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The Agave (Agavaceae) are keystone species of semiarid to arid
regions where the geographic center of origin is Mexico but whose
populations spread from the southwestern U.S. through Central
America, the Caribbean, and into northern South America. Our
analyses indicate that Agave is a young genus, between 7.8 and
10.1 million years old, and yet it harbors the most species of any
genera in the family. Of the eight genera in the family, Agave is
paraphyletic with respect to three of them, and these four genera
are often grouped into a genus termed Agave sensu lato, which
harbors 208 of the 293 recognized species in the Agavaceae. In this
article, we examine the phylogenetic limits of Agave sensu lato and
present analyses elucidating the origin and rate of speciation in the
group. These analyses lead to some new insights into the phylo-
genetic limits of Agave, indicate an estimated age of the family
between 20 and 26 million years and an age of the Agave sensu lato
of <10 million years. Furthermore, we estimate a high mean
per-lineage rate of diversification for the genus and find that rates
of speciation were significantly elevated between 8 and 6 million
years ago and then again between 3 and 2.5 million years ago. We
discuss the potential for both monocarpy and the evolution of a
generalist pollination system, largely dependent on nectarivorous
bat species, as possible driving factors in the radiation of the group.

adaptive radiation � molecular phylogeny � monocotyledons �
penalized likelihood

The Agave produce one of the largest known inflorescences in the
plant kingdom (1) and are predominantly monocarpic (repro-

ducing only once after many years and then dying). Agave spp. are
of considerable ecological (as keystone species) and economic
importance providing the bases for several important industries in
Mexico (e.g., tequila and mezcal). The genus Agave includes �166
species and is the largest genus in the family Agavaceae that consists
of 9 genera and �293 species. The genus Agave is paraphyletic to
the genera Manfreda, Polianthes, and Prochnyanthes, and the entire
clade of 208 species (in four genera) has been termed Agave sensu
lato (2).

It has long been recognized that rates of speciation differ
between families, or genera, of flowering plants. Broad-scale anal-
yses have identified families with particularly high or low rates of
diversification (3), and lower level studies have used molecular
phylogenetic-based approaches to identify genera that exhibit rapid
rates of speciation in plants (3–12). The ultimate goal of most of
these studies is to identify which evolutionary processes are respon-
sible for accelerating or decelerating speciation rates and, in
particular, to identify whether radiations are adaptive (13). Schluter
(13) describes four features that mark an adaptive radiation:
common ancestry, rapid speciation, phenotype-environment cor-
relation, and trait utility. The first two of these are typically
identified by using statistical methods in molecular phylogenetics,
the third is often demonstrated by showing independent correla-
tions between phenotype and environment across taxa [for example
by using independent contrasts (14)], and the fourth is shown by
performing detailed experimental and theoretical work to demon-
strate that a specific trait is associated with a rapid increase in
speciation rates (13).

In this article, we examine the possibility of a radiation in the
genus Agave sensu lato. Of the nine genera in the Agavaceae, two

are distinctly more diverse than the others. The genus Yucca has an
estimated 49 species, whereas Agave sensu stricto harbors �166
species and Agave sensu lato 208 species; thus together, Yucca and
Agave include 257 of the 293 species in the family. Although basic
aspects of the overall morphology, such as the existence of rosettes
and a central spike bearing a large inflorescence, are shared
between Yucca and Agave, the two differ remarkably in their
reproductive ecology in ways that may have influenced the tempo
and mode of speciation. Yucca species are long-lived iteroparous
perennials, with the exception of Hesperoyucca whipplei (previously
Yucca whipplei), which is monocarpic. Their flowers produce little
or no nectar and are exclusively pollinated by specialized moths in
the genera Tegeticula and Parategeticula. Pellmyr and Leebens-
Mack (15) examined the molecular evolution and phylogenetics of
the Tegeticula moths and estimated that the Yucca–Yucca moth
coevolution began �40 million years ago (Mya) based on molecular
clock analyses of Tegeticula mitochondrial genes. Gaunt and Miles
(16) recently estimated this date to be between 30 and 32 Mya based
on the divergence of the genera Tegeticula and Parategeticula. In
either case, the unusual dynamic of Yucca–Yucca moth coevolution
has been taken as an example of how exploitative interactions
between species (in this case, plants and their pollinators) can
mediate adaptive radiations (13).

