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ABSTRACT

Angiosperms (flowering plants) are the most diverse and species-rich group of plants. The vast majority

(�99.95%) of angiosperms form a clade called Mesangiospermae, which is subdivided into five major

groups: eudicots, monocots, magnoliids, Chloranthales, and Ceratophyllales. The relationships among

these Mesangiospermae groups have been the subject of long debate. In this study, we assembled a phy-

logenomic dataset of 1594 genes from 151 angiosperm taxa, including representatives of all five lineages,

to investigate the phylogeny of major angiosperm lineages under both coalescent- and concatenation-

based methods. We dissected the phylogenetic signal and found that more than half of the genes lack

phylogenetic information for the backbone of angiosperm phylogeny. We further removed the genes

with weak phylogenetic signal and showed that eudicots, Ceratophyllales, and Chloranthales form a clade,

with magnoliids and monocots being the next successive sister lineages. Similar frequencies of gene tree

conflict are suggestive of incomplete lineage sorting along the backbone of the angiospermphylogeny. Our

analyses suggest that a fully bifurcating species tree may not be the best way to represent the early radi-

ation of angiosperms.Meanwhile, we inferred that the crown-group angiosperms originated approximately

between 255.1 and 222.2million years ago, andMesangiospermaediversified into the five extant groups in a

short time span (�27 million years) at the Early to Late Jurassic.
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INTRODUCTION

Flowering plants (angiosperms) are among the largest and most

structurally and functionally diverse plant groups on Earth (Judd

et al., 1999). Angiosperms have crucial roles in current

terrestrial ecosystems (Foster, 2016) and provide food for

humans and domestic animals and other materials important to

human society (Tilman et al., 2002). Among angiosperms,

Mesangiospermae account for �99.95% of extant species and
Plant C
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include five lineages: eudicots, monocots, magnoliids,

Chloranthales, and Ceratophyllales (Cantino et al., 2007).

Eudicots and monocots are the two largest and most diverse

clades of Mesangiospermae, accounting for �75% and �20%
ommunications 1, 100027, March 2020 ª 2020 The Author(s).
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Figure 1. Representative Published Topol-
ogies among the Five Major Groups of Me-
sangiospermae: Eudicots, Monocots, Mag-
noliids, Chloranthales, and Ceratophyllales.
Shown are topologies derived from: (A) plastid

genes (Moore et al., 2007, 2010; Soltis et al., 2011;

Ruhfel et al., 2014; Gitzendanner et al., 2018); (B)

mitochondrial genes (Qiu et al., 2010); (C)

combined plastid and morphological data

(Endress and Doyle, 2009); (D) nuclear data

(Wickett et al., 2014; Zeng et al., 2014); and (E)

nuclear data (Puttick et al., 2018).
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of angiosperm species (http://www.theplantlist.org/). Magnoliids,

with over 10 000 species, form the third major clade, and

comprise four orders: Canellales, Laurales, Magnoliales, and

Piperales (Cantino et al., 2007). The other two

Mesangiospermae groups, Chloranthales and Ceratophyllales,

are relatively small lineages, but are evolutionarily significant

with macrofossil records dating back to the Early Cretaceous

(Friis et al., 2010). Chloranthales encompass four genera and

about 77 extant species, and Ceratophyllales comprise four

species of the single extant genus Ceratophyllum (Maarten

et al., 2016).

A fully resolved and well-supported phylogeny is important for

understanding the evolutionary history of angiosperms, and

provides a foundation for research on gene function and pheno-

typic evolution. The angiosperm phylogeny has been greatly

improved in recent years (e.g., Moore et al., 2007; Soltis et al.,

2011; Ruhfel et al., 2014; Wickett et al., 2014; Zeng et al., 2014;

Byng et al., 2016; Zhong and Betancur-R, 2017; Gitzendanner

et al., 2018; Leebens-Mack et al., 2019; Li et al., 2019), but

the branching order of early divergent lineages remains

contentious, especially among Mesangiospermae (Figure 1).

The latest version of the Angiosperm Phylogeny Group

classification, APG IV (Byng et al., 2016), placed an uncertain

relationship among Chloranthales, magnoliids, and a

monocots–Ceratophyllales–eudicots clade. Of particular note

is that molecular data from the different genomic sources

within angiosperms often carry different phylogenetic signals.

Previous analyses based on plastid genes suggest that a

clade comprising Chloranthales + magnoliids is sister to

monocots + (Ceratophyllales + eudicots) (Figure 1A; Moore

et al., 2007; Soltis et al., 2011; Ruhfel et al., 2014; Gitzendanner

et al., 2018). Despite sampling nearly 3000 chloroplast

genomes across the angiosperm phylogeny, Li et al. (2019)

have shown that the relationships among Mesangiospermae

remained poorly resolved and that the rapid radiations may

have occurred during the early evolutionary history of

Mesangiospermae. Analyses based on mitochondrial genes

recover different relationships within Mesangiospermae, with

eudicots + monocots forming the sister group to magnoliids,

and these three lineages being the sister group to
2 Plant Communications 1, 100027, March 2020 ª 2020 The Author(s).
Ceratophyllales + Chloranthales (Figure 1B;

Qiu et al., 2010). Endress and Doyle (2009)

combined plastid and morphological data,

and recovered eudicots + (monocots +

magnoliids) as sister to the clade including

Ceratophyllales and Chloranthales
(Figure 1C). The relationships among these clades remain

discrepancies in different analyses using nuclear datasets.

