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Summary

e The establishment of modern terrestrial life is indissociable from angiosperm evolution.
While available molecular clock estimates of angiosperm age range from the Paleozoic to the
Late Cretaceous, the fossil record is consistent with angiosperm diversification in the Early
Cretaceous.

e The time-frame of angiosperm evolution is here estimated using a sample representing
87% of families and sequences of five plastid and nuclear markers, implementing penalized
likelihood and Bayesian relaxed clocks. A literature-based review of the palaeontological
record yielded calibrations for 137 phylogenetic nodes. The angiosperm crown age was
bound within a confidence interval calculated with a method that considers the fossil record
of the group.

e An Early Cretaceous crown angiosperm age was estimated with high confidence. Magnolii-
dae, Monocotyledoneae and Eudicotyledoneae diversified synchronously 135-130 million yr
ago (Ma); Pentapetalae is 126-121 Ma; and Rosidae (123-115Ma) preceded Asteridae
(119-110 Ma). Family stem ages are continuously distributed between c. 140 and 20 Ma.

e This time-frame documents an early phylogenetic proliferation that led to the establishment
of major angiosperm lineages, and the origin of over half of extant families, in the Cretaceous.
While substantial amounts of angiosperm morphological and functional diversity have deep

evolutionary roots, extant species richness was probably acquired later.

Introduction

Life on Earth today is critically linked to flowering plants (angio-
sperms). Angiosperms are primary producers and fundamental
structural components in modern terrestrial ecosystems, and con-
tribute vast diversity in terms of species richness and functional
innovations. Many biological lineages have flourished in associa-
tion with angiosperms, or the biomes they created, depending on
them for food, shelter, or symbiotic partnering (e.g. Wikstrom &
Kenrick, 2001; Schneider ezal, 2004; McKenna eral., 2009;
Cardinal & Danforth, 2013). An understanding of the evolution-
ary establishment of modern terrestrial biomes is indissociable
from angiosperm origin, diversification and rise to ecological
predominance.

The timing of angiosperm diversification is among the classic
questions in evolutionary biology (Friedman, 2009). Several
elements to investigate it effectively have recently become avail-
able. Increasingly powerful relaxed clock methods have been
incorporated into the general toolbox of modern phylogenetic
biology (e.g. Baum & Smith, 2013). The ubiquitous application
of relaxed clocks to all major branches of the tree of life (e.g.
Hunt ezal., 2007; Hibbett & Matheny, 2009; Jetz etal., 2012;
Wahlberg eral, 2013; Ericson eral, 2014) has highlighted
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critical issues that affect the accuracy of age estimation. The cru-
cial relevance of independent calibrations in relaxed clock analy-
ses has been recognized (e.g. Aris-Brosou & Yang, 2003; Smith
et al., 2006; Yang & Rannala, 2006; Donoghue & Benton, 2007;
Ho, 2007; Rannala & Yang, 2007; Wilkinson ez /., 2011), and
also that relaxed clock models may insufficienty capture the
degree of molecular variation in empirical phylogenies, leading to
incorrect estimation of absolute rates and divergence times (e.g.
Dornburg ezal., 2012; Wertheim etal., 2012). Simultaneously,
promising new avenues are being developed, for example,
renewed implementations of local clocks (e.g. Drummond &
Suchard, 2010; Ronquist ezal, 2012a), and highly parametric
approaches to implement prior distributions (e.g. Heath, 2012).
On another front, significant fossil findings — including struc-
turally preserved reproductive organs from Early Cretaceous sedi-
ments (Heimhofer et al., 2007; Friis et al., 2011) — document the
minimum time of lineage origin and morphological evolution.
These findings are especially relevant in the context of the
increasingly solid molecular-based picture of angiosperm rela-
tionships at all phylogenetic levels (e.g. Soltis ezal, 2011), and
the as yet few, but increasing numbers of studies explicitly inves-
tigating their phylogenetic relationships (e.g. Doyle & Endress,
2000, 2010; Magallén, 2007; Martinez-Millin ezal., 2009;
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Sauquet ezal., 2012). Currently available methods allow one to
estimate the phylogenetic position of fossils using maximum like-
lihood (ML) and Bayesian approaches, and to include fossils as
terminals in phylogenetic dating analyses (Pyron, 2011; Ronquist
etal.,2012b).

