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The cacti are one of the most celebrated radiations of succulent
plants. There has been much speculation about their age, but
progress in dating cactus origins has been hindered by the lack of
fossil data for cacti or their close relatives. Using a hybrid phyloge-
nomic approach, we estimated that the cactus lineage diverged
from its closest relatives ~35 million years ago (Ma). However,
major diversification events in cacti were more recent, with most
species-rich clades originating in the late Miocene, ~10-5 Ma. Di-
versification rates of several cactus lineages rival other estimates of
extremely rapid speciation in plants. Major cactus radiations were
contemporaneous with those of South African ice plants and
North American agaves, revealing a simultaneous diversification
of several of the world’'s major succulent plant lineages across mul-
tiple continents. This short geological time period also harbored
the majority of origins of C, photosynthesis and the global rise
of C4 grasslands. A global expansion of arid environments during
this time could have provided new ecological opportunity for both
succulent and C4 plant syndromes. Alternatively, recent work has
identified a substantial decline in atmospheric CO, ~15-8 Ma,
which would have strongly favored C, evolution and expansion
of C;-dominated grasslands. Lowered atmospheric CO, would also
substantially exacerbate plant water stress in marginally arid envi-
ronments, providing preadapted succulent plants with a sharp ad-
vantage in a broader set of ecological conditions and promoting
their rapid diversification across the landscape.

climate change | paleobotany | CAM photosynthesis

lants are generally classified as succulent when they exhibit
pronounced water storage in one or more organs. High
degrees of succulence are most often associated with a suite of
other characteristics that together confer survival in water-limited
environments. This “succulent syndrome” usually includes a
shallow root system that permits rapid uptake of unpredictable
precipitation; a thick, waxy cuticle that prevents excessive water
loss; and Crassulacean acid metabolism (CAM), an alternative
photosynthetic pathway that allows plants to uptake atmospheric
CO;, at night when water loss is minimized (1). Although some 30
plant lineages have been classified as succulent, only a small
subset of those are species-rich and ecologically important ele-
ments of arid and semiarid ecosystems worldwide. These lineages
include the ice plants (Aizoaceae, 2,000 spp), the spurges (Eu-
phorbia, ~2,100 spp., ~650 of which are succulent), the stonecrops
(Crassulaceae, ~1,400 spp.), the aloes (Aloe, ~400 spp.), the
agaves (Agave, ~200 spp.), the stapeliads and asclepiads (Apoc-
ynaceae-Asclepiadoideae, 3,700 spp., ~1,150 of which are suc-
culent) and especially the cacti (Cactaceae, 1,850 spp.) (2).
The cacti represent the most spectacular New World radiation
of succulent plants. Most cacti exhibit a highly specialized life
form, with extremely succulent, photosynthetic stems and leaves
that have been modified into spines (3). The lineage has a broad
distribution, but is most prominent in semiarid and arid regions,
with several main centers of diversity in arid Mexico and the
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southwestern United States, the central Andes of Peru and
Bolivia, and eastern Brazil (2). Despite their ecological impor-
tance, the timing of cactus origins and diversification has
remained enigmatic. Previous work has emphasized the fact that
the cacti are extremely diverse yet almost exclusively New World
in distribution, suggesting a possible origin between 90 and 65 Ma,
which would allow maximal time for diversification and a spatial
separation of Africa and South America (3, 4). Others have sug-
gested a more recent origin, because of limited molecular se-
quence divergence among the major cactus lineages (5, 6).

There are no relevant fossil records for cacti or their closest
relatives, which has made it difficult to estimate divergence times
in the group (e.g., ref. 7). However, researchers have recently
made significant progress in dating the origins of major angio-
sperm lineages (8), and we exploited these advances to infer the
timing of cactus origin and diversification with a two-step ap-
proach. First, we sequenced whole chloroplast genomes from 12
cacti and relatives (Table S1) and combined these data with
a larger whole-chloroplast data matrix of 90 seed plants (8) to
build a broadly sampled phylogeny of angiosperms. We then
used multiple fossil calibration points within a Bayesian frame-
work to estimate divergence times and confidence intervals for
several key nodes in cacti and relatives (Fig. S1). To look more
specifically at patterns and timing of diversification within the
major cactus lineages, we performed a series of additional dating
analyses on a second phylogeny generated from fewer loci but
that included a greatly expanded taxon sampling within the cacti
(Fig. 1, Fig. S2, and Table S2). We then identified the timing of
major radiations in cacti and their relatives by implementing
a likelihood approach that optimizes the number and placement
of shifts in diversification rate across a phylogeny (9).

