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Angiosperms represent one of the key examples of evolutionary success, and
their diversity dwarfs other land plants; this success has been linked, in part,
to genome size and phenomena such as whole genome duplication events.
However, while angiosperms exhibit a remarkable breadth of genome
size, evidence linking overall genome size to diversity is equivocal, at best.
Here, we show that the rates of speciation and genome size evolution are
tightly correlated across land plants, and angiosperms show the highest
rates for both, whereas very slow rates are seen in their comparatively
species-poor sister group, the gymnosperms. No evidence is found linking
overall genome size and rates of speciation. Within angiosperms, both the
monocots and eudicots show the highest rates of speciation and genome
size evolution, and these data suggest a potential explanation for the
megadiversity of angiosperms. It is difficult to associate high rates of diver-
sification with different types of polyploidy, but it is likely that high rates of
evolution correlate with a smaller genome size after genome duplications.
The diversity of angiosperms may, in part, be due to an ability to increase
evolvability by benefiting from whole genome duplications, transposable
elements and general genome plasticity.

1. Introduction

Evolutionary biology has long sought to explain the uneven diversity across the
branches of the tree of life. The land plants (Embryophyta) are a focal example,
with approximately 320000 species known, 268 600 are angiosperms [1];
indeed, the immediate sister lineage of angiosperms can muster only approxi-
mately 1050 species [1]. Many factors have been used to explain this imbalance,
such as environmental opportunity [2] and key adaptations [3,4], whereas
recent attention has been focused on genome size [5-7].

Across the tree of life, genome size has been linked causally to increased
diversification. Traditionally, larger genomes have been linked to greater rates
of speciation, but there is also evidence of smaller genomes promoting diversi-
fication, including in plants [8-10]. Furthermore, many factors relating to
genome size are related to higher diversification in plants: whole genome dupli-
cation [5,11-18], transposable elements [7] and selective pressures can cause
differences in genome size and diversification [10]. Theory and some experi-
mental evidence suggests a role for genome size in variations of diversification
rates, but much attention has so far has concentrated upon the size of genomes,
yielding equivocal results [10].

Angiosperms are exceptional in their approximately 2000-fold variation in
genome size, which has been linked to their successful diversification
[5,19,20]. This contrasts strongly with the narrow variance in the larger gen-
omes of gymnosperms [5,12,21,22]. Many factors related to evolvability are
expected to alter genome size, but not unidirectionally towards a larger or smal-
ler size [23]. Therefore, rates of size change, not absolute size, of genomes, are
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likely to be an important factor in explaining the differing rates
of diversification across land plants.

High rates of trait evolution are associated with increased
diversification potential across the tree of life [24,25]. High
rates of genome size evolution promoting higher diversifica-
tion in angiosperms are compatible with this hypothesis. Two
main theories could explain a positive relationship between
the two: punctuated evolution, in which the majority of
phenotypic change occurs at speciation [26,27], especially in
plants where there is a high incidence of polyploidy [28], or
some form of ‘evolvability’, in which the capacity to change
phenotype allows for higher rates of speciation [24,25]. How-
ever, differentiating punctuational models from evolvability
models can be difficult [29], and it is likely the two are not
mutually exclusive.

Genome size evolution can be modelled as a trait on a
phylogenetic tree, and this allows for testing of the corre-
lation between the rates of diversification and genome size
evolution [30,31]. Here, we test this relationship across land
plants using a large database of genome sizes, and predict
a positive correlation between high rates of genome size
evolution and speciation across the phylogeny, particularly
in the angiosperms, but expect no relationship with genome
size and speciation. We find this relationship to be true,
with particularly high levels of size evolution in the eudi-
cots and monocots, particularly the grasses (Poaceae). The
ability to rapidly change genome size may have increa-
sed the evolvability of angiosperms, and allowed them to
diversify spectacularly.

2. Methods

The most comprehensive, dated phylogeny of land plants [32]
was used to model genome size evolution. When genome size
data were considered, the phylogeny was pruned down to
3351 species of land plants.

We obtained genome sizes (1C, picograms) from the Kew
C-value database [19]. Although we term 1C as ‘genome size’
here, we recognize the true definition is of 2C divided by the
level of ploidy [30,33].

(a) Rates of speciation and genome size evolution
Bayesian analysis of macroevolutionary mixtures (BAMMs) was
used to analyse genome size evolution and rates of speciation sep-
arately on the phylogeny [25,34]. BAMM allows for multiple rate
shift configurations to be modelled on phylogenies, thus it is not
dependent upon a single shift configuration. Rate shifts are mod-
elled via a compound Poisson process [34], and so no priors are
required on the location of rate shifts. Diversification is modelled
using parameters to represent speciation and extinction, and
trait evolution is modelled as a Brownian motion process [25,34].