Relaxed clock analyses applied to angiosperms have combined
these methodological and palacontological advances. However,
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most of them lack a firm temporal constraint on the onset of
extant angiosperm diversification and, consequently, provide dif-
ferent estimates of the age of angiosperms as a whole (Fig. 1) and
of the clades within them. Molecular clock estimates of crown
angiosperm age range between 300 Ma or older (e.g. Ramshaw
eral., 1972; Brandl eral, 1992; Magallén, 2010) and 86 Ma
(Sanderson & Doyle, 2001), with many recent estimates lying
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Fig. 1 Molecular and fossil-based estimates of angiosperm age. Blue bars indicate the stratigraphic interval from which the oldest fossil belonging to
angiosperm orders and major clades is known, obtained by selecting the oldest representative fossil in Supporting Information Methods S1. Orders and
major clades with oldest Tertiary fossils are not shown. The name of the order or major clade is shown next to each bar. Red dots and bars indicate the age
and/or range of angiosperm crown age estimated in molecular clock studies. The numbers next to each red bar or dot correspond to estimates in published
analyses indicated below. While the fossil record is consistent with an onset of angiosperm crown diversification in the Early Cretaceous, molecular
estimates provide a generally older, but disparate picture of the age of the angiosperm crown group. 1, Ramshaw et al. (1972); 2, Martin et al. (1989); 3,
Wolfe etal. (1989); 4, Brandl et al. (1992). Maize-wheat divergence calibration. 5, Brandl et al. (1992). Bryophyte—tracheophyte divergence calibration. 6,
Brandl et al. (1992). Plant-animal divergence calibration. 7, Martin et al. (1993); method of Li & Graur (1991); 8, Martin et al. (1993); method of Li &
Tanimura (1987); 9, Laroche et al. (1995). Maize-wheat divergence calibration. 10, Laroche et al. (1995). Vicieae—Phaseolinae divergence calibration. 11,
Goremykin etal. (1997); 12, Sanderson (1997); 13, Sanderson & Doyle (2001). 18S. 14, Sanderson & Doyle (2001). rbcL 1st+2nd. 15, Sanderson & Doyle
(2001). rbcL 3rd. 16, Sanderson & Doyle (2001). rbcL all. 17, Soltis et al. (2002). Calibration 12: Dicksonia/Plagiogyria/Cyathea. 18, Soltis et al. (2002).
Calibration 19: Angiopteris/Marattia. 19, Soltis et al. (2002). Calibration 25: gymnosperms. 20, Soltis et al. (2002). Calibration 29: lycopsids at 377.4. 21,
Soltis et al. (2002). Calibration 19: lycopsids at 400. 22, Schneider et al. (2004); 23, Bell et al. (2005). MD with three minimum age constraints. 24, Bell
etal. (2005). BLs estimated separately for each data partition. 25, Bell et al. (2005). Penalized likelihood (PL) with three minimum age constraints. 26,
Magallén & Sanderson (2005). Four genes, 1st+2nd. 27, Magallén & Sanderson (2005). Four genes, 3rd. 28, Magallén & Sanderson (2005). Four genes,
all. 29, Moore et al. (2007). Unconstrained. 30. Moore et al. (2007). One hundred and twenty-five million years ago (Ma) minimum age to stem eudicots.
31, Moore et al. (2007). One hundred and twenty-five Ma minimum age to crown eudicots. 32, Magallon & Castillo (2009). Unconstrained. 33, Magallon
(2010). PLBP. 34, Magallén (2010). PLFB. 35, Magallén (2010). MD. 36, Magallén (2010). Uncorrelated lognormal (UCLN). 37, Smith et al. (2010). With
eudicot calibration. 38, Smith et al. (2010). Without eudicot calibration. 39, Clarke et al. (2011). Embryophyta at 509 Ma. 40, Clarke et al. (2011).
Embryophyta at 1042 Ma. 41, Magallon et al. (2013). UCLN atpB, psaA, psbB and rbcL. 42, Magallon et al. (2013). UCLN matK. 43, Magall6n et al.
(2013). UCLN all genes.
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between ¢ 190 and 150 Ma (e.g. Magallon, 2010; Smith ezal,
2010; Clarke ez al., 2011; Magallén ez al., 2013; Fig. 1).

The fossil record is consistent with an onset of angiosperm
crown diversification in the Early Cretaceous, as shown by the
increasing diversity and abundance of angiosperms in local out-
crops and at a global level; increasing morphological complexity
of leaves, pollen and flowers in agreement with expectations
based on plant morphology; and congruence between the appear-
ance of lineages in stratigraphic sequences and the branching
order in molecular phylogenies (Doyle, 2012; Magallén, 2014).
The fossil record is consistent with a proliferation of angiosperm
lineages during the Cretaceous (145.5—65.5 million yr ago (Ma)),
as indicated by the first stratigraphic occurrence of 35 orders and
major clades during this period (Fig. 1; Supporting Information
Methods S1). The observed distribution of the angiosperm fossil
record as a whole may provide consistent landmarks to aid
relaxed clock estimations, and for calculation of the age of the
group as a whole.

The goal of this study is to estimate a time-frame of angio-
sperm evolution, including the origin and diversification of its
major clades. It is based on a comprehensive sample of nearly 800
placeholders for 87% of angiosperm families, and the sequences
of five molecular markers from the plastid and nuclear genomes.
Divergence times were estimated with penalized likelihood and
an uncorrelated Bayesian method. Two factors set this study apart
from previous attempts. First, relaxed clock analyses incorporate
a large number of fossil-derived age calibrations across the angio-
sperms, which provide landmarks for molecular rates and mini-
mum ages across the tree. The phylogenetic assignment and age
of each calibrating fossil are critically justified. Secondly, a confi-
dence interval on the age of the angiosperm crown node, calcu-
lated with a method that considers the overall fossil record of the
group (Marshall, 2008), was introduced in relaxed clock analyses.
The resulting time-trees provide a solid framework for investigat-
ing angiosperm evolution. We discuss technical aspects, including
the differential reliability of estimated family stem and crown
ages; and biological implications, including the timing of angio-
sperm crown diversification and the origin of its major clades.
The obtained time-frame documents profuse phylogenetic
branching early in angiosperm history leading to the establish-
ment of clades that contain major proportions of extant diversity,
and, particularly, the early rise of many angiosperm families.

Materials and Methods

Taxonomic sample, molecular data and phylogenetic
analyses

Phylogenetic, dating and diversification analyses were based on a
data set including 792 angiosperm, six gymnosperm and one fern
species. The gymnosperms belong to six families representing
Cycadophyta, Ginkgophyta, Gnetophyta and Coniferae (sensu
Cantino eral., 2007). The angiosperms belong to 374 family-
level clades corresponding to 87% of those recognized on the
Angiosperm Phylogeny Website in April 2013 (Stevens, 2013).
The represented families encompass 99% of angiosperm species.