Results

Our analysis of 102 chloroplast genomes produced a topology and
set of age estimates for major angiosperm nodes that are highly
congruent with those of previous studies (8, 10) (Fig. S1). Age
estimates for particular nodes were extremely robust to removing
various combinations of fossil constraints (Table S3). Our phy-
logenomic analyses suggest that the cacti are ~35 million years old
(Ma), which is much younger than many previous assumptions
(3, 4) but consistent with speculation based on limited divergence
of molecular sequences (5, 6).
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Time-calibrated phylogeny of the cacti and their relatives. Colored branches indicate shifts in diversification: Blue branches represent lineages with

significantly lower net diversification than the background rate; green, orange, and pink branches indicate higher diversification and/or species turnover (see
Table 1 for parameter estimates and clade names). Gray boxes indicate ecologically important succulent clades: Cactaceae (New World); Malagasy Didier-

eaceae (Madagascar); core Ruschiodeae (Aizoaceae, Southern Africa).

Furthermore, divergence time estimates from our densely
sampled phylogeny of cacti and close relatives indicates that
many of the important species radiations within this group are
actually quite recent (Fig. 1, Table 1, and Table S4). The para-
phyletic Pereskia comprises the first two diverging, species-poor
cactus lineages and are woody trees and shrubs with slightly suc-
culent leaves. The succulent cactus “life-form” emerged in a step-
like fashion during early cactus evolution, and certain elements,
such as moderate tissue water storage, conservative water use, and
variants of CAM photosynthesis, are found in Pereskia and other
members of the Portulacineae (11, 12). Pronounced morpholog-
ical succulence, as exhibited by the core cacti (13), did not evolve
until ~#25 Ma and was associated with a significant increase in

Table 1.

Node number

diversification rate (Fig. 1, number 2, and Table 1). However, the
most dramatic species radiations in the cacti occurred many mil-
lions of years after the evolution of a fully succulent syndrome and
were not associated with any obvious anatomical or physiological
innovations. We identified five additional shifts in diversification
rate in the cacti, the majority occurring within the last 8 Ma (Table
1). With the exception of the genus Opuntia (the prickly pears),
these shifts occurred at nodes nested within or just outside named
taxonomic groups (2). Our results suggest that the cactus floras of
the three main centers of cactus diversity and endemism (Mexico,
central Andes, and Brazil) are extremely young, and more or less
contemporary. For example, the North American barrel and co-
lumnar cacti both experienced upward shifts in speciation rate

Significant shifts in diversification rate and species turnover in cacti and relatives

(see Fig. 1) Clade Age, Ma D, lineage/Ma r, lineage/Ma € Center of diversity
Background Portulacineae + Molluginaceae 55-53 0.137 0.095 1.0 x 1077 Worldwide
rate

1 Molluginaceae pro parte 44-21 0.088 0.016 0.980 Southern Africa

2 Core cacti 27-25 0.268 0.232 0.306 Widespread in North
and South America

3 Blossfeldia liliputana 21-0 0 227 x 1077 390 x 10®  South America

4 Opuntia 7.5-0 0.70 0.434 0.874 North America

5 Mammillaria + Coryphantha 7.6-6.3 0.719 0.225 0.973 Mexico

6 Hylocereinae + Echinocereinae 8.5-7.5 0.576 0.422 0.724 Mexico and Central America

7 Notocacteae + Cereeae 16.0-14.8 0.386 0.239 0.850 South America

8 Trichocereinae + Cereinae 7.5-6.5 0.768 0.432 0.903 South America

D is diversification rate under a pure-birth model (D = [In(Ny) - In(N,)I/T, where T is the stem age of the clade, N, is the number of taxa, and N, = 1) (71). ris
diversification rate (A — p) and ¢ is a calculation of species turnover rate (u/A) where X\ = speciation rate and p = extinction rate, as estimated by MEDUSA (9).
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roughly 8-6 Ma, which coincides with a similar shift in a clade
comprising the Trichocereinae, a South American lineage that
comprises the majority of cactus diversity in the central Andean
region, and the Cereinae, a nearly exclusively Brazilian lineage
(7.5-6.5 Ma; Table 1).