Zeng et al. (2014) analyzed 59 low-copy nuclear genes of 60

angiosperms, and suggested that a clade comprising

Chloranthales + Ceratophyllales is closely related to eudicots,

with magnoliids and monocots as successive sister groups

(Figure 1D). Wickett et al. (2014) used large number of nuclear

genes (674 or fewer genes) to estimate the relationships among

land plants and recovered a similar angiosperm topology to

that reported by Zeng et al. (2014), but included few

angiosperms (37 species) and did not sample Ceratophyllales.

Puttick et al. (2018) used expanded data from Wickett et al.

(2014) with optimized phylogenetic analyses, and found a

close relationship between eudicots and Chloranthales +

magnoliids, with monocots being the sister lineage to these

three groups (Figure 1E). Recently Leebens-Mack et al. (2019)

showed that the deep-branching relationships of angiosperm

remain unresolved even using thousands of transcriptomes

of green plants. Overall, despite being a widely studied topic,

the relationships along the backbone of angiosperm phylogeny

remain elusive.

Fossil evidence suggests that angiosperms arose in the Early

Cretaceous, approximately 140 million years ago (Ma) (Doyle,

2012; Gomez et al., 2015), and underwent an extremely rapid

radiation in their early evolutionary history (Lidgard and Crane,

1988, 1990; Crane and Lidgard, 1989, 1990; Friis et al., 2010;

Herendeen et al., 2017). Consequently, angiosperms quickly

came to dominate terrestrial environments (Magallón and

Castillo, 2009; Friis et al., 2011). This rise and subsequent

apparently rapid diversification of flowering plants in the Mid-

Cretaceous was famously described as an ‘‘abominable mys-

tery’’ in Charles Darwin’s letter to Joseph Hooker in 1879

(Darwin et al., 1903; Friedman, 2009). Despite new fossil

discoveries and considerable advances in methods, the timing

of the origin of angiosperms, and implicitly Mesangiospermae,

remains elusive. In contrast to the purely fossil-based estimates

of angiosperms arising in the Early Cretaceous, which might

represent the radiation of Mesangiospermae, recent molecular

dating studies often recover highly variable divergence times

for Mesangiospermae (Smith et al., 2010; Zeng et al., 2014;

http://www.theplantlist.org/


Nuclear Phylogeny of Angiosperms Plant Communications
Foster et al., 2017; Barba-Montoya et al., 2018; Li et al., 2019). For

example, Zeng et al. (2014) reported that the onset of

Mesangiospermae was estimated to have occurred between

191 and 151 Ma in the Jurassic, consistent with an early origin

of Mesangiospermae proposed by Foster et al. (2017) (195–157

Ma) and Li et al. (2019) (193–146 Ma). However, in a study with

very strong maximum age constraints, Magallón et al. (2015)

indicated that the diversification of Mesangiospermae begun at

137–135 Ma in the Cretaceous.

In this study, our main objective is to investigate the causes of

the lack of resolution surrounding the backbone of angiosperm

phylogeny. We sampled 1594 protein-coding nuclear genes

from 151 angiosperm taxa, including the earliest diverging

angiosperm lineages and representatives of all five major groups

of Mesangiospermae. The large nuclear dataset allows us to

dissect whether lack of phylogenetic signal or gene tree conflict

can result in low resolution of phylogenetic relationship of five

major lineages of angiosperms, and whether the angiosperm

evolution is strictly bifurcating. We employed both coalescent

and concatenation approaches to infer angiosperm phyloge-

netic trees. Additionally, as a comparison with recent mainly

plastome-based molecular dating studies, we also infer the

evolutionary timescale of angiosperms.
RESULTS

Datasets

We searched transcriptome datasets we previously generated

and a newly generated transcriptomic dataset for a third species

of Chloranthales (Hedyosmum orientale), as well as additional

public sources for orthologous nuclear sequence data from

angiosperms and gymnosperm outgroup taxa. Our initial dataset

contained 4180 orthologous genes (OGs) from 151 angiosperm

species, including 98 eudicots, 24 monocots, 19 magnoliids,

four Chloranthales species, two Ceratophyllales species, and

four species of ANA grade, along with two gymnosperm out-

groups (Ginkgo biloba and Pinus taeda) (Supplemental Table 1).