© 2015 The Authors
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All angiosperm orders (plus four families unassigned at order
level) are represented.

The data are the nucleotide sequences of three protein-coding
plastid genes (a#pB, rbcL and matK), and two nuclear markers
(18S and 26S nuclear ribosomal DNA). Sequences were obtained
through searches in GenBank, aiming to represent all angiosperm
families with a complete sample of the five molecular markers. As
first choice, species for which the five markers were available were
selected. When one or more markers were unavailable, the miss-
ing markers were sampled from different species within the same
genus. Markers that were unavailable at the genus level were left
as missing data. Sequences of each marker were aligned with
MUSCLE v3.7 (Edgar, 2004) followed by manual refinements using
BIoEDIT v7.0.9.0 (Hall, 1999). The sampled species, represented
families and orders, and GenBank accessions are listed in Table
S1. The molecular data set is available in the DRYAD Digital
Repository (hetp://doi.org/10.5061/dryad.k4227).

Phylogenetic analyses were conducted with maximum likeli-
hood (ML) using RAXML v7.2.8. (Stamatakis, 2006a), imple-
menting a GTRCAT model with 1000 bootstrap replicates
(Stamatakis, 2006b, 2008). Substitution parameters were esti-
mated independently for four data partitions: first plus second
codon positions of a£pB plus rbcL; third codon positions of azpB
plus 7bcL; matK; and 18S plus 26S. The fern Ophioglossum was
specified as the outgroup. A topological constraint specifying
relationships among major angiosperm clades according to a
recent angiosperm-wide phylogenetic analysis based on a larger
molecular data set (Soltis ezal., 2011) was implemented. Subse-
quently, a RAXML analysis to obtain 100 bootstrap trees with
optimized branch lengths and model parameters was conducted
with the same data partitions and constraints as above, but imple-

menting the GTRGAMMA model.

Fossil calibrations

To obtain temporal calibrations for relaxed clock analyses, we
conducted an intensive literature-based search of angiosperm fos-
sils. Several search approaches were combined, including review-
ing the palacobotanical articles published during the last 20 yr,
and extracting records from palacofloristic works (e.g. Collinson,
1983; Knobloch & Mai, 1986) or from palacobotanical compila-
tions (e.g. Manchester, 1999; Martinez-Millan, 2010; Friis ez al.,
2011) from which primary references were traced. We assembled
a large darta set in which fossils were grouped by their presumed
affinity with angiosperm family-level or order-level clades, by
combining the taxonomic assignment of the authors of the palae-
obotanical description and our current knowledge of angiosperm
phylogenetic relationships (Stevens, 2013). This data set includes
over 3500 entries.

From this large data set, we selected fossils that could reliably
represent the oldest record of angiosperm clades down to family
(or lower) level. Accurate clade recognition was favoured over
older ages (Sauquet eral., 2012) by selecting only those fossils
that could be identified as members of a clade with certainty. We
gave preference to fossils of flowers, fruits and seeds over vegeta-
tive remains or pollen. In several instances we relegated the
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putative oldest fossil of a clade because it was a vegetative struc-
ture of insecure affinity in favour of the oldest reproductive struc-
ture of the same clade. We also preferred whole-plant
reconstructions and structurally preserved fossils over compres-
sion/impression remains.

To identify the relationship of selected fossils with the taxa in
the tree and postulate calibration nodes, we combined intuitive,
apomorphy-based and phylogenetic approaches. We relied as
much as possible on the description and illustrations, and on
the discussion of their taxonomic assignment in original publi-
cations. When available, we gave preference to a phylogenetic
result (e.g. Doyle & Endress, 2010) over intuitive or apomor-
phy-based assignments. The absolute age assigned to each fossil
was equal to the uppermost boundary of the narrowest strati-
graphic interval to which the fossil could be assigned. Ages of
stratigraphic boundaries were obtained from Walker & Geiss-
man (2009). The assignment of each fossil to a particular node,
as well as the absolute minimum age calibration, are discussed
in detail in Methods S1.

Confidence interval on angiosperm age

A confidence interval that contains the true age of the angio-
sperm crown node was calculated with a method that considers
the number of branches in a phylogenetic tree that are repre-
sented in the fossil record (Marshall, 2008). This method derives
from quantitative palacobiology approaches to calculate confi-
dence intervals that contain the true time of origin and extinction
of lineages based on local or global stratigraphic sequences
(Strauss & Sadler, 1989; Marshall, 1990, 1994, 1997). The goal
of Marshall’s (2008) method is to date a molecular phylogenetic
tree by using an absolute time-scale extrapolated from a confi-
dence interval that contains the true age of the lineage in the tree
that has the most temporally complete fossil record (i.e. the cali-
bration lineage). In brief, the method has three components. The
first is to identify the calibration lineage, which is achieved by
finding the branch with the greatest overlap between the age of
its oldest fossil and its node-to-tip length in an ultrametric tree
estimated without any reference to the fossil record. The second
step is to calculate a confidence interval that contains the true age
of the calibration lineage. This calculation only requires the
number of branches in the tree that are represented in the fossil
record, the average number of fossil localities from which each
branch represented in the fossil record is known, and the age of
the oldest fossil of the lineage. The third step is to date the ultra-
metric tree by directly transforming its branch lengths into time
by using the confidence interval of the calibration lineage as an
absolute time-scale.

