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DATING THE DIPSACALES. COMPARING MODELS,
GENES, AND EVOLUTIONARY IMPLICATIONS!
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Dipsacales is an asterid angiosperm clade of ca. 1100 species, with most of its lineages occupying temperate regions of the Northern
Hemisphere. A recent phylogenetic analysis based on 7593 nucleotides of chloroplast DNA recovered a well-resolved and strongly
supported phylogenetic hypothesis, which we use here to estimate divergence times within the group. A molecular clock is strongly
rejected, regardless of data partition. We used recently proposed methods that relax the assumption of rate constancy among lineages
(local clocks, nonparametric rate smoothing, penalized likelihood, and Bayesian relaxed clock) to estimate the ages of major lineages.
Age estimates for Dipsacales varied widely among markers and codon positions, and depended on the fossils used for calibration and
method of analysis. Some methods yielded dates for the Dipsacales diversification that appear to be too old (prior to the presumed
125 my [million years] age of eudicots), and others suggested ages that are too young based on well-documented Dipsacales fossils.
Concordant penalized likelihood and Bayesian studies imply that Dipsacales originated in the Cretaceous, as did its two major lineages,
Adoxaceae and Caprifoliaceae. However, diversification of crown Adoxaceae and Caprifoliaceae mainly occurred in the Tertiary, with
the origin of major lineages within these clades mainly occurring during the Eocene. Another round of diversification appears to have
occurred in the Miocene. Several radiations, such as Valerianaceae in South America and Dipsacaceae around the Mediterranean, are
even more recent. This study demonstrates the wide range of divergence times that can be obtained using different methods and data
sets, and cautions against reliance on age estimates based on only a single gene or methodology. Despite this variance, significant
conclusions can be made about the timing of Dipsacales evolution.
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The phylogeny of Dipsacales has received considerable at-
tention over the past two decades (e.g., Donoghue, 1983; Judd
et a., 1994; Donoghue et a., 1992, 2001, 2003; Backlund,
1996; Backlund and Donoghue, 1996; Pyck et al., 1999; Pyck
and Smets, 2000; Bell et al., 2001; Bell and Donoghue, 2003;
Zhang et al., 2003). Both morphological and molecular data,
as well as combined analyses, have been used to infer rela-
tionships. Recently, Bell et al. (2001) presented a phylogeny
based on 7593 nucleotides of chloroplast DNA (rbcL, ndhF,
matK, trnL-F intergenic spacer (IGS), trnL intron, atpB-rbcL
intergenic spacer, and a matK intron). This analysis recovered
a well-resolved phylogeny that was in strong agreement with
previous analyses. To this data set Donoghue et al. (2003)
added sequences from the nuclear ribosomal internal tran-
scribed spacer (ITS) region. The support values (bootstrap per-
centages) were strong for al major clades in Dipsacales and
in strong agreement with the recently proposed phylogenetic
classification for Dipsacales (Donoghue et a., 2001; Fig. 1).
This phylogenetic hypothesis provides a framework to inves-
tigate the timing of the diversification of the clade.

Several attempts have been made to estimate the age of
Dipsacales. Backlund's (1996) study used a linear regression
method with rbcL sequence data and several fossil calibration
points, and estimated that Dipsacales originated around 70—60
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million years ago (mya), during the late Cretaceous or Early
Tertiary. This study assumed a molecular clock for the rbclL
data and used the midpoint of major geologica time periods
for fossil calibrations. In an analysis of 560 species based on
a three-gene phylogeny (Soltis et al., 1999, 2000), Wikstrom
et a. (2001) used nonparametric rate smoothing (NPRS) to
estimate divergence times across angiosperms. These authors
calibrated their tree by fixing the split between Fagales and
Cucubitales at 84 mya based on the fossils Protofagacea (Her-
endeen et a., 1995) and Antiquacupula (Sims et a., 1998),
both from the Late Santonian. They estimated an age for Dip-
sacales of 81-78 my. Since the purpose of the Wikstrom et al.
analysis was to estimate the age of angiosperms as a whole,
and of major lineages within angiosperms, the sampling of
Dipsacales was poor. The accuracy of the age estimates from
both of these analyses may aso suffer from the fact that they
used the ““wrong’” topology for Dipsacales based on our cur-
rent knowledge.

Several methods have recently been proposed to deal with
non-rate constancy among lineages (Sanderson, 1997; Thorne
et al., 1998; Huelsenbeck et a., 2000; Yoder and Yang, 2000;
Kishino et al., 2001; Sanderson, 2002; Thorne and Kishino,
2002). These methods variously “‘relax’” the null hypothesis
of a uniform rate of molecular evolution across all lineages,
allowing different parts of a tree to experience different rates.
In this paper we apply a variety of these dating methods (local
clocks, nonparametric rate smoothing, penalized likelihood,
and Bayesian relaxed clock methods) to estimate the age of
the Dipsacales and divergence times for the major lineages
within this clade. We compare the results of different strate-
gies, using several chloroplast markers (separately and in com-
bination), and the influence of fossil calibrations and maxi-
mum and minimum constraints in such analyses. Our results
bear on the tempo of diversification and morphological evo-
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(a) Application of names according to the phylogenetic taxonomy of Donoghue et al. (2001). (b) Maximum likelihood (ML) tree from the combined

chloroplast DNA data set of 30 taxa of Bell et al. (2001). Numbers above branches are bootstrap values greater than 80%. Numbers at nodes correspond to
calibration points used in the clock analyses (Table 4). * = inferred transitions to a herbaceous habit.

lution in Dipsacales but also provide a concrete comparison
of methods that may bear on their use in other organisms.

