. For each 
of the 17 contentious branches and the 6 well-established branches 
(used as controls) in plants, animals and fungi, we first examined 
whether the unconstrained ML tree under concatenation (T1) had 
a significantly different log-likelihood score from the ML tree con-
strained to recover the T2 branch (T2) using the approximately 
unbiased (AU) test19,20. We found that T2 was significantly worse 
(P-value  <   0.05) than T1 in 22/23 internodes (Table  1); the only 
exception was the neoavian branch in animals.

Examination of the distribution of Δ GLS values (that is, the dif-
ference in gene-wise log-likelihood scores between T1 and T2) in 
the 17 contentious and 6 control branches showed that the propor-
tion of genes supporting T1 was generally greater than that of genes 
supporting T2 (Fig. 2; Supplementary Figs 2 and 3a; Supplementary 
Tables 1–3). The only exceptions were the angiosperm (plants), 
eutherian (animals) and Ascoideaceae (fungi) branches, for which 
the proportions of genes supporting T1 were slightly smaller than 
those supporting T2.

Examination of the distribution of Δ SLS values (the difference 
in site-wise log-likelihood scores between T1 and T2) showed 
that the proportion of sites supporting T1 was greater than that 
of sites supporting T2 for 18 of the 23 branches (Supplementary 
Fig. 3b); the remaining 5 branches (eutherian, lungfish and neoa-
vian in animals, Ascoideaceae and ‘whole genome duplication’ 
(WGD) clade in fungi) had lower proportions of sites support-
ing T1 than T2 (Supplementary Fig. 3b). We observed the same 
pattern (Supplementary Fig. 4) when we considered only ‘weak’ 
sites17, whose absolute Δ SLS values were smaller than or equal 
to 0.5; as more than 95% of sites in each branch were weak ones 
(Supplementary Table 4), the similarity in results when consider-
ing all sites versus only weak sites is not surprising. Comparison 
of ‘strong’ sites17, whose absolute Δ SLS values were > 0.5, with all 
sites for each branch showed that there was a higher proportion of 
strong (relative to all) sites favouring T1 in 13 branches and a lower 
proportion in the other 10 branches. Finally, 3 branches (eutherian 
and neoavian in animals, Ascoideaceae in fungi) had fewer strong 
sites supporting T1 than T2 (Supplementary Fig. 4).

Examination of the distribution of Δ GLS values also revealed 
that, in 6/17 contentious branches, a single or a handful of genes 
displayed very high Δ GLS values (Fig.  2 and Supplementary  
Figs 2, 5–30). Remarkably, we found that removal of the gene with 
the highest absolute Δ GLS value switched the ML tree’s support from 
T1 to T2 in 3 branches (angiosperm in plants, neoavian in animals, 
and Ascoideaceae in fungi) (Figs  2 and 3; Supplementary Figs 7,  
17 and 23). In contrast, random exclusion of a single gene did not 
change support in any analysis (Fig. 4 and Supplementary Figs 5, 13 
and 22); Similarly, removal of the gene with the highest Δ GLS value 
in our 6 control branches (Table 1) favoured T1 over T2 (Figs 2–4; 
Supplementary Figs 11, 12, 20, 21, 29 and 30).

The single genes whose removal caused the switch of the phy-
logenomic data matrices’ support from T1 to T2 in the angiosperm, 
neoavian and Ascoideaceae branches were orthologues of the 
Arabidopsis thaliana AT3G46220 gene (alignment id: 6040_C12), the 
Homo sapiens AUTS2 gene (alignment id: Pro_ENSG00000158321), 
and the Saccharomyces cerevisiae DPM1 gene (alignment id: 
BUSCOfEOG7W9S51), respectively. Plotting of the Δ SLS values 
(the difference in gene-wise log-likelihood scores between T1 and 
T2) for the three gene alignments showed that 14.4% of the 6040_
C12 gene alignment, 11.0% of Pro_ENSG00000158321 and 47.9% 

of BUSCOfEOG7W9S51 had high Δ SLS values (> 0.5); moreover, 
these strong sites were unevenly distributed in the 6040_C12 and 
Pro_ENSG00000158321 gene alignments (Supplementary Fig. 57). 
Further examination of the sequence alignments of these three 
genes did not identify apparently unusual sequences or columns 
(Supplementary Figs 58–60), while topological distances (mea-
sured by the normalized Robinson–Foulds tree distance, RFD, 
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Figure 1 | A schematic representation of our approach for quantifying 
and visualizing phylogenetic signal in a phylogenomic data matrix. a, Two 
alternative phylogenetic hypotheses (T1, the unconstrained ML tree under 
concatenation; T2, the ML tree constrained to recover the T2 branch).  
b, Calculation of the difference in the gene-wise log-likelihood scores (Δ GLS)  
of T1 versus T2 for each gene in the data matrix. The difference in the  
site-wise log-likelihood scores, Δ SLS, of T1 versus T2 for each site in  
the data matrix is also calculated but is not shown here. c,d, The gene- 
wise phylogenetic signal (Δ GLS) for T1 versus T2 can be visualized by 
arranging genes either in the order of their placements in the data  
matrix (c) or in descending order of their Δ GLS values (d). Red bars denote 
genes supporting T1, whereas green bars denote genes supporting T2. 
The data for panels c and d are the actual values from the analysis of the 
Ascoideaceae branch in the fungal phylogenomic data matrix (Table 1).  
The schematic representation of our approach for quantifying and 
visualizing phylogenetic signal among three alternative phylogenetic 
hypotheses (T1, T2 and T3) is shown in Supplementary Fig. 1. 1
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Contentious relationships in phylogenomic 
studies can be driven by a handful of genes
Xing-Xing Shen1, Chris Todd Hittinger2 and Antonis Rokas1*

Phylogenomic studies have resolved countless branches of the tree of life, but remain strongly contradictory on certain,  
contentious relationships. Here, we use a maximum likelihood framework to quantify the distribution of phylogenetic sig-
nal among genes and sites for 17 contentious branches and 6 well-established control branches in plant, animal and fungal 
phylogenomic data matrices. We find that resolution in some of these 17 branches rests on a single gene or a few sites, and 
that removal of a single gene in concatenation analyses or a single site from every gene in coalescence-based analyses dimin-
ishes support and can alter the inferred topology. These results suggest that tiny subsets of very large data matrices drive 
the resolution of specific internodes, providing a dissection of the distribution of support and observed incongruence in phy-
logenomic analyses. We submit that quantifying the distribution of phylogenetic signal in phylogenomic data is essential for  
evaluating whether branches, especially contentious ones, are truly resolved. Finally, we offer one detailed example of such an 
evaluation for the controversy regarding the earliest-branching metazoan phylum, for which examination of the distributions of  
gene-wise and site-wise phylogenetic signal across eight data matrices consistently supports ctenophores as the sister group 
to all other metazoans.