Because our aim is to calculate a confidence interval that
contains the true age of crown angiosperms, we only imple-
mented the second step of Marshall’s (2008) method in the
angiosperms as a whole. In a collateral study, described in
Methods S2, we conducted step 1 and identified the calibra-
tion lineage of the angiosperms. This application of the
method is justifiable because our intention is to estimate the
maximal age of angiosperms, and not to temporally calibrate
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an ultrametric tree (C. R. Marshall, pers. comm.). The mini-
mum (i.e. youngest) age of the confidence interval is directly
given by the oldest known fossil(s) of the lineage. We consider
angiosperm pollen grains from Valanginian to Hauterivian sed-
iments (Early Cretaceous; Hughes & McDougall, 1987;
Hughes etal., 1991; Brenner, 1996) as the oldest fossils of the
angiosperm crown group on the basis of their morphological
and ultrastructural attributes; the increasing abundance, diver-
sity and geographical distribution of angiosperm fossils starting
in immediately younger sediments; and the congruence in
morphological evolution and sequence of lineage appearance
between the fossil record and expectations derived from mor-
phological studies and molecular phylogenies, respectively
(Methods S1). We used the Valanginian—Hauterivian bound-
ary, corresponding to 136 Ma (Walker & Geissman, 2009), as
the minimum age.

The maximum (i.e. oldest) age of the confidence interval is cal-
culated with eqn 14 from Marshall (2008):

FA, = &

FA. is the maximum age of the confidence interval; FA_; is
the age of the oldest fossil of the lineage (corresponding to the
minimum age of the interval), in this case, 136 Ma; 7 is the
number of branches in the phylogenetic tree represented in the
fossil record; H is the average number of fossil localities from
which each branch represented in the fossil record is known;
and Cis the desired confidence level associated with the inter-
val. To calculate 7, we used a tree in which each angiosperm
family included in the main phylogenetic and dating analyses
was represented by a single terminal (Methods S2). Based on
the fossils used to calibrate internal nodes in the main dating
analyses (Methods S1), we counted the number of branches in
the family-level angiosperm tree represented in the fossil record.
The average number of fossil localities from which each branch
in the tree represented in the fossil record is known (H) is diffi-
cult to calculate. We chose to consider A=1, implying that
each branch with a fossil record is known from a single local-
ity. Because the maximum age of the confidence interval
decreases as H increases (Marshall, 2008), assuming H=1 is a
conservative approach that will bias the maximum age of angio-
sperms towards older ages. FA. was calculated with confidence
levels (C) of 0.5, 0.95 and 0.99. The calculated confidence
interval was then implemented as a constraint in relaxed clock
analyses.

Relaxed clock analyses

Dating analyses were conducted with two relaxed clock methods:
penalized likelihood (PL; Sanderson, 2002) and the uncorrelated
lognormal (UCLN) Bayesian method available in BEAST (Drum-
mond ez al., 2006). Penalized likelihood analyses were conducted
combining the softwares r8s (Sanderson, 1997, 2004) and TREE-
PL (Smith & O’Meara, 2012). PL analyses were based on the
ML phylogram obtained with RAXML after excluding the
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outgroup (Ophioglossum); hence the seed plant crown node
became the new root. To identify the appropriate level of rate
heterogeneity in the phylogram, a data-driven cross-validation
was conducted with TREEPL. The cross-validation tested nine
smoothing values (1) separated by one order of magnitude, start-
ing at 1 x 1077, The age of the root was fixed at 330 Ma, based
on previous estimates for crown seed plants (Magallon ezal.,
2013). The angiosperm crown node was bracketed between 136
and 140 Ma (see the section ‘Confidence interval on angiosperm
age’), and 136 nodes within angiosperms were constrained with
fossil-derived minimum ages (see the Materials and Methods sec-
tion, and Methods S1).

Penalized likelihood age estimation was conducted with
TREEPL and with R8s on the ML phylogram. The identified
optimal smoothing value, the root node calibration, the bracket
on crown angiosperm age (136-139.35Ma in R8s; see the
Results section), and the 136 minimum age constraints were
implemented as indicated above. One hundred ML bootstrap
phylograms were also dated with R8s, using the optimal
smoothing magnitude identified with TREEPL. Age statistics of
internal nodes were summarized with TREEANNOTATOR v1.7.5
(Drummond ez 4L, 20006).

Bayesian age estimation was conducted with the UCLN
model in BEAST v1.7.5 (Drummond ezal, 2006). The data
were the nucleotide sequences of the five molecular markers
used in phylogeny estimation concatenated in a single align-
ment, including only seed plants. Data were partitioned into
plastid (apB, rbcL and matK) and nuclear components (18S
and 26S nrDNA). Nucleotide substitution was under a
GTR+I4T" model, allowing independent estimation of parame-
ters for each partition. Independent uncorrelated relaxed clock
models were allowed between partitions, and the tree prior was
under a Birth-Death model. The root was calibrated with a
uniform distribution between 314 and 350 Ma, corresponding
to the credibility interval (95% highest posterior density
(HPD)) of the age of this node estimated in an independent
study (Magallon ezal, 2013). The angiosperm root node was
calibrated with a uniform distribution between 136 and
139.35Ma (see the Results section). The prior ages of 136
nodes within angiosperms were obtained from lognormal dis-
tributions with mean equal to the fossil age plus 10%, to place
the bulk of the distribution at ages older than the fossil, and a
standard deviation of 1 (Methods S1). We considered assigning
different standard deviation magnitudes depending on our con-
fidence on each calibration, but, because we were unable to
rigorously quantify our perception, we decided to assign the
same magnitude to all. The chronogram obtained in the r8s
analysis on the ML tree was used as a starting tree, and estima-
tors of tree topology were unselected. Eight independent
Markov Chain Monte Carlo (MCMC) runs of different
lengths, but under the same estimation conditions, were con-
ducted, for a total of 170 x 10° generations. Each MCMC
was sampled every 5000 steps. The initial 600 trees sampled in
each run were removed as burn-in and, in all cases, the post-
burn-in trees were in the stable part of the chain. Analyses
were conducted in the CIPRES Science Gateway (Miller ezal.,
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2010). Log outputs of the BEAST analyses were jointly evaluated
with TRACER v1.5 (Rambaut & Drummond, 2009). Effective
sample sizes of estimated parameters were in most cases > 200,
and always >100. As a consequence of usage restrictions in
CIPRES, we were unable to conduct further BEAST analyses.
Files containing the sampled trees of each MCMC run were
combined using LoGCOMBINER v1.7.5, annotated using TRE-
EANNOTATOR v1.7.5 (Drummond ez al, 2006), and visualized
using FIGTREE v1.4.0 (http://tree.bio.ed.ac.uk/software/figtree/).

