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Although Pentapetalae (comprising all core eudicots except Gun-
nerales) include ~70% of all angiosperms, the origin of and rela-
tionships among the major lineages of this clade have remained
largely unresolved. Phylogenetic analyses of 83 protein-coding
and rRNA genes from the plastid genome for 86 species of seed
plants, including new sequences from 25 eudicots, indicate that
soon after its origin, Pentapetalae diverged into three clades: (/)
a "superrosid” clade consisting of Rosidae, Vitaceae, and Saxifra-
gales; (ii) a "superasterid” clade consisting of Berberidopsidales,
Santalales, Caryophyllales, and Asteridae; and (iii) Dilleniaceae.
Maximum-likelihood analyses support the position of Dilleniaceae
as sister to superrosids, but topology tests did not reject alterna-
tive positions of Dilleniaceae as sister to Asteridae or all remaining
Pentapetalae. Molecular dating analyses suggest that the major
lineages within both superrosids and superasterids arose in as
little as 5 million years. This phylogenetic hypothesis provides a
crucial historical framework for future studies aimed at elucidating
the underlying causes of the morphological and species diversity
in Pentapetalae.

Angiosperm Tree of Life | Pentapetalae | plastid genome

he Eudicotyledoneae (sensu) (1), or eudicots, comprise

~75% of all angiosperm species (2) and encompass enor-
mous morphological, biochemical, and ecological diversity. More
than 90% of eudicot species diversity is found within the clade
Pentapetalae (1), which includes major clades such as Rosidae,
Caryophyllales, Saxifragales, Asteridae, and Santalales, as well as
smaller lineages such as Berberidopsidales and Dilleniaceae (3—
8). Previous analyses of multigene data sets have failed to resolve
relationships among the major clades of Pentapetalae (6, 9). The
inability to resolve these relationships suggests that the major
lineages of Pentapetalae diverged rapidly, a hypothesis sup-
ported by the fossil record (10, 11). However, our understanding
of the origins and evolution of Pentapetalae diversity, and con-
sequently much of angiosperm diversity, is hindered by the lack
of a well-supported phylogenetic hypothesis.

Phylogenetic analyses based on complete plastid genome
sequences have resolved several enigmatic relationships within
angiosperms (12, 13). However, these analyses have not included
data for many crucial eudicot clades. To resolve relationships
among the major clades of Eudicotyledoneae (with a focus on
Pentapetalae), we performed phylogenetic analyses using a data
set composed of 83 genes derived from 86 complete plastid
genome sequences, 25 of which were eudicot sequences generated
for this study. To date, this is the largest plastid genome data set
used for phylogenetic inference and includes representatives of
nearly all (37 of 42) orders of eudicots sensu Angiosperm Phy-
logeny Group (APG) III (14). The resulting phylogenetic
hypothesis helps to clarify the diversification of Pentapetalae and
provides an improved framework for investigating evolutionary
processes that accompanied this radiation.

Results

Phylogenetic Analyses. Maximum-likelihood (ML) analyses of the
83-gene alignment yielded similar trees and bootstrap support
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(BS) values regardless of the partitioning strategy (Fig. 1 and Figs.
S1-S3). The ML topologies were also similar to the maximum
parsimony (MP) topology (Fig. S4). Relationships among early-
diverging angiosperms and among many clades of Mesangio-
spermae agree with those from the largest previous plastid genome
analyses (12, 15). Below, we focus on results regarding relation-
ships within the eudicots, with an emphasis on the ML topologies.

Within Eudicotyledoneae, a basal grade emerged, with most
nodes receiving 100% ML BS support. In all ML analyses,
Ranunculales were sister to all remaining eudicots (BS = 100%),
followed by a clade of Sabiaceae + Proteales (BS = 70-80%,
depending on partitioning strategy) as sister to a strongly supported
clade (BS = 100%) of Trochodendraceae + Buxaceae + Gunner-
idae (Gunneridae = Gunnerales + Pentapetalae; Fig. 1 and Figs.
S1-S3). However, the approximately unbiased (AU) test did not
reject alternative relationships among Sabiaceae, Proteales, and
remaining eudicots (Table S1). In all but one ML analysis, Buxaceae
were recovered as sister to Gunneridae with BS = 52-70%,
depending on partitioning strategy (Fig. 1 and Figs. S1 and S2). In
the CodonPartBL partition, Trochodendraceae were sister to
Gunneridae, but with less than 50% bootstrap support (Fig. S2).