Priors for the reversiblejump mcmc model in BAMM were
estimated using BAMMotools [35] in the software package R [36].
BAMM was run for 400 million generations for the phenotypic
data, and 40 million for the analyses of speciation. Convergence
was judged upon parameters exceeding 200 estimated sample
size; this was more than 1000 for most parameters in the
phenotypic data and analyses of speciation.

To incorporate non-random incomplete sampling, we fol-
lowed established BAMM protocols. We assigned each species to
a monophyletic family and calculated the proportion of species
present in each family, as well as the overall proportion of land
plant species. We obtained information about the number of
valid species, as well as total plant species, from the plant list [37].

(b) Correlation between rates of genome size evolution
and speciation

Correlation between the rates of genome size evolution and spe-
ciation within 276 embryophyte families [25], and rates were
estimated for higher-level clades. The second was to study corre-
lations between the rate of phenotypic evolution and family
diversity, in terms of species richness [38,39]. We also tested
whether size was correlated with speciation rates across the
tree using traitDependent BAMM, which is a method that com-
putes correlation coefficients between the trait and random
posterior speciation rates from BAMM samples.

Phylogenetic generalized least-squares (GLS) models were
used to account for the effects of phylogeny in the regression of
speciation rates on rates of genome size evolution [25,39-41].
PGLS models were based on code from the CAPER package in
R [42]. PGLS quantifies and incorporates similarity between
species owing to the shared phylogenetic history by estimating
Pagel’s A [40,43]—this similarity is then incorporated into the
error term of the regression model [44].

As we tested the correlations of two rates, both could be posi-
tively correlated with time [25]. Therefore, we also tested
for evidence of this relationship by looking at the influence of
time by examining the rates between sister-clades only which,
by definition, are of equal age [25].

(c) Direction of change

We used StableTraits [45] to estimate ancestral sizes of genomes
throughout the phylogeny. StableTraits samples rates from a
heavy-tailed [45,46], rather than a normal distribution, as in
Brownian motion [47]. This allows for rate changes to be estimated
parametrically on the tree, such that individual branch rates and
ancestral node estimates can be calculated for the entire tree.
StableTraits was run for 80 million generations, sampling at every
1000 generations, and across two independent chains.

3. Results

(a) Rates of speciation and genome size evolution
Speciation and genome size evolution show considerable
variation throughout the phylogeny. In the model of
genome rate evolution, the mean log-likelihood of the
posterior was 3583.77 (3426.84-3740.07, 2.5 and 97.5 percen-
tiles, respectively) and the mean number of shifts was 62
(56-69, 2.5 and 97.5 percentiles, respectively). Similar results
were found for rates of speciation: the mean number of
shifts was 48 (39-58, 0.025 and 0.975 quantiles, respectively),
and the mean log-likelihood of the posterior was —11 534.65
(—11674.6 to —11448.8, 02.5 and 97.5 percentiles, respect-
ively). Although it was not possible to calculate Bayes
factors—the prior was zero for many of the shifts—there is
a clear difference between the prior and posterior for the
number of shifts (see electronic supplementary material,
figures S1 and S2).

Angiosperms show the highest rates of genome size evol-
ution and speciation (table 1 and figure 1). Mean clade rates
in the angiosperms for speciation (0.55) and genome size
evolution (0.009) were higher compared with the speciation rate
(0.04) and genome size evolution rates (0.001) in non-
angiosperms. Within angiosperms, very high rates of genome
size evolution are found within monocots (figure 1), particu-
larly Poaceae (0.16), which also exhibits the highest rate of
speciation (4.53). The lowest rates of speciation (0.03) and
genome evolution (0.03) are found in gymnosperms. The
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Figure 1. Rates of speciation and genome evolution are correlated in plants. The highest rates of speciation (branches scaled to rate) are associated with the highest
genome rates (coloured branches) (a). Clades shown in the phylogeny (b) show correlation between rates of genome size evolution and speciation (c), and there is a
significant relationship in a phylogenetically corrected correlation between the two rates for families (d).