On the other hand, the genus Agave sensu stricto is predominantly
monocarpic and harbors the most dry-adapted (and succulent)
members of the family Agavaceae. Agave sensu stricto is divided into
two subgenera, Littaea (53 species) and Agave (113 species) based
on the inflorescence (1). The three genera that are additionally
included in Agave sensu lato, Manfreda (28 species), Polianthes (13
species), and Prochynanthes (1 species), are predominantly poly-
carpic, herbaceous, and inhabit a more temperate environment and
are also mainly found in Mega-Mexico 3 (Mexico and continuous
parts of southwestern U.S. and Central America that share similar
flora) (2, 17).

In addition to their contrasting life-history strategy, polycarpy vs.
monocarpy, the Yucca and Agave differ dramatically in their pol-
lination ecology. Unlike Yucca, most species in the genus Agave
have a broad coterie of pollinators including bees, birds, hawk-
moths, and bats. Their flowers appear to have been selected by a bat
pollination syndrome (1, 18, 19).

In this article, we present analyses to examine the first two
features of an adaptive radiation as outlined by Schluter (13): the
monophyly and rate of speciation in the group. To this end, we
present analyses on (i) the phylogenetic limits of the Agave sensu
lato, (ii) the time of origin of the family Agavaceae and Agave
sensu lato, and (iii) the rate and timing of speciation events in Agave
sensu lato. Although the nine genera fall into consistent patterns
across these analyses, there are questions about the phylogenetic
limits of the family and the phylogeny of Agave sensu lato. Addi-
tionally, using our estimates of the time of origin and rate of
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speciation in the genus Agave, we discuss the possible evolutionary
forces mediating high diversification rates in Agave.

Results
Phylogeny of the Agavaceae and Agave. The molecular clock hy-
pothesis was firmly rejected for the rbcL data set but is only rejected
at the 0.05% level for the trnL�trnL�trnF data (Table 1).

The topology of the minimum evolution tree based on the rbcL
sequences is shown in Fig. 3, which is published as supporting
information on the PNAS web site. A phylogenetic tree recon-
structed based on the trnL�trnL�trnF sequence data using the

minimum evolution method is depicted in Fig. 1. The tree depicted
is one that has been linearized with respect to time. There is
evidence that members of the Anthericaceae are a sister group to
the Agavaceae and that Camassia, Hosta, and Chlorogalum are part
of Agavaceae sensu lato. Both the methods of minimum evolution
and maximum parsimony concur that there is low bootstrap, but are
consistent with separation of Agave sensu lato, Furcraea, and
Beschorneria, and give stronger support for the distinctiveness of
Yucca (both analyses) and Hesperaloe (maximum parsimony anal-
yses). Both analyses suggest that Hosta, Camassia, and Chlorogalum
are paraphyletic within the Agavaceae as found by the Angiosperm
Phylogeny Group (20).

Estimating the Age of the Agavaceae and Agave sensu lato. For the
linearized trees method, a total of 134 sequences were eliminated
for the rbcL analyses because they exhibited a significantly higher
rate of sequence evolution; this method left 191 taxa for the analyses
(including the 14 outgroup sequences), whereas for the
trnL�trnL�trnF data a total of 11 sequences were removed
(leaving 51 sequences). The trees were linearized with respect to
time, and using a crown age of 132 million years, we established a
substitution rate of r � 0.000373134 units�million years for rbcL and
r � 0.0023148 units�million years for trnL�trnL�trnF and derived
the SE for the time of divergence of the Agavaceae family using the
method presented in Kumar et al. (21). For the nonparametric
rate-smoothing (NPRS) method, a total of 242 rbcL sequences
(including the 15 outgroup samples) and 54 trnL�trnL�trnF
sequences were used to estimate divergence times.