Other noteworthy succulent lineages in our analyses, although
located in very different geographical regions, are also of similar
age. The endemic Didiereaceae of Madagascar (Didiereaceae
s.s.) are often called the “Cacti of the Old World,” and are stem-
succulent trees and shrubs of the spiny-thicket forests. While not
being especially species rich (~12 spp), their diversification be-
gan =17 Ma; crown Alluaudia, the largest and arguably most
succulent lineage, is 11 Ma. Our crown age estimate of core
Ruschioideae (the ice plants, Aizoaceae), an extremely species-
rich and fundamental component of the Succulent Karoo flora of
South Africa, is #17 Ma (Figs. 1 and 2 and Fig. S3). This node age
is substantially older than a previous report that suggested a rapid
radiation in this group 8.7-3.8 Ma (14); however, our taxon
sampling of core Ruschioideae was too sparse to allow for in-
vestigation of diversification shifts within this group that, of
course, may have occurred more recently.

Discussion

Our analyses provide strong evidence that although the cactus
lineage is of moderate age, most of the extant diversity in this
group was generated by significant radiations occurring through-
out the mid to late Miocene and into the Pliocene. The timing of
these major diversification events within cacti is extraordinarily
similar to those inferred for other more distantly related succulent
plant groups. Agaves, with their center of diversity in North
American deserts, are reported to have had two primary pulses
of rapid diversification, the first at 86 Ma and a second at 3-2.5
Ma (15). In South Africa, the ice plants (particularly the core
Ruschioideae) comprise the fundamental element of the succu-

lent Karoo region, and their major radiation was estimated as
occurring roughly 8.7-3.8 Ma (14). Remarkably, new research in
Euphorbia has identified many multiple independent radiations of
succulent lineages, occurring across regions of Africa, Mada-
gascar, and South America, and all within a timeframe of ~11-2
Ma (16). While we currently lack data on the aloes, stonecrops,
and asclepiads, every arid-adapted succulent lineage investigated
thus far has followed a similar tempo of evolution: Although the
origins of a pronounced succulent syndrome in these groups vary
widely between ~40 and 10 Ma, they all share a single timeframe of
extensive global diversification in the late Miocene-Pliocene.
Studies of other desert (nonsucculent) plants from various regions
have also demonstrated a similar pattern of recent radiation (17—
20). The simultaneous diversification of arid-adapted lineages
provides a general insight into the history of the world’s arid
regions, which has been limited by a bias against fossil formation
in dry environments. As a unique paleoclimate proxy, this time-
frame is in good agreement with other evidence that the late
Miocene-Pliocene witnessed the establishment of many extant
desert ecosystems.

Most of the succulent radiations reported here could be rea-
sonably linked to the expansion of aridity due to particular geo-
logical events. In North American cacti and agaves for example,
radiations coincided with the establishment of the Sonoran des-
ert, which was presumably caused by increased volcanic activity
and the formation of the Gulf of California (21). This timeframe
was also a period of significant Andean uplift activity, which both
intensified and expanded arid environments throughout most of
western South America (22). Eastern Africa was similarly expe-
riencing increasing aridity possibly due to shifts in ocean (23) or
atmospheric (24) circulation, and around this time a winter
rainfall precipitation regime became established in the South
African Karoo region (14, 20).
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Fig. 2. CO,, global temperature, C4 origins, C4 grasslands, and the diversification of succulent plants during the late Miocene/Pliocene. Lines extend back to
the origin of the various succulent clades, and significant diversification events are represented by increases in line width. For the ice plants, dark green
indicates timing of diversification by Klak et al. (14), and light green represents our estimated age of the same node (“core Rushioideae”; ref. 14). Blue line
reflects decline in relative global temperatures, inferred from deep sea "0, which is primarily a metric of deep sea temperature and sea-ice volume. Gray area
in background represents reconstructed atmospheric CO, levels and their uncertainty through time, collated from multiple proxies (27). Black line is the drop