A well-resolved tree of life (ToL) is essential for understand-
ing life’s history and the evolution of phenotypic diversity. 
The genomics revolution has allowed the assembly of many 

taxon-rich genome-scale data matrices for reconstructing the phy-
logenies of a wide diversity of lineages across the ToL1–4. One impor-
tant consequence of the large number of loci or genes included in 
these phylogenomic data matrices is that the internal branches 
(internodes) in the inferred topologies typically receive very high 
support values5–9, leading to the perception that such branches are 
definitive and unlikely to change.

However, different phylogenomic analyses can sometimes 
strongly support branches that contradict one another. For exam-
ple, concatenation analysis of a 1,233-gene, 96-taxon phylogenomic  
data matrix (609,899 amino acid sites) provided absolute clade 
support for the family Ascoideaceae as the closest relative of the 
families Phaffomycetaceae  +   Saccharomycodaceae  +   Saccharo
mycetaceae4; in contrast, concatenation analysis of a 1,559-gene, 
38-taxon phylogenomic data matrix (364,126 amino acid sites) 
robustly placed the family Ascoideaceae as sister to a broader clade 
composed of the family Pichiaceae, the CUG-Ser clade, the fam-
ily Phaffomycetaceae, the family Saccharomycodaceae and the 
family Saccharomycetaceae10. Contradictory branches can also be 
observed when different analytical approaches are used on the same 
data matrix. As an example, a phylogenomic analysis (maximum 
likelihood, homogeneous model, Opisthokonta as outgroup) of 406 
genes from 70 taxa (88,384 amino acid sites) recovered ctenophores 
as sister to all other metazoan phyla11, whereas another analysis 
(Bayesian inference, heterogeneous model, Choanoflagellata as 
outgroup) of the same data matrix supported sponges, rather than 
ctenophores, as the sister to the rest of the metazoan phyla12.

Although both biological and analytical factors influence phylo-
genetic inference13–17, the first step to understanding why different 
phylogenomic data matrices (or different analyses of the same data 

matrix) yield contradictory topologies is the precise quantification 
of the phylogenetic signal and identification of the genes or sites 
that gave rise to such conflict. To address this critical, yet poorly 
understood, question, we examined the distribution of phylogenetic 
signal in 17 contentious branches and 6 well-established branches 
(used as controls), in three large phylogenomic data matrices from 
plants, animals and fungi (Table 1). Finally, we applied our approach 
of dissecting the distribution of phylogenetic signal in eight differ-
ent phylogenomic data matrices aimed to resolve the controversy 
regarding the earliest-branching phylum of the Metazoa.

Results
Measuring phylogenetic signal. We defined phylogenetic signal as 
the difference in the log-likelihood scores between two alternative 
resolutions, T1 and T2, of a given branch (or internode or biparti-
tion) in a phylogenetic tree18. For a given data matrix and branch in 
question, we defined T1 as the bipartition recovered by the phylo-
genetic tree obtained by maximum likelihood (ML) when the full 
data matrix is analysed by concatenation analysis; we defined T2 as 
a bipartition in the phylogenetic tree that shows substantial topo-
logical conflict with T1 (for example, in most cases, T2 was the most 
prevalent bipartition conflicting with T1) (Fig. 1a).

To calculate phylogenetic signal, we first calculated the site-wise 
log-likelihood scores for the unconstrained ML tree under con-
catenation (by definition, this topology contained the T1 branch 
and will be hereafter abbreviated T1) as well as for the ML tree 
constrained to recover the T2 branch (hereafter called T2) under 
the same substitution model and partitioning strategy (Fig.  1a).  
Next, we calculated the difference in site-wise log-likelihood scores 
(Δ SLS) between T1 and T2 for every site in a given data matrix. By 
summing the Δ SLS scores of all sites for every gene in a given data 
matrix, we then obtained the difference in gene-wise log-likelihood 
scores (Δ GLS) between T1 and T2 (Fig. 1b). By doing so, we were able 

1Department of Biological Sciences, Vanderbilt University, Nashville, Tennessee 37235, USA. 2Laboratory of Genetics, Genome Center of Wisconsin, DOE 
Great Lakes Bioenergy Research Center, Wisconsin Energy Institute, J. F. Crow Institute for the Study of Evolution, University of Wisconsin-Madison, 
Madison, Wisconsin 53706, USA. *e-mail: antonis.rokas@vanderbilt.edu
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Figure 2 | Distributions of phylogenetic signal for 17 contentious branches in plant, animal and fungal phylogenomic data matrices. For each branch, 
Δ GLS values (y axis) were calculated by measuring the difference in gene-wise log-likelihood scores for T1 versus T2. The distribution of Δ GLS was 
visualized by displaying their values for all genes in the phylogenetic data matrix in the order of their placement in the matrix (x axis; see Supplementary 
Tables 1–3). As a control, we also examined the distribution of Δ GLS values for two well-established branches for each of the three data matrices (plants, 
monophyly of seed plants and monophyly of mosses; animals, monophyly of amniotes and monophyly of mammals; fungi, monophyly of the family 
Saccharomycetaceae and paraphyly of the family Pichiaceae; Table 1). Red bars denote genes supporting T1, whereas green bars denote genes supporting 
T2. The distributions of ranked Δ GLS values for these 23 branches are provided in Supplementary Fig. 2. The specific T1 and T2 topologies compared in 
each of the branches examined are provided in Table 1.
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Figure 2 | Distributions of phylogenetic signal for 17 contentious branches in plant, animal and fungal phylogenomic data matrices. For each branch, 
Δ GLS values (y axis) were calculated by measuring the difference in gene-wise log-likelihood scores for T1 versus T2. The distribution of Δ GLS was 
visualized by displaying their values for all genes in the phylogenetic data matrix in the order of their placement in the matrix (x axis; see Supplementary 
Tables 1–3). As a control, we also examined the distribution of Δ GLS values for two well-established branches for each of the three data matrices (plants, 
monophyly of seed plants and monophyly of mosses; animals, monophyly of amniotes and monophyly of mammals; fungi, monophyly of the family 
Saccharomycetaceae and paraphyly of the family Pichiaceae; Table 1). Red bars denote genes supporting T1, whereas green bars denote genes supporting 
T2. The distributions of ranked Δ GLS values for these 23 branches are provided in Supplementary Fig. 2. The specific T1 and T2 topologies compared in 
each of the branches examined are provided in Table 1.
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Figure 2 | Distributions of phylogenetic signal for 17 contentious branches in plant, animal and fungal phylogenomic data matrices. For each branch, 
Δ GLS values (y axis) were calculated by measuring the difference in gene-wise log-likelihood scores for T1 versus T2. The distribution of Δ GLS was 
visualized by displaying their values for all genes in the phylogenetic data matrix in the order of their placement in the matrix (x axis; see Supplementary 
Tables 1–3). As a control, we also examined the distribution of Δ GLS values for two well-established branches for each of the three data matrices (plants, 
monophyly of seed plants and monophyly of mosses; animals, monophyly of amniotes and monophyly of mammals; fungi, monophyly of the family 
Saccharomycetaceae and paraphyly of the family Pichiaceae; Table 1). Red bars denote genes supporting T1, whereas green bars denote genes supporting 
T2. The distributions of ranked Δ GLS values for these 23 branches are provided in Supplementary Fig. 2. The specific T1 and T2 topologies compared in 
each of the branches examined are provided in Table 1.