Within the strongly supported (BS = 100%) Gunneridae,
Gunnerales were sister to Pentapetalae (BS = 100%). Pentape-
talae comprised three major clades in the ML trees: (i) a “super-
rosid” clade (BS = 96-100%) of Saxifragales, Vitaceae, and
Rosidae; (if) a “superasterid” clade (BS = 92-100%) of Santa-
lales, Berberidopsidales, Caryophyllales, and Asteridae; and (iii)
Dilleniaceae (Fig. 1 and Figs. S1-S3). The superrosid and super-
asterid clades were also recovered in the MP trees (Fig. S4), with
one major difference in composition. Whereas ML placed Dillenia
(the single representative of Dilleniaceae in the data set) sister to
superrosids (Fig. 1 and Figs. S1-S3), MP placed Dillenia sister to
Caryophyllales, with 97% BS support (Fig. S4). Still, the MP
analysis also supported a superrosid clade of Vitaceae + Saxi-
fragales + Rosidae with 99% BS. When Dillenia was constrained
to be sister to the superrosid clade, the best MP tree was 44 steps
longer than the best unconstrained tree. A Templeton test (16)
failed to reject this alternative topology (n = 712; P = 0.099). For
ML, AU tests strongly rejected topologies in which Dillenia was
sister to Caryophyllales (Table S1); however, they did not reject
the placement of Dillenia as sister to all remaining Pentapetalae or
as sister to the superasterids.

Parametric bootstrapping provided evidence of bias in the MP
analyses against placing Dillenia as sister to the superrosid clade.
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Fig. 1.

Phylogram of the best ML tree as determined by RAXML (—In L = 1101960.962) for the 83-gene data set. Numbers associated with branches are ML

bootstrap support values. Asterisks indicate ML BS = 100%; the inset box in the lower right gives ML BS values for the basalmost branches of Pentapetalae,
which are too short to visualize in the overall phylogram. The tree was rooted with Cycas, Ginkgo, and Pinus. Underlined genera names indicate plastid

genomes newly sequenced for this study.

When data sets were simulated using the ML topology, ML
analyses of all 200 simulated data sets placed Dillenia sister to
superrosids; however, MP analyses of only 19 of the 200 data sets
placed Dillenia sister to superrosids. Thus, we might not expect
MP to place Dillenia sister to superrosids, even if that is its
correct position. In contrast, when we simulated data with the
MP topology (Dillenia sister to Caryophyllales in the super-
asterids), both ML and MP analyses of all 200 data sets placed
Dillenia sister to Caryophyllales.

4624 | www.pnas.org/cgi/doi/10.1073/pnas.0907801107

Within the superrosids, the relationships among Vitaceae,
Saxifragales, and rosids were not strongly supported (Fig. 1 and
Figs. S1-S4). With MP, Saxifragales were sister to a clade of
Vitaceae + Rosidae (BS = 64%; Fig. S4), whereas with ML,
Vitaceae and Saxifragales formed a clade (BS = 52-82%) that
was sister to Rosidae (Fig. 1 and Figs. S1-S3).

The position of Bulnesia (Zygophyllales) also differed between
the MP and ML trees. Bulnesia was sister to Pelargonium (Ger-
aniales) in the MP tree (BS = 98%; Fig. S4), whereas in all ML
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trees, Bulnesia formed a clade with all other Fabidae. BS for the
Bulnesia + Fabidae clade was at least 98% except in the
CodonGenePartBL analyses, in which BS = 52% (Fig. 1 and
Figs. S1-S3). The MP topology was strongly rejected by an AU
test (P < 0.001), as was an alternative topology in which Bulnesia
was constrained to be sister to Malvidae.