MATERIALS AND METHODS

Calibration points—Although the fossil record is not rich for Dipsacales,
a number of fossils have been well documented (Muller, 1981; Manchester
and Donoghue, 1995; Backlund, 1996). In the Adoxaceae, Sambucus has been
reported based on endocarps from the late Eocene to Pliocene of Europe (Reid
and Chandler, 1926). Fruits of Dipelta, which are surrounded by distinctive

papery bracts, have been described from the late Eocene/early Oligocene
(Reid and Chandler, 1926), and those of Heptacodium have been identified
from the late Miocene (11.2-5.3 mya) of Japan (Ozaki, 1980). The placement
of thisfossil (Fig. 1B) is based on the expanded calyx and ovary. Diplodipelta
(Manchester and Donoghue, 1995), from the late Eocene Florissant flora of
Colorado (36-35 mya) and several Oligocene sites in western North America,
appears to be the sister group of modern Dipelta; both are characterized by
enlarged supernumerary bracts that form a wind-dispersed unit. The distinc-
tive winged seeds of Weigela have been reported from the Miocene and Pli-
ocene of Poland (Lancucka Srodoniowa, 1967), the Oligocene and Miocene
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TaBLE 1. Likelihood ratio tests (LRT) for rate constancy among lineages.
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—InL, —InL, LR = —2(InL; — InLy) P

Non-coding

trnL 5824.17 5965.88 283.44 <0.00001

atpB 6125.59 6411.93 572.66 <0.00001

matK intron 2824.00 3017.64 387.17 <0.00001

Combined 15408.00 15967.09 1118.17 <0.00001
Coding

rbcL 4966.99 5073.16 212.32 <0.00001

ndhF 11444.29 11740.88 593.19 <0.00001

matK 8292.46 8562.19 539.46 <0.00001

Combined 25375.76 25979.65 1207.77 <0.00001
Third codon positions

rbcL 1226.04 1258.45 64.83 <0.00001

ndhF 5236.11 5409.91 347.59 <0.00001

matK 2602.12 2714.42 224.60 <0.00001

Combined 10509.09 10849.88 681.58 <0.00001

Combined (coding and

non-coding) 41193.66 42300.15 22129520 <0.00001

of Siberia (Dorofeev, 1963), as well as from the Miocene of eastern Asia
(Nikitin, 1976). In Valerianaceae, the unusua fruits (“‘wing”’ on the ovary)
of Patrinia have been documented from the Miocene to Pliocene of Poland
and Russia (Lancucka-Srodoniowa, 1967), as well as from the late Miocene
of Japan (Ozaki, 1980). Likewise, Valeriana is known on the basis of fossil
fruits from the late Miocene and Pliocene in Europe. Fossils of other Dipsa-
cales have been reported, but are now known to be incorrectly assigned or
are considered too unreliable. These include Abelia (Manchester and Habley,
1997) and many specimens attributed to Viburnum and Lonicera. Until the
latter are studied in greater detail we are reluctant to use them to constrain
age estimates in Dipsacales.

The use of fossils in concert with molecular data can take two forms: (1)
they can serve asfixed ““ calibration™ points used to cal culate absolute branch-
ing times, or (2) they may serve as maximum or minimum age ‘‘ constraints”
(Sanderson, 1997). For this study we selected four fossils that we believe can
be confidently placed in the Dipsacales tree to use as separate calibration
points (Fig. 1B), as well as minimum age constraints in concert with other
fossils. In several analyses, we aso explored the use of a maximum age
constraint. Dipsacales is nested within eudicots, and can be no older than
eudicots. The eudicots can be rather confidently dated by their distinctive and
pervasive tricolpate pollen, which appears in the fossil record at about 125
mya (Doyle and Donoghue, 1993; Magallon et al., 1999; Sanderson and
Doyle, 2001).

Absolute ages in this paper are based on the 1999 Geological Time Scale
from the Geological Society of America (GSA, 2004). In al cases we have
assigned a range of ages to fossils, as opposed to a single fixed date.

For each of the methods used, we examined the consistency of our fossil
calibration points in reference to one another using the combined data set.
Since al of these fossil placements are minimum age estimates, an inferred
age of a clade (based on calibration with another fossil) was judged to be
inconsistent only if it was inferred to be younger than a ‘‘known’” age based
on a fossil assigned to that clade.

Phylogenetic estimation and tests for rate constancy—Maximum likeli-
hood methods were employed to infer both tree topologies and branch lengths
from three coding (rbcL, ndhF, matK) and three non-coding (trnL, atpB-rbcL
intergenic spacer, and a matK intron) chloroplast regions. These data were all
previously published (Bell et al., 2001). The taxon sample represents all major
lineages within Dipsacales, including representatives of all the traditional fam-
ilies, subfamilies, and tribes. All data sets analyzed for this study are available
from TreeBASE (http://www.treebase.org) or by request from the first author.
For each data set, a series of likelihood ratio tests (LRTs) was performed to
select a model for maximum likelihood searches using PORN* (Bell, 2001).
All searches were performed with the computer software PAUP*b10 (Swof-

ford, 2002). Parameters for the searches were estimated on a tree topology
obtained in a maximum likelihood search using a Jukes-Cantor (JC; Jukes
and Cantor, 1969) model of sequence evolution. Parameters for each model
were then fixed, and heuristic searches were run using 100 random taxon
additions and tree-bisection-reconnection (TBR) branch swapping. A final
round of searching entailed estimating al model parameters simultaneously
using the tree obtained in the previous step as the starting tree and nearest-
neighbor interchange (NNI) branch swapping.

Following each search, a LRT was used to test for departure from clock-
like evolution in the molecular sequence data (Felsenstein, 1981). For the
three coding regions, analyses were performed on two data sets: (1) including
all three codon positions, and (2) including just third codon positions. In al
cases, rate constancy among lineages was rejected (Table 1). For the remain-
ing analyses, the maximum likelihood tree from the combined data, including
coding and non-coding regions, was used (Fig. 1B).

Because the hypothesis of rate constancy was rejected in al cases, severa
recently proposed methods (Sanderson, 1997; Thorne et al., 1998; Huelsen-
beck et a., 2000; Yoder and Yang, 2000; Kishino et a., 2001; Sanderson,
2002; Thorne and Kishino, 2002) were used to infer divergence times from
the chloroplast sequence data. These methods variously “relax” the null hy-
pothesis of a uniform rate of molecular evolution across al lineages, allowing
different parts of a tree to have different rates.