o Outlying genes
o Should we do two (or few) topology tests?
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Vertebrates Carnivorous Caryophylalles

Supermatrix topologySupermatrix topology
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Coalescent topologies were favored for biological reasons

Supermatrix topologies were assumed to reflect error

Two topology comparisons exposed “outlier” genes

When removed, supermatrix topologies match coalescent topologies

outliers
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Important lessons
Just concatenation and gene tree / species tree (ASTRAL) are 
probably not going to cut it

Systematic error
◦ Researchers need to be significantly more careful about the underlying 

data
◦ Check for errors 

◦ in homology/orthology
◦ Alignment
◦ Heterogeneity in molecular evolution

Biological sources of error
◦ Gene duplication and loss
◦ ILS
◦ Hybridization

Potential “outlier” genes
◦ One or a few genes can drive phylogenetic inference 
◦ Especially problematic with concatenation

Can we take a different approach to phylogenomic data analysis?
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Edge-based look at plants

Wickett et al. 2014 initial 1KP paper

Conducted ASTRAL and supermatrix analyses on many different 
datasets

ASTRAL and supermatrix trees are largely congruent but disagree

This didn’t settle all the arguments 
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Reconstructing the origin and evolution of land plants and their
algal relatives is a fundamental problem in plant phylogenetics, and
is essential for understanding how critical adaptations arose, in-
cluding the embryo, vascular tissue, seeds, and flowers. Despite
advances in molecular systematics, some hypotheses of relationships
remain weakly resolved. Inferring deep phylogenies with bouts of
rapid diversification can be problematic; however, genome-scale
data should significantly increase the number of informative charac-
ters for analyses. Recent phylogenomic reconstructions focused on
the major divergences of plants have resulted in promising but in-
consistent results. One limitation is sparse taxon sampling, likely
resulting from the difficulty and cost of data generation. To address
this limitation, transcriptome data for 92 streptophyte taxa were
generated and analyzed along with 11 published plant genome
sequences. Phylogenetic reconstructions were conducted using up
to 852 nuclear genes and 1,701,170 aligned sites. Sixty-nine analyses
were performed to test the robustness of phylogenetic inferences to
permutations of the datamatrix or to phylogenetic method, including
supermatrix, supertree, and coalescent-based approaches, maximum-
likelihood and Bayesian methods, partitioned and unpartitioned ana-
lyses, and amino acid versus DNA alignments. Among other
results, we find robust support for a sister-group relationship
between land plants and one group of streptophyte green al-
gae, the Zygnematophyceae. Strong and robust support for a
clade comprising liverworts and mosses is inconsistent with a
widely accepted view of early land plant evolution, and suggests
that phylogenetic hypotheses used to understand the evolution of
fundamental plant traits should be reevaluated.

land plants | Streptophyta | phylogeny | phylogenomics | transcriptome

The origin of embryophytes (land plants) in the Ordovician
period roughly 480 Mya (1–4) marks one of the most im-

portant events in the evolution of life on Earth. The early evo-
lution of embryophytes in terrestrial environments was facilitated
by numerous innovations, including parental protection for the
developing embryo, sperm and egg production in multicellular
protective structures, and an alternation of phases (often referred to
as generations) in which a diploid sporophytic life history stage
gives rise to a multicellular haploid gametophytic phase. With

Significance

Early branching events in the diversification of land plants and
closely related algal lineages remain fundamental and un-
resolved questions in plant evolutionary biology. Accurate
reconstructions of these relationships are critical for testing hy-
potheses of character evolution: for example, the origins of the
embryo, vascular tissue, seeds, and flowers. We investigated
relationships among streptophyte algae and land plants using
the largest set of nuclear genes that has been applied to this
problem to date. Hypothesized relationships were rigorously
tested through a series of analyses to assess systematic errors in
phylogenetic inference caused by sampling artifacts and model
misspecification. Results support some generally accepted phy-
logenetic hypotheses, while rejecting others. This work provides
a new framework for studies of land plant evolution.
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publicly available sequenced genomes used to define orthogroups
were included in our phylogenomic analyses (Table S1).
After filtering, multiple sequence alignments (MSAs) and gene

trees were estimated for 9,610 gene families that included at least
four taxa (transcriptome assemblies, unfiltered gene family align-
ments, and trees are available through the iPlant Data Store and
can be accessed via iPlant Discovery Environment or at mirrors.
iplantcollaborative.org/onekp_pilot). Of these, we identified 852
gene families that included at most one gene copy from at least 24
of the 25 sequenced genomes. These putatively single-copy gene
families were used to estimate relationships (56) among the spe-
cies included in Table S1. For those taxa where more than one
sequence mapped to the same typically single-copy orthogroup,
a consensus sequence was generated and retained if nucleotide
divergence between the overlapping sequences was 5% or less; if
divergence was greater than 5%, that species was not included in
the MSA for that gene family. As a consequence, all filtered
orthogroup MSAs included at most one sequence per taxon;
a sequence for a particular taxon may have been missing from
a single-copy gene family alignment because of lack of expression,
gene loss, or putative lineage-specific duplication (Fig. S1 and
Table S1).