The comparison of the age of nine internal nodes from our rbcL
and trnL�trnL�trnF analyses with those of Wikström et al. (22) are
presented in Table 2. Wikström et al. (22) used an internal absolute
calibration date of 84 Mya and, consequently, estimate the age of
the genus Acorus to �147 Mya. This age falls into the range of ages
estimated by Sanderson and Doyle (23) using molecular estimates
based on rbcL or 18S rDNA and is slightly older than the best fossil
estimate of the origin of angiosperms based on a primitive dicot-
yledon. Because we calibrate our trees based on a fossil-date crown
age of 132 million years, our dates could be expected to be younger
than those obtained by Wikström et al. (22), but they are in fairly
close agreement. Key points to note are that all of the molecular
estimates of the age of Asparagales fall in the range of �60–69
million years, whereas the best fossil date for the age of the
Asparagales is 37.5million years (3). Also, both this study and
Wikström et al.’s (22) indicate a common estimate of the divergence
of Agavaceae (including paraphyletically Camassia, Hosta, and
Chlorogalum) from the Anthericaceae of �30–35 Mya. However,
we obtain a younger estimate for the age of the Agavaceae family
presumably because of the inclusion of more genera closely related
to the group (see Fig. 3). Finally, it should be noted that we obtain
similar ages for the origin of Agave sensu lato (see Table 2), between
7.9 and 9.8 Mya using both data sets and both methods of analyses
but slightly more variable estimates of the age of the family
Agavaceae spanning from 20.5 (trnL�trnL�trnF data using the
linearized trees method) to 25.8 Mya (using the rbcL data set and
the NPRS method) and dates for the origin of the Yucca between

Table 1. Comparison of likelihood scores under different phylogenetic estimators for two chloroplast regions:
trnL � trnL�trnF and rbcL using the appropriate model of sequence evolution (Tamura Nei or GT � I � �)

Taxa included (df) Region Tree �Log L0 (nonclock) �Log L1 (clock) � P

Agavaceae � monocots (59) trnL � trnL�trnF MP 1,328.56 1,364.7 72.36 �0.05
ME 1,331.8 1,367.74 71.80 �0.05

Monocots � grasses (242) rbcL MP 61,964.3 62,847.9 1,767.2 �0.0001
ME 62,847.6 63,607.2 1,507.2 �0.0001

The likelihood ratio test is based on the difference between the two models. P values are based on a �2 distribution with n � 2 degrees
of freedom. MP, maximum parsimony; ME, minimum evolution.

Fig. 1. Minimum evolution tree depicting the relationship among species in
Agave sensu lato and other genera in the Agavaceae based on
trnL�trnL�trnF. The tree was rooted using Acorus gramineus and calibrated
using an estimated age of 132 million years for the crown age. Numbers at the
nodes are bootstrap values generating from running 1,000 replicates of the
tree. The tree was linearized with respect to time, and the time scale of
evolution within this group of monocotyledons is indicated by a scale bar
represented in Mya.
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13 and 18 Mya (Table 2). The difficulties inherent in estimating the
origin of the family may be caused, in part, by the inclusion of
different species in the two analyses: in particular with the
trnL�trnL�trnF data, we include several species of Yucca including
Y. whipplei, recently renamed H. whipplei, the monocarpic species
of Yucca, with several other polycarpic Yucca’s. H. whipplei is more
closely related to the Agave than other species of Yucca are to the
Agave, which would influence the estimated age of origin of
the family. Additionally, this discrepancy may reflect differences in
the rate or nature of molecular evolution of the two genes.

Rates of Diversification in Agave sensu lato. The rates of diversifi-
cation Ŝ and D̂ in Agave sensu lato and D̂ in Yucca are presented in
Table 3. This shows that the estimator of the per-lineage rate of
diversification, Ŝ, is 0.32 in Agave sensu lato. Although it is a less
accurate estimator, comparison of the values of D̂ in Agave sensu
lato with those in Yucca show that rates of diversification have been
�2 times greater in Agave sensu lato (0.21–0.27 in Yucca vs. 0.51 in
Agave). The difference between the estimates of Ŝ and D̂ results
from different information contained in the two estimates: Ŝ uses
information in the branching pattern among the 26 species repre-
sented in our phylogeny, whereas D̂ uses only the raw species data
information. We calculate the � statistic to be �4.401, which
indicates that the rates of diversification have been significantly
decelerating toward the present (a value of � � �1.64 is significant
at the 5% level). Using the program PHYLOGEN and constructing
1,000 phylogenies of 26 species from a total taxonomic pool of 208
extant species demonstrates that the expected estimate of � is �1.56
with a 95% confidence limit of �3.46 to 0.23 This indicates that
sampling only a subset of the true phylogeny biases the estimate of
� downwards, but not to the degree observed with our data set. By
using a time of origin of Agave sensu lato of 10 Mya, the logarithm
of the number of lineages through time (Fig. 2) indicates that the
two periods during which speciation rates appear to have been
significantly elevated against background levels are between �8
and 6 Mya and from 3–2.5 Mya.