Within the superasterids, the ML analyses placed Santalales,
Berberidopsidales, and Caryophyllales as successive sisters to
Asteridae, with each node receiving 99—-100% BS support, except
for the clade of Caryophyllales + Asteridae (BS = 77-88%
depending on partitioning strategy; Fig. 1 and Figs. S1-S3).
Some relationships within Asteridae, such as the positions of
Lonicera and Cornus, were in strongly supported but incongruent
positions in MP and ML trees (Fig. 1 and Fig. S4). However, MP
placements for these taxa were rejected by AU tests (Table S1).
Finally, the relationships among the basal clades of Lamiidae
(represented in our data set by Boraginales, Gentianales, Lam-
iales, and Solanales) were generally supported by BS values less
than 55% with ML (Fig. 1 and Figs. S1-S3).

Divergence Time Estimates. The crown group 95% highest poste-
rior density (HPD) age estimates for the major lineages of
Pentapetalae were as follows: superasterids (107-98 mya), Dil-
leniaceae + superrosids (112-103 mya), superrosids (111-103
mya), Santalales (91-99 mya), Caryophyllales (71-63 mya),
Asteridae (89-80 mya), Rosidae (110-103 mya), and Saxifragales
(103-94 mya) (Fig. S5 and Table S2). The split between Vitaceae
and Saxifragales was dated to 112-101 mya (Fig. S5 and
Table S2).

Discussion

Phylogeny of Eudicots. Analyses of complete plastid genome
sequences help to resolve the relationships among the major
lineages of Pentapetalae with the strongest support yet obtained,
providing a unique perspective on the origin and early evolution
of a large proportion of angiosperm species diversity. Soon after
the split between Pentapetalae and Gunnerales (Fig. 1), Penta-
petalae diverged into three major subclades: (i) a superrosid
clade of Saxifragales, Vitaceae, Rosidae; (i) a superasterid clade
of Berberidopsidales, Santalales, Caryophyllales, and Asteridae;
and (iii) Dilleniaceae (Fig. 1). This finding differs from previous
molecular phylogenetic analyses in providing strong support for
these clades. Although Berberidopsidales, Santalales, and Car-
yophyllales have often been placed with Asteridae, and Saxi-
fragales with Rosidae and Vitaceae, these relationships were
only weakly supported (3, 5, 6, 8, 9, 17, 18).

All ML analyses support the position of Dilleniaceae as sister to
superrosids; however, we cannot reject alternate hypotheses
(Table S1). Recent multigene analyses (MP, ML, or Bayesian)
with greater taxon sampling, although far fewer genes, have placed
Dilleniaceae sister to Caryophyllales, although again without
strong support (5, 9, 17). Our AU tests reject this hypothesis, and
our parametric bootstrapping experiment suggests that, at least in
MP analyses, the placement of Dilleniaceae with Caryophyllales
may be the result of systematic error. Instead, our data suggest a
position for Dilleniaceae nearer the base of Pentapetalae, but
additional taxon and genomic sampling will be necessary to place
Dilleniaceae definitively.

The close relationship of Saxifragales, Vitaceae, and Rosidae is
perhaps not surprising considering that these clades formed the
core of Cronquist’s (19) and Takhtajan’s (20) Rosidae. All have
articulated anthers (21, 22), stipules (22), nuclear endosperm
development, and micropyle formation that involves the outer or
both integuments (21). Still, relationships among these lineages
remain unclear. Most previous molecular analyses have placed
Vitaceae sister to Rosidae (with these groups comprising the rosid
clade sensu APG III) (14), although often without strong support
(5, 17, 23). Vitaceae and Rosidae are maintained as distinct by
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Stevens (22), which we follow here. Our ML analyses weakly
support Rosidae as sister to a clade of Vitaceae + Saxifragales
(Fig. 1), but we cannot reject any of the alternative relationships
among Saxifragales, Vitaceae, and Rosidae. Thus, further
genomic and taxon sampling will likely be necessary to resolve the
relationships among these three clades with confidence.

Within Rosidae, relationships among major clades were almost
entirely congruent with those obtained from a recent analysis of 12
targeted genes and the chloroplast inverted repeat for 104 species
of rosids by Wang et al. (23). The only difference was the position
of Celastrales vs. Oxalidales and Malpighiales, but the relation-
ships among these clades have long been difficult to reconstruct
(reviewed in ref. 23). The overall congruence between this study
and Wang et al. (23) strengthens our confidence in basal Rosidae
relationships and suggests that increased taxon sampling would
not affect our findings for this clade.