Matrices and Analyses. Simultaneous alignment and tree estimation
(SATé) (57) alignments of the 852 orthogroups were used to es-
timate phylogenetic relationships through supermatrix, supertree,
and coalescent-based species tree approaches. The concatenated,
untrimmed nucleotide supermatrix included 1,701,170 aligned sites
and 50,715,288 nongap characters. Individual orthogroup matrices
and the supermatrix were also filtered more stringently to in-
vestigate how missing data, highly divergent sequences (possible
contaminants), and data type (nucleotides vs. inferred amino acids)
influenced inferred relationships estimated using contrasting
methods of analysis [RAxML (58) and PhyloBayes (59) super-
matrix analyses, SuperFine (60) supertree analyses, and ASTRAL
(61), a method designed to take into account gene tree in-
congruence resulting from incomplete lineage sorting between
speciation events]. In total, we ran 69 analyses (Table S2) and
compared results to assess robustness to variation in data-filtering
and analysis strategies (see for example, Fig. 4).
All species-tree estimates were assessed for resolution of hy-

pothesized relationships among focal clades, e.g., the identity of the
sister group to embryophytes (land plants); relationships among
bryophytes [Marchantiophyta (liverworts), Bryophyta (mosses),
Anthocerotophyta (hornworts)]; and placement of Gnetales (Fig.
1). The tree estimates produced from most analyses were highly
concordant and largely consistent with the relationships reflected in
the maximum-likelihood (ML) tree estimated from nucleotides at
the first and second codon positions (Figs. 2 and 3). However,
differences among analytical approaches were observed with respect
to the resolution of relationships that have been long-debated in the
plant systematics literature (see below) (Fig. 4).
Some of the discordance among trees (i.e., strongly supported

relationships that are incongruent among trees), derived from
different methods of analysis, could be attributed to model
misspecification. The most extreme contrast in inferred rela-
tionships was observed between analyses of nucleotide align-
ments including all three codon positions and analyses of only
first and second nucleotide positions or those based on amino
acid alignments (Fig. 4). The large variation observed in GC
content at the third codon position (Figs. S2 and S3) is not
accounted for in the ML analyses of nucleotide alignments under
the GTR+Gamma substitution model. Therefore, in the fol-
lowing discussion we focus on results from analyses of first and
second codon position and amino acid alignments.

Relationships Among Streptophytic Algal Lineages and Land Plants.
In all analyses, Streptophyta are monophyletic, with a clade in-

cluding Mesostigmatales, Chlorokybales, and Spirotaenia re-
solved as sister to all remaining streptophytes. The phylogenetic
position of Spirotaenia minuta (sister to Chlorokybus) does not
come as a surprise because previous analyses of rbcL and
SSUrDNA datasets including three other species of Spirotaenia
(including the type species, Spirotaenia condensata) showed that
this genus does not belong in the Zygnematophyceae, but rather
is affiliated with Chlorokybus and Mesostigma (62). Thus, taxo-
nomic circumscription of Spirotaenia and traditional placement
of all Spirotaenia species in the Zygnematophyceae are errone-
ously based on homoplasious morphological characters, in-
cluding the shape of the chloroplast and sexual reproduction by
conjugation. No analysis provided strong support for a sister
relationship between Coleochaetales and embryophytes, and
most analyses rejected a sister relationship between Charales and
embryophytes (Fig. 4 and Fig. S4). Analyses of nucleotide data
that included third positions offered weak support for Charales
sister to embryophytes, but as mentioned above, this is likely an
artifact of among-lineage variation in nucleotide frequencies at
the third codon position (Fig. S2).
The results presented here provide strong support for a sister

group relationship between Zygnematophyceae and embryo-
phytes in analyses of amino acids and first and second codon
positions (Figs. 2–4), a relationship that has been inferred in
recent analyses of plastomes (8, 36) and a smaller set of nuclear
gene sequences (27, 29). Whereas most individual gene trees did
not provide strong support for any of the hypotheses illustrated
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Fig. 1. Hypothesized land plant relationships evaluated for all matrices
included in this study. Support for these hypotheses was evaluated across all
69 analyses performed in this study. For each hypothesis shown here, a “bar”
(e.g., “GA” in the “Sister to land plants” block) indicates unspecified reso-
lution within a grade. Dashed lines indicate lineages or grades with place-
ments that are not relevant to the specified hypothesis. Note that
differences with the nonfocal parts of the topology may exist in the given
references (see below), and that additional studies may have recovered
similar topologies. Abbreviations used: ANA, Amborellales, Nymphaeales,
Austrobaileyales grade; Bryo, bryophytes; Char, Charales; Chl, Chloranthales;
Col, Coleochaetales; Con, conifers; Cy, cycads; Eudi, eudicots; GA, green al-
gae; Gko, Ginkgo; Gne, Gnetales; Gym, gymnosperms; Hw, hornworts; LP,
land plants; Lv, liverworts; Mag, magnoliids; Mo, mosses; Mono, monocots;
Pin, Pinaceae; VP, vascular plants; Zygn, Zygnematophyceae. Sister to land
plants: Timme et al. (27), Karol et al. (34), Finet et al. (35), Bryophytes: Qiu
et al. (42), Chang and Graham (38), Renzaglia et al. (44), Nishiyama et al. (41),
Nickrent et al. (40); Gymnosperms: Bowe et al. (92), Lee et al. (52), Chaw
et al. (91); Angiosperms: Qiu et al. (12), Burleigh et al. (15), Soltis et al. (14),
Soltis et al. (105).
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publicly available sequenced genomes used to define orthogroups
were included in our phylogenomic analyses (Table S1).
After filtering, multiple sequence alignments (MSAs) and gene

trees were estimated for 9,610 gene families that included at least
four taxa (transcriptome assemblies, unfiltered gene family align-
ments, and trees are available through the iPlant Data Store and
can be accessed via iPlant Discovery Environment or at mirrors.
iplantcollaborative.org/onekp_pilot). Of these, we identified 852
gene families that included at most one gene copy from at least 24
of the 25 sequenced genomes. These putatively single-copy gene
families were used to estimate relationships (56) among the spe-
cies included in Table S1. For those taxa where more than one
sequence mapped to the same typically single-copy orthogroup,
a consensus sequence was generated and retained if nucleotide
divergence between the overlapping sequences was 5% or less; if
divergence was greater than 5%, that species was not included in
the MSA for that gene family. As a consequence, all filtered
orthogroup MSAs included at most one sequence per taxon;
a sequence for a particular taxon may have been missing from
a single-copy gene family alignment because of lack of expression,
gene loss, or putative lineage-specific duplication (Fig. S1 and
Table S1).