Local molecular clocks—In alocal molecular clock model, different rates
can be assigned to different clades in a tree. All tests for local molecular
clocks were performed using the software PAML, version 3.01b (Yang, 2000;
see Yoder and Yang, 2000) and the tree in Fig. 1.

Because the LRT of rate hypotheses among lineages is valid only when a
null hypothesis is specified (Yoder and Yang, 2000), we initialy divided the
tree into two rates—one rate for ‘‘herbaceous’ and another rate for ‘‘non-
herbaceous” taxa. This was based on previous analyses suggesting that rates
might differ according to plant habit (Gaut et al., 1996; Laroche et al., 1997;
Gaut, 1998). The shift to herbaceousness appears to have occurred at least
five separate times in Dipsacales (Donoghue et a., 2003). However, our sam-
pling for this analysis covers only three occurrences. (1) Triosteum, (2) the
Adoxina clade, and (3) the Valerina clade (see Fig. 1B). The other two tran-
sitions from woody to herbaceous occur within Sambucus (Eriksson and Don-
oghue, 1997), from which we have sampled just one woody representative.
Because there is no reason to think that all three lineages would necessarily
have the same rate of molecular evolution, we next specified alocal molecular
clock with four rates—one for each of the three herbaceous lineages and
another for the non-herbaceous taxa. Confidence intervals for local and global
molecular clocks were calculated using BASEML in the PAML software
package.
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TaBLE 2. Parameters for the F84+G model. L = number of nucleotides. p; = empirical frequency of thymine. p. = empirical frequency of
cytosine. p, = empirical frequency of adenine. p; = empirical frequency of guanine. k = transition/transversion parameter, estimated via
maximum likelihood using PAML (Yang, 2001). a = shape parameter of the gamma distribution, estimated via maximum likelihood using

PAML.
Codon position L Pr Pc Pa Pe k a
1 1681 0.2847 0.1656 0.2981 0.2515 0.4098 0.3542
2 1681 0.3069 0.1986 0.2737 0.1669 0.4082 0.2949
3 1681 0.4038 0.1540 0.2803 0.1618 0.9962 0.8235
Region
rbcL 1428 0.2848 0.1994 0.2686 0.2472 0.9105 0.1839
ndhF 2199 0.3891 0.1538 0.2841 0.1731 0.7199 0.4591
matK 1416 0.3570 0.1745 0.3018 0.1668 0.5416 0.8919
Combined 5043 0.2862 0.1940 0.3496 0.1701 0.5609 0.4322

Nonparametric rate smoothing—An aternative to estimating divergence
times with global or local molecular clocks, which specify an explicit para-
metric model of sequence evolution, is nonparametric rate smoothing (NPRS;
Sanderson, 1997). NPRS estimates rates and times using a least-squares
smoothing criterion that penalizes rapid rate changes from branch to branch
in a phylogeny. All NPRS analyses were performed using the maximum like-
lihood tree topology in Fig. 1, and branch lengths were estimated for each
data partition using its **best fitting”” model as determined by a series of LRTs.

Two separate NPRS analyses were performed. We first fixed the age of the
root at 1.0, smoothed al branches relative to that, and used a single fossil
calibration to calculated absolute divergence dates. In a second NPRS analysis
we employed minimum and maximum age constraints. In this case the root
of the tree was constrained to a maximum age of 125 mya (see calibration
points), and other fossils were used as minimum age constraints.

Penalized likelihood—Penalized likelihood (PL; Sanderson, 2002) is a
semiparametric smoothing method. Like NPRS, PL assumes that there is an
autocorrelation of substitution rates and attempts to minimize rate changes
between ancestral/descendant branches on a tree (i.e., at the nodes). PL at-
tempts to combine the statistical power of parametric methods (models of
molecular evolution) with the robustness of nonparametric methods. A
smoothing parameter (\) can vary from very small, in which case each branch
of the phylogeny has a different substitution rate (saturated model), to very
large, in which parameters are essentially clock-like. The crux of the penalized
likelihood method is determining the optimal smoothing level. The program
r8s (Sanderson, 2003) implements a data-driven cross-validation procedure
that systematically prunes terminals from the tree, then estimates parameters
from the submatrix and a given smoothing value. It then tries to predict the
data for pruned taxa using the estimated parameters. Finally, it calculates a
chi-squared error associated with the difference between the predicted and
observed data. The optimal smoothing level is chosen as the one that mini-
mizes the chi-squared error (Sanderson, 2002).

As in the case of NPRS, we ran two separate PL analyses: (1) we fixed
the age of the root at 1.0, smoothed all branches, and calibrated with a single
fossil, and (2) we employed minimum and maximum age constraints. Confi-
dence intervals around the age estimates for all nodes were calculated using
nonparametric bootstrapping (Baldwin and Sanderson, 1998). This procedure
assumes that bootstrap estimates are normally distributed, which might not be
the case.

Bayesian relaxed clock using Markov chain Monte Carlo (MCMC)—
Bayesian methods (Thorne et al., 1998; Kishino et al., 2001; Thorne and
Kishino, 2002) that relax a strict molecular clock were also used to estimate
divergence times using MULTIDIVTIME (available from J. Thorne, North
Carolina State University). This parametric approach relaxes the assumption
of a strict molecular clock with a continuous autocorrelation of substitution
rates across the phylogeny, and alows the use of severa calibrations/ time
constraints.

Because these analyses eventualy trim off the outgroup, we added three
additional sequences from GenBank: Pittosporum tobira (rbcL, U50261;

ndhF, AF130201) and Pittosporum undulatum (matK, AJ429374). The non-
coding regions were not included in the Bayesian analyses due to alignment
difficulties. The three genes were analyzed separately as well as combined.
A simultaneous analysis was also performed to account for the differencesin
the substitution process between genes using the program MULTIDIVTIME.
An additional analysis was performed after partitioning the data by codon
position and analyzing the three-codon positions simultaneously.