Discussion
Monophyly of Agave and the Estimated Age of Agavaceae and Agave
sensu lato. Our phylogenetic analyses concur with those obtained in
other molecular studies, confirming the phylogenetic position of the
Agavaceae within the Asparagales, paraphyletic with Camassia,
Hosta, and Chlorogalum, and a sister group to the Anthericaceae
(17, 24), although they raise questions about the phylogenetic limits
of the family. We estimate the age of the family to be between 20
and 26 million years and the age of Yucca to be between 13 and 18
million years; both dates are considerably younger than the age of
Yucca–Yucca-moth coevolution (at 41.5 Mya) as suggested by
Pellmyr and Leebens-Mack (15), although the upper limit for our
estimate of the family is closer to a recent estimate by Gaunt and
Miles (16) of 30–32 million years for the divergence of Tegeticula
and Parategeticula moths. Tidwell and Parker (25) identified a
Yucca-like fossil in Mexico and suggest that it has an estimated age
of 14 million years, whereas Yucca-like pollen has been reported in
the range of 15–25 million years old (25–27). The oldest Aspara-
gales fossil (the suborder including the family Agavaceae) is esti-
mated to be 37.5 million years old (3); however, as this article
indicates, molecular estimates of the age of the Asparagales are
considerably older than this, ranging from 60–69 million years old.

Table 2. Estimated age of eight nodes on phylogenetic trees reconstructed with rbcL and trnL�trnL�trnF
sequence data using either linearized trees method or NPRS and a comparison of these ages with those
obtained by Wikström et al. (22) based on a combined data set of rbcL and atpB

Node Split

Linearized trees NPRS

Wikström (ML)rbcL trn data rbcL trn data

A Acorus 132 132 134 132 147
B Alismatales 126.1 — 112.2 — 118
C Arecales from Asparagales 84.1 78.2 81.6 88.9 —
D Asparagales 69 — 60 — 60
E Asparagaceae/Anthericaceae �

Agavaceae
47.3 — 39.3 — 49

F Behniaceae 31.1 — 32.1 — 35
G Anthericaceae/Agavaceae clade� 32.6 29.1 31.7 34.2 35
H Agavaceae clade� 20.5 � 2.1 23.4 � 2.2 22.4 � 1.7 25.8 � 3.4 —
I Agave sensu lato 8.8 � 2.2 7.9 � 1.7 8.3 � 2.4 9.8 � 3.3 —
J Yucca 13.4 � 2.7 18.3 � 3.1 14.1 � 3.0 17.2 � 2.3 —

The nodes letters refer to those indicated in Fig. 3 (rbcL) and Fig. 1 (trnL�trnL�trnF). �, clade containing the Agavaceae also includes
Hosta, Camassia, and Chlorogalum; ML, maximum likelihood.

Table 3. Mean per lineage rate of diversification in Agave sensu
lato or Yucca using two different estimators

Group
No. of
species S, species/Mya D, species/Mya

Agave sensu lato 208 0.32 � 0.08 0.51 � 0.06
Yucca 50 — D14.1 � 0.27 � 0.03 or

D18.3 � 0.21 � 0.02

Fig. 2. A lineage through time plot of the logarithm number of species
against millions of years before present generated from the phylogeny based
on trnL�trnL�trnF for Agave sensu lato. The dashed lines represent the 95%
confidence interval of the expected number of lineages present over time
when 26 individuals are sampled from a total phylogeny of 208 individuals.
Arrows point to the time intervals when the observed number of lineages is
greater than expected under a pure birth–death model of diversification.
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Although all of these fossil dates serve as minimum ages, phylo-
genetic analyses also suggest that an age of 41.5 million years is
probably too old. For example, Wikström et al. (22) estimate the age
of divergence of the Anthericaceae from the Agavaceae at 35
million years and Bogler et al. (24) suggest that the origin of the
family Agavaceae is �40 million years old.