Matrices and Analyses. Simultaneous alignment and tree estimation
(SATé) (57) alignments of the 852 orthogroups were used to es-
timate phylogenetic relationships through supermatrix, supertree,
and coalescent-based species tree approaches. The concatenated,
untrimmed nucleotide supermatrix included 1,701,170 aligned sites
and 50,715,288 nongap characters. Individual orthogroup matrices
and the supermatrix were also filtered more stringently to in-
vestigate how missing data, highly divergent sequences (possible
contaminants), and data type (nucleotides vs. inferred amino acids)
influenced inferred relationships estimated using contrasting
methods of analysis [RAxML (58) and PhyloBayes (59) super-
matrix analyses, SuperFine (60) supertree analyses, and ASTRAL
(61), a method designed to take into account gene tree in-
congruence resulting from incomplete lineage sorting between
speciation events]. In total, we ran 69 analyses (Table S2) and
compared results to assess robustness to variation in data-filtering
and analysis strategies (see for example, Fig. 4).
All species-tree estimates were assessed for resolution of hy-

pothesized relationships among focal clades, e.g., the identity of the
sister group to embryophytes (land plants); relationships among
bryophytes [Marchantiophyta (liverworts), Bryophyta (mosses),
Anthocerotophyta (hornworts)]; and placement of Gnetales (Fig.
1). The tree estimates produced from most analyses were highly
concordant and largely consistent with the relationships reflected in
the maximum-likelihood (ML) tree estimated from nucleotides at
the first and second codon positions (Figs. 2 and 3). However,
differences among analytical approaches were observed with respect
to the resolution of relationships that have been long-debated in the
plant systematics literature (see below) (Fig. 4).
Some of the discordance among trees (i.e., strongly supported

relationships that are incongruent among trees), derived from
different methods of analysis, could be attributed to model
misspecification. The most extreme contrast in inferred rela-
tionships was observed between analyses of nucleotide align-
ments including all three codon positions and analyses of only
first and second nucleotide positions or those based on amino
acid alignments (Fig. 4). The large variation observed in GC
content at the third codon position (Figs. S2 and S3) is not
accounted for in the ML analyses of nucleotide alignments under
the GTR+Gamma substitution model. Therefore, in the fol-
lowing discussion we focus on results from analyses of first and
second codon position and amino acid alignments.

Relationships Among Streptophytic Algal Lineages and Land Plants.
In all analyses, Streptophyta are monophyletic, with a clade in-

cluding Mesostigmatales, Chlorokybales, and Spirotaenia re-
solved as sister to all remaining streptophytes. The phylogenetic
position of Spirotaenia minuta (sister to Chlorokybus) does not
come as a surprise because previous analyses of rbcL and
SSUrDNA datasets including three other species of Spirotaenia
(including the type species, Spirotaenia condensata) showed that
this genus does not belong in the Zygnematophyceae, but rather
is affiliated with Chlorokybus and Mesostigma (62). Thus, taxo-
nomic circumscription of Spirotaenia and traditional placement
of all Spirotaenia species in the Zygnematophyceae are errone-
ously based on homoplasious morphological characters, in-
cluding the shape of the chloroplast and sexual reproduction by
conjugation. No analysis provided strong support for a sister
relationship between Coleochaetales and embryophytes, and
most analyses rejected a sister relationship between Charales and
embryophytes (Fig. 4 and Fig. S4). Analyses of nucleotide data
that included third positions offered weak support for Charales
sister to embryophytes, but as mentioned above, this is likely an
artifact of among-lineage variation in nucleotide frequencies at
the third codon position (Fig. S2).
The results presented here provide strong support for a sister

group relationship between Zygnematophyceae and embryo-
phytes in analyses of amino acids and first and second codon
positions (Figs. 2–4), a relationship that has been inferred in
recent analyses of plastomes (8, 36) and a smaller set of nuclear
gene sequences (27, 29). Whereas most individual gene trees did
not provide strong support for any of the hypotheses illustrated
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Fig. 1. Hypothesized land plant relationships evaluated for all matrices
included in this study. Support for these hypotheses was evaluated across all
69 analyses performed in this study. For each hypothesis shown here, a “bar”
(e.g., “GA” in the “Sister to land plants” block) indicates unspecified reso-
lution within a grade. Dashed lines indicate lineages or grades with place-
ments that are not relevant to the specified hypothesis. Note that
differences with the nonfocal parts of the topology may exist in the given
references (see below), and that additional studies may have recovered
similar topologies. Abbreviations used: ANA, Amborellales, Nymphaeales,
Austrobaileyales grade; Bryo, bryophytes; Char, Charales; Chl, Chloranthales;
Col, Coleochaetales; Con, conifers; Cy, cycads; Eudi, eudicots; GA, green al-
gae; Gko, Ginkgo; Gne, Gnetales; Gym, gymnosperms; Hw, hornworts; LP,
land plants; Lv, liverworts; Mag, magnoliids; Mo, mosses; Mono, monocots;
Pin, Pinaceae; VP, vascular plants; Zygn, Zygnematophyceae. Sister to land
plants: Timme et al. (27), Karol et al. (34), Finet et al. (35), Bryophytes: Qiu
et al. (42), Chang and Graham (38), Renzaglia et al. (44), Nishiyama et al. (41),
Nickrent et al. (40); Gymnosperms: Bowe et al. (92), Lee et al. (52), Chaw
et al. (91); Angiosperms: Qiu et al. (12), Burleigh et al. (15), Soltis et al. (14),
Soltis et al. (105).
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in Fig. 1, a small proportion of gene trees did exhibit well-sup-
ported conflict with each hypothesis (Figs. 2 and 3, and Fig. S3).
This discordance was not unexpected and may be because of
incomplete sorting of ancestral variation between speciation events
represented by short internodes in the species phylogeny (63, 64)
(Fig. 2). ASTRAL analyses (61) of gene trees estimated from
amino acid alignments recovered strong support for Zygnemato-
phyceae as sister to land plants (Fig. 4). ASTRAL analyses of in-
frame nucleotide data, when first and second positions alone are
considered, recovered the same relationship but with weaker sup-
port (Figs. 3 and 4); after filtering fragmentary sequences to im-
prove gene tree resolution, we again recovered this relationship
with high support (Fig. 4). As seen in our supermatrix and super-
tree analyses, ASTRAL analyses of nucleotide data including all
codon positions recovered trees with weak support for Chara as the
sister lineage to land plants. Again, this result is interpreted as an
artifact of among-lineage variation in character-state frequencies.
Zygnematophyceae are a group of unicellular or filamentous