Table 1. Rates of speciation and genome size evolution for clades in the
phylogeny.

speciation rate genome rate

055 (048,062 0009 (0008, 001)
0.04 (0.03, 0.07) 0.001 (0.001, 0.001)

non-

angiosperms

bryophytes 007 (0.04,018)  0.002 (0.0009, 0.004)
pteridophytes 0.04 (0.03, 0.06) 0,001 (0.0006, 0.002)
gymnosperms 003 (0.02,0.04)  0.0007 (0.0003, 0.002)
basal 0.05 (0.02, 0.27) 0.003 (0.002, 0.005)

angiosperms

magnoliids 0.11 (0.05, 0.33) 0.005 (0.002, 0.01)
monocots 0.51 (0.42, 0.65) 0.011 (0.009, 0.01)
eudicots 0.65 (0.52, 0.72) 0.008 (0.007, 0.009)

families Pinaceae (0.0001) and Araucariaceae (0.02) have the
lowest speciation and genome rates, respectively (see
electronic supplementary material, figure S4).

(b) Positive correlation between rates of genome size

evolution and speciation

At the family level, there is a significant relationship between
rates of genome size evolution and speciation across the tree
(figure 1). The PGLS model, which tests for the significance of
the relationship at the family level (figure 1b,d), indicates a
strong relationship between genome size evolution and spe-
ciation rates (p <0.001, 90 d.f, R%*= 0.383). This is also
significant within just angiosperms (p < 0.001, 76 d.f.,, R* =
0.359) (table 2). These results are also significant when
using contrasts.

As an analogous test, the relationship between tip diver-
sity of families (n species) and rates of genome size
evolution was performed. This was very significant for the
entire tree (p < 0.001, 90 d.f, R*=0.357) and within just
angiosperms (p < 0.001, 76 d.f, R*=0.219; table 2 and
electronic supplementary material, figure S3a,b).

Independent contrast also gave similar results to PGLS
with a significant relationship between the genome size and
speciation rates (p < 0.001, rho=0.61). Time does not
appear to be a confounding factor as contrasts between
sister-species only was non-significant using the Spearman
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Figure 2. There is no significant relationship between overall genome size and rates of speciation for all land plants (a), and just angiosperms (b) when using a
PGLS regression at the family level. Permutation tests also show a non-significant relationship between genome size and speciation for all plants.

Table 2. PGLS analyses show the positive relationship between genome size rates of evolution and speciation rates and family diversity for all plants and

angiosperms only.

d.f. p-value R? lambda (95% Cls)
all plants
speciation rates 90 302x 107" 0.3826 0.593 (n.a., 0.895)
family diversity 9 208 x 107" 0.3565 00, 0.408)
angiosperms only
spéciatioh rates 76 162 x 108 0336 1(0.874, na)
family diversity 76 919 x 10°¢ 0.2192 0 (0, 0.496)

rank test (p = 0.054). While this is used to test the confound-
ing effect of time on analyses [25], it is likely that our negative
result here is due to the small sample size (n = 28), and there
is still a positive relationship (rho = 0.37). Furthermore,
gymnosperms and angiosperms are the same age, by
definition, and show no evidence of correlation in rates.

There is no evidence for high rates of speciation being
linked to genome size (as opposed to rates of genome size
evolution; figure 2). We find no significant correlation
between overall speciation rates and genome size for the
entire tree (p=0.243, 83 d.f, R2=O.OO5), or angiosperms
(p=0.68, 76 d.f,, R?= —0.01). traitDependentBAMM also
shows a non-significant correlation between genome size
and speciation rates across the tree (p = 0.56).

We find little evidence for accelerations on branches lead-
ing to the major clades of angiosperms at sites associated
with whole genome duplications. Rates on branches leading
to angiosperms (0.003), monocots (0.002) and eudicots
(0.003) all fall into the first quartile of rates throughout the
phylogeny. Furthermore, there is little evidence to link pur-
ported whole genome size changes and accelerated rates of
speciation or genome size evolution. We plotted the posited
location of whole genome duplication events on the phylo-
genies displaying the best shift configurations of
diversification and genome size evolution, respectively (mini-
mum Bayes factor 5); these results indicate that only the core
eudicots are associated with a shift in speciation and trait

evolution rates (figure 3). Other whole genome duplication
events are not associated with differences in speciation and
trait evolution rates of evolution.

() Ancestral states and the direction of change

The reconstructed ancestral angiosperm genome size is 1.45
picograms (0.57-3.71 95% highest posterior density) which
is smaller than the size estimated for the ancestral spermato-
phyte of 1.99 picograms (0.7105.49 95% highest posterior
density; see electronic supplementary material, table S1 and
figure 4). As expected, high rates of genome size evolution
are associated with increases and decreases in C-value
throughout the tree; there is no difference in the distribution
of size changes in ancestor—descendant pairs between
angiosperms and non-angiosperms (p = 0.1531, Wilcoxon
rank-sum test). Therefore, it appears increased rates are
associated with both increases and decreases in C-value
throughout the phylogeny.