Divergence date estimation with MULTIDIVTIME involved two steps.
First, ESTBRANCHES was run to estimates branch lengths from the data and
afixed tree topology using the F84 (Felsenstein, 1984; Kishino and Hasegawa,
1989) model of seguence evolution. This alows rates to vary among sites
following a discrete gamma distribution with four rate categories (Yang, 1994)
along with their variance-covariance matrix. Parameters for the F84 + I" mod-
el were estimated using the BASEML program in PAML (Yang, 2000). Es-
timated parameters are presented in Table 2.

Next, the outgroup (in our case, the Pittosporum species) is pruned from
the tree and MULTIDIVTIME is used to estimate the prior and posterior ages
of branching events, their standard deviations, and the 95% credibility inter-
vals via Markov chain Monte Carlo. The Markov chain was run for 1000000
generations and sampled every 100 generations after an initial burn-in period
of 10000 cycles. To check for convergence of the MCMC, analyses were run
from at least two different starting points.

The following prior distributions were used in these analyses: 120 mya (SD
= 60 mya) for the expected time between tip and root if there were no
constraints; 0.0006 (SD = 0.0003) substitutions per site per million year for
the rate of the root node; 0.01 (SD = 0.01) for the parameter that determines
the magnitude of autocorrelation per million years; and 125 mya for the larg-
est vaue of the time unit between the root and the tips.

Three separate Bayesian analyses where performed: (1) one in which al of
the data were combined into a single dataset prior to analyses; (2) one in
which al genes shared a common value for the autocorrelation parameter;
and (3) one in which each gene had its own autocorrelation parameter.

RESULTS

Cross validation of calibration points—In all cases but one
(Diplodipelta), the fossil calibration points yielded inconsistent
results, estimating divergence times that were too young based
on our knowledge of the fossil record (Table 3). For example,
when Patrinia (C3:11.2-5.3 mya) was used to calibrate the
tree, the split between Dipelta and Abelia was estimated at
10.1-4.8 mya. However, placement of the fossil Diplodipelta
provides evidence that this split occurred at least 36-35 mya.
Such inconsistencies were obtained regardless of the dating
method used. Consequently, all remaining ages were calculat-
ed using only Diplodipelta for calibration.

Rate constancy among lineages—As noted above, al LRTs
rejected (P < 0.00001) the hypothesis of rate constancy
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TaBLE 3. Cross validation of fossil calibration points in Dipsacales using nonparametric rate smoothing (NPRS) and penalized likelihood (PL)
methods based on the combined data. Dates in millions of years. C1-C4 correspond to calibration points presented on Fig. 1.

Caprifolieae +
Heptacodium (C1) Diplodipelta (C2) Valerianceae (C3) Diervilleae (C4)
NPRS
Adoxaceae 4.9-10.3 53.2-54.75 7.3-15.4 22.2-25.8
Caprifoliaceae 5.8-12.2 63.2-65.0 8.7-18.3 26.4-30.7
Dipsacales 6.8-14.4 74.6-76.8 10.3-21.7 31.2-36.2
Caprifolieae + Heptacodium (C1) 53-11.2 58.1-59.8 7.9-16.9 24.3-28.2
Diplodepelta (C2) 3.2-6.7 35.0-36.0 4.8-10.1 14.6-16.9
Valerianceae (C3) 4.7-7.4 38.6-39.7 53-11.2 16.1-18.7
Diervilleae (C4) 4595 49.0-50.4 6.7-14.2 20.5-23.8
PL
Adoxaceae 4.9-10.3 69.2-71.1 7.3-15.5 27.2-31.5
Caprifoliaceae 59-12.4 83.43-85.8 8.8-18.66 32.7-37.9
Dipsacales 7.4-15.1 100.86-103.74 10.6-22.6 39.5-45.9
Caprifolieae + Heptacodium (C1) 53-11.2 74.8-76.9 7.9-16.8 29.3-34.0
Diplodipelta (C2) 24-5.2 35.0-36.0 3.7-7.8 13.7-15.9
Valerianaceae (C3) 35-75 50.1-51.5 53-11.2 19.6-22.7
Diervilleae (C4) 3.7-7.8 52.3-53.8 54-11.7 20.5-23.8

among lineages, regardless of the data partition tested. When
dates where estimated on ultrametric trees using Diplodipelta
for calibration, we obtained ages for the base of Dipsacales
that, in most cases, predate the fossil record of angiosperms
at greater than ca. 140 mya (Sanderson and Doyle, 2001; Table
4). Only the rbcL data (all sites and third codon positions) and
the matK intron did not estimate ages for the Dipsacales older
than the presumed age of eudicots (i.e., 125 mya).

Age estimates also varied dramatically when only third co-
don positions were examined (data not presented). For ex-
ample, dates estimated for the age of Dipsacales ranged from
121.9 MYA (for rbcL) to 266.300 MYA (for ndhF). With the
exception of the rbcL estimate, all other age estimates based
on 3rd positions were older than 140 mya.

Local molecular clocks—All LRTs rejected (P < 0.00001)
the hypothesis of the presence of local clocks among lineages,
regardless of what data partition was being tested, or whether
two rates or four rates were specified. As in the global clock
analyses, local clock estimates for the age of Dipsacal es appear
to be too old, for the most part suggesting a pre-angiosperm,
Triassic origin of Dipsacales.

Again, age estimates for al nodes varied considerably
among genes and non-coding regions as well as if only third
positions were used. Rates inferred from these analyses did
support the hypothesis that rates of molecular evolution are
higher in herbaceous plants than in their woody relatives, re-
gardless of whether a two-rate model was imposed (herba-
ceous rate > non-herbaceous rate) or a four-rate model (Trios-
teum rate > Adoxina rate > Valerina rate > non-herbaceous
rate; for all partitions of the data). Based on a likelihood ratio
test, these data do not support the hypothesis that there is a
uniform rate across the different herbaceous clades (8 = 175.4,
df = 2, P < 0.001).