Results

Molecular data set and phylogenetic tree

The concatenated alignment of nucleotide sequences of the five
molecular markers (cp apB, rbel and marK; nu 18S and 26S) is
9089 base pairs long. From the total number of five markers for
799 taxa, 432 are missing; hence the molecular data set is 89%
complete. The ML tree is consistent with current understanding
of angiosperm relationships and most branches are supported
with bootstrap values >95%. Phylogenetic relationships are
shown in Figs 2 and 3.

Fossil calibrations

Based on the large data set of angiosperm fossils, 151 fossils that
can reliably indicate the oldest occurrence of angiosperm clades
down to family (sometimes lower) level were selected. Because of
sister group relationships or sampling density, 20 nodes were
each calibrated by two fossils; and two nodes by three fossils of
the same age. In total, 136 internal nodes were calibrated with
fossil-derived minimum ages (calibrations 2—137; Methods S1).
An additional record, corresponding to the oldest remains of an-
giosperms, was used as the minimum bound of the confidence
interval on crown angiosperm age (calibration 1; Methods S1).
Of the selected fossils, eight provide calibrations for genera, seven
for intrafamilial clades, 112 for families, seven for clades between
families and orders, 12 for orders, and five for clades above the
order level (Stevens, 2013). Twenty calibrations were assigned to
nodes based on phylogenetic results, and the rest were placed
intuitively or based on apomorphies. Except in one case
(Martinez-Milldn ez al., 2009), the phylogenetic position of fos-
sils matched previous intuitive assignments. Detailed discussions
of the 137 fossil-based calibrations, including formal names,
authors and references, stratigraphic ranges or radiometric dates,
justification of node assignment, and absolute age, are provided
in Methods S1.

Confidence interval on angiosperm age

The confidence interval of angiosperm crown age was calculated
considering the fossil record of the entire group (Marshall,
2008) in the context of a family-level tree. The number of
branches represented in the fossil record (n) is 123. The
minimum bound of the confidence interval (FA_,) is given by

the age of the oldest fossil of the clade, that is, 136 Ma (Hughes
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Fig.2 Angiosperm time-tree estimated using the uncorrelated lognormal method in seast, with terminals collapsed to represent orders. Numbers next to
nodes indicate the median age, and blue bars correspond to the 95% highest posterior density (HPD).

& McDougall, 1987; Hughes ezal, 1991; Brenner, 1996;
Methods S1). The maximum bound of the confidence interval
(FA,), calculated with confidence levels (C) of 0.5, 0.95 and
0.99, is 136.77, 139.35 and 141.19 Ma, respectively. Hence, the
95% confidence interval of angiosperm age is between 136 and

139.35 Ma.
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Relaxed clock analyses

Stem and crown ages of 14 major angiosperm clades and 62
orders, and stem ages of 374 families are provided in Table S2.
Fig. 2 shows the UNCL time-tree at the level of angiosperm
orders, and Fig. 3(a—¢) shows the family-level UNCL angiosperm
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Fig. 3 Angiosperm time-tree estimated using the uncorrelated lognormal method in seast, with terminals collapsed to represent families. Numbers next to
nodes indicate the median age, and blue bars correspond to the 95% highest posterior density (HPD). (a) Amborellales to Poales (Monocotyledoneae). (b)
Ceratophyllales to Ericaceae (Asteridae, Eudicotyledoneae). (c) Garryidae to Campanulidae (Asteridae, Eudicotyledoneae). (d) Saxifragales to Brassicales
(Malvidae, Rosidae, Eudicotyledoneae). (e) Zygophyllales to Malpighiales (Fabidae, Rosidae, Eudicotyledoneae). Ages of nodes are provided in Supporting

Information Table S2.

© 2015 The Authors
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Fig.3 Continued

time-tree. The full dated trees in NEXUS format are available in associated errors on ages are narrower in the PL time-tree (i.e.
the DRYAD Digital Repository (http://doi.org/10.5061/  average range of values in bootstrap ML trees =9.25 Ma) than in
dryad.k4227). Ages estimated with PL tend to be older than the UNCL time-tree (i.e. average magnitude of 95%
those estimated with the UCLN method (Table S2). As expected, HPD =27.03 Ma).
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Discussion

Estimated dates

The dates obtained depend on the correctness of relationships
and branch lengths estimated in phylogenetic and dating analy-
ses. Estimates of some family crown ages are probably too young
for the following reasons. (1) The taxonomic sample may not
represent the crown node of each family. The crown age of a