After filtering out putatively spurious and/or paralogous

sequences with extremely long branches, 1696 OGs were

retained for further analyses. We calculated the average

bootstrap support (ABS) value and the ‘‘Tree Certainty all’’

(TCA) score to quantify the accuracy of gene tree estimation

(Salichos and Rokas, 2013; Salichos et al., 2014). We retained

only genes that had lengths of a minimum of 600 nucleotides,

with both ABS R50% and TCA >0.3, resulting in a working

dataset of 1594 genes. These genes had taxon coverage

ranging from 70% to 100% (average of 87.6%) and an average

length of 1080 nucleotides.
Phylogenetic Analyses Based on 1594 Nuclear Genes

We applied both coalescent and concatenation methods

to reconstruct the angiosperm phylogeny using the 1594-

gene dataset. Our phylogenomic analyses recovered full

support for Amborella being sister to all other extant

angiosperms, followed successively by Nymphaeales and

Austrobaileyales (ANA grade: Amborella/Nymphaeales/Austro-

baileyales), in agreement with previous studies (e.g., The

Amborella Genome Project, 2013; Wickett et al., 2014; Zeng

et al., 2014; Zhong and Betancur-R, 2017; Gitzendanner
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et al., 2018; Leebens-Mack et al., 2019; Li et al., 2019;

Zhang et al., 2020). All five major lineages of the

remaining angiosperms (Mesangiospermae) were recovered

as monophyletic groups with maximum support, consistent

with previous analyses (Ruhfel et al., 2014; Zeng et al., 2014;

Gitzendanner et al., 2018; Leebens-Mack et al., 2019; Li

et al., 2019). However, the relationships among the five

lineages of Mesangiospermae were less robustly resolved

(Figure 2), especially the position of Ceratophyllales. In the

concatenation analyses with ultrafast bootstrapping support

(UFboot), eudicots and Chloranthales were recovered as a

sister group with full support (Figure 2A). Magnoliids and

monocots were recovered as the next two successive sister

lineages with maximum support, and Ceratophyllales as sister

to the rest of Mesangiospermae with 100% UFboot support.

The coalescent-based phylogeny was inferred with ASTRAL,

which accounts for gene tree heterogeneity due to incomplete

lineages sorting (ILS), and the node support was estimated by

local posterior probability (PP) and multilocus bootstrapping

(MLBS). The coalescent-based analyses revealed that eudicots

and Chloranthales were sisters with low support (0.51 PP and

29% MLBS), with Ceratophyllales being sister to eudicots +

Chloranthales with 0.98 PP and 76% MLBS (Figure 2B).

Magnoliids and monocots were recovered as the next two

successive sister lineages, with strong support (0.98 PP/95%

MLBS and 1.0 PP/100% MLBS, respectively).
Evaluation of Gene Tree Conflict and Phylogenetic
Signal

The conflicts between gene trees and concatenation-based

species tree were prevalent at the nodes along the backbone of

the angiosperm phylogeny (Figure 2A and Supplemental

Figure 2), although the concatenation analyses yielded highly

supported topology. The percentage of conflicting bipartitions

for the three backbone nodes among Mesangiospermae

ranged from 45.55% to 59.66%, and the topological

concordance for these nodes ranged only from 0.63% to

2.70% (pie chart in Figure 2A). Importantly, the quartet score

calculated by ASTRAL was low at these three internal nodes

(e.g., 34%, with alterative quartet support 34% and 30%;

Figure 2B and Supplemental Figure 3) based on the

coalescent-based species tree. The uninformative bipartitions

with bootstrap values lower than 50% were prevalent at most

internal nodes, specifically at the three internal nodes represent-

ing the relationships among five major Mesangiosperm lineages

(39.71%–51.76% uninformative bipartitions for concatenation-

based topology; Figure 2A). To further gauge the phylogenetic

signal present in our phylogenomic dataset, for each gene

tree, we used the approximately unbiased (AU) test

(Shimodaira, 2002) to compare the likelihoods of the

coalescent-based species tree based on 1594-gene dataset

(Figure 2B) and four alternative hypotheses for the five major

lineages of Mesangiosperm (Figure 1A–1D). We found that

many among the 1594 genes lacked phylogenetic signals to

resolve the relationships among five Mesangiosperm lineages

(Supplemental Figure 4): 53% of genes could not reject any

of the five topologies at the 5% confidence level, and 29%

of genes rejected one of the five hypotheses. Only 12% of

genes could significantly reject two hypotheses. Therefore,

we filtered out the genes with low phylogenetic signal to obtain
ommunications 1, 100027, March 2020 ª 2020 The Author(s). 3
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Figure 2. The Species Trees Inferred from the Dataset of 1594 Nuclear Gene.
(A) The concatenation-based species tree inferred by IQ-TREE. Numbers associated with nodes are the ultrafast bootstrapping support (UFboot); di-

amonds indicate UFboot support of 100%. The branch lengths in substitutions per site were estimated by IQ-TREE. The pie charts at three backbone

nodes of angiosperms present the proportion of gene tree concordance and conflict in the 1594-gene dataset. Pie chart color coding: blue, fraction of

gene trees that are concordant with the species tree; green, fraction of gene trees supporting the secondmost common conflicting topology; red, fraction

of gene trees supporting all other alternative conflicting partitions; gray, fraction of gene trees with <50% bootstrap support at that node.