4. Discussion

While genome size has been traditionally linked to the suc-
cess of angiosperms, here we find that it is the ability to
alter genome size that exhibits the strongest correlation
with diversity. This fits a hypothesis in which genome size
in and of itself is not an important factor for diversification
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Figure 3. The position of shifts for rates of speciation and genome size evolution on the phylogeny compared with reported whole genome duplications in the
Spermatophyta (1), Angiospermae (2), monocots (3), eudicots (4), Poaceae (5), Brassicaceae (6) and the Asteraceae (7). Only the core eudicots (4) show accelerated

rates for speciation and genome size evolution.

as has been previously suggested [10], but it is the ability to
cope with genome size changes that has allowed angiosperms
to benefit from polyploidy and other genome rearrangements
[5,8,9,12,48]. Changes in genome size are likely to have pro-
moted diversification in angiosperms, especially compared
with the species-poor gymnosperms [22].

As expected, the large variance in C-value for angio-
sperms [5,12,49] translates into a high rate of genome size
evolution, and this correlates strongly with rates of speciation
(figure 1). A frequent explanation for the huge diversity of
angiosperms is the prevalence of whole genome duplication
events [5,20]. However, directly linking C-value to poly-
ploidy events can be difficult: C-value is not directly
proportional to ploidy and often downsizes following dupli-
cation [50,51]. As we measure changes in C-value, these are
very likely to be influenced by whole genome duplica-
tions as well as other factors linked to increased rates of
diversification, such as tandem duplications, transposable
elements ([7,47], but see [52]), life history [53] and deletions
[8,51,54]). As a guide to ‘genome size’, C-value effectively
captures large-scale patterns in genome size change through-
out the phylogeny, but it is not attributable to one effect, such
as whole genome duplications, alone. Overall, we support a
model in which higher rates of genome size evolution
that result from range of processes promote higher rates of
speciation [7] (figure 1).

(a) Evolvability

High rates of genome size evolution correlate with high rates
of speciation in angiosperms, and confirm previous predic-
tions that genome size variability is linked to success in
flowering plants [5]. These patterns could fit a punctuational

model of evolution in which genome size changes occur at
speciation [26], or a model of evolvability in which higher
rates of genome change drives high rates of speciation
[7,24,25]. Discriminating among punctuational and evolvabil-
ity models is not trivial [29], and we cannot reject the
possibility that they are linked, but this does not require
one model being favoured at the expense of another.
A large amount of change may be expected at speciation in
a punctuational model [7,26-28,55]. A subset of this model
posits that genome size changes, and by definition, specia-
tion, are associated with cladogenesis—speciation results
from polyploidy, but polyploidy does not promote diversifi-
cation [12,28,49]. These models would imply small genome
size is a consequence of, not a driving factor behind, diversi-
fication. However, we find no link between genome size and
rates of speciation (figure 2), and we expect to find a small
genome size in many species that have undergone recent,
rapid radiations [5,56]. Therefore, there are many reasons to
associate genome size change with higher rates of speciation
in an evolvability model (figure 1): whole genome dupli-
cations [13,14], via general genome plasticity [5,1248],
lowering extinction risk by reducing genome size [8], the
action of transposable elements [7] and retaining benefits of
duplicated genes [48]. Thus, we cannot definitively differen-
tiate between punctuational and evolvability models, but we
suggest there is evidence to infer an evolvability model relat-
ing to higher rates of genome size evolution in plants

(figure 1).

(b) Whole genome duplications
In the past, authors have argued that polyploidy and dupli-
cated elements within genomes could lead to ‘genetic
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obesity” [57], but despite multiple rounds of duplication we
find no evidence for directional evolution in genome size.
While it has become clear that increases and decreases in
genome size are characteristic of angiosperms [5,30,51], we
find no relationship between absolute genome size and
rates of speciation in angiosperms or in embryophytes more
generally (figure 2). Out of a number of proposed genome
duplications [16,58—-62], only core eudicots show a consistent
shifts in rate for genome size evolution and diversification
(as judged by Bayes factors; figure 3), and some clades associ-
ated with ancestral polyploidy show heightened rates of
diversification (monocots, eudicots, Brassiceae, Asteraceae
and Poaceae). Spermatophyta and Angiospermae do not
show heightened speciation or genome size evolution rates.
It can be seen that not all angiosperms have experienced a
heightened rate of evolution (figure 1). This might evidence
a model in which early-diverging lineages, including
Amborella, did not undergo recent rounds of whole genome
duplication and so do not exhibit higher rates of speciation
[63], and demonstrates how nested diversifications may
follow from whole genome duplications [20]. A relatively
small ancestral angiosperm genome size has been suggested
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