Nonparametric rate smoothing (NPRS)—Age estimates
from the NPRS analyses are presented in Table 4. Unlike the
analyses based on global and local molecular clocks, NPRS
estimates ages that generally fall within the age range of an-
giosperms. Ages estimated for Dipsacales using NPRS ranged
from 52.94 mya (matK intron) to 124.12 mya (combined cod-
ing for third-codon positions). With the exception of the matK

intron, all other partitions or combinations of partitions suggest
an origin of Dipsacales at or prior to the Cretaceous-Tertiary
(K/T) boundary. In the NPRS analysis of the combined data,
the origin of Dipsacales is placed at 76.76 mya (= 4.4), Ca
prifoliaceae in the vicinity of the K/T boundary (65.00 mya
+ 3.7), Adoxaceae in the Early Eocene (54.68 mya = 4.3),
and core Valerianaceae in the Miocene (12.22 mya + 3.1).

Penalized likelihood (PL)—Smoothing levels (\) for all
analyses tended to be small (between 0.0001 and 0.01), sug-
gesting substantial rate heterogeneity among lineages (Sander-
son, 2002). Like the age estimates obtained from NPRS, es-
timates for the age of Dipsacales are generally more in line
with the angiosperm fossil record than those obtained with
global and local clocks. Age estimates for the root node ranged
from 51.76 mya (for the matK intron) to 176.9 mya (ndhF all
positions) (see Table 4). With the exception of the rbclL data,
PL estimated older dates for Dipsacales than NPRS. Only the
ndhF data estimated dates that we would reject as being too
old. When a maximum age constraint of 125 mya was placed
at the root of Dipsacales, age estimates for the entire clade
were pushed up against this barrier (i.e., ca. 125 mya; data not
presented). Age estimates for most of the clades within Dip-
sacales were only slightly affected by the use of the maximum
age constraint.

Bayesian estimation of divergence times—Ages estimated
using Thorne's Bayesian relaxed clock method are presented
in Tables 4 and 5. Prior and posterior distributions for the
analyses with fossil constraints were al fairly similar, which
may suggest that most of the information concerning age es-
timates is attributable to the prior distributions, rather than the
data. However, when age constraints were not imposed, the
prior distributions of divergence times showed a greater degree
of variation than the posterior distributions, indicating that
much of the information concerning branching times can be
attributed to the sequence data (or estimated branch lengths
from the sequence data). Simultaneous analyses of all three
coding regions (as well as codon positions) resulted in esti-
mates with smaller variance (see Table 5). In agreement with
the PL combined results, al Bayesian analyses suggest a Late
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TaBLE 5. Comparison of penalized likelihood (PL) and Bayesian analyses for all nodes = 95% confidence intervals (1.96 SD). See Fig. 2 for

node numbers.

Node PL Bayesian® Bayesian® Bayesian®
1 12.46 = 3.7 28.72 * 16.6 29.88 * 16.6 37.91 = 220
2 16.62 = 4.9 35.06 = 17.2 37.71 = 17.0 44.11 + 23.8
3 45.49 = 8.7 32.59 * 18.0 33.58 * 17.6 45.01 = 24.26
4 71.18 = 5.9 70.59 = 21.6 72.34 = 204 84.76 + 39.8
5 53.81 + 8.6 55.75 * 18.8 56.59 * 18.8 40.19 * 27.8
6 13.50 = 4.0 15.26 = 86 15.08 = 8.0 16.10 = 10.8
7 10.71 = 2.8 11.72 + 7.0 11.61 + 6.6 873 + 6.4
8 16.30 = 4.2 28.11 = 8.6 2761 = 8.0 1720 = 116
9 20.34 = 3.7 28.70 = 8.6 28.13 * 8.0 17.60 = 11.8
10 4277 * 32 2027 = 8.8 2862 = 8.0 18.18 = 12.2
1 5158 + 2.9 5591 + 5.6 55.72 £ 5.2 34.44 * 11.6
12 12.08 = 4.0 19.05 = 10.2 18.93 = 10.0 1254 = 96
13 2226 + 5.2 37.85 * 13.6 37.60 = 134 22.67 * 15.2
14 4749 = 4.9 52.63 = 11.4 5255 = 11.6 39.67 = 24.4
15 62.48 + 3.6 61.95 + 9.2 62.04 * 9.6 44.46 * 26.8
16 1715 80 19.88 = 19.2 20.20 = 19.6 13.61 = 14.0
17 31.09 = 2.3 4555 = 15.0 45.93 = 14.6 30.86 = 20.8
18 69.07 = 4.5 65.08 = 10.2 65.27 = 10.8 48.25 + 28.8
19 36.00 = 1.9 3550 + 5.6 55.10 = 5.6 38.88 = 20.4
20 38.76 = 2.8 40.68 = 7.4 4042 = 7.0 3231 + 218
21 4530 = 4.4 48.54 = 10.4 48.23 = 104 37.75 = 240
22 71.68 = 4.6 66.34 = 10.6 66.39 = 11.2 4941 + 294
23 4337 = 7.0 3991 * 170 40.85 = 17.4 37.12 = 230
24 44.35 + 6.3 46.65 + 17.6 47.13 + 176 40.72 = 25.0
25 46.48 = 5.6 50.02 = 17.8 50.37 = 17.8 41.75 = 254
26 76.99 = 6.8 78.28 = 15.0 78.85 = 15.2 64.16 = 35.6
27 84.00 = 6.9 82.23 + 15.0 82.68 * 15.0 66.51 + 36.4
28 85.82 = 5.2 84.16 = 154 84.53 = 15.2 68.09 = 36.6
29 103.74 + 6.3 102.28 + 17.8 103.26 = 17.4 110.99 * 47.8

a Estimates based on combined chloroplast data set.

b Estimates based on MULTIDIVTIME analysis of each gene (i.e., corresponding branch lengths) simultaneously with common autocorrelation

parameter.

¢ Estimates based on MULTIDIVTIME analysis of each gene simultaneously with each gene having a separate autocorrelation parameter.

Cretaceous origin for Dipsacales, as well as for Adoxaceae
and Caprifoliaceae.