streptophyte algae that sexually reproduce by conjugation, rather
than flagellate cells (65). The absence of motile cells and plas-
modesmata in Zygnematales may be interpreted as secondary
reduction of morphological complexity following divergence from
a common ancestor shared with Charales and Coleochaetales,

which is consistent with their mode of reproduction (29).
Phragmoplast presence and structure is also consistent with this
interpretation of secondary loss, as they seem to be absent from
most Zygnematophyceae, but simplified phragmoplasts have been
characterized for the filamentous Spirogyra (31, 66), Mougeotia
(33), and likely Zygnema (67). Fowke and Pickett-Heaps (31) sug-
gested that the rudimentary phragmoplast seen in Spirogyra may
represent an ancestral form, but placement of Zygnematophyceae
as sister to land plants implies that a simplified (rather than an-
cestral) phragmoplast existed in the zygnematophycean stem line-
age and was independently lost within the two major zygnematalean
clades (Figs. 2 and 3). The possibility of independent origins of
phragmoplasts in multiple streptophyte lineages appears unlikely;
however, the phycoplast, a collection of microtubules serving
a similar function in cytokinesis relative to the phragmoplast but
forming parallel to the division plane (in contrast to the phragmo-
plast), did evolve independently in the lineage leading to the core
chlorophytes (68, 69). Reports on the occurrence of phragmoplast-
mediated cytokinesis in the ulvophycean chlorophytes Trentepohlia
and Cephaleuros (70), however, should be interpreted with caution,
as functional studies are lacking and structurally this system is more
reminiscent of a rudimentary telophase spindle than a genuine
streptophyte phragmoplast.
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Fig. 2. ML phylogram inferred from concatenated alignments of first and second codon positions for 674 genes after gene alignments missing more than
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Bryophyte Relationships.Whereas the monophyly of each bryophyte
lineage—Bryophyta (mosses), Anthocerotophyta (hornworts), and
Marchantiophyta (liverworts)—is strongly supported here (Figs. 2–
4), most of our results reject the current, widely accepted hypothesis
that liverworts are sister to all other land plants (38, 42, 71). Fur-
thermore, the widely accepted view that liverworts, mosses, and
hornworts are, respectively, successive sister groups to vascular
plants (25, 42, 43)—which is strongly supported by parsimony
mapping of mitochondrial intron gains (42) and recent mito-
chondrial phylogenomic analyses (72)—is not recovered in any
of our analyses.
Previous analyses of protein-coding genes extracted from whole

plastome sequences had suggested that the three bryophyte divi-
sions (Bryophyta, Anthocerotophyta, and Marchantiophyta) form
a clade (41, 73; but see ref. 71). Bryophytes are resolved as
monophyletic in several analyses here, including 3 of 12 amino
acid supermatrix analyses and all ASTRAL analyses based on
either amino acid data or in-frame nucleotide data without the
inclusion of third positions (Figs. 2–4). Supertree analyses of ML
gene trees estimated from first and second codon position align-
ments and amino acids also favored this hypothesis (Fig. S4). For
all analyses in which the three bryophyte lineages were resolved as
a clade, mosses and liverworts formed a clade. In cases where
a bryophyte clade was not recovered, our analyses generally re-
covered a clade with mosses and liverworts as sister to the tra-

cheophytes, with the hornworts sister to all other (nonhornwort)
land plants (Figs. 2–4), which is consistent with some previously
published multigene analyses (40). Recent analyses of complete
plastomes (8) and a PhyloBayes (59) analysis of amino acids under
the CAT+GTR+Gamma substitution model (Fig. 4) (FAA.604-
genes.trimExtensively.phylobayes.CATGTR) suggest a similar
result, but with hornworts rather than a moss+liverwort clade sister
to vascular plants. Independent chains in some PhyloBayes analyses
(CAT+GTR+Gamma analysis of first and second codon positions
and CAT analysis of amino acids) recovered mosses, liverworts, and
hornworts in a grade as successive sister clades to the tracheophytes
(alignments and trees available in iPlant data store; mirrors.
iplantcollaborative.org/onekp_pilot).
ML analyses were performed with the Gamma model of rate

heterogeneity. Full GTRGAMMA and the per site rate (PSR)
approximation of Gamma implemented in RAxML (74) pro-
duced nearly identical trees (Fig. 4). In addition, we performed
partitioned analyses that assigned different amino acid substitution
matrices or GTR matrices (for DNA) to different partitions of the
data (see Materials and Methods for details). The CAT model
implemented in PhyloBayes uses a Dirichlet process to model
among-site variation in equilibrium state frequencies (75). The
additional complexity of the CAT+GTR+Gamma model relative
to the GTR+Gamma model may more closely match true variation
in the substitution process (26, 75–77), but the difference in trees
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estimated using CAT+GTR+Gamma models on nucleotide (first
and second codon positions) and amino acid alignments suggests
that this model may still be too simple for concatenated alignments
relative to the true gene coalescence and substitution processes (see
also ref. 72). The placement of hornworts and a moss+liverwort
clade as successively sister to vascular plants is consistent with
analyses based on morphological and developmental characters (78,
79), including dextral sperm in hornworts rather than sinistral
sperm, as in all other land plants, and the retention of the pyrenoid,
a plastid structure that is the site of RUBISCO localization, shared
by hornworts and streptophytic algae (reviewed in ref. 80). The
possibility that some of these trait mappings are the product of
evolutionary convergence should also be considered, and seems
likely in the case of the pyrenoid (81). The significance of other
morphological similarities is also not yet clear. For example, the
development of gametangia in hornworts resembles antheridial (44,
82) and archegonial (82) development in monilophytes, whereas
those of the liverworts and mosses are autapomorphic, suggesting
a closer relationship between hornworts and vascular plants. A
comparison can also be made with respect to the development of
the embryo and the young sporophyte. The hornwort embryo and
sporophyte have no apical growth at any stage, but rather exhibit an
intercalary meristem. In contrast, mosses and monilophytes have
apical growth on both ends of the sporophyte, although basal apical
growth is ephemeral in the former. The possibility of multiple ori-
gins of the multicellular sporophyte in land plants can therefore be
considered (83): once with intercalary growth, as in the hornworts,
and once with apical growth, as in mosses and tracheophytes (liv-
erworts have neither intercalary nor apical growth). Ultimately, this
finding underscores the difficulty in placing hornworts—or bryo-
phytes in general—within the phylogeny of land plants based on
current evidence from morphology alone.