Our age estimates are determined by calibrating trees based on
the crown age of the angiosperms of 132–143 million years old.
Furthermore, rbcL does not conform to a constant molecular clock
as found in other studies (23). Despite this phenomenon, our results
suggest that an origin of Agave sensu lato of 8–10 Mya appears
robust: We find good agreement between our analyses and those
obtained by Wikström et al. (22). We obtain similar dates for all
nodes using two independent methods of analyses, one that assumes
a molecular clock and one that does not, and with two different
genes that evolve at different rates (although they are linked).

Rate of Diversification in Agave sensu lato. Using a conservative date
of 10 Mya for the origin of Agave sensu lato, we obtain mean lineage
diversification rates of Ŝ � 0.32 � 0.08 species per million years,
calculated from the origin of the Agave until the present. This value
is within the range observed for other genera of plants that have
been identified as undergoing rapid rates of relatively recent
speciation. For example, lineage diversification rates from the start
of the radiation to the present in genera of the Poaceae in the South
African Cape Flora range from 0.12–0.39 species per Mya (11),
although the rates range from 0.87–4.18 during the period of
elevated radiation. Several other recent studies have identified
remarkable rates of diversification rates including 0.56 in
Silversword alliance (4), 0.717–0.832 in the oceanic island shrubs
Gaertnera (9), and 0.85 in the South America radiation of
Gentianella (12).

Because we do not have a detailed phylogeny of Yucca, we can
only compare values of D̂ in Agave sensu lato and Yucca. Depending
on whether we accept a date of 13 or 18 Mya for the age of the
Yucca, we conclude that rates of diversification in the genus Yucca
are 0.21 or 0.27 or approximately half of the rate of 0.53 in Agave
sensu lato, suggesting that despite evidence that the extreme form
of specialized pollination found in the Yuccas has, in part, driven
high rates of speciation in Yucca, other forces have precipitated an
even greater rate of diversification in the Agave.

Timing of Speciation in Agave sensu lato and Possible Mechanisms
Driving Diversification. Given the difficulties in obtaining adequate
sampling to obtain reliable estimates of lineage diversification rates
(28), one of the most useful applications of this approach is in
detecting significant changes in the rate of diversification (10). Our
analyses indicate that the distribution of the � parameter is left
skewed given our sampling regime, but we still obtain evidence that
speciation rates have been significantly decelerating toward the
present and that rates of speciation were elevated between 8 and 6
Mya and again between 3 and 2.5 Mya. Do these dates correspond
to any specific changes in the geology or life-history of the group?

The peak in speciation rates in Agave sensu lato �8–10 Mya
corresponds to an increase in dry conditions in central Mexico.
Geological evidence suggests that volcanic activity between 30–15
Mya changed the climate within Mexico, leading to drier regions in
the center of the country after this period and the Sonoran desert
forming between 15 and 8 Mya (29). During this dry period, a basin
running through central Mexico, the Mesa Central of Mexico, split:
this event has been used to explain an early diversification of
Goodeidae fishes in Central Mexico (30) at 11.5 Mya. Between 5.3
and 1.8 Mya, there was a general reversal toward more tropical wet
climates in Mexico after which the climate became much colder and
drier during glacial periods (29).

A recent article on the radiation of the tropical dry forest genus
Bursera (Burseraceae) estimates that this old genus radiated in
northwest Mexico 34–17 Mya and then into southwest Mexico