DISCUSSION

Fossil calibration—The traditiona treatment of fossils for
purposes of inferring divergence times using molecular phy-
logenetic methods has important, but not yet widely appreci-
ated, consequences for such estimates. A particular fossil can
often be assigned with some confidence to a particular branch
that represents one or more extant species, but the material at
hand may not allow a confident determination of whether it
falls along the stem leading to the extant crown, or whether it
fals instead somewhere within the crown. In such cases the
fossil is typicaly treated as indicating the existence of the
entire lineage and, therefore, of the existence by that time of
the split that resulted in it and its sister lineage. This is the
only treatment possible when a crown group is represented by
a single species in the phylogenetic analysis. In any case, this
treatment will often have the effect of underestimating diver-
gence times at all subtending nodes. That is, if the fossil ac-
tually belonged somewhere within the crown group, the sub-
tending divergences would be pushed deeper in time. In gen-
eral, assuming that some fossils actually do fal within the
crown group, we anticipate that their more accurate placement
will push divergence times further back. This is an important
extension of the point that fossils only provide minimum age
estimates, because it highlights how a particular treatment of

fossils, vis-a-vis their placement in the phylogeny, will system-
atically underestimate divergence times.

In the case of Dipsacales, this realization has important con-
seguences, as we can distinguish between those fossils for
which we lack evidence about whether they actually fall within
or outside of the crown group (Weigela, Heptacodium, and
Patrinia), and Diplodipelta, for which we have evidence that
it falls outside of its crown group (Dipelta). Manchester and
Donoghue (1995) argued that the two species of Diplodipelta
together represent the extinct sister group of Dipelta, with
three extant species. Thus, of the four fossils used in our anal-
yses, we are most certain that Diplodipelta does not cause the
underestimation problem described above. The Weigela, Hep-
tacodium, and Patrinia fossils, on the other hand, might be
nested within their respective crown groups, in which case our
default treatment of them as falling outside of the crown will
underestimate the subtending divergence times. We think this
may be why overly young dates are estimated for the Dipelta/
Abelia divergence when these were used as calibration points
(Table 3). An alternative explanation would suppose that the
fossils of Weigella, Heptacodium, and Patrinia really do be-
long outside of their respective crown groups, but that the
fossil record is poor and the known fossils happen not to fall
close in time to the split from the sister group, but instead fall
close to the first split within the crown group.

Our greater confidence in the phylogenetic position of Di-
plodipelta provides, we believe, the best justification for re-
lying on it for inferring divergence times in Dipsacal es—better
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Fig. 2. Chronogram of the maximum likelihood (ML) tree from the combined chloroplast DNA data set for 30 taxa. Branch lengths transformed using the
penalized likelihood (PL) method and calibrated using Diplodipelta. Numbers at nodes correspond to node numbering in Table 5.

than the fact that it yielded no inconsistencies with the ages
of the other fossils in our cross-validation tests. Diplodipelta,
as the oldest of the four fossils included, is not expected to
yield divergence times that are too young for the clades rep-
resented by the other much younger fossils if these redly are
nested within their crown groups.

Divergence time variation among methods and data sets—
It would be comforting to find a convergence on similar age
estimates using different methods and sources of data. In Dip-
sacales we have not been so lucky and need to select among
analyses in order to proceed. The likelihood ratio test (LRT)
provides an explicit means for selecting among methods that
assume a molecular clock and those that do not, though it has
been suggested that the LRT may not be sufficiently sensitive
to detect localized deviations from clock-like evolution (Conti
et a., 2002). This is in contrast to others who feel that the
global LRT represents a conservative test for rate constancy
(Sanderson, 1998). In Dipsacales, rejection of the clock isalso
suggested by the age estimates obtained when a clock is im-
posed. That is, global and local molecular clock analyses both

estimate dates for Dipsacales that are grossly inconsistent with
the fossil record. Specifically, Dipsacalesisinferred to be older
than eudicots and even angiosperms. This phenomenon has
been seen in analyses of other taxonomic groups (e.g., Martin
et al., 1993; Heckman et a., 2001; Soltis et &., 2002).

In rejecting clock models, one faces the choice among al-
ternative methods that relax the clock assumption. One short-
coming of the NPRS method was highlighted by Sanderson
(2002, 2003). NPRS may overfit the data, leading to rapid
fluctuations in rates in regions of a phylogeny where there are
short branches. Data sets with little information content (i.e.,
few inferred substitutions across the phylogeny) may tend to
have zero-length branches in areas that are fairly unresolved,
which would result in the appearance of rapid rate fluctuation.
Sanderson (2002) demonstrated that PL always out-performed
NPRS when data departed from a constant rate and when
cross-validation was used to determine the optimal smoothing
level. He aso pointed out that when the smoothing factor is
small, the model is overfit and small changes in the data (i.e.,
subsamples constructed during pruning) will lead to large
changes in parameter estimates. Consequently, one would ex-
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Fig. 3. Bayesian relaxed clock tree. Branch lengths estimated via Markov chain Monte Carlo (MCMC) for all three genes simultaneously.

pect some intermediate (or larger) level of smoothing to pro-
vide the best cross-validation score.

These observations may help to explain the differences we
see between our NPRS and PL results for Dipsacales. In fact,
in Dipsacales we find that NPRS yields consistently younger
ages of major clades than PL or Bayesian. Because NPRS is
sensitive to major variation in branch lengths in a tree (San-
derson, 2002), the presence of many short-internal branches
could potentially lead NPRS to push the age of the root node
further back in time to compensate for extreme transitions in
rates from parent to offspring branches (i.e., by increasing the
lengths of the short-internal branches). We suspect that we
might be observing the opposite situation in Dipsacales, with
several long internal branches, and shorter ones towards the
tips (with only a few exceptions). Under these circumstances,
NPRS may pull the root of the tree closer to the present in
order to fit the data to a situation where there are decelerations
in rates across nodes, potentially leading to an underestimate
in divergence times.

