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Abstract. Eight new rbcL. DNA sequences and 15 new sequences from the 5' end of the chloroplast ndhF gene
were obtained from representative Dipsacales and outgroup taxa. These were analyzed in combination with pre-
viously published sequences for both regions. In addition, sequence data from the entire ndhF gene, the trnL-F
intergenic spacer region,the frnL intron,the marK region, and the rbcL-atpB intergenic spacer region were col-
lected for 30 taxa within Dipsacales. Phylogenetic relationships were inferred using maximum parsimony and
maximum likelihood methods. Inferred tree topolo gies are in strong agreement with previous results from sep-
arate and combined analyses of rbcL and morpholo gy, and confidence in most major clades is now very high.
Concerning controversial issues, we conclude that Dipsacales in the traditional sense is a monophyletic group
and that Triplostegia is more closely related to Dipsacaceae than it is to Valerianaceae. Heptacodium is only
weakly supported as the sister group of the Caprifolieae (within which relationships remain largely unresolved),
and the exact position of Diervilleae is uncertain. Within Morinaceae, Acanthocalyx is the sister group of Morina
plus Cryptothladia. Dipsacales now provides excellent opportunities for comparative studies, but it will be
important to check the congruence of chloroplast results with those based on data from other genomes.
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The Dipsacales has traditionally included the
Caprifoliaceae (sensu lato, i.e., including
Viburnum and Sambucus), Adoxaceae, Dip-
sacaceae, and Valerianaceae (e.g., Cronquist,
1988), and sometimes segregates such as
Morinaceae and Triplostegiaceae. In contrast,
the classification of the Angiosperm Phylogeny
Group (APG, 1998) included the bulk of the
Caprifoliaceae in Dipsacales, along with
Dipsacaceae, Valerianaceae, and Morinaceae,
but excluded an expanded Adoxaceae (including
Viburnum, Sambucus, and Adoxa), which they
left unassigned to any order within Asteridae.
The molecular phylogenetic studies reported
here concern Dipsacales in the traditional sense.

The circumscription of the Caprifoliaceae has
also become confusing, and to avoid misunder-
standings we need to clarify our usage of the
name. Caprifoliaceae in the traditional sense
includes Sambucus, Viburnum, Caprifoliecae
(Leycesteria, Lonicera, Symphoricarpos, and
Triosteum, and possibly Heptacodium),
Diervilleae (Diervilla and Weigela), and
Linnaeeae (Abelia, Dipelta, Kolkwitzia, and

Linnaea). It excludes Adoxa and its relatives, as
well as Dipsacaceae, Morinaceae, and
Valerianaceae. We reject this traditional cir-
cumscription of Caprifoliaceae on the grounds
of non-monophyly. According to all recent phy-
logenetic studies (e.g., Donoghue, 1983, 1985;
Donoghue et al., 1992; Judd et al., 1994;
Backlund and Donoghue, 1996; Backlund and
Bremer, 1997; Kim et al., 1999; Olmstead et
al., 2000; Donoghue et al., 2001), Sambucus
and Viburnum are more closely related to
Adoxa and its relatives than they are to
Caprifolieae, Diervilleae, and Linnaeeae,
which are instead more closely related to
Morinaceae, Dipsacaceae, and Valerianaceae.
A more restricted usage of Caprifoliaceae
excludes Sambucus and Viburnum, on the
grounds that these are probably more closely
related to Adoxa and its relatives, but retains
Caprifolieae, Diervilleae, and Linnaeeae.
Again, we reject the use of Caprifoliaceae in
this restricted sense because it is not mono-
phyletic. Specifically, all recent analyses (refer-
ences above) indicate that the Linnaeeae is
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more closley related to Morinaceae, Dip-
sacaceae, and Valerianaceae, than to the
Caprifolieae or Diervilleae.