In summary, three primary hypotheses emerge from our
analyses with respect to the resolution of the earliest branching
events in land plant phylogeny: (i) (hornworts, ((liverworts,
mosses), vascular plants)) supported in most ML analyses of nu-
cleotide and amino acid supermatrices; (ii) [(liverworts, mosses),
(hornworts, vascular plants)], supported by the PhyloBayes anal-
ysis of amino acids; and (iii) [(hornworts, [mosses, liverworts]),
vascular plants], supported by supertree and ASTRAL analyses of
amino acids and first and second codon positions and some amino
acid supermatrix analyses. However, we cannot dismiss alternative
hypotheses recovered by some of our analyses, including [mosses
(liverworts [hornworts, vascular plants])], which is supported by
the PhyloBayes analysis of first and second codon positions (Fig.
4). Caution should be taken in rejecting any of these hypotheses
given the sparse sampling, especially for the hornworts.

Monilophyte and Lycophyte Relationships. Phylogenetic analyses of
multigene (generally plastid) datasets (84–87) have consistently
resolved the lycophytes and monilophytes as successive sister lin-
eages to the seed plants, with the euphyllophytes comprising the
seed-free monilophytes (ferns) and seed-bearing spermatophytes.
Aside from the clearly artifactual placement of Selaginella as sister
to all other land plants in analyses including third codon
positions (mirrors.iplantcollaborative.org/onekp_pilot), our
results support this branching order (Figs. 2 and 3; other
species trees at mirrors.iplantcollaborative.org/onekp_pilot).
The placement of Selaginella has been problematic in previous
analyses (49) and we interpret its misplacement in several ana-
lyses here as a consequence of GC content at the third codon
position, which is more similar to streptophyte algae than to
embryophytes (Fig. S2).
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Fig. 4. Summary of support for hypotheses of land plant relationships across 52 supermatrix and coalescent-based analyses including permutations of the full
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trimEXT: aggressive BLAST-based and long-branch filtering of sequence assemblies for each taxon followed by GBLOCKS filtering of sites (SI Materials and
Methods). Strong support refers to bootstrap values above 75% for a clade containing the specified taxa. All trees and alignments are available in iPlant’s
data store (mirrors.iplantcollaborative.org/onekp_pilot).
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Analyses on these data

Look at the nucleotide data

852 gene regions

3rd positions removed because of molecular evolution issues with 
Selaginella

Take an edge-based view of the reconstruction of the relationships 
without requiring the genes to share topology beyond the edge of 
interest

Each gene is partially overlapping in taxonomic coverage

Answering the question: What does the information in this dataset 
suggest for the resolution of several clades?

Work with: Joseph Walker, Joseph Brown, Nat Hale (and me)
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Gene tree examination exposes errors

Examine trees for systematic error
◦ Crazy outgroup/ingroup issues
◦ Really long branches

club moss
corn
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Analyses
Instead of examining one or a few topologies
◦ Check concordance and conflict with ML gene trees (can filter on support)
◦ Constrain topologies based on the edges we are interested in and their 

alternatives

Smith et al. in prep

Amborella sister

Nymphaeales sister

Amborella+
Nymphaeales

Use constraint for ML gene runs Which constraint had 
the highest likelihood 
(and > 2#$%)? 

Must have necessary taxa
Can’t have crazy 
outgroup/ingroup

Check every gene

Count genes

Sum ∆#$%

Constraints

#() ∗ #+,$-)./0$)-
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Why not fixed topologies?
Several processes underlie these trees

As we incorporate more taxa or go deeper in the tree, we are likely to 
include even more complexity

Gene 1 Gene 2

a b

c d e f

a b

c de f
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Analyses again…

Amborella sister

Nymphaeales sister

Amborella+
Nymphaeales

Constraints
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Diospyros_malabarica51.72 &'&

better than 
alternative97.78 &'&

better than 
alternative

These are the better vs the 
alternatives and are concordant 
with the ML tree (so there isn’t 
some even better alternative)
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Analyses again…

Amborella sister

Nymphaeales sister

Amborella+
Nymphaeales

Constraints

26.68 %&%
better than 
alternative

These are the better vs the 
alternatives and are concordant 
with the ML tree (so there isn’t 
some even better alternative)
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However, the di�erences between the alternatives are so slight that they may be explained by di�erences165

in datasets or taxon sampling.166

Nevertheless, while we can isolate the signal for di�erent relationships without the assumption of a single167

species tree, the analyses presented here rely on the underlying dataset. While the dateset analyzed168

here does not represent the entire genome, it does represent extensive sequencing of transcriptomes169

and genomes for the taxa included. We can say, with confidence, what these data support or do not170

support, but di�erent datasets (e.g., based on di�erent taxa, di�erent homology analyses) may have171

stronger signal for di�erent relationships. We recommend analyzing these future datasets with an eye172

toward specific hypotheses regarding relationships. [JWB: While I agree it is sensible to couch173

this as realistically as possible, at present it comes across as a bit wishy-washy (“we’ve174

shown you these results, but don’t necessarily believe them”). In addition, I think such175

sentiments belong in a conclusion rather than the middle.] [NWH: I agree]176

Table 1. Comparison of the number of genes and the di�erence in the likelihood (DlnL) between dominant177

alternatives [JWB: I don’t like “di�erence in the likelihood”. It’s a sum, right?]178

Major clade Resolutions Genes Genes (> 2lnL) DlnL DlnL > 2

Horworts Hornworts sister* 110 83 677.6 654.1
Liverworts sister 56 41 294.1 280.8
Mosses+liverworts 81 40 228.9 190.2
All monophyly 81 37 185.3 148.5

Gymnosperms monophyly* 288 264 7259.0 7233.8
Gnetum sister 45 31 229.8 216.0
Cycas sister 39 18 120.3 105.2

Gymno relat. Gnepine* 107 85 1017.2 994.4
conifers 93 79 800.0 787.2
Gnetifers 134 55 288.1 217.8
Gnetales sister 76 40 211.2 176.3

Amborella Amborella sister* 184 152 1501.1 1470.0
Amborella+Nuphar 118 75 564.2 526.3
Nuphar sister 111 62 392.2 345.2

Eudicots Magnoliids+eudicots* 114 98 1223.4 1204.3
Monocots+eudicots 66 49 541.5 526.5
Monocots+magnoliids 90 58 453.3 425.5

[JWB: maybe plot the ages of the 5 nodes of interest (Tabel 1) in the plot below?179

Vertical lines or coloured points would work. This would help non plant people to orient180

themselves.]181

Examination of support and conflict in relation to time across all nodes with time as estimated using182