© 2015 The Authors
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clade can only be estimated if at least one member of each of the
two sister branches derived from the deepest phylogenetic split in
the clade is included. Although we aimed to sample representa-
tives from both sides of the deepest split of each family, this was
not consistently achieved because of insufficient knowledge of
intrafamilial phylogenetic relationships, or unavailability of
molecular markers for the required taxa. (2) Fossils selected as
calibrations may not be the oldest fossil members of a clade. To
calibrate, we selected fossils with greater chances of correctly
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Fig.3 Continued

reflecting clade membership over fossils whose membership in
the clade is equivocal, thus favouring ‘safe but late” over ‘early but
risky” fossils (Sauquet ez al., 2012). Consequently, the minimum
ages provided by some calibrations may be too young. (3) The
assignment of calibrations to nodes on the tree was done conser-
vatively. Most assignments were based on the presence of an apo-
morphy, or intuitive criteria (Sauquet ez al., 2012). In these cases,
a fossil was assigned to a more inclusive clade that could securely
contain it (e.g. a stem group) than to a less inclusive clade where

New Phytologist (2015) 207: 437-453
www.newphytologist.com

its membership was dubious (e.g. a crown group). Consequently,
minimum ages that are too young (thus uninformative) might
have been applied to stem nodes, rather than minimum ages that
are t0o old (thus incorrect and misguiding) to crown nodes. The
taxonomic sample in this study represents angiosperm major
clades and their relationships; hence the factors mentioned above
are unlikely to affect age estimation at deeper phylogenetic levels.

Because previous molecular estimates have provided disparate
estimates of angiosperm age (Fig.1), we implemented a

© 2015 The Authors
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confidence interval on the age of the angiosperm crown node.  and absolute age of fossils are known with certainty; that the 8
. . . . . . 2
The minimum age of the interval can be obtained from the oldest topology and relative branch lengths of the uncalibrated, ultra- f.é"
fossils of the group, but the maximum age is difficult to obtain. metric tree are accurate; that fossilization is random; and that the %
Marshall’s (2008) method allows calculation of the maximum value of H (eqn 14) is close to the true average number of fossil g
=
age by quantifying the density of the fossil record of the group as  localities from which each lineage represented in the fossil record 2
<
a whole. Marshall’s method has one caveat — reliance on a single  is known (Marshall, 2008). However, only the last two assump- g
calibration lineage, albeit selected from the complete fossil record tions are relevant to calculating the confidence interval around g
of the group — and relies on several assumptions: that the affinity  the true age of a lineage. H
g
3
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Nonrandom fossilization and, specifically, a lower fossilization
probability early in the history of a lineage may underestimate its
true time of origin. However, only if all the lineages within the
group suffer similarly from a long period of dramatically
decreased initial preservation potential will the method fail to
bracket the true time of origin (Marshall, 2008). We considered
reticulate semitectate pollen grains with columellate sexine from
the Valanginian—Hauterivian (Hughes & McDougall, 1987;
Brenner, 1996) as belonging, or being close, to the angiosperm
crown group, based on their morphological attributes (Doyle,
2012) and, importantly, because their stratigraphic appearance is
followed by a continuous and increasingly dense and diverse
angiosperm record in immediately younger sediments (Fig. 1).
Nevertheless, the possibility of a cryptic pre-Cretaceous angio-
sperm history has been discussed (e.g. Axelrod, 1952, 1970). Spe-
cifically, angiosperm-like pollen grains similar to those from
Early Cretaceous sediments have been reported from the Middle
Triassic Germanic Basin and other pre-Cretaceous localities
(Hochuli & Feist-Burkhardt, 2013). These Triassic pollen grains
resemble the Retimonocolpites morphotypes, known from late
Hauterivian and younger sediments (Phases 1-4 of Hughes,
1994), and not the Clavatipollenites morphotypes, to which some
of the early Hauterivian angiosperm pollen grains belong (Phase
0 of Hughes, 1994; Hochuli & Feist-Burkhardt, 2013). We agree
with Hochuli & Feist-Burkhardt (2013, p. 11) in interpreting
the pre-Cretaceous angiosperm-like pollen grains as possible
angiosperm stem relatives, based on morphological differences
from the earliest Early Cretaceous pollen grains, and a 100 Myr
gap in the fossil record before the angiosperm radiation.

If the true average number of fossil localities from which each
lineage with a fossil record is known is much larger than the value
of H (Marshall, 2008), the calculated maximum bound of the con-
fidence interval will substantially overestimate the true age of the
lineage. We considered H= 1, which, in the case of angiosperms, is
a strong underestimate. Any value /> 1 would have resulted in a
younger maximum bound of the confidence interval of angio-
sperm age. The angiosperm age interval was therefore calculated
under two biases with opposite effects. It is unknown if the
potential underestimation caused by nonrandom fossilization and
the overestimation caused by assuming /=1 cancel each other.

We emphasize that the relaxed clock-estimated ages are
strongly contingent on the confidence interval placed on the age
of the angiosperm crown node. Preliminary analyses conducted
under the same conditions as described in the UCLN analysis
above, but excluding the confidence interval on the angiosperm
crown node, estimated a substantially older age for the angio-
sperm crown node (219.9 Ma; 160.0-255.8 95% HPD; results
available from the authors). Interestingly, internal nodes were not
much older than when the confidence interval was used.

Origin of major angiosperm clades

The estimated time-trees indicate the timing of phylogenetic
branching that gave rise to major angiosperm clades, and provide
a reliable basis for understanding the onset and dynamics of accu-
mulation of different components of extant angiosperm diversity.