In view of the phylogenetic results, and wish-
ing to retain monophyly, Backlund and Bremer
(1998) suggested another strategy, which
Backlund and Pyck (1998) followed with the
naming of two new families. They restricted the
name Caprifoliaceae to the former Capri-
folieae, and then elevated Diervilleae to
Diervillaceae and Linnaeeae to Linnaeaceae.
This usage was adopted in the Angiosperm
Phylogeny Group ordinal classification (APG,
1998). We reject this strategy on the grounds
that it causes instability and confusion to sub-
stitute the names Caprifoliaceae, Diervillaceae,
and Linnaeaceae for the already well estab-
lished names Caprifolieae, Diervilleae, and
Linnaeeae solely for the sake of adjusting taxo-
nomic ranks. These names refer to the same
entities, and rank assignments are arbitrary
(APG, 1998).

Our usage of both the names Adoxaceae and
Caprifoliaceae follows the initial suggestion of
Judd et al. (1994) and the node-based phyloge-
netic definitions of Donoghue et al. (2001). The
mapping of these names onto a phylogenetic
hypothesis is shown in Fig. 1, adapted from
Donoghue et al. (2001). Adoxaceae here refers
to the clade that includes Viburnum, Sambucus,
and Adoxa and its relatives. Caprifoliaceae
includes Caprifolieae, Diervilleae, Linnaeeae,
Morinaceae, Dipsacaceae, and Valerianaceae.
The unusual and most obviously beneficial fea-
ture of this nomenclature is that all of the tradi-
tional names are retained (so long as these refer
to clades). The potentially confusing aspect of
this treatment is that, in addition to including
Caprifolieae, Diervilleae, and Linnaeeae, the
Caprifoliaceae also includes Morinaceae,
Dipsacaceae, and Valerianaceae. We believe
that the benefits of this solution far exceed any
potential confusion. Donoghue et al. (2001)
provide additional discussion of this approach.

Previous analyses of Dipsacales phylogeny
have been based on morphological characters,
molecular data, and a combination of the two
(e.g., Donoghue, 1983; Donoghue et al., 1992;
Judd et al., 1994; Backlund and Donoghue,
1996; Backlund and Bremer, 1997; Pyck et al.,
1999; Pyck and Smets, 2000; Donoghue et al.,
2001). As mentioned above, these studies have
clearly established that traditional Capri-
foliaceae do not form a monophyletic group.
Viburnum is closely related to a Sambucus-
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Adoxa clade, and the remainder of the tradi-
tional Caprifoliaceae are paraphyletic.
Specifically, the Linnaceae appears to be more
closely related to Morinaceae, Valerianaceae,
and Dipsacaceae than it is to either Caprifolieae
or Diervilleae. However, support for these
major clades varies considerably among analy-
ses, and the exact placement of several key taxa
(e.g., Heptacodium, Triplostegia) remains
unresolved. Moreover, there is disagreement
concerning the placement of several other taxa,
especially Linnaea and the Diervilleae, as well as
relationships within the Caprifolieae. Finally,
several lineages have received insufficient
attention. For instance, we still know little
about relationships among Morina, Acantho -
calyx, and Cryptothladia of the Morinaceae.
Here we present broad phylogenetic analyses
including 8 new rbcL sequences and 15 new
DNA sequences from the 5' end of the ndhF
gene. For more detailed studies within Dip-
sacales we have added sequences of several
other chloroplast coding and non-coding
regions: mafK, the trnL intron, and the inter-
genic spacer (IGS) regions of trnL-F and rbcL-
atpB. Our hope was that separate and combined
analyses of this much-expanded chloroplast
dataset would further clarify Dipsacales

phylogeny.

MATERIALS AND METHODS

Samples

We carried out analyses on two different
datasets. Our 46-taxon dataset included rbcL
and ndhF sequences from 32 representatives of
major lineages within Dipsacales and 14 asterid
outgroup taxa. Our 30-taxon dataset consisted
of Dipsacales taxa alone scored for all six
chloroplast gene regions. Information on the
source of plant materials and on GenBank
accession numbers is provided in Tables 1 and 2.