(B) The coalescent-based species tree was inferred by ASTRAL. Numbers associated with nodes are support values obtained by the posterior probability

(PP, on the left) and multilocus bootstrapping (MLBS, on the right). Diamonds indicate PP of 1.0 and MLBS of 100%. The branch lengths in coalescent

units were estimated by ASTRAL. Pie charts show relative quartet support for the current tree (blue) and the two (green and red) alternative quartets.
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two subsets (756 genes and 296 genes) for subsequent

phylogenomic inferences.
Inferring the Species Tree of Five Major Groups of
Mesangiospermae

Coalescent-based analyses of the two smaller datasets (756

genes and 296 genes) produced well-supported results for the

backbone nodes of the angiosperm phylogeny (Figure 3 and

Supplemental Figure 5). The monophyly of angiosperms received

maximal support, with Amborella sister to all other angiosperms,

followed by Nymphaeales and Austrobaileyales with strong

support. Mesangiospermae and all of its five major lineages were
4 Plant Communications 1, 100027, March 2020 ª 2020 The Autho
recovered as monophyletic with maximum support. We found

that eudicots, Ceratophyllales, and Chloranthales constituted a

clade with high support. Within the clade, eudicots and

Ceratophyllales as a sister group were supported with moderate

support (0.62 PP and 85% MLBS for 756 genes; 0.78 PP and

97% MLBS for 296 genes). Magnoliids and monocots were

successive next sister group to this clade with 0.89 PP and 86%

MLBS for 756 genes but 0.68 PP and 25% MLBS for 296 genes

(Figure 3B). The inferences based on the 756-gene and 296-gene

datasets were largely congruent with that of the 1594-gene

dataset, except for the placement of Ceratophyllales and Chlor-

anthales (cf. the relationship of (Ceratophyllales (Chloranthales +

eudicots)) in the 1594-gene dataset).
r(s).
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Figure 3. The Coalescent-Based Species Tree of Angiosperms Is Supported by the Trees Inferred from Two Subsets of Nuclear
Genes.
(A) The tree inferred by ASTRAL using 296 genes. The detailed phylogeny of 756 genes is presented in Supplemental Figure 4. Numbers associated with

nodes are support values: posterior probability and multilocus bootstrapping (PP and MLBS). The first two are PP and MLBS values from 756 genes, and

the last two are PP and MLBS values from 296 genes. Diamonds indicate PP of 1.0 and MLBS of 100% in both datasets. The branch lengths are in

coalescent units, as estimated by ASTRAL. The pie charts at three backbone nodes of angiosperms show relative quartet support for the current tree

(blue) and the two (green and red) alternative quartets. p values for the polytomy test are given for four backbone nodes of angiosperm below the

respective pie charts for those nodes, and significance (p % 0.05) is indicated with an asterisk.

(B) An abbreviated tree showing the relationship of the five lineages of Mesangiospermae with associated support values (PP/MLBS).
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Within the eudicots, Ranunculales, Proteales, and Buxales were

successive sisters to all other eudicots (also referred to as core

eudicots) with maximal support (Figure 3A). The positions of
Plant C
Dilleniaceae remain uncertain, with 0.41 and 0.79 PP but only

9% and 15% MLBS values for its placement as sister to

Gunnerales using 756- and 296-gene sets, respectively. The
ommunications 1, 100027, March 2020 ª 2020 The Author(s). 5



Figure 4. Chronogram Depicting the Evolutionary Timescale of 151 Angiosperms and Two Gymnosperm Outgroups.
Divergence times were estimated using Bayesian inference of 296 genes with 38 calibration points in MCMCTree. Fossil constraints are shown by red

dots, and the details of fossils are available in Supplemental Information. Horizontal bars represent 95% credibility intervals.
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relationships among remaining eudicots lineages were broadly

consistent with those inferred in Leebens-Mack et al. (2019),

but different from APG IV and Li et al. (2019). We consistently

recovered core rosids and Saxifragales in a clade (0.76 PP

and 96% MLBS for 756 genes; 0.5 PP and 80% MLBS for

296 genes), with Vitales and Santalales being moderately

supported successive next clades. However, the position of

Berberidopsidales was uncertain (Figure 4A and Supplemental

Figure 7). Berberidopsidales was either sister to Asterids (756

genes) or sister of the most core eudicots, except Gunnerales

(296 genes).

Relationships within the monocots were largely consistent with

published hypotheses, with Acorales, followed by Alismatales,

as successive sisters to the rest of monocots with maximal
6 Plant Communications 1, 100027, March 2020 ª 2020 The Autho
support (Zeng et al., 2014; Hertweck et al., 2015; Gitzendanner

et al., 2018). However, the relationships of Dioscoreales and

Liliales to other monocot orders were different here.