The plastid analyses provide strong support for the super-
asterid clade as well as the basal split within superasterids (Fig.
1). Previous molecular analyses have linked Santalales, Car-
yophyllales, Berberidopsidales, and Asteridae, but the relation-
ships among them have never received strong support (5, 17).
Several putative morphological synapomorphies may character-
ize the superasterid clade. Psilate or granulate pollen exine
structure and the absence of craspedodromous venation may be
synapomorphies of the superasterids (21). However, the latter
character appears to be evolutionarily labile, and it is also
widespread in Rosidae. The presence of leaf sclereids, isomery in
the androecium (this trait also unites Rosidae as an independent
synapomorphy), and fused carpels and styles unites Santalales,
Caryophyllales, and Asteridae (21). Likewise, the absence of
stipules may be a synapomorphy for Santalales, Caryophyllales,
and Asteridae (Berberidopsidaceae have stipules, but Aextox-
icaceae lack stipules—hence the ancestral state for Berber-
idopsidales, and therefore the superasterids, is unclear). To
understand whether these and other non-DNA characters are in
fact synapomorphies will require both more extensive morpho-
logical analyses and a tree with denser taxon sampling, but our
findings bring us significantly closer to realizing the phylogenetic
framework necessary for the detailed study of character evolu-
tion in eudicots.

Rapid Diversification Within Eudicotyledoneae. Our molecular dat-
ing analyses imply that the major subclades of Pentapetalae
likely diversified rapidly. Our analyses suggest that the initial
splits among Dilleniaceae, superrosids, and superasterids may
have occurred as soon as 1 million years following the divergence
of Pentapetalae from Gunnerales (Fig. S5 and Table S2). Fur-
thermore, both superrosids and superasterids display early and
rapid diversifications, with the lineages leading to Vitaceae +
Saxifragales and Rosidae arising within a window of only about 5
my, and the Berberidopsidales, Caryophyllales, and Asteridae
lineages splitting in a similarly short timeframe. Furthermore,
our inability to resolve either the diversification within Lamiidae
or the diversification among Trochodendrales, Buxales, and
Gunneridae, even with >66,000 bp, suggests that these lineages
may have also diverged very rapidly (Fig. S5).

Other recent studies employing character-rich plastid DNA
data sets have inferred rapid radiations in other major groups of
angiosperms, including the basal lineages of Mesangiospermae
(12), Rosidae (23), and Saxifragales (24). Our results provide
additional examples of rapid diversification within angiosperms
and are consistent with earlier suggestions that angiosperm
evolution has been characterized by a series of nested, rapid
radiations (25-27).

Sources of Error in Phylogenetic and Dating Analyses. Although

plastid genome data sets have shown unprecedented power to
resolve difficult phylogenetic questions across angiosperms and
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date the divergences of major lineages (12, 13, 15, 28), analyses of
genome-scale phylogenetic matrices are still susceptible to error,
which may be masked by high BS values. For example, using
models that fail to account for the heterogeneous patterns of
sequence evolution that are inherent in such large data sets can
mislead ML analyses (29). Although it is difficult to demonstrate
such model misspecification errors, we obtained very similar top-
ologies and support values in ML analyses across all partitioning
schemes, suggesting that the analyses are robust to gene-specific
and codon position-specific heterogeneity in molecular evolution.
Furthermore, when we simulated plastid genome data sets,
allowing for different substitution model parameters and branch
lengths for each gene, the unpartitioned ML analysis of the
simulated data recovered the “true” (simulated) topology.

Error may also arise from inadequate taxon sampling. Matri-
ces with many characters and few taxa may result in incorrect
topologies with high support (13, 30), and plastid genome-scale
analyses have been particularly susceptible to such errors (31).
Although we find evidence that systematic error may affect the
placement of Dillenia in the MP analysis, this study is the largest
whole-plastid genome analysis to date, with taxon sampling
designed to mitigate as much as possible against long-branch
attraction and related systematic errors. Thus, our analysis likely
does not suffer from the errors that plagued several previous
plastid genome analyses. Still, we cannot rule out possible
changes in topology or support if additional taxa were included
in our 83-gene data set.