DNA Extraction and PCR Protocols

Total DNAs were extracted using the CTAB
method of Doyle and Doyle (1987). The DNA
extracts were further purified with the Prep-A-
Gene DNA Purification Kit (Bio-Rad). Double-
stranded copies of all regions were amplified
using standard Polymerase Chain Reaction
(PCR) in 25- to 50-pL reactions. All reactions
were heated at 94 C for 3 min. The reactions
entailed 35 cycles consisting of 94 C for 1.5
min, 48-56 C for 2 min, and 72 C for 3 min.
Dye terminator cycle sequencing followed the
protocol specified by the ABI PRISM Dye
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FIGURE 1. Application of names according to the phylogenetic taxonomy of Donoghue et al. (2001).

Primer Cycle Sequencing Ready Reaction Kit
(Revision B, August 1995, Perkin-Elmer) and
was visualized using an ABI 377 automated
DNA sequencer.

rbcL. rbcL was amplified and sequenced
using standard primers (see, e.g., Olmstead et
al., 1992, 1993).

ndhF. A portion of the 5' end of the chloro-
plast gene ndhF was amplified with primers
ndhF-1 and ndhF-1318R (Olmstead and
Sweere, 1994). Specifically, we sequenced the
first 1320 base pairs of the coding region,
which corresponds to the region studied by
Pyck et al. (1999). Amplification primers,
along with ndhF-274, ndhF-274R, ndhF-803,
and ndhF-803R (Olmstead and Sweere, 1994)
were then used to sequence each comresponding
region. The entire ndhF molecule was also
sequenced for these and additional taxa (see
Tables 1 and 2).

matK. The matK region, as well as a portion
of the flanking region at the 3' end, was ampli-
fied and sequenced with the primers used by
Young et al. (1999). To obtain the entire coding
region, a variety of primer pairs were employed
to amplify small fragments of the molecule,
which were sequenced using appropriate inter-

nal primers (see Young et al., 1999). The com-
plete coding region was sequenced from 29
taxa. From Valerianellalocosta we were able to
sequence only the first 507 base pairs. This par-
tial sequence was included in our phylogenetic
analyses, with undetermined nucleotide posi-
tions scored as missing data (“?”) in PAUP*
(Swofford, 2001).

trnL-F IGS and trnL intron. The trnL-F 1IGS
region and #rnL intron were amplified and
sequenced using the universal primers trnl-c,
trnl-d, trnl-e, and trnl-f of Taberlet et al. (1991).

rbcL-atpB IGS. The rbcL-atpB 1GS region
was amplified with the primers rbcL-atpBR
and atpB-F of Manen et al. (1994). Sequencing
was accomplished using the amplification
primers along with two additional primers we
designed specifically for Dipsacales (atpB-sqK1:
5'-CATATMNTATGGCGCAAACC-3"; atpB-
sgK1R: 5'-GGTTGCGCCATAKATATG-3").

Sequence Alignment

Contiguous sequences were assembled using
Sequencher 2.1 (Gene Codes Corp., Madison,
Wis.). MacClade (Maddison and Maddison,
1992) was used to translate DNA sequences
into protein sequences to aid in the alignment
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of rbcL, ndhF, and matK sequences. All
sequences were readily aligned by eye, with
few ambiguities. The resulting data matrices
are available in TreeBASE (www.herbaria.har-
vard.edu/treebase) or upon request from the
first author.

Datasets

The sequence data were partitioned into vari-
ous datasets differing in the number of taxa and
characters. One set of analyses focused on a
broader dataset, including representative
Dipsacales and potentially related groups of
Asteridae. This consisted of 46 taxa with data
from rbcL and the first 1320 base pairs of the
ndhF gene. A second set of separate and com-
bined analyses focused on an expanded sample
of Dipsacales and consisted of 30 taxa scored for
rbcL, the entire ndhF gene, trnlL-1GS, trnL
intron, matK, and azpB-IGS. On the basis of the
broader analyses, and on previous molecular and
morphological studies, the resulting Dipsacales
trees were rooted along the branch connecting
Adoxaceae to Caprifoliaceae (see below).