Dioscoreales were recovered as paraphyletic, with Dioscorea

opposita close to the order Pandanales, although there were

only two taxa of Dioscoreales and one of Pandanales. Thus,

additional samplings of these two orders are likely needed to

better resolve their relationships to other monocots. Among the

remaining monocots, we recovered Poales as sister to a clade

of Zingiberales + Arecales. The relationships of Asparagales

and Liliales remain uncertain, either being successive sister

clades of (Poales (Zingiberales + Arecales)) (756 genes), or as

sister groups (296 genes). The topology within magnoliids was

largely congruent with recent analyses (Massoni et al., 2014).

There was strong support for a clade with Magnoliales and
r(s).



Nuclear Phylogeny of Angiosperms Plant Communications
Laurales, which are in turn sister to a clade of Piperales and

Canellales with maximal support using both 756 and 296 genes.
Evolutionary Timescales of Angiosperms

The evolutionary timescale of angiosperms is one of the most

contentious questions in evolutionary biology. Recent investiga-

tions to estimate the angiosperm timescale have been predomi-

nantly based on datasets of chloroplast markers (e.g., Magallón

et al., 2015; Foster et al., 2017; Barba-Montoya et al., 2018; Li

et al., 2019), with limited analysis using only dozens of nuclear

genes (Zeng et al., 2014). Although not the primary aim of this

study, we inferred the evolutionary timescale of angiosperms

using our 296-gene dataset as a comparison with plastome-

based estimates. Recent studies investigating the evolutionary

timescale of angiosperms have comprehensively assessed the

impact of many potential biases on inferred ages (e.g., Foster

et al., 2017; Barba-Montoya et al., 2018). We carefully chose

values for all parameters of our analysis, such as by selecting

fossil calibrations according to contemporary gold standards

(Parham et al., 2012).

Our results did not appear to be affected by life-history-associ-

ated rate heterogeneity, or by our choice of maximum age cali-

bration (see Supplemental Information). Here, we report 95%

credibility intervals for estimated divergence times for crown

groups, as obtained through analysis with MCMCTree

(Figure 4). The estimated timeline suggests that crown-group

angiosperms diverged in the interval 255.1–222.2 Ma (Late

Permian to Late Triassic), which is similar to those estimates in

some of the recent studies (Foster et al., 2017; Barba-Montoya

et al., 2018; Morris et al., 2018; Li et al., 2019). The

diversification of Mesangiospermae was inferred to begin at

192.2–166.4 Ma. Within Mesangiospermae, both magnoliids

and monocots originated almost contemporaneously. We

inferred crown-group magnoliids to have arisen in the Middle

and Late Jurassic (170.7–147.1 Ma), and the divergence time of

monocots was dated between 174.6 and 145.7 Ma. The onset

of crown-group eudicot diversification occurred between 131.1

and 127.8 Ma. Intriguingly, the five major groups of Mesangio-

spermae diverged from one another mainly during the Early to

Late Jurassic (178.8–151.8 Ma, Figure 4). Therefore, over a

time span as short as 27 million years (Myr), angiosperms

underwent a rapid radiation with explosive diversification.
DISCUSSION

Many recent analyses have focused on resolving the angiosperm

phylogeny with large genome-scale datasets (Gitzendanner

et al., 2018; Leebens-Mack et al., 2019; Li et al., 2019). Yet, the

relationships among Mesangiospermae remained poorly

resolved in these studies, and the taxon sampling of

Chloranthales and Ceratophyllales was still rather limited.

These examples demonstrate that for problematic deep nodes

of the angiosperm phylogeny, such as the relationships among

major lineages of Mesangiospermae, simply increasing taxon

sampling is unlikely to lead to accurate inference or increase

bootstrap support, but is likely to increase computational

difficulties. Considering this, we tailored our taxon sampling to

target the relationships at the order level and above, specifically

focusing on the relationships among the major clades of
Plant C
Mesangiospermae. For three major lineages (eudicots,

monocots, and magnoliids), we sampled the representative

species for each order covering 45 of 59 orders of APG IV (for

details see Methods). For two smaller groups, Ceratophyllales

and Chloranthales, we maximized representative sampling and

newly sequenced one transcriptome of the genus Hedyosmum

(Chloranthales). In total, we sampled two species of

Ceratophyllales and four species of Chloranthales.
Incomplete Lineage Sorting during the Early
Angiosperm Evolution

In our phylogenomic analyses, we recovered two inconsistent

topologies for the five Mesangiospermae lineages using coales-

cent- and concatenation-based approaches. We calculated

topological concordance and discordance between 1594 gene

trees and the species tree, showing low percentage of topologi-

cal concordance but a large degree of gene tree heterogeneity

at deep internal branches, especially along the backbone of

the angiosperm phylogeny (Figure 2; Supplemental Figures 2

and 3). Importantly, given the nearly identical quartet

frequencies for alternative topologies for the backbone of

angiosperm with our datasets (Figures 2B and 3; Supplemental

Figure 6), ILS is likely to impede phylogenetic resolution for the

backbone of the angiosperm phylogeny. The concatenation

method assumes that all genes have the same or similar

evolutionary histories and implicitly ignore several complicated

evolutionary realities, including gene tree conflict due to ILS

and hybridization. Analyses of simulated and empirical data

have demonstrated that concatenation approaches yield

inconsistent results in the presence of ILS (Kubatko and

Degnan, 2007; Zhong et al., 2013; Jarvis et al., 2014; Xi et al.,

2014; Roch and Steel, 2015). Therefore, the concatenation

approach may not be suitable for resolution of relationships

among the five Mesangiospermae lineages.