It is noteworthy that PL and Bayesian approaches applied
to Dipsacales converge on rather similar results. This may not
be that surprising and may be a more general phenomenon,
due to the fact that both methods weight a likelihood function

by some cost—the roughness penalty in the PL method and a
prior distribution in the Bayesian method. A primary concern
with Bayesian approaches is how sensitive the posterior dis-
tributions of parameters are to the prior distributions. Thisis-
sue has so far received very little attention (but see Kishino
et a., 2001; Wiegmann et a., 2003; Yang and Yoder, 2003).
The greatest differences between the PL and Bayesian esti-
mates involved the Bayesian analyses in which each gene had
its own autocorrelation parameter. Because these genes all be-
long to the same chloroplast genome, they may share a ten-
dency to change rates in the same direction on certain branches
due to common biological factors, such as generation time and
population size (Thorne and Kishino, 2002). On this basis, we
favor the Bayesian estimates that assume a common autocor-
relation parameter.

With respect to different genes and different partitions with-
in genes, the high level of variation in age estimates is note-
worthy. Whether this level of variation is common or unusual
is difficult to judge, as such comparisons have seldom been
reported (but see Sanderson and Doyle, 2001; Soltis et al.,
2002). In the face of such variation, we believe that the best
results might be obtained from combined data sets. Combining
data sets may dampen the impact of any one (potentially ab-
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errant) gene on the overal result. On the other hand, there
may be significant heterogeneity among gene regions that
would render it problematical to apply a single evolutionary
model. In the future, the development of methods that allow
different models to be applied in the same analysis to separate
partitions is especially promising (e.g., MrBayes [Huelsenbeck
and Ronquist, 2001]).

Overadll, our observation of great variation in age estimates
based on different methods and on different gene regions sug-
gests that estimates based on a single method applied to a
single gene should be treated very cautiously. With respect to
methods, those that impose global or local clocks may often
be rejected by the data. PL may generaly outperform NPRS
(Sanderson, 2002), which may be especially sensitive to major
changes in branch length in a tree. Bayesian approaches,
though promising, have not been very thoroughly explored
with respect to the sensitivity to different prior distributions.
With respect to choosing among competing results, we favor
PL and Bayesian methods as applied to the combined data.
Encouragingly, for Dipsacales at least, they yield similar re-
sults.

Timing the radiation of Dipsacales—Based on the argu-
ments above, we set aside global and local clock and NPRS
age estimates for Dipsacales. The following discussion is
based, therefore, on the largely congruent PL and Bayesian
results from our combined data set. Because these genes all
belong to the same chloroplast genome, they may share aten-
dency to change rates in the same direction on certain branches
due to common biological factors, such as generation time and
population size (Thorne and Kishino, 2002). On this basis, we
favor the Bayesian estimates that assume a common autocor-
relation parameter.

The first major split within crown Dipsacales appears to
have taken place in the mid-Cretaceous, by 111-93 mya (Al-
bian to Cenomanian). We note that our estimates for Dipsa
cales are 20-30 million years older than those of Backlund
(1996) and Wikstrom et a. (2001). Crown Caprifoliaceae and
Adoxaceae also probably originated prior to the Cretaceous/
Tertiary (K/T) boundary, ca. 91-75 mya and 81-60 mya, re-
spectively. Within Adoxaceae, the basal split between the Vi-
burnum lineage and Adoxoideae may have taken place close
to the K/T boundary. Within Caprifoliaceae, stem Diervilleae,
Caprifolieae plus Heptacodium, and probably Linnina, were
likely in existence before the Tertiary, although differentiation
within their respective crown groups probably largely took
place in the Tertiary.

In the Tertiary, a number of major Dipsacales clades appear
to have originated during the Eocene. Within Adoxaceae the
split between Sambucus and the herbaceous Adoxina lineage
occurred in the Late Eocene according to the PL estimate, but
in the Oligocene based on the combined Bayesian analyses.
Within Caprifoliaceae we see the differentiation of Caprifol-
ieae into several extant lineages, and, likewise, the beginning
of the diversification of Linnaeeae and Diervilleae. Although
the split between stem Valerianaceae and Triplostegia plus
Dipsacaceae may date to the Paleocene, we infer that theinitial
diversification of crown Valerianaceae probably occurred in
the Eocene, as did the split between the Triplostegia and Dip-
sacaceae lines.

According to the combined Bayesian analyses, the differ-
entiation of Adoxoideae may have taken place in the Oligo-
cene, and perhaps also the origin of core Vaerianaceae. In
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either case, Adoxoideae and core Valerianaceae appear to have
differentiated by the end of the Miocene. It would appear that
the diversification of these major herbaceous lineages within
Dipsacales generally coincided with the spread of colder, less
equable, and in some places drier, climates around the North-
ern Hemisphere (Morley, 2000; Zachos et al., 2001).

This study, together with our ongoing analyses within Val-
erianaceae (Bell, 2004; Bell and Donoghue, In press), suggests
that many extant species within Dipsacales have originated
since the Miocene, probably mostly within the last 10 million
years. Specifically, the two major herbaceous clades—the core
Valerianaceae and the Dipsacacae—seem to have radiated rel-
atively recently. Together, these two clades account for nearly
half of the 1100 species of Dispacales. In the case of core
Valerianaceae, this diversification appears to correlate with the
spread of the clade from Asia to Europe and then to the New
World, mostly in alpine habitats. An especially major radiation
appears to have occurred with the occupation of South Amer-
ica by one major clade within Valeriana, which now contains
some 150 species. The radiation of Dipsacaceae, in contrast,
has mainly taken place in relatively recently derived semi-arid
areas around the Mediterranean basin. Understanding the tim-
ing of the radiation of the two major woody lineages—\Vibur-
num (ca. 165 species) and Lonicera (ca. 180)—requires the
inclusion of additional species. However, our analysesindicate
that these two lineages are more ancient than the major her-
baceous lineages, and preliminary molecular phylogenetic
analyses within these groups (Donoghue et a., 2004; Wink-
worth and Donoghue, 2004; J. Li et a., unpublished data)
imply that at least the basal splits within them occurred earlier
in the Tertiary.