in CO, hypothesized by Tripati et al. (33).
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However, the temporal concordance of these diversification
events with major vegetation changes in other geographical re-
gions suggests that a more global environmental driver may also be
contributing to the expansion of drought-adapted plant commu-
nities (Fig. 2). The late Miocene has long been recognized as
a fundamental moment in Earth history due to the global emer-
gence of grasslands dominated by grasses with C4 photosynthesis
(25). C4 photosynthesis is a highly convergent and complex trait
that reduces rates of photorespiration. It is advantageous under
low atmospheric CO, conditions and is frequently associated with
plants adapted to environments that promote high levels of pho-
torespiration, such as hot temperatures, aridity, and high salinity
(26). Although the earliest known origin of C, photosynthesis
was =30 Ma and coincided with an abrupt CO, decline in the
Oligocene, most origins appeared much later (27). In fact, a global
burst of evolution of the C, photosynthetic pathway in angio-
sperms, inferred both in grasses (27) and in eudicots (28), occurred
during the late Miocene-Pliocene (Fig. 2). This very small window
of time thus witnessed extraordinary changes in ecosystem prop-
erties worldwide: The emergence of C, grasslands, which cover
20-30% of the terrestrial land surface; the origins of many C, plant
lineages, which are signature elements of most stress-adapted
floras; and a pulse of rapid diversification in every major succulent
plant lineage that has thus far been examined. We highlight mid-
late Miocene trends in two potential environmental variables that
could have provided strong ecological advantages to both succu-
lent and C, syndromes.

First, a steep and steady decline in global temperatures after
the mid-Miocene climate optimum is well documented from ox-
ygen isotope records of deep-sea foraminifera (29), although the
causes of this decline are still debated (30). While the relation-
ship between temperature and precipitation is complex, drops in
global temperatures may reduce global precipitation due to
a slowdown of the hydrological cycle, and evidence from both
paleoecological reconstructions (reviewed in ref. 27) and stable
isotopes (e.g., refs. 31 and 32) from multiple continents consis-
tently indicate a general trend toward increasing aridity during
this time. Thus, irrespective of any one particular geological
event, the late Miocene-Pliocene succulent and C,4 plant revolu-
tion corresponded with what appears to be a near-global phe-
nomenon of reduced precipitation.

Second, we argue that the coincidental nature of this global
succulent diversification with the rise of C, photosynthesis war-
rants another look at atmospheric CO, levels during the late
Miocene. There has been much disagreement about CO, con-
centrations during this time; although the abrupt Oligocene de-
cline in atmospheric CO, is not debated, different CO, proxies
have produced conflicting signals regarding subsequent fluctua-
tion (27). Most recently, Tripati et al. (33) estimated a precipitous
decline in CO, between 15 and 8 Ma, from roughly 425 ppm to 200
ppm (Fig. 2), with further fluctuations between 200 and 300 ppm
occurring into the Pleistocene. A drop of that magnitude would
carry disastrous consequences for C; plants (26) and would have
provided a strong and obvious competitive advantage to the C,
syndrome. These same trends could also promote diversification
of lineages that already possess a suite of drought-adapted traits.
Declining CO, decreases a typical plant’s water use efficiency,
because the diffusion gradient between atmospheric and internal
leaf CO; levels will be smaller and plants will need to adopt
a higher stomatal conductance (and thus greater water loss) to
maintain a given rate of carbon fixation. A drop in CO, concen-
tration would therefore immediately expand the ecological space
in which drought-adapted succulent plants, with their high pho-
tosynthetic water use efficiency, would be competitive (34).

We suggest that a rapid expansion of available habitat (rather
than any particular new “key innovation”) during the late Mio-
cene was a primary driver of the global diversification of plant
lineages already possessing a preadapted succulent syndrome.
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Against a backdrop of increasing global aridity, a sharp CO, de-
cline is a plausible driver of the simultaneous expansion of C,4
grasslands, the clustering of new C, origins, and the diversification
of succulent lineages. The contemporaneous spread of multiple
C, and succulent plant lineages across the global landscape is a
remarkable demonstration of convergence in plants, and their lim-
ited and predictable evolutionary responses to environmental stress.

Materials and Methods

Sequence Provenance and Taxon Sampling. A dataset with sequences for 79
protein-coding genes and four ribosomal RNA genes for 90 species of seed
plants was obtained from Moore et al. (8). Twelve chloroplast genomes were
added to increase sampling in the Caryophyllales (Table S1). Fresh young
leaves or photosynthetic stems were obtained from specimens maintained
in cultivation at the Brown University Plant Environmental Center or the
Sukkulenten-Sammlung Zurich.

To build a phylogeny with better representation of Portulacineae and
Cactaceae, plant specimens were obtained from a variety of sources (Table
S2). A total of 295 taxa were included. We generated new sequences for 94
taxa for PHYC and 63 taxa for matK/trnK and combined these with an ad-
ditional 215 trnK/matK plus 22 PHYC sequences from the National Center for
Biotechnology Information (NCBI). Voucher specimens are deposited at the
Brown University Stephen T. Olney Herbarium, the Sukkulenten-Sammlung
Herbarium, Zurich; the IADIZA-CRICYT Ruiz Leal Herbarium, Mendoza, or
San Marcos University Herbarium, Lima.