We also examined if any of our results might be driven by a
small number of genes. Conventional MP and ML bootstrapping
analyses estimate the sampling variance among characters, or
sites in the alignment, implicitly assuming that the different
genes compose a homogeneous sample. We performed a two-
stage bootstrapping experiment (sampling 83 genes with
replacement and then sampling sites within the sampled genes
with replacement) to account for sampling variance both among
genes and among sites within genes (32). The support values for
both MP and ML two-stage bootstrapping were very similar to
the conventional bootstrap support values (Figs. 1 and Figs. S1—
S4), suggesting that there is not extensive sampling variance
among genes.

During periods of rapid cladogenesis, incomplete lineage sort-
ing may produce incongruence among gene tree and species tree
topologies (33). In such cases, the gene tree topologies might not
reflect the species phylogeny. Incongruence among gene trees may
provide evidence of incomplete lineage sorting, but given that the
plastid genome represents a single, nonrecombining chromosome,
we would not expect to detect evidence of incomplete lineage
sorting from the plastid genome alone. Finding topological con-
gruence between multiple unlinked nuclear loci and our plastid
tree would provide strong independent evidence in support of the
plastid ML topology. Future analyses of genome-scale nuclear
data sets will enable such phylogenetic comparisons.

Although our divergence time estimates (Fig. S5 and Table S2)
are similar to those of several other recent dating analyses (12, 34,
35), we stress that estimates of diversification dates are also sus-
ceptible to error, even when based on large data sets. Perhaps the
most important potential source of error involves the use of fossil
constraints and taxon sampling (34-37). Age estimates for individ-
ual clades in a molecular dating analysis can be strongly affected by
the number of independent fossil constraints employed, as well as
their proper assignment to nodes in the tree being analyzed, which in
turn depends heavily on taxon sampling (11, 35, 38, 39). Because our
taxon sampling was limited by the availability of plastid genomes,
the number of fossil constraints that we were able to employ was
similarly limited. Consequently, our age estimates should be inter-
preted with caution, and we do not suggest that they supersede those
of other recent analyses that included greater taxon sampling and
many more fossil constraints (11, 40, 41). In fact, for a given clade,
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different ages inferred in our analyses and those of others may be
due in large part to differences in taxon sampling and constraints.
For example, the age of Dipsacales, in Campanulidae, was esti-
mated to be >100 my in a recent analysis of 30 taxa of Dipsacales
(42), whereas in our analyses, the crown group Campanulidae itself
dates back only ~75 mya. Nevertheless, our analyses further show
the rapidity with which many groups of eudicots, and in particular
basal Pentapetalae, appear to have diverged.

Conclusion

Phylogenetic analyses of complete plastid genome sequences
provide much-improved confidence in the relationships among
major lineages of Pentapetalae and also provide a framework
with which to investigate the evolutionary processes that pro-
duced a large proportion of extant angiosperm diversity. In light
of these phylogenetic results, we are now challenged to identify
characters that are unique to the superasterid or superrosid
clades and those that arose in parallel in the two clades, and then
explore their evolutionary implications. Understanding the
morphological evolution of Pentapetalae more fully will require
both careful morphological studies and rigorous reconstructions
of morphology using this and future well-supported phylogenetic
hypotheses. This improved phylogenetic framework can also be
used to test whether specific non-DNA characters are linked to
diversification and to assess whether these characters involve the
same or independently co-opted underlying genetic mechanisms.

Materials and Methods

Gene/Taxon Sampling and DNA Sequence Alignment. The character matrix for
all phylogenetic analyses consisted of the nucleotide sequences of all 79 pro-
tein-coding genes and all four ribosomal RNA genes (Table S3) that are known
from angiosperm plastid genomes (43). To produce this data set, we modified
the 81-gene, 64-taxon alignment of Jansen et al. (15) by adding portions of
two genes (accD and ycf7) and new sequences from 29 species, 25 of which
were eudicots we sequenced for this study, and by removing sequences from
the well-sampled Poaceae and Solanaceae (Table S4). Gene sequences for the
25 newly included eudicots were derived from complete plastid genome
sequences and are available in GenBank. These plastid genomes were
sequenced using both the Genome Sequencer 20 and FLX Systems (454 Life
Sciences Corp.) following Moore et al. (12, 44). Genomes were also assembled,
corrected, and annotated following Moore et al. (12, 44).