15–7.5 Mya (31), suggesting that the tropical dry forest in Mexico
expanded north and then south during these time frames (31) or
earlier, depending on whether a date of 95–100 Mya (the breakup
of Gondwanaland) or 60 Mya (Paleocene) is the correct date to use
for the divergence of African and New World genera of Burser-
aceae (32). These dates reveal that the first diversification of Bursera
occurred reasonably close to our estimate for the origin of the family
(20–26 Mya), and the timing of the second diversification is
comparable to the date of diversification of Agave (�10 Mya).
Indeed the most rapid phase of diversification for Bursera was
between 13.5 and 7.5 Mya, calculated using the Gondwanaland
calibration point. A recent analysis of the dry forest legume
Leucaena also indicates that this genus underwent an endemic
radiation beginning 10 Mya in Mexico through a similar region of
the country to Bursera (33). Cumulatively, these analyses suggest
that dry-adapted species have undergone parallel radiations
within the last 10 million years in Mexico. The Agave exhibit the
most adaptations to dry environments of all genera in the Aga-
vaceae such as the formation of large succulent rosettes that funnel
water and maintain extensive root systems (1).

If the early increase in speciation in the Agave was precipitated
by colonization to arid environments, what factors may have
influenced the rapid speciation from 3.0–2.5 Mya? Nectar feeding
bats are probably the single most important pollinator in most
species of the subgenera Agave (2, 34). In Table 4, we show a list of
the genera in the Agavaceae and describe the predominant polli-
nators of each of the genera, as reviewed by Rocha et al. (17).
Members of Agave sensu stricto and Manfreda (closely related to
Agave) are the only genera in the family that are predominantly
pollinated by bats, although bat pollination is also reported for one
species of Hesperaloe (35). Moth�hawkmoth pollination appears to
be the ancestral pollination syndrome in the Agavaceae, with bat
pollination evolving more recently in the genus Agave. This finding
raises the question of when and to what extent rates of diversifica-
tion of Agave have been driven by diversification in their bat
pollinators. The distribution of Agave species is largely coincident
with the distribution of nectarivorous bats. Mexico is home to 12
species of nectarivorous bats (Phyllostomidae, subfamily Glos-
sophaginae) (36). The two species of Leptonycteris, L. curasoae and
L. nivalis, feed primarily on Agave spp. and columnar cacti (37, 38).
Phyllostomid New World bats are estimated to have evolved �15
Mya (39), and bats of the genera Glossophaga and Leptonyceteris
diverged from a common ancestor �2.4 Mya, whereas the two
Leptonycteris species diverged �1.0 Mya (40). This finding suggests
that the pollination ecology of Agave species has been influenced by
nectar feeding bats only within the last 3 million years, although a
generalist bat species could have influenced their evolution before
that time.

Table 4. Description of the number of species, life-history
(monocarpic vs. polycarpic), and dominant pollinators in each
genus in the Agavaceae, after Rocha et al. (17) and Eguiarte
et al. (2)

Genus
No. of
species Life-history Dominant pollinators

Agave 166 Monocarpic Bat, hawkmoth, bee, and bird
Manfreda 28 Polypcarpic Hawkmoth, moth, and bat
Polianthes 13 Polycarpic Hawkmoth and hummingbird
Prochnyanthes 1 Polycarpic Hawkmoth or moth
Furcraea 25 Monocarpic Moth and Hummingbird
Beschorneria 7 Polycarpic Hummingbird and hawkmoth
Hesperaloe 5 Polycarpic Hawkmoth, Hummingbird,

and bat
H. whipplei 1 Monocarpic Yucca moths
Yucca 50 polycarpic Yucca moths
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Given the coincident distribution of Agave and columnar cacti
with that of Leptonycteris species, authors have suggested that the
Leptonycteris–columnar cacti–Agave interspecific relationships may
be an example of coevolution (1, 41–44). This hypothesis is sup-
ported by phenological data for members of the subgenus Agave
species and columnar cacti that demonstrate that bat migration
follows their nectar corridor (1, 44–46). Columnar cacti belong to
the tribe Pachycereeae, which harbor 58 species (47) of which
�70% are suspected to have some bat pollination, many of them
also are pollinated by Leptonycteris species (43). Recent phyloge-
netic data surprisingly indicate that the entire family Cactaceae is
very young, probably on the order of 30 million years old (48) and
that the group originated in South America, subsequently radiating
northwards into Mexico. Taken together, the phylogenetic history
of the columnar cacti and Leptonycteris bats suggests that Agave
pollination ecology has been greatly influenced by the emergence
of interspecific relations with these two groups only within the last
2–3 million years. Interestingly, both Pellmyr and Leebans-Mack
(15) and Gaunt and Miles (16) estimate a radiation in yucca moths
in the last 2–3 million years coincident with this most recent
radiation in Agave.