New Phytologist (2015) 207: 437-453
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PL-estimated ages are typically older than UCLN ages, but their
associated intervals are overlapping, and provide congruent time-
frames of the stem ages of families. The following discussion is
based on 95% HPDs for crown ages obtained in the UCLN
analysis. Mesangiospermae — which contains the vast majority of
angiosperm diversity (. 99.96% of extant species richness) —
began to diversify between 137 and 135 Ma, soon after the crown
diversification of angiosperms. The clades that include most
angiosperm diversity started to diversify almost simultaneously:
Magnoliidae (3.61% of extant richness) between 134.1 and
130.2 Ma; Monocotyledoneae (monocots; 23.32% of extant
richness) between 134.7 and 131.6 Ma; and Eudicotyledoneae
(eudicots; 73% of extant richness) between 133.4 and 129.7 Ma.

The finding that crown eudicots are approximately contempo-
raneous with crown Magnoliidae and monocots is a noteworthy
difference from most previous molecular clock studies (e.g. Soltis
eral., 2002; Bell ezal, 2005, 2010; Magallon & Sanderson,
2005; Magallén & Castillo, 2009; Magallon ez al., 2013), where
they were estimated to be younger. Eudicots are morphologically
characterized by tricolpate pollen (or derived from this condition;
Walker & Walker, 1984; Donoghue & Doyle, 1989), which
probably evolved on the stem lineage of this clade. Tricolpate
pollen grains are morphologically distinctive, can easily become
preserved as fossils, and unequivocally indicate membership to a
single clade, thus providing an exceptionally good calibration.
Tricolpate pollen has been previously used to calibrate eudicots
with a fixed or maximum age of ¢. 125 Ma, derived from the Bar-
remian—early Aptian age of its oldest fossils (Doyle ezal., 1977;
Hughes & McDougall, 1990; Doyle & Hotton, 1991). While
we recognize the superior potential of tricolpate pollen grains for
calibration, here we treated them in the same way as any other
fossil used for calibration, and applied their oldest stratigraphic
age as a minimum constraint on the eudicot stem node. The
eudicots are here estimated as being nearly contemporaneous
with Magnoliidae and monocots; therefore, the major compo-
nents of angiosperm extant diversity began to diversify by the
Hauterivian, between 136 and 130 Ma.

Within eudicots, Pentapetalae (70.7% of extant angiosperm
richness), characterized by flowers with a five-part organization
and distinct calyx and corolla, began to diversify between 126.5
and 120.9 Ma. A very large proportion of species diversity within
Pentapetalae is contained in two large clades, Rosidae and Asteri-
dae (29.15% and 35.16% of extant angiosperm richness, respec-
tively), both of which are important components of modern
terrestrial biomes. The initial diversification of Rosidae took
place between 122.7 and 115.4 Ma, and apparently preceded that
of Asteridae, which is estimated to have taken place between
118.8 and 110.4 Ma. Nevertheless, there is a substantial overlap
between the two.

Current phylogenetic reconstructions (e.g. Wang ez al., 2009;
Soltis etal, 2011; but see Qiu eral, 2010 and Zhang etal,
2012) indicate that Rosidae consists of a pair of sister clades,
Malvidae and Fabidae (10.68% and 18.47% of extant richness,
respectively). The onset of Malvidae diversification is estimated
to have occurred between 121.7 and 113.2 Ma, and Fabidae
began to diversify between 120.9 and 113.3 Ma. The crown
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diversifications of Fabidae and Malvidae took place almost simul-
taneously, soon after their differentiation within Rosidae.

Asteridae contains a ‘core asterid’ clade consisting of the sister
pair Garryidae (18.29% of extant richness) and Campanulidae
(12.37% of extant richness). The diversifications of Garryidae
and Campanulidae took place almost simultaneously, between
111.7 and 93.4 Ma, and 112.6 and 93.9 Ma, respectively. Hence,
the two major clades within Rosidae and within Asteridae each
diversified synchronously, but the first pair did so ¢. 10 Myr ear-
lier than the second pair.

The estimated time-frame indicates an early proliferation of
major clades in angiosperm history (Figs2, 3). The major lin-
eages Magnoliidae, Monocotyledoneae and Eudicotlyledoneae
had originated and started to diversify by the Hauterivian. By the
Aptian, the clades that contain a substantial proportion of extant
angiosperm species richness, and are major components of extant
biomes, had started to radiate: Malvidae and Fabidae in the early
Aptian, and Garryidae and Campanulidae in the late Aptian, all
during the Early Cretaceous.

The early rise of extant angiosperm families

According to the UNCL time-tree, angiosperm families origi-
nated between the Valanginian (Early Cretaceous) and the Mio-
cene (Tertiary), but in the PL time-tree the range is shorter: from
the Hauterivian to the Middle Eocene (Tertiary). Considering
the oldest and youngest families in the UCLN and PL time-trees,
their respective average number of family origins per Myr is 3.18
and 3.96. The number of family origins per Myr calculated in
10-Myr sliding windows indicates the highest rates between 100

© 2015 The Authors
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and 60 Myr for PL, and between 90 and 50 Myr for UCLN
(Fig. 4a).

Plots of UCLN and PL stem ages sorted from oldest to youn-
gest (Fig. 4b,c) show a continuous origin of families from the
Early Cretaceous (Hauterivian) to the Tertiary (early Miocene
according to UCLN, and Middle Eocene according to PL), with
fewer family origins immediately after the onset of angiosperm
diversification (between ¢. 140 and 100 Ma), and as the present is
approached (between ¢. 55 and 20 Ma in UCLN, and 60—40 Ma
in PL). The time between ¢. 100 and 50-40 Ma shows the high-
est accumulation (Fig. 4b,c). These findings are congruent with
the number of family origins per Myr in 10-Myr windows
(Fig. 4a), which show lower rates at the beginning and end of the
range and higher rates in the middle. The UCLN and PL time-
trees show that the number of Cretaceous family origins substan-
tially exceeds the Tertiary number (62.9% and 82.3%, respec-
tively), showing that well over half of extant families have deep
evolutionary roots.

