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Rates of Molecular Evolution Are Linked
to Life History in Flowering Plants
Stephen A. Smith* and Michael J. Donoghue

Variable rates of molecular evolution have been documented across the tree of life, but the
cause of this observed variation within and among clades remains uncertain. In plants, it has been
suggested that life history traits are correlated with the rate of molecular evolution, but
previous studies have yielded conflicting results. Exceptionally large phylogenies of five major
angiosperm clades demonstrate that rates of molecular evolution are consistently low in trees
and shrubs, with relatively long generation times, as compared with related herbaceous plants,
which generally have shorter generation times. Herbs show much higher rates of molecular change
but also much higher variance in rates. Correlates of life history attributes have long been of
interest to biologists, and our results demonstrate how changes in the rate of molecular evolution
that are linked to life history traits can affect measurements of the tempo of evolution as
well as our ability to identify and conserve biodiversity.

Variation in the rate of molecular evolution
has been attributed to a number of fac-
tors, including differences in body size,

metabolic rate, DNA repair, and generation time
(e.g., 1–4). In plants, differences in rates of mo-
lecular evolution have been noted between an-
nuals and perennials (5) and between woody and
herbaceous species (6, 7). These differences have
been presumed to reflect differences in genera-
tion time (the time from seed germination to the
production of fruits/seeds). However, in plants the
relationship between life history and the average
length of time before a nucleotide is copied either
through replication or repair [nucleotide genera-
tion time (1)] is complicated by the fact that so-
matic mutations can accumulate during growth
and can be transmitted through gametes (8, 9).
Variation in breeding system and/or seed-banking
by annual plants (9) may also affect the ability to
detect a correlation between molecular rate and
generation time.

Previous studies have been inconclusive with
respect to the extent and the correlates of rate
heterogeneity in plants (5, 7, 9, 10). Studies fo-
cused on individual smaller clades, or on single
gene regions, have yielded results of uncertain
generality (7), whereas broader phylogenetic studies
have suffered from limited taxon sampling and,
hence, comparisons among very distant relatives
(11). Some tests have failed to account for phy-
logenetic relatedness (9).

We assembled molecular sequence data for
five major branches within the flowering plants:
three clades of asterids (Apiales, Dipsacales, and
Primulales),onecladeof rosids (Moraceae/Urticaceae),
and one of monocotyledons (Commelinidae).We
used group-to-group profile alignments (12) that
take advantage of previously recognized clades
within the groups analyzed (13) and yield denser
data matrices (containing less missing data) than

those produced using other strategies (14). Spe-
cifically, we identified alignable clusters of homol-
ogous gene regions, which were then concatenated
with profile alignment (13). To minimize missing
data, only phylogenetically informative clusters
(with at least four taxa) were used. The gene re-
gions varied among the five matrices but in each
case included markers from the chloroplast, nu-
clear, and mitochondrial genomes (figs. S1 and
S2 and table S2). The average gene region in our
analyses contained 305 species; the smallest con-
tained 10 species. This process resulted in an
Apiales matrix of 1593 species by 9522 sites
(>15 megabases); for Dipsacales, it was 366 by
11374 (>4 megabases); for Primulales, 529 by
11505 (>6 megabases); for Moraceae/Urticaceae,
457 by 7820 (>3.5 megabases); and for Comme-
linidae, 4657 by 22391 sites (>104 megabases).

Phylogenetic trees (Fig. 1) were inferred
under maximum-likelihood (ML) with RAxML
(vers.7.0.0) (15), with gene regions treated as
separate partitions (13). We conducted 100 rapid
bootstrap analyses, using every 10th bootstrap
tree as a starting tree for a full ML search, and
chose the tree with the highest likelihood score;
owing to the size of the Commelinidae matrix,
only a single ML search was conducted. For all
clades but Commelinidae, we used nonparame-
tric rate smoothing (16) to set branch lengths
proportional to time; we used the PATHd8 meth-
od (17) for the exceptionally large commelinid
analysis. Published studies were used to cali-
brate each phylogeny, using multiple calibra-
tion points to limit the impact of clade-specific
rate heterogeneity (13, 18–21). For Apiales and
Primulales, we separately calibrated the major
subclades identified in previous analyses, which
also accommodated the fact that our analyses
included some taxa not represented in previous
studies.

Ancestral states of the life history trait “trees/
shrubs” versus “herbs” (a proxy for generation
time) (6, 7, 22) were inferred with ML methods
(Fig. 1) (13); palms (Arecaceae, Commelinidae),
which donot produce truewood (secondary xylem),
were scored as trees/shrubs. For each branch on

each phylogeny, we calculated the number of sub-
stitutions per nucleotide site permillion years using
branch lengths estimated from the dated molecu-
lar trees. Branch calculations were binned on the
basis of inferred life history to produce box plots
for each clade (Fig. 1). Outliers (values >1.5 times
beyond the first and third quartiles) were excluded
as artifacts of divergence-time estimation (e.g.,
thosewith zero or near-zero branch lengths).Within
eachmajor clade, we noted that trees/shrubs were
consistently evolving more slowly than related
herbaceous plants. Median rates of nucleotide
divergence were 2.7 to 10 times as high in herbs
as in trees/shrubs; herbs also showed higher
ranges and variances (Fig. 1). None of the tree/
shrub lineages examined here showed high rates
of molecular evolution, but some herbaceous
lineages were inferred to have low evolutionary
rates, in the range characteristic of trees/shrubs.
This asymmetry in variance may reflect the fact
that, although most trees/shrubs are not able to
reproduce within the first few years (23, 24), as
most herbs can, some herbs take as long as trees
to flower. Consistent with the view that genera-
tion time influences the rate of molecular
evolution within the Commelinidae (Fig. 1), the
longer-lived bromeliads [which take up to 18
years to reproduce (25)] have remarkably short
branches, with even fewer substitutions per site
per million years than palms (0.00059 and
0.0014, respectively). Other factors, such as
population size, breeding system, and seed-
banking, may also relate to the observed
asymmetry; for example, the rate of fixation of
mutations by selection increases in large popula-
tions. Although we do not dismiss these variables
in explaining the observed variance, they are less
clearly correlated with the life history distinction
than is generation time [e.g., (26)].

To explore whether the difference in rates of
molecular evolution has remained constant over
time, we compared substitutions per site per mil-
lion years through 10-million-year segments for
each dated phylogeny (Fig. 2) (13).We found that
the trend in rate heterogeneity holds through time,
with some noteworthy exceptions in the earliest
time periods. For example, woody Dipsacales are
estimated to have a high rate of evolution before
the herbaceous habit is inferred to have evolved
in this lineage (Fig. 2B). Fossil data might help to
distinguish whether these results are best explained
by incorrect reconstructions (i.e., perhaps the first
Dipsacales were herbaceous), by faster evolution
of woody lineages during earlier times (e.g., due
to warmer climate in the early Tertiary), or by the
extinction of early woody lineages.

Because these comparisons do not directly
take into account phylogenetic relationships or
examine the effects of evolutionary change from
one life history state to the other, we calculated
branch length contrasts (27) around each inferred
evolutionary shift in life history (Fig. 3) (13).
Specifically, we calculated the average accumu-
lation of molecular changes from each branch tip
to the shared ancestor of a tree/shrub clade and
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