Phylogenetic Analyses

All analyses were conducted using PAUP*
(Swofford, 2001). Maximum parsimony
searches were conducted using heuristic search
methods with tree bisection reconnection
(TBR) branch swapping, collapse of zero-
length branches, and equal weighting of all
characters. The analyses were repeated 100
times with the “random addition” option to
minimize problems of multiple islands of most
parsimonious trees. Sets of equally most parsi-
monious trees were summarized by a strict con-
sensus tree. To assess confidence in clades,
bootstrap tests (Felsenstein, 1985) were per-
formed using 300 replicates with heuristic
search settings identical to those of the original
search.

A series of likelihood ratio tests was per-
formed (on a variety of tree topologies) to
determine which model of sequence evolution
best fit the data using the program PORN*
(Bell, 2001). A variety of “best fitting” models
were found, depending on the taxa and data
partition being examined (see Table 3).
Maximum likelihood searches were carried out
in PAUP* using the appropriate model.
Parameters for each search were simultane-
ously estimated via maximum likelihood for all
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datasets. Heuristic search methods were used
with TBR branch swapping and collapse of
zero-length branches. Analyses were repeated
100 times with the “random addition” option.
Bootstrap tests were performed using 1000
replicates with nearest neighbor interchange
(NNI) branch swapping. Parameters for boot-
strap tests were fixed to values estimated from
the maximum likelihood tree.

RESULTS
46-Taxon rbcL dataset

This data matrix consisted of 1428 aligned
base pairs, of which 434 were variable and 250
parsimony informative. Maximum parsimony
analyses resulted in 102 trees of 1040 steps
(CI= 0.538, 0.425 excluding invariant charac-
ters; RI= 0.619). The strict consensus of these
trees is presented in Fig. 2, which marks those
branches with bootstrap support of 50% or
higher. Our maximum likelihood search
resulted in a single tree with a -InL. value of
7846.4885 (1041 steps under parsimony).

The traditional Dipsacales form a clade in all
trees; however, bootstrap support for this con-
clusion is rather low (60%). Even less certain
are conclusions about possible close relatives of
Dipsacales. Within Dipsacales there is strong
support for a basal split between Adoxaceae and
everything else. Adoxaceae here includes
Viburnum, Sambucus, and a strongly supported
clade consisting of Sinadoxa, Tetradoxa, and
Adoxa. Tetradoxa and Adoxa are more closley
related to one another than either is to Sinadoxa.

The remaining Dipsacales constitute the
Caprifoliaceae sensu Judd et al. (1994) and
Donoghue et al. (2001), including traditional
Caprifolieae, Diervilleae, Linnaeeae, Morin-
aceae, Valerianaceae, and Dipsacaceae. Within
this well-supported clade, basal relationships
are poorly resolved, with only weak support for
the idea that Caprifolieae plus Heptacodium
form an early branch (Pyck and Smets, 2000). As
shown in Fig. 2, relationships within Caprifolicae
(i.e., among Leycesteria, Lonicera, Symphori -
carpos, and Triosteum) are highly uncertain.

Within the remainder of the Caprifoliaceae
there are a few well supported clades, including
the traditional Morinaceae, Valerianaceae, and
Dipsacaceae, but all other relationships are
uncertain in this dataset. As noted previously
by Donoghue et al. (2001), a particular anom-
aly in rbcL analyses is the separation of
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FIGURE 2. Strict consensus trees from analyses of the 46-taxon rbcL. and ndhF datasets (see text). Numbers
above the branches are bootstrap values greater than 50%.
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Linnaea from the other Linnaeeae. In addition,
the remaining Linnaeeae appear in rbcL trees
to be paraphyletic, with Abelia as the sister
group of the Diervilleae. However, bootstrap
support for these groupings is uniformly low
(usually <50%).