Lack of phylogenetic signal may be part of the cause for the

contentious relationship among these five groups of angio-

sperms. A large fraction of bipartitions of 1594 gene trees was

uninformative at deep internal branches of the angiosperm

tree of life (Figure 2A and Supplemental Figure 2). We used

these uninformative genes (53% of 1594 genes) to infer a

coalescent-based species tree, and found that support for

relationships among the five main Mesangiospermae clades

was negligible (Supplemental Figure 8). After filtering out

these genes, the phylogenomic analyses based on the two

subsets produced a largely congruent species tree, and the

backbone of angiosperm phylogeny was well supported

(Figure 3). The clade consisting of eudicots, Ceratophyllales,

and Chloranthales was recovered in all coalescent-based ana-

lyses. The sister-group relationship between eudicots and

Ceratophyllales was moderately supported, but the polytomy

for the relationships among eudicots, Ceratophyllales, and Chlor-

anthales could not be rejected (Figure 3). The magnoliids and

monocots, being successive sister lineages of the eudicots–

Ceratophyllales–Chloranthales clade, were recovered in the

coalescent-based analyses. However, the support values of

these nodes were moderate, and the polytomy test could not

be rejected among these two lineages and the eudicots–Cerato-

phyllales–Chloranthales clade in the analyses of two subsets.
ommunications 1, 100027, March 2020 ª 2020 The Author(s). 7
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These results suggested that a fully bifurcating tree may be an

inadequate representation of the early radiation of angiosperms.

Rapid Radiation of Mesangiospermae

We inferred that five major clades of Mesangiospermae

arose during a rapid radiation (�27 Myr), similar to the findings

of recent studies (Foster et al., 2017: 27 Myr; Salomo et al.,

2017: 34 Myr; Li et al., 2019: 5 Myr). During this radiation, the

diverse morphological and functional attributes of

angiosperms were established (Magallón et al., 2015). Our

estimated timeline showed that the earliest angiosperms

originated in the Middle Triassic and the emergence of

Mesangiospermae was in the Early Jurassic period. The

similarity of our results to recent plastome-based studies

reinforces suggest that more accurate and precise estimates

of the evolutionary timescale of angiosperms will arise through

improvedmodels of molecular evolution and through the discov-

ery of more early-diverging crown-group angiosperm fossils,

rather than through increased gene sampling (Foster et al.,

2017).

It is intriguing that the radiation of the crown groups of the

major Mesangiospermae lineages is inferred to have occurred

nearly 100 Myr after the origin of crown-group angiosperms.

Possible explanations can be derived from paleoclimatic re-

cords. Climate simulations by Chaboureau et al. (2014)

suggest that the Middle Triassic and Early Jurassic were

characterized by extensive continuous latitudinal desert zones

and a dry environment, which might have limited the potential

migration and radiation of angiosperms. From the Early

Jurassic (180 Ma) to the Early Cretaceous (120 Ma), the

breakup of Pangea led to sharply increased continental rainfall

and decreased desertic belts, possibly providing a

geographical space and suitable environment for the major

radiations of angiosperms. Our estimates for the timing of

diversification of the crown groups of Mesangiospermae

appears to coincide with global climatic changes associated

with the decrease of desertic belts and the subsequent

expansion of temperate zones during the Triassic to

Cretaceous period, and might be an example of range

expansion promoting diversification.

METHODS

Taxon Sampling and Data Collection

We sampled 151 species representing the major lineages of angio-

sperms: 98 eudicots, 24 monocots, 19 magnoliids, four Chloranthales,

two Ceratophyllales, and four early-diverging angiosperms. Our dataset

includes representatives of most orders of Mesangiospermae: 32/44

eudicots orders, 9/11 monocots orders, 4/4 magnoliids orders, as well

as Chloranthales and Ceratophyllales. Two gymnosperms (G. biloba

and P. taeda) were used as outgroups. We source our data from 31 ge-

nomes from Phytozome (https://phytozome.jgi.doe.gov/pz/portal.html),

72 transcriptomes from GenBank (http://www.ncbi.nlm.nih.gov/

genbank/), 18 transcriptomes retrieved from the ‘‘1000 plants’’ project

database (https://db.cngb.org/blast4onekp), and 31 previously gener-

ated transcriptomes (Zeng et al., 2014; Huang et al., 2016a, 2016b;

Zeng et al., 2017; C.-H.H. and H.M., unpublished). We newly

sequenced the transcriptome of H. orientale following the protocols

outlined in Zeng et al. (2014) (details provided in Supplemental

Table 1). The complete list of taxa and information of data sources are

provided in Supplemental Table 2.
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Identification of Candidate Orthologous Genes