In addition to the role that low interspecific competition and high
ecological opportunity can contribute to radiations, Hodges and
Arnold have stressed the role of key innovations (49). Table 4
describes the life-history characteristics of each of the genera in the
Agavaceae and indicates that Agave and Furcraea are monocarpic
genera with only one other species, H. whipplei, being identified as
monocarpic in the family. The evolution of monocarpy in concert
with changes in the physiology and morphology of the genus (long
tap roots, funnel shaped rosette, etc.) were probably important
factors in the ability of the Agave to colonize dry heterogeneous
desert environments because the family is not pleisiomorphically
dry-adapted to the extent of families like the Cactaceae. Monocarpy
would also have been selected by bat pollination because the
reproductive effort required to secure pollination by bats is high, as
evidenced by the positive correlation between nectar production
and inflorescence height with bat pollination in Agave (17, 50). By
combining the rate analyses presented here with analyses aimed at
mapping life-history and flowering characteristics onto phyloge-
netic trees, we aim to uncover the driving forces of rapid speciation
in the Agave.

Materials and Methods
Study Organism and Samples. Gentry (1) proposed that the subgenus
Littaea was the ancestral form, but molecular data indicate that the
Agave subgenus is paraphyletic (2, 51). Because the genus Agave is
paraphyletic with respect to the genera Manfreda (28 species),
Polianthes (13 species), and Prochnyanthes (1 species) at the mo-
lecular level (2, 51, 52), we use the term Agave sensu lato to refer
to the clade including all four genera as recently proposed by Thiede
(53) and retain the use of Agave sensu stricto for Agave in the
traditional sense. We collected samples from 25 species of Agave
sensu lato for phylogenetic analyses from the Jardı́n Botánico at the
Universidad Autónoma de Mexico (Mexico City). In addition, we
present previously uncharacterized sequence data for 12 additional
species in the Agavaceae (see Table 5, which is published as
supporting information on the PNAS web site).

Phylogeny of the Agave. We combined new sequences from a 570-bp
region of the intron in trnL that we sequenced using primers c and
d from Taberlet (54) with a 378-bp region of sequence for the spacer
between trnL and trnF using primers e and f (54) for all 37 species
in the Agavaceae (we call this the trnL�trnL�trnF data set). These
sequence data were combined with homologous sequences from 21
other species of monocotyledons obtained from GenBank. The
final alignment length of the combined data sets was 1097 bp. We
also obtained 325 DNA sequences representing most of the families
in the monocotyledons for 1428 bp of the chloroplast rbcL gene

from GenBank and from a previous paper (55) and two species of
Acorus (A. calamus and A. gramineus), the recognized sister lineage
to all other monocots, 18 primitive dicotyledons, and a conifer
(Pinus radiata, in subsequent analyses) to root the tree.

The trnL�trnL�trnF and rbcL data sets were aligned with
ClustalX and then edited manually in BIOEDIT (56). The best model
of sequence evolution was determined by likelihood ratio tests as
implemented in MODELTEST (57) and was determined to be GTR �
I � � (a � 0.78) for trnL�trnL�trnF and Tamura–Nei � � (a �
76) for rbcL, where GTR is general time reversible. Phylogenies
were reconstructed by using both minimum evolution and maxi-
mum parsimony optimality criterion using MEGA version 2.1 (58)
and PAUP version 4.0 (59). Confidence in nodes was assessed using
the bootstrap method with 1,000 replicates. The assumption of a
molecular clock was tested for all analyses by comparing the log
likelihood of a phylogeny using a clock-constrained model with that
of one constructed with an unconstrained model using PAUP version
4.0 (59). The likelihood ratio G (�2[lnclock � lnno clock]) was as-
sumed to be distributed as a �2, with the degrees of freedom equal
to the number of terminal sequences minus 2.