Our maximum likelihood result also supports
the monophyly of Dipsacales, which is linked
to a clade consisting of Columellia and
Desfontainia. However, support for these rela-
tionships is weak (bootstrap value <50%).
Bootstrap support for clades within Dipsacales
is generally low, with the exception of
Caprifolieae (93%), Morinaceae (100%), and
Dipsacaceae (100%).

The maximum likelihood and parsimony
trees are consistent with one another.
Furthermore, there is general agreement with
previous analyses based on rbcL sequences for
Dipsacales (Donoghue et al., 1992; Backlund
and Donoghue, 1996; Backlund and Bremer,
1997) and for Asteridae (e.g., Olmstead et al.,
1992), as well as on morphological characters
(Donoghue, 1983; Judd et al., 1994; Backlund
and Donoghue, 1996).

46-Taxon ndhF dataset

This data matrix consisted of 1239 aligned
base pairs, of which 506 were variable and 306
parsimony informative. Maximum parsimony
analyses resulted in six most parsimonious
trees of 1313 steps (CI = 0.565, 0.469 exclud-
ing invariant characters; RI = 0.705). The strict
consensus is shown in Fig. 2, again with
branches marked that are supported at 50% or
more. Our maximum likelihood search resulted
in a single topology with a -InL value of
8700.22647 (1318 steps under parsimony).

As with rbcL, maximum parsimony searches
recover a monophyletic Dipsacales, which in
this case is weakly linked with an Apiales
clade. Again, Viburnum and Sambucus are
united with Adoxa and its relatives in a clade
that is sister to the Caprifoliaceae. Within the
Caprifoliaceae, members of the Caprifolieae
are strongly united, but support for relation-
ships within this clade is mostly poor. The link
between Caprifolieae and Heptacodium is
weak, as is the connection to Diervilleae.

In contrast to rbcL analyses, the ndhF data
strongly support the monophyly of Linnaeeae
in the traditional sense, with Linnaea firmly
positioned at the base of this clade. Sister to the
Linnaeeae is a clade consisting of Morinaceae,
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Valerianaceae, and Dipsacaceae. Within this
group we see some support for uniting
Triplostegia with Dipsacaceae, rather than with
Valerianaceae as in prior analyses (e.g.,
Backlund and Donoghue, 1996; Backlund and
Bremer, 1997).

Our ndhF maximum likelihood tree is in
strong agreement with those recovered using
parsimony, except for the placement of
Diervilleae. In parsimony trees (Fig. 2) the
Diervilleae is united with Caprifolieae plus
Heptacodium, whereas in the maximum likeli-
hood tree it is the sister group of all other
Caprifoliaceae. In general, however, our ndhF
results match previously published trees based
on ndhF sequnces (Pyck et al., 1999; Pyck and
Smets, 2000) and on the combination of rbcLL
and morphology (Backlund and Donoghue,
1996; Donoghue et al., 2001).

46-Taxon Combined dataset

Our combined rbcL. and ndhF data matrix
consisted of 2667 aligned base pairs, of which
940 were variable and 556 parsimony informa-
tive. Maximum parsimony analyses resulted in
48 most parsimonious trees of 2382 steps (CI =
0.5460, 0.4432 excluding invariant characters;
RI = 0.6612). Our maximum likelihood search
resulted in a single tree with a -InL. value of
16846.62023 (2383 steps under parsimony).
This tree is presented in Fig. 3, which shows
branches with bootstrap values of 80% or more.

Our parsimony results for the combined
dataset are similar to those found using ndhF
alone. We see improved support for Dipsacales
as a clade (70%), but again weak support (54%)
for a link between Dipsacales and Apiales.
Adoxaceae splits from Caprifoliaceae at the
base of the Dipsacales. Within Adoxaceae,
most relationships are now supported at near
100%, whereas relationships at the base of the
Caprifoliaceae and within the major clades
(e.g., Caprifolieae, Linnaeeae), continue to be
poorly supported. Interestingly, Heptacodium
and the Caprifolieae together form a basal
clade, and Diervilleae is united with the rest of
the Caprifoliaceae with a bootstrap value of
53%. In agreement with the ndhF sequences
alone, Triplostegia is united with Dipsacaceae
rather than with Valerianaceae.