To identify reliable OGs for phylogenomic analyses, we obtained an initial

dataset of 4180 putative orthologous genes (pOGs), which are shared by

nine angiosperm genomes (Arabidopsis thaliana, Populus trichocarpa,

Glycine max, Medicago truncatula, Vitis vinifera, Solanum lycopersicum,

Oryza sativa, Sorghum bicolor, and Zea mays) available from the Deep

Metazoan Phylogeny website (Ebersberger et al., 2009; http://www.

deep-phylogeny.org/hamstr/). The 4180 pOGs were used as queries to

retrieve homologous sequences from 153 species using HMMER

v3.1b2 (Eddy, 2011) with default parameters. Amino acid sequences of

each pOG were aligned by MAFFT v.7.3 (Katoh and Standley, 2013)

using the L-INS-I algorithm, after which corresponding nucleotide

alignments of each pOG were generated using PAL2NAL v14 (Suyama

et al., 2006). Ambiguously aligned regions were excluded using Gblocks

v.0.91b (Castresana, 2000) with the ‘‘codon’’ model and half gaps

allowed. In addition, genes shorter than 600 nucleotides and sequences

shorter than 50% of the alignment length were culled to reduce the

amount of missing data, resulting in 2435 pOGs.

To identify putatively spurious or paralogous sequences, we applied a

paralog-filtering work flow (Supplemental Figure 1; Simion et al., 2017).

First, we estimated gene trees for the 2435 pOGs using maximum

likelihood (ML) in RAxML v8.2.4 (Stamatakis, 2014) with the GTR+G

substitution model and 100 rapid bootstrap replicates. We then inferred

a reference species tree using a coalescent approach in ASTRAL-III

v5.5.9 (Zhang et al., 2018) (hereafter ASTRAL), with all 2435 ML gene

trees as the input. The branch lengths of the reference tree were

optimized by analyzing a concatenated dataset of all 2435 pOGs using

RAxML. We further estimated the branch lengths of each pOG based on

constraint search of the reference topology, and removed putatively

spurious or paralogous sequences if a ratio of the terminal branch

length on the constrained gene tree and the reference tree was greater

than 5 times. In addition, we calculated the Pearson correlation

coefficient r between branch lengths on the constrained gene tree and

the reference tree, and removed genes whose r values were outliers.

Outlier genes were defined as those whose r values were greater than

the upper whisker or smaller than the lower whisker of a box plot in the

R programming environment (Ihaka and Gentleman, 1996):
Upper whisker = min(max(x), Q3 + 1.5 IQR), (Equatio
n 1)
Lower whisker = max(min(x), Q1 � 1.5 IQR), (Equatio
n 2)

where max(x) and min(x) are the maximum and minimum value for a set

of r values, respectively. Q1 and Q3 are the first quartile and the third

quartile, and IQR (interquartile range) is the difference in values between

Q3 and Q1 (Q3 � Q1). To relax the assumption of a constrained gene

tree, we further compared the branch lengths of each ML gene tree (un-

constrained gene tree) and the reference tree, and sequences were

removed if a ratio was greater than 5 times.

The final remaining sequences of each pOG were realigned and trimmed,

and genes were discarded if the length was below 600 nucleotides and

species coverage was lower than 70%. As Ceratophyllales and Chloran-

thales have smaller numbers of species, it is necessary to maintain all

samples of these two clades (six species in total). Therefore, to identify

OGs with sufficient taxonomic coverage of these two small clades, genes

with less than six species of Ceratophyllales and Chloranthales were

removed, ending up with a dataset of 1696 OGs.
Evaluation of Gene Tree Incongruence

To quantify the incongruence of gene trees, we examined the

ABS values and the TCA scores of individual ML gene trees. The ABS of

each gene tree was calculated using a custom R script. The relative

TCA score was calculated using RAxML based on the best ML gene

tree and 100 bootstrap replicates (Salichos et al., 2014). The TCA score

is the sum of ‘‘Internode Certainty all’’ values across all internodes of a
r(s).

https://phytozome.jgi.doe.gov/pz/portal.html
http://www.ncbi.nlm.nih.gov/genbank/
http://www.ncbi.nlm.nih.gov/genbank/
https://db.cngb.org/blast4onekp
http://www.deep-phylogeny.org/hamstr/
http://www.deep-phylogeny.org/hamstr/
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phylogeny. If gene tree incongruence is rare, most bipartitions across the

tree are consistently recovered in much higher frequencies than

conflicting bipartitions and the TCA score is near 1. Alternatively, TCA is

close to 0 if many internodes have a low resolution, suggesting that a

high frequency of conflicting bipartitions have been inferred across

bootstrap replicates. We removed the genes that had ABS <50%

and TCA %0.3 from the 1696 pOGs, resulting in a working dataset of

1594 OGs.

Phylogenetic Inferences

Coalescent and concatenation approaches were used to construct

phylogenetic trees. For the coalescent approach, single ML gene trees

were inferred using RAxML with the GTR+G model and 100 rapid

bootstrap replicates. Because the summary coalescent methods are

sensitive to gene tree estimation error (Gatesy and Springer, 2014;