The addition of new sequences required manual realignment of some
genes. Several short regions of the more quickly evolving genes (e.g., matK,
ndhF, and rpoC2) were difficult to align and were therefore excluded from
analyses, as were all sequence insertions present in only one or a few taxa.
The 3’ portion of ycf1 that is typically located in the small single-copy region
was also excluded due to alignment difficulties. The length of the 83-gene
alignment used for all analyses was 66,741 bp (Table S3). The total amount
of missing data, after excluding ambiguously aligned regions, was 4.1%,
caused primarily by the lack of specific genes in some taxa (e.g., infA is
missing in many Rosidae; some or all ndh genes are absent in parasitic taxa).
The aligned data set is available from the authors on request.

Phylogenetic Analyses. Both MP and ML analyses were performed on the
concatenated 83-gene data set, using a number of different partitioning
strategies for ML analyses. First, we performed an unpartitioned ML analysis,
which estimated a single set of nucleotide substitution model and branch
length parameters for all characters across the 83-gene alignment. Next, we
performed two analyses that partitioned the data based on gene region. In
the first analysis, we partitioned the data set by gene and estimated sub-
stitution model parameters for each gene while maintaining a single set of
branch lengths across all genes, whereas in the second analysis we estimated
both substitution parameters and branch lengths for each gene.

We also performed four ML analyses that partitioned protein-coding
genes by codon position. The CodonPart analysis created a partition for each
of the three codon positions and estimated substitution rate matrix
parameters separately for each partition. The CodonPartBL analysis used the
same partitioning scheme, but it additionally estimated separate branch
lengths for each codon partition. Finally, the CodonGenePart analysis esti-
mated substitution model parameters separately for each codon position in
each gene, and the CodonGenePartBL analysis additionally estimated sep-
arate branch lengths for each codon position in each gene. Both the

Moore et al.


http://www.pnas.org/cgi/data/0907801107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0907801107/DCSupplemental/Supplemental_PDF#nameddest=sfig04
http://www.pnas.org/cgi/data/0907801107/DCSupplemental/Supplemental_PDF#nameddest=sfig05
http://www.pnas.org/content/vol0/issue2010/images/data/0907801107/DCSupplemental/st02.doc
http://www.pnas.org/content/vol0/issue2010/images/data/0907801107/DCSupplemental/st03.doc
http://www.pnas.org/content/vol0/issue2010/images/data/0907801107/DCSupplemental/st04.doc
http://www.pnas.org/content/vol0/issue2010/images/data/0907801107/DCSupplemental/st03.doc
www.pnas.org/cgi/doi/10.1073/pnas.0907801107

CodonGenePart and CodonGenePartBL analyses required us to recompile
RAXML to enable it to handle the large number of parameters.

Analyses proceeded as follows. For MP, we used PAUP* version 4.0b10 (45)
to implement heuristic searches that consisted of TBR branch swapping,
starting from 1,000 trees built by random taxon stepwise addition, and
saving all optimal trees. To assess uncertainty in the MP topology, we per-
formed 200 nonparametric BS replicates, each consisting of TBR branch
swapping from 100 random taxon addition starting trees, saving all optimal
trees from each replicate. ML analyses were implemented in RAXML version
7.0.2 (46) and included 10 runs to find an optimal tree and 200 non-
parametric BS replicates (47). All ML analyses used the general time-rever-
sible (GTR) (48) model of evolution with among-site rate variation modeled
using the CAT discrete rate categories option in RAXML. For all ML bootstrap
analyses, we first generated bootstrap data sets using HYPHY version
0.9920061107beta for Linux and version 1.0020080508beta for Mac (49) and
performed a single run on each bootstrap data set in RAXML following the
same protocol as used for the original empirical data set. For the unparti-
tioned analysis, we obtained the bootstrap data sets by sampling with
replacement the characters from the entire alignment. For each replicate in
the two partitioned analyses, we created a bootstrap data set for each gene
separately and then concatenated the single-gene bootstrap data sets into a
single alignment.

To account for any potential gene-specific effects on the phylogenetic
inference, we also performed a two-stage bootstrap analysis (32). By resam-
pling with replacement genes and nucleotides within the genes, the two-stage
bootstrap procedure seeks to estimate sampling variance from the genes as
well as the nucleotides that compose each gene. Note that because the gene
alignments vary in length, the two-stage bootstrap alignments also vary
among replicates. We created 200 two-stage bootstrap data sets using a series
of Perl scripts (available upon request) and HYPHY, which was again used to
create single-gene bootstrap data sets. MP and unpartitioned ML analyses
were performed on the two-stage bootstrap data sets using the protocols that
were used in the conventional bootstrap analyses.