Chloroplast Isolation and Sequencing. Chloroplast isolations were performed
by using the sucrose gradient centrifugation protocol by Jansen et al. (35)
with a modification for working with succulent plant material. Samples were
ground with liquid nitrogen until a coarse powder was obtained, which was
quickly transferred to cold Sandbrink isolation buffer. Chloroplast lyses and
whole genome amplification were performed with a Qiagen REPLI-g Midi
Kit (Qiagen). Library construction and sequencing were performed at the
Environmental Genomics Core Facility (EnGenCore) of the University of
South Carolina, Columbia. Samples were multiplexed and prepared by fol-
lowing instructions for the 454 GS-FLX instrument (Roche Life Sciences). Raw
data (in FASTA format), Newbler preliminary assemblies (from the Newbler
software designed for the GS 20 system), quality scores, and NewblerMetrics
were received from EnGenCore in standard flowgram format (sff). Align-
ments and partial assemblies were performed by using MIRA V3rc4 (36) and
Geneious 4.8 (Biomatters). Large contigs or nearly complete assemblies were
imported into DOGMA (37) for annotation, which enabled extraction of
individual gene sequences.

DNA Isolation, PCR-Based Amplification, and Sequencing. Total genomic DNA
was isolated from fresh or silica gel-dried tissue, using the MP FastDNA SPIN
Kit and FastPrep Instrument (MP Biomedicals).

We selected the nuclear phytochrome C (PHYC) gene occurring as single
copy and shown to be a good source of phylogenetic information (13). We
also incorporated the trnK-maturase K (trnK/matK) region, which is the cp
region best represented in NCBI and has also proven to be very useful for
phylogenetic inference in Cactaceae and other Portulacineae [e.g., Cacta-
ceae (6), Montiaceae (38)]. The first exon of PHYC (~1.2 Kb) was amplified by
using primers developed by Mathews et al. (39). The PCR protocol for PHYC
required a high-quality Taq polymerase (Amplitag DNA polymerase; Life
Technologies) and consisted of a stepdown protocol (with a preheating step
of 5 min at 94 °C) beginning at an annealing T of 65 °C and ending at 53 °C,
with 2 min annealing, 1 min denaturation at 94 °C, and 1 min primer ex-
tension at 72 °C for a total of 36 cycles. Products were cloned by using the
StrataClone PCR cloning kit (Agilent Technologies) and sequenced by using
the M13 F/R primer pair. Sequencing was performed at the Genomics and
Sequencing Center of the University of Rhode Island, using the Applied
Biosystem BigDye Terminator v3.1 chemistry. Samples were run on an ABI
3130xI genetic analyzer. Primers and protocol used to amplify and sequence
the trnK/matK region were developed by Christin et al. (40).

Phylogenetic Analyses. The chloroplast dataset of 12 Caryophyllales (Table S1)
was added to the broader angiosperm dataset by Moore et al. (8). Nucleo-
tide sequences of protein-coding genes were translated into amino acids,
aligned automatically with MUSCLE (41), and adjusted manually with Mac-
Clade 4.05 (http:/macclade.org). Each gene was aligned separately and later
concatenated. Small regions that were difficult to align were excluded from
the analysis. The final dataset consisted of 102 taxa, 83 genes, and 75,643
nucleotides. Sequences of trnK/matK and PHYC were processed as above.
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Maximum likelihood (ML) analyses of the whole chloroplast matrix and
PHYC, trnK/matK, and combined PHYC-trnK/matK datasets were performed
with RAXML 7.0.4 (42) and run on the Brown University IBM iDataPlex
Linux cluster.

Estimation of Divergence Times and Shifts in Diversification. Divergence times
were estimated using a two-step approach recommended by Rutschmann
(43), which applies a Bayesian method that accounts for variable substitution
rates between lineages and over time. To start, model parameters were
calculated for each of the 83 genes using baseml (PAML package; ref. 44).
Branch lengths and the variance-covariance matrix were then approximated
by estbranches (45). Finally a Bayesian MCMC procedure implemented in
multidivtime (multidistribute package; refs. 45 and 46) was used to estimate
posterior distributions of substitution rates and divergence times. The
MCMC sampling procedure was run for 1 million generations, after a burn-in
of 100,000 generations, with a sampling frequency of 100 generations. We
ran two analyses by using 13 fossils as minimum-age node constraints: One
analysis used the youngest (lower) bound of the time period to which the
fossils were assigned and the second with the oldest (upper) bound. In both
cases, constraints were considered minimum ages. We did a sensitivity test
(using the youngest assigned ages) that included 13 alternative analyses
in which one fossil constraint was excluded at a time. Additional analyses
including all fossil constraints but varying MCMC parameters provided
similarly consistent results.