Bayzid et al., 2015), we collapsed low support branches (<20%

bootstrap support) in gene trees to minimize potential impacts of gene

tree error for species tree reconstruction. The species tree was inferred

using ASTRAL (Zhang et al., 2018) with node support estimated by

PP and MLBS. The quartet score was estimated for each node showing

quartet support for the species tree and two alternative topologies. The

polytomy test was calculated by ASTRAL (Sayyari and Mirarab, 2018) to

evaluate whether a polytomy can be rejected for the relationships

among five Mesangiospermae lineages, where a p value of <0.05 is

considered to reject the null hypothesis of a polytomy. For the

concatenation approach, nucleotide sequences of OGs were

concatenated by Geneious v10.2.3 (Kearse et al., 2012). The ML tree

was estimated using IQ-TREE 1.16.11(Nguyen et al., 2015) under the

GTR+G model and supports were evaluated with ultrafast bootstrapping

testing (1000 replicates) (Minh et al., 2013; Nguyen et al., 2015).

Dissecting Phylogenetic Signal among Orthologous Genes

Phylogenetic signal among gene trees was quantified by mapping 1594

rooted gene trees onto the concatenation-based species tree of the

1594-gene dataset using Phyparts (Smith et al., 2015) and ETE3

(Huerta-Cepas et al., 2016) implemented in PhyPartsPieCharts (https://

github.com/mossmatters/MJPythonNotebooks; last accessed June 24,

2017). Gene trees were rooted on G. biloba if present, using P. taeda or

Amborella trichopoda if Ginkgo was absent, and with Illicium henryi if

the first three species were not present. Gene tree bootstrap cutoff was

applied as 50% using -s parameter in Phyparts.

To further assess the phylogenetic signal present in our phylogenomic

dataset, we examined five topological hypotheses, including our new

coalescent-based phylogeny (Figure 2B) and four published

representative topologies (Figure 1A–1D). For each topology, the

constrained ML gene tree and per-site log-likelihood scores were esti-

mated for 1594-gene dataset using RAxML. For each gene, we performed

the AU test to statistically test the five topologies among the major line-

ages of Mesangiospermae in the program CONSEL (Shimodaira and

Hasegawa, 2001). If a gene could not significantly reject any of the five

hypotheses, the gene was considered to be uninformative for resolving

the backbone of the angiosperm phylogeny (lack of phylogenetic

signal). If a gene could significantly reject at least one of the five

hypotheses, the gene was considered to have phylogenetic signal.

Divergence-Time Estimation

We estimated divergence times for our angiosperm-wide, 296-gene

dataset using Bayesian inference in MCMCTree v.4.9h package (Yang,

2007; version released on March 31, 2018) with the uncorrelated

relaxed clock model (clock = 2). To specify the prior on the overall

substitution rate, we first ran BASEML (Yang, 2007) under a strict

molecular clock with the root age (crown Spermatophyta) set to 340

Ma. The ML estimates of the branch lengths were then calculated using

BASEML using the GTR+G nucleotide substitution model. We set the

prior on the overall substitution rate across loci (m) to G(1, 16.5),
Plant C
meaning 6 3 10�10 substitutions per site per year. The prior for the

degree of rate variation across branches (s2) was set to G(1, 3.4). The

time unit was set to 100 Ma, and the parameters for the birth-death

process were set as l = m = 1 and r = 0.0004. The sampling proportion

(r) of 0.04% was based on our sample size (151 taxa) compared with

the number of angiosperm species (�352 000, http://www.theplantlist.

org/). We also ran the program without sequence data to examine the

effective priors and compared the shape of specified prior and effective

prior distributions on all 38 nodes (Supplemental Figure 13). Our

assessment showed that the paleontological constraints are reflected in

the effective time prior. The MCMC analyses were run for 9 million

generations sampled every 900 generations after a burn-in of 900 000

iterations. The chain convergence was assessed by running MCMC

analyses twice, and the effective sample size of all parameters was

confirmed to be >200 using Tracer v.1.6 (Rambaut et al., 2014). All

calibration constraints were represented as uniform distributions with

soft bounds, allowing 2.5% of the probability distribution to exceed the

specified limit. The details of 38 selected fossil calibrations following

contemporary standards (Parham et al., 2012) are available in

Supplemental Information. Given the recent concerns that molecular

dating of angiosperms might be biased by shifts in rates of molecular

evolution, particularly among early-diverging lineages (Beaulieu et al.,

2015), we tested for the impacts of rate heterogeneity among lineages

on our estimates. To do so, we followed the methods of Foster et al.

(2017), and tested for the impact of any life history-associated rate hetero-

geneity. We also tested the impact of alternative maximum age calibra-

tions. Each of these analyses is described in Supplemental Information.
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