Parametric Bootstrapping. Parametric bootstrapping (simulation) can be an
effective tool for revealing biases associated with particular phylogenetic
methods (50). We performed a parametric bootstrap experiment to examine
the different placement of Dillenia in the optimal ML and MP trees. Spe-
cifically, we asked if the optimal MP or ML tree were true, how often would
we expect the MP or ML analyses to place Dillenia correctly? For both the
optimal MP and unpartitioned ML topologies, we simulated 200 replicate
data sets using HYPHY. To do this, for each gene, we first estimated the
nucleotide substitution parameters and branch lengths using the GTR sub-
stitution model with rate variation among sites modeled using a discrete
gamma distribution with four rate categories (51), and then simulated a
replicate data set using these parameters. After performing simulations for
each gene, we concatenated the simulated single-gene data sets to make a
single alignment. Thus, the simulated data sets account for heterogeneous
processes of evolution among genes. Also, because there are many differ-
ences in taxon sampling among genes due to gene loss, the single-gene
simulations reflect the true patterns of missing data in the empirical matrix.
After the simulations, we performed both MP and unpartitioned ML anal-
yses on each simulated data set using the same protocols as the original
analyses. Based on the parametric bootstrap analyses, we estimated how
often we would expect Dillenia to be placed as sister to the superrosid clade
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or sister to the Caryophyllales in MP and ML analyses when the MP topology
is true and the ML topology is true.

AU Tests. To assess whether certain alternative relationships among clades of
eudicots could be statistically rejected, we simultaneously performed AU tests
(52) for the best ML topology and 34 alternative topologies using CONSEL
version 0.1i (53). All alternative topologies tested involved areas of eudicot
phylogeny where BS values were weak in the ML tree and/or where alter-
native relationships have been suggested in the past (e.g., all 14 possible
alternative topologies were tested for the four major clades of Lamiidae,
and three alternative positions for Dillenia were tested). A complete list of
alternative topologies tested is provided in Table S1. Because we cannot
compare likelihoods for topologies calculated with CAT rate variation
among sites (46), individual site likelihoods were estimated in RAXML under
the GTR + I' model using both an unpartitioned model and a partitioned
model in which different substitution model parameters were estimated for
each gene region.

Molecular Dating Analyses. Given the lack of rate constancy among lineages
[based on a likelihood ratio test (54); P < 0.001 for all data sets], divergence
times were estimated under a relaxed molecular clock. An uncorrelated log-
normal (UCLN) model implemented in BEAST version 1.4.7 (55) was used to
infer divergence times. We performed two BEAST analyses: one assumed a
single common model of molecular evolution across all nucleotide positions,
whereas the other was partitioned by gene, with separate rates and rate-
change parameters for each partition. We used the GTR + I' model of
sequence evolution. For each analysis, we initiated four independent MCMC
analyses from starting trees that included all ingroup and outgroup taxa, with
branch lengths that satisfied the respective priors on divergence times. Con-
vergence of each chain to the target distribution was assessed using Tracer
version 1.4 (56) and by plotting time series of the log posterior probability of
sampled parameter values. Post-MCMC analyses using Tracer suggested that
all chains had reached stationarity and that there was convergence among
the independent runs. All parameters and statistics had an effective sample
size of greater than 200, as calculated with Tracer. After convergence was
achieved, each chain was sampled every 1,000 steps until 50,000 samples were
obtained. Model fit of the different UCLN-relaxed clock models was assessed
using Bayes factors as implemented in Tracer version 1.4. Bayes factors
overwhelmingly favored the model in which the data set was partitioned by
gene. The BEAST XML file is available from the authors on request.

The estimation of absolute divergence times requires calibrating (or
constraining) the age of one or more nodes. The UCLN model allows
uncertainty in the age of calibrations to be represented as prior distributions
rather than as strict calibration/fixed points. We therefore constrained several
of the nodes in the tree to prior probability distributions based on fossil data;
these constraints are discussed in S/ Materials and Methods.
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