Do families originate? The evolutionary significance of clades
above the species level is currently being investigated (e.g. Barrac-
lough, 2010; Humphreys & Barraclough, 2014). Processes that
influence the generation of new species have been shown to be rel-
evant above the species level, and to lead to higher evolutionarily
significant units (Humphreys & Barraclough, 2014). Here, we
consider that the origin of a family corresponds to a speciation
event in which at least one of the descendants has acquired (or will
acquire through its evolutionary trajectory) some type of distinc-
tiveness (genetic, phenotypic, functional, or ecological) that (in
hindsight) will allow taxonomists to postulate that species or its
descendants as a family. Distinctiveness may be associated with
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the phylogenetic differentiation and early stem evolution of the
lineage, involving the establishment of new niches. Species rich-
ness (including the crown group) would be acquired subsequently.
This implies that an adaptive radiation took place early within an-
giosperms, leading to the establishment of the major morphologi-
cal and functional attributes that characterize its major lineages.
The rapid construction of morphospace early in evolutionary radi-
ations has been documented (Erwin, 2007). Alternatively, distinc-
tiveness may be associated with the acquisition of species richness
within a lineage, possibly associated with the diversification of its
crown group. This scenario implies independent radiations in sep-
arate angiosperm lineages, possibly taking place at different times.
These alternatives are not mutually exclusive, specifically consider-
ing an early adaptive radiation within angiosperms involving phy-
logenetic branching associated with large-level differentiation, and
subsequent differentiation within separate lineages involving the
generation of species richness.

The lineages that contain a very substantial amount of today’s
angiosperm species richness and their morphological, functional,
ecological and genetic diversity were distinct very early in angio-
sperm history. Nevertheless, because of sampling density, the
time-trees cannot show the time of acquisition of species richness.
Species richness may be dissociated from the proliferation of major
phylogenetic branches. Species that exist in the present (i.e. crown
groups) may have originated soon after the differentiation of the
family that contains them (short fuse) or substantially postdate it
(long fuse), including the possibility that extant species originated
recently.

The period in which most family origins are concentrated
roughly corresponds to the onset of the Late Cretaceous to the
end of the Middle Eocene. We note that this period was a time of
pronounced tectonic and geological activity, and high global tem-
peratures (Zachos eral., 2001; Willis & McElwain, 2002). Is
there a link between these global events and the increased origin
of angiosperm families? Some studies have discussed the possible
relationship between high environmental energy and high species
richness (Davies ez al., 2004; Jansson & Davies, 2008). However,
as previously discussed, the origin of a major clade (e.g. a family)
implies differences from the increase in speciation, namely, the
association with some type of substantial distinctiveness that will
allow taxonomists to recognize that lineage as evolutionarily
cohesive. There is no conclusive evidence of a relationship
between the time of global tectonic change and high tempera-
tures and the major concentration of family origins, and it is not
clear what (if any) are the links between higher temperatures and
enhanced morphological and functional evolution.

Conclusions

A large number of fossil-derived calibrations and a confidence
interval on angiosperm age have been combined in relaxed clock
analyses to provide a time-frame of angiosperm evolution. The
maximum age of the onset of diversification of angiosperms into
their living diversity has been calculated with high confidence to
lie in the Early Cretaceous. This estimate was obtained in the
context of a bias to estimate an old maximum age, derived from a

New Phytologist (2015) 207: 437-453
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strong underestimation of the average number of fossil localities
from which each angiosperm family is known. An independent
evaluation of the numerically estimated maximum angiosperm
age provided here could be conducted with a recently available
method that integrates the fossil record of the group in the con-
text of a birth—death process (Heath ¢z al., 2014).

Why many molecular clocks have estimated substantially older
ages for the angiosperm crown node (Fig. 1) requires to be inves-
tigated. Whereas relaxed clocks rely on increasingly powerful
models to estimate divergence times, it has been shown that
under complex estimation conditions or molecular model mis-
specification, absolute molecular rates and divergence times may
be erroneously estimated (e.g. Jansa eal, 2006; Hugall eral,
2007; Lepage et al., 2007; Brandley eral., 2011). Relaxed clocks
have been found to underestimate the magnitude of rate hetero-
geneity in trees with extensive rate variation (e.g. Wertheim ez al.,
2012), or a single parametric distribution has been found to be
insufficient to capture the variation in molecular rates found in
some empirical trees (e.g. Dornburg ez al., 2012), in both cases
leading to age overestimation.

This study documents the early rise of angiosperm phyloge-
netic diversity, including the early origin of more than half of
extant angiosperm families. The estimated time-trees represent a
solid framework for further investigating angiosperm evolution,
for example, the rate of morphological and molecular change,
biogeographical history, diversification dynamics, ancestral char-
acter reconstruction and state-dependent diversification; as well
as coevolution with other biological lineages, correlations
between diversification and the physical environment, and the
evolution of modern terrestrial biomes. Nevertheless, many ques-
tions about the processes involved in early angiosperm evolution
remain. To name only a few: What is the relationship between
the detected early phylogenetic proliferation and the acquisition
of distinctive (e.g. phenotypic or ecological) attributes? What is
the relationship between the early rise of angiosperm major
clades, including numerous families, and the acquisition of spe-
cies richness, particularly extant species richness? Is there a rela-
tionship between global high temperatures and the origin of
major angiosperm clades? If so, how do high temperatures influ-
ence the rates of phylogenetic branching and the evolution of
phenotypic and functional attributes?
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