Several ecological and biogeographic aspects of the Dip-
sacales radiation are noteworthy. First, Dipsacales probably
originated well before the spread of the Northern Hemisphere
temperate-zone climate and vegetation types with which they
are mainly associated today. The more limited distribution of
such climates during the Cretaceous and early Tertiary (Wolfe,
1978; Upchurch and Wolfe, 1987; Zachos et a., 2001) implies
that Dipsacales may have (1) occupied limited temperate ter-
ritory and remained low in diversity until the expansion of the
temperate zone in the mid-Tertiary; (2) diversified in more
tropical areas, where they do not occur today, followed by the
extinction of early lineages; or (3) initially adapted to living
in more tropical habitats, but did not undergo significant di-
versification until they evolved adaptations that alowed their
entry into the temperate zone. It may be possible in the future
to choose among these aternatives, depending on the discov-
ery of Cretaceous fossils and/or additional phylogenetic anal-
yses within key lineages. For example, recent analyses have
suggested that the root of Viburnum falls between V. clemen-
siae, which occupies subtropical forestsin Borneo, and a clade
containing the remainder of the species, aimost al of which
live in temperate forests (Donoghue et al., 2004; Winkworth
and Donoghue, 2004). If this is substantiated and if this basal
split dates at least to the Eocene, V. clemensiae might represent
a remnant of an earlier phase of Dipsacales diversification in
more tropical regions.

Second, many magjor lineages originated in an Eocene time
frame that would have allowed spread around the Northern
Hemisphere through the North Atlantic and/or the Bering land
bridges (Donoghue et al., 2001; Sanmartin et al., 2001; Tiffney
and Manchester, 2001). Dipsacales today provide many in-
stances of Old World/New World disjunctions, some of these
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probably dating to the Eocene (e.g., several major clades with-
in Viburnum, Lonicera, and possibly Diervilleae, but see Don-
oghue et al., 2001, on the later). However, most Dipsacales
clades with such intercontinental disjunctions are younger, and
movements between the Old and New World in these cases
presumably occurred through Beringia (e.g., digunctionswith-
in Sambucus, Adoxa, Triosteum, Symphoricarpos, Linnaea,
and Valeriana).

Third, as noted already, the major herbaceous clades within
Dipsacales appear to have originated in the Oligocene or Mio-
cene, though at least in the two largest herbaceous clades most
of the species diversity may be accounted for by more recent
radiations into new regions and habitats. Specifically, much of
the diversification within Valeriana is accounted for by the
recent radiation of a South American clade, and Dipsacaceae
diversity has been elevated recently in connection with the
occupation of semi-arid habitats.

Finally, it is interesting to consider the evolution of mor-
phological disparity in relation to the timing of diversification
within Dipsacales. The basal split between Caprifoliaceae and
Adoxaceae represents the greatest shift, measured either in
molecular terms or using morphological characters. In partic-
ular, these two clades differ greatly and consistently (with little
homoplasy) in many flower characters (Donoghue et al.,
2003): Adoxaceae have radial flowers, small calyx lobes, ro-
tate corollas, short styles, lobed stigmas, and lack nectaries of
unicellular hairs; Caprifoliaceae have bilaterally symmetrical
flowers, large calyx lobes, tubular corallas, long styles, unlo-
bed stigmas, and produce nectaries of unicellular hairs. The
accumulation of so many differences between these clades fa-
vors either a concerted and relatively rapid shift in a suite of
morphological characters related to pollination, or a scenario
involving stepwise diversification over alonger period of time,
followed by the extinction of *‘intermediate” forms before the
radiation of crown Adoxaceae and Caprifoliaceae. The Adox-
aceae, with ca. 200 species, is presently less species diverse
than Caprifoliaceae, with over 900 species. The radiation of
crown Caprifoliaceae may have commenced some 10-15 mil-
lion years before that of crown Adoxaceae, but the major cause
of the difference in species number appears to have been the
radiation of the herbaceous Vaerina clade within Caprifoli-
aceae, and especialy the relatively recent and rapid diversifi-
cation of Dipsacaceae and core Valerianaceae. The herbaceous
habit evolved independently at least three times within Adox-
aceae (once at the base of Adoxina and twice within Sambu-
cus; Eriksson and Donoghue, 1997), but these shifts apparently
were not associated with major changes in diversification rate.
The key to understanding the high species diversity of the
Valerina clade might lie not in herbaceousness alone, but rath-
er in the radiation of severa of its sublineages into newly
available habitats.

Summary—Our analyses of Dipsacales provide a concrete
example of the great extent to which age estimates can vary
depending on the use of different fossil calibration points, dif-
ferent analytical methods, and different genes. Methods that
assume either a global or local clock yield age estimates for
Dipsacales that are likely to be too old based on our knowl-
edge of the angiosperm fossil record. NPRS yields consider-
ably younger age estimates for Dipsacales than either PL or
Bayesian approaches, which may reflect sensitivities of NPRS
to the distribution of long and short branches in a tree (San-
derson, 2002, 2003). The great variance observed here sug-
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gests that age estimates based on single genes and/or on single
estimation methods should be treated very cautiously.

The convergence of combined PL and Bayesian analyses on
a set of similar age estimates for the Dipsacales provides a
basis for further work on the timing of their radiation in re-
lation to biogeography and morphological evolution. Despite
the absence of an unequivocal macrofossil record of Dipsa-
cales from the Cretaceous, our analyses strongly imply that
Dipsacales originated by the mid-Cretaceous, well before pre-
vious age estimates, and that its two major lineages diverged
by the start of the Tertiary. This is consistent with reports of
possible caprifolioid pollen from the Cretaceous (Muller,
1981). Several major lineages appear to have diversified dur-
ing the Eocene, but the major herbaceous lineages began their
diversification in the Miocene, coincident with significant cli-
mate change. Much of the diversity in these lineages is prob-
ably accounted for by even more recent diversification asso-
ciated with the occupation of two new regions—alpine habitats
in South America by core Vaerianaceae and semi-arid Medi-
terranean areas by core Dipsacaceae. The greatest morpholog-
ical disparity is associated with the divergence of the older
lineages, whereas the generation of the greatest species diver-
Sity appears to be associated with several younger and less
disparate clades.
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