Fossils used as calibration points are mostly mesofossils placed with high
confidence in their respective phylogenetic position and time frame (Table
S$3) (47-62). The fossil record for Caryophyllales is scarce. We considered two
candidates: Coahuilacarpon, consisting of infructescences of a possible
Phytolaccaceae ascribed to the Campanian (63), and Amaranthaceae (Che-
nopodipollis) pollen from the early Tertiary (Paleocene) of Texas (58). We
chose the latter as it is considered to be quite reliably identified (S. Man-
chester and D. M. Jarzen, personal communication). A well described fossil
from the Eocene of Australia has been confidently placed within Car-
yophyllaceae (59); however, our taxon sampling did not allow us to make
good use of this fossil, because it could only be placed at the same node as
Chenopodipollis, which is older. Poaceae fossils (e.g., refs. 64 and 65) are
more difficult to place because of insufficient taxon sampling in the present
analysis. We assigned a minimum age of 34 Ma to the crown group of
Poaceae based on data derived from phytolith analyses (62). Because this
node is likely to be significantly older than that (e.g., ref. 66), we also ran
a second analysis assigning the same node an age of 65 Ma, as suggested by
phytolith morphotypes from dinosaur coprolites (67). This second analysis did
not change our inferences of the age of either Portulacineae or Cactaceae.

Dating analyses for the Cactaceae required a secondary calibration, where
age estimates from the analysis of the 83-gene seed plant phylogeny were
applied to a well-sampled phylogeny of Portulacineae and outgroups. Upper
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and lower constraints were set up for Portulacineae and Cactoideae (Fig. S2) by
using the estimates obtained from the first two multidivtime analyses, where
the oldest and youngest bounds of fossil ages were applied, respectively.

We used a likelihood-based method for identifying shifts in diversification
rates by using the program MEDUSA (9), as implemented in R. MEDUSA
allows users to “fill in” a phylogeny with all extant species by pruning the
phylogeny down to the largest possible collection of monophyletic taxa
where unsampled taxa may be confidently placed at one of the tips. This
approach works well for groups with solid and detailed taxonomic classi-
fications; unfortunately, higher-level taxonomy in the cacti is in a state of
flux, and many of the currently recognized tribes and subtribes are known
to be paraphyletic (2). Because of this uncertainty, if we were to include
every species of Portulacineae in our MEDUSA run, we would be forced to
reduce our 295-taxon tree to 42 tips; even worse, the core cacti would have
only 5 tips. As an alternative, we used a genus level approach, given that
genera circumscriptions have been recently revised and appear to be stabi-
lizing (2, 68-70): We pruned our tree down to one exemplar per sampled
genus and then added the total number of species in each genus to the tips
(Fig. S3). We did not attempt to include genera that were not present in
our 295-taxon tree. Many taxonomically problematic groups were lumped
into single large genera to be conservative (e.g., Echinopsis includes Cha-
maecereus, Helianthocereus, Lobivia, Pseudolobivia, Setiechinopsis, Soeh-
rensia, and Trichocereus). In the few cases where we had complete sampling
for a genus (e.g., Pereskia, Maihuenia), we included all taxa. This approach
enabled us to represent extant diversity quite well, with most major groups
attaining >70% coverage and an average coverage across both Cactaceae
and Portulacineae of 75% (Table S5). Outside of Portulacineae and Mollu-
ginaceae, our sampling was more limited. To ensure that this did not affect
inferences inside Cactaceae, we ran MEDUSA only on a tree of Mollugina-
ceae + Portulacineae (Fig. S3). Because of the uncertainty inherent in esti-
mating speciation and extinction rates from phylogenetic topologies, we
report MEDUSA rate estimates alongside a statistic assuming a simpler pure-
birth model (i.e., assuming zero extinction): D (D = [In(Ny) — In(N,)I/T (Table 1
and Table S4), where T is the stem age of the clade, N, is the number of taxa,
and N, = 1; ref. 71).
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