Results from the maximum likelihood anaylses
(Fig. 3) agree with those from parsimony. Perhaps
most importantly, these results even more
strongly unite the Dipsacales (88% bootstrap
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FIGURE 3. Maximum likelihood tree from the 46-taxon combined analysis of rbcL and ndhF (see text).
Numbers above the branches are bootstrap values greater than 80% (support for the clade indicated by * was
66%; support for the clade indicated by # was 46%).
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support) and fortify the placement of Linnaea
with the rest of the Linnaeeae (100%) and of
Triplostegia with the Dipsacaceae (80%).

30-Taxon datasets

Summary statistics for our parsimony and
maximum likelihood analyses of separate and
combined datasets are summarized in Table 3.
Trees obtained from separate searches using
each of the additional chloroplast markers (not
shown) were generally in strong agreement
with one another as well as with those from
analyses of the combined data. The Dipsacales
tree recovered from our maximum likelihood
analysis of the combined dataset is presented in
Fig. 4. On the basis of our broader analyses of
rbcL and ndhF (see above), this is rooted along
the branch connecting Adoxaceae and
Caprifoliaceae. For each 30-taxon analysis,
bootstrap values are given in Table 4 for the
major clades defined by Donoghue et al. (2001),
which are indicated on the tree in Fig. 1.

Focusing on the results from our combined
analyses, and specifically on the maximum
likelihood tree in Fig. 4, it is especially note-
worthy that bootstrap support for most clades
(16 of 27) is now at 100% and that four other
branches are supported above 95%. These well-
supported relationships include several for-
merly controversial links, most notably the
connection  between  Triplostegia  and
Dipsacaceae. Within the Caprifoliaceae,
Diervilleae is identified as the sister group of
the rest, which form a clade supported at 84%.
The remaining problems, with bootstrap values
between 60% and 70%, are the relationships (1)
between Heptacodium and the Caprifolieae, (2)
among the major branches within Caprifolieae,
(3) among Linnaeeae, Morinaceae, and
Valerianaceae plus Dipsacaceae, and (4) within
the core Valerianaceae.

DiscussIoN AND CONCLUSIONS

Our separate and combined analyses of
Dipsacales chloroplast DNA sequences yield
trees that are broadly consistent with previ-
ously published results. And, in every case, the
phylogenetic classification proposed by
Donoghue et al. (2001) is upheld (Fig. 1). The
present study is exceptional, however, in pro-
viding far greater confidence in the major
clades within the Dipsacales; our combined
analyses support most of the major clades with
bootstrap values of 100% (Fig. 3—4).

Because Dipsacales monophyly was called
into question by some previous studies (e.g.,
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Backlund and Donoghue, 1996; Backlund and
Bremer, 1997), the APG (1998) classification
did not assign Adoxaceae to their more
restricted Dipsacales. However, our analyses
support the monophyly of the Dipsacales as tra-
ditionally circumscribed (see Fig. 2-3). Trees
recovered when ndhF and rbcL are analyzed
separately unite Adoxaceae with Caprifoliaceae
(Fig. 2), though with weak bootstrap support.
Support for this conclusion is, however, reason-
ably strong (70% for parsimony, 88% for max-
imum likelihood) in combined rbcL/ndhF
analyses (Fig. 3). Importantly, our results do
not support the inclusion of Columellia and
Desfontainia within Dipsacales, as suggested
previously (Backlund and Donoghue, 1996;
Backlund and Bremer, 1997).