TIMETREE (XXX).183

5

Results
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Many that were in conflict are 
uninformative (weakly in conflict, 
weird relationships, etc) or 
represent very minority 
relationships

However, the di�erences between the alternatives are so slight that they may be explained by di�erences165

in datasets or taxon sampling.166

Nevertheless, while we can isolate the signal for di�erent relationships without the assumption of a single167

species tree, the analyses presented here rely on the underlying dataset. While the dateset analyzed168

here does not represent the entire genome, it does represent extensive sequencing of transcriptomes169

and genomes for the taxa included. We can say, with confidence, what these data support or do not170

support, but di�erent datasets (e.g., based on di�erent taxa, di�erent homology analyses) may have171

stronger signal for di�erent relationships. We recommend analyzing these future datasets with an eye172

toward specific hypotheses regarding relationships. [JWB: While I agree it is sensible to couch173

this as realistically as possible, at present it comes across as a bit wishy-washy (“we’ve174

shown you these results, but don’t necessarily believe them”). In addition, I think such175

sentiments belong in a conclusion rather than the middle.] [NWH: I agree]176

Table 1. Comparison of the number of genes and the di�erence in the likelihood (DlnL) between dominant177

alternatives [JWB: I don’t like “di�erence in the likelihood”. It’s a sum, right?]178

Major clade Resolutions Genes Genes (> 2lnL) DlnL DlnL > 2

Horworts Hornworts sister* 110 83 677.6 654.1
Liverworts sister 56 41 294.1 280.8
Mosses+liverworts 81 40 228.9 190.2
All monophyly 81 37 185.3 148.5

Gymnosperms monophyly* 288 264 7259.0 7233.8
Gnetum sister 45 31 229.8 216.0
Cycas sister 39 18 120.3 105.2

Gymno relat. Gnepine* 107 85 1017.2 994.4
conifers 93 79 800.0 787.2
Gnetifers 134 55 288.1 217.8
Gnetales sister 76 40 211.2 176.3

Amborella Amborella sister* 184 152 1501.1 1470.0
Amborella+Nuphar 118 75 564.2 526.3
Nuphar sister 111 62 392.2 345.2

Eudicots Magnoliids+eudicots* 114 98 1223.4 1204.3
Monocots+eudicots 66 49 541.5 526.5
Monocots+magnoliids 90 58 453.3 425.5

[JWB: maybe plot the ages of the 5 nodes of interest (Tabel 1) in the plot below?179

Vertical lines or coloured points would work. This would help non plant people to orient180

themselves.]181

Examination of support and conflict in relation to time across all nodes with time as estimated using182

TIMETREE (XXX).183

5
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Carica papaya

Acorus americanus

Sciadopitys verticillata

Gnetum montanum

Physcomitrella patens

Colchicum autumnale

Vitis vinifera

Nuphar advena

Saruma henryi

Oryza sativa

Prumnopitys andina

Cycas micholitzii

Ricciocarpos natans

Medicago truncatula

Brachypodium distachyon

Marchantia polymorpha

Thuidium delicatulum

Zamia vazquezii

Pseudolycopodiella caroliniana

Arabidopsis thaliana

Sarcandra glabra

Ceratodon purpureus

Eschscholzia californica

Ginkgo biloba

Inula helenium

Taxus baccata

Rosmarinus officinalis

Houttuynia cordata

Metzgeria crassipilis

Larrea tridentata

Sorghum bicolor

Podophyllum peltatum

Juniperus scopulorum

Bryum argenteum

Polytrichum commune

Boehmeria nivea

Anomodon attenuatus

Pinus taeda

Marchantia emarginata

Yucca filamentosa

Zea mays

Welwitschia mirabilis

Nothoceros vincentianus

Hibiscus cannabinus

Tanacetum parthenium

Amborella trichopoda

Sphagnum lescurii

Nothoceros aenigmaticus

Catharanthus roseus

Alsophila spinulosa

Ophioglossum petiolatum

Selaginella moellendorffii genome

Pteridium aquilinum

Bazzania trilobata

Cycas rumphii

Sabal bermudana

Rhynchostegium serrulatum

Kochia scoparia

Leucodon brachypus

Equisetum diffusum

Dioscorea villosa

Ipomoea purpurea

Populus trichocarpa

Diospyros malabarica

Aquilegia formosa

Cedrus libani

Angiopteris evecta

Ephedra sinica

Persea americana

Cunninghamia lanceolata

Smilax bona-nox

Allamanda cathartica

Kadsura heteroclita

Huperzia squarrosa

Liriodendron tulipifera

Selaginella moellendorffii 1kp

Dendrolycopodium obscurum

Psilotum nudum

Hedwigia ciliata

Hornworts

Liverworts

Mosses

Ferns

Club mosses

Magnoliids

Gymnosperms

Monocots

Eudicots

concordance

uninformative

conflict

ML rel.

others+uninform.

conflicts

lnL

#gt

>2lnL

lnL

#gt

>2lnL

lnL

#gt

>2lnL

lnL

#gt

>2lnL

lnL

#gt

>2lnL

Gymnosperms are monophyletic

In this dataset…

Bryophytes are not monophyletic

Relationships within Gymnosperms 
are not clear

Amborella is sister to Angiosperms

Magnoliids are sister to eudicots



Stephen A. Smith

Magnoliids
Monocots

Eudicots
Gymnosperms
others

Pine
Gnetum

others
2lnLfiltered

256398114127

Of those trees that support… how many support… and of those, how 
many support…
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Conclusions

By examining individual relationships we may be able to more 
confidently make conclusions regarding datasets and relationships

It is probably unreasonable to assume that all genes will speak to all 
the edges of a tree
◦ Rate of evolution
◦ Gene specific evolutionary processes

These approaches explored here are just the first steps, but
◦ They are tractable
◦ They are easily extensible
◦ They support a great deal of complexity

Questions remain
◦ Are these consistent with the coalescent?

Look for more coming soon!
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Do you want to do anything that is here?
Check out the github and bitbucket under the 
◦ User: blackrim
◦ Organization: FePhyFoFum

phyparts
◦ General tool for conflict and concordance
◦ If you have duplications
◦ https://bitbucket.org/blackrim/phyparts

phyx
◦ Many tools but pxbp can be useful if you have 

mostly (all) overlapping taxa
◦ https://github.com/FePhyFoFum/phyx

gophy
◦ New tool for intended to be faster and more 

efficient 
◦ https://github.com/FePhyFoFum/gophy

Look for more things coming out of the lab 
over the next couple months
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