Origin of the Agavaceae and Agave. We used both the rbcL data and
the combined trnL�trnL�trnF data set to estimate the age of origin
of the Agavaceae and Agave sensu lato using both the linearized
trees (60) and NPRS (61) methods. For the former method, all of
the slow and fast evolving branches were removed by using the two
cluster test (60), and then a uniform rate of evolution was imposed
on the phylogenetic tree reconstructed using the minimum evolu-
tion method as described above. The NPRS method allows inde-
pendent molecular clock analyses across the tree but imposes a
penalty for changing rates too quickly. For this analysis, phyloge-
netic trees were first constructed using maximum parsimony with
PAUP version 4.1; the branch lengths on this tree were estimated
using maximum likelihood and the GTR � I � � model of DNA
sequence evolution. To estimate the appropriate penalty to impose
for changing the rate of evolution along branches of the tree, we first
estimated the smoothing parameter by a cross-validation procedure
on a subset of the data and then performed the NPRS analyses
using the TN (Truncated Newton) algorithm (for rbcL) or the
POWELL algorithm (for trnL�trnL�trnF) on the full data set in
the program R8S (61).

After the relative age (distance) of nodes was ascertained for
both of the methods described above, a molecular clock was
calibrated using a single reference point for the linearized trees
method or, for NPRS, by constraining the age of multiple nodes to
minimum and maximum ages. For the linearized trees method, we
use the fossil estimate of 132 Mya as the crown age of the
angiosperms (62) to calibrate the clock. To calibrate the clock for
NPRS, we constrained the root of the tree, the crown age of the
angiosperms, to between 132 (fossil estimate) and 143 Mya (mo-
lecular estimate) (23) and use fossil evidence to set the minimum
age of the following groups after Magallón et al. (3): Asparagales,
37.5 Mya; Arecaeae, 84 Mya; Bromeliaceae, 37.5 Mya; and Liliales,
45.15 Mya. We compare the age of the nodes from our analyses with
those presented in Wikström et al. (22).

Rate and Timing of Speciation Accelerated Speciation in the Agave. To
understand the rate and timing of speciation events in Agave sensu
lato, we use the linearized minimum evolution tree constructed
from the trnL�trnL�trnF data described above. We calculate the
rate of speciation on this tree assuming a Yule process as Ŝ � (n �
m)�B, where n and m are the number of the lineages at the end and
beginning of the time (26 and 1, respectively) under consideration
and B is the summed durations of all branches in the Agave sensu
lato clade. This estimate assumes a constant rate of speciation but
uses the phylogenetic information in the tree to estimate Ŝ. Two
variances of the estimator Ŝ are commonly used, Kendall’s as
estimated by var(Ŝ) �S2�2(eST � 1) or Moran’s as estimated by
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var(Ŝ) �b2�2(n � m); we used Kendall’s, the more conservative
estimate (4). One can also calculate a simpler statistic based on a
pure-birth model for the rate of diversification, D. This statistic does
not make use of the information in a phylogenetic tree and is simply
calculated as D � [ln(Nt) � ln (N0)]�T, where T is the time of origin
of the clade and N is the number of extant species (Nt � 208 and
N0 � 1). We calculated this statistic for Agave sensu lato and
compared it to the second most diverse group, Yucca, using the
dates of origin of the genera as inferred from the linearized trees
and NPRS analyses.

To determine whether speciation events are accelerating or
decelerating toward the present, we calculate the statistic �, devel-
oped by Pybus and Harvey (63) on an ultrametric tree generated
using NPRS from the maximum parsimony tree with branch lengths
estimated by maximum likelihood for the trnL�trnL�trnF se-
quence data. The statistic � follows a standard normal distribution
when there is constant speciation but takes on positive or negative
values when there is an acceleration or deceleration of speciation
rates toward the present. To visualize this progression, we plot the
number of lineages through time using the NPRS estimates of node
age at all internal nodes on the phylogeny. This method assumes
that the complete phylogeny has been sampled: to understand the
effect of sampling on the lineage through time plots, we used the

program PHYLOGEN (version 1.1) (created by A. Rambaut, Uni-
versity of Oxford) to generate 1,000 phylogenies of 208 species that
have undergone a constant rate of diversification and then sampled
26 species from the phylogenies and calculated � and the lineage
through time plot for these sampled phylogenies (63). The mean
curve and 95% confidence interval of the lineage through time plots
is shown on the same graph as our lineage through time plot.
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