The basal split within Dipsacales separates
the Adoxaceae from the Caprifoliaceae (sensu
Judd et al., 1994; Donoghue et al., 2001). As in
previous analyses, Viburnum is strongly linked
with the compound-leaved Adoxoideae
(Sambucus and Adoxa and its relatives). Within
Adoxoideae, our analyses strongly support the
herbaceous Adoxina clade of Donoghue et al.
(2001), with Sinadoxa as the sister group of
Tetradoxa plus Adoxa (contra Liang, 1997, who
united Sinadoxa and Adoxa).

Relationships at the base of the Capri-
foliaceae remain somewhat uncertain. Our
combined results place Diervilleae (Diervilla
plus Weigela) as the sister group of the remain-
ing taxa, but support for this position is weak,
and the alternative that Caprifolieae is sister to
the rest of the Caprifoliaceae cannot be rejected
with confidence. Unfortunately, this uncer-
tainty limits our ability to infer the basal condi-
tion for several key morphological features,
especially carpel number (2, 3, or 5) and fruit
type (capsule or berry).

Traditionally, the Caprifolieae has included
Leycesteria, Lonicera, Symphoricarpos, and
Triosteum. The monophyly of this group is very
strongly supported, but relationships among the
major lineages remain obscure. The position of
Heptacodium also remains uncertain. Although
our combined analyses support its placement as
the sister group of the Caprifolieae (as in Pyck
and Smets, 2000), confidence in this arrange-
ment is limited in the individual and combined
analyses. Understanding the evolution of sev-
eral characters, especially inflorescence archi-
tecture, depends on the resolution of this issue.

Our combined analyses strongly support the
monophyly of Linnaeeae, despite the separa-
tion of Linnaea in rbcL analyses. Furthermore,
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Wiknipala

FIGURE 4. Maximum likelihood tree from the combined chloroplast DNA dataset for 30 taxa (Table 3).
Numbers above the branches are bootstrap values greater than 80% (support for the clade indicated by * was
60%; support for the clade indicated by # was 67%).
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relationships within Linnaeeae now seem well
established, with Linnaea being the sister
group of the rest, and Abelia and Dipelta more
closely related to one another than either is to
Kolkwitzia. These findings, along with the
description of the fossil Diplodipelta
(Manchester and Donoghue, 1995), provide a
context for the more-detailed developmental
studies that are needed to establish homologies
within the inflorescence.

As suggested previously (e.g., Judd et al.,
1994; Backlund and Donoghue, 1996), the
Linnaeeae is strongly united in our analyses
with the Valerina clade of Donoghue et al.
(2001), which  includes  Morinaceae,
Dipsacaceae, and Valerianaceae. This supports
the view that the characteristic abortion of two
carpels (Wilkinson, 1949) and the origin of
achene fruits (Fukuoka, 1972) occurred in the
common ancestor of Linnaeeae and Valerina.
Valerina is monophyletic in all of our analyses
except for the separate analysis of marK
sequences, though bootstrap support remains
weak. This clade is marked by a number of
morphological changes, including a shift to
herbaceous habit.

Within Valerina, Morinaceae is the sister
group of a clade including the Dipsacaceae,
Triplostegia, and Valerianaceae. Support for
Morinaceae is very strong, and within this clade
Morina and Cryptothladia are more closely
related to one another than either is to
Acanthocalyx. These results are supported by a
variety of morphological characters (Cannon
and Cannon 1984; Caputo and Cozzolino,
1994). Specifically, Morina and Cryptothladia
are united by possession of whorled leaves, a
two-lipped calyx, reduction from four to two
functional stamens, lobed floral nectaries, and
pollen with extraordinary equatorial protrusions.

One of the most interesting results of the pre-
sent analysis is the strong support obtained for
the linkage of Triplostegia with the
Dipsacaceae, as opposed to with the
Valerianaceae (e.g., Backlund and Donoghue,
1996; Donoghue et al. 2001), or with
Morinaceae plus Dipsacaceae (Peng et al.,
1995). This result is consistent with some pre-
vious hypotheses concerning morphological
evolution. For example, it supports the view
(e.g., Hofmann and Gottmann, 1990;
Manchester and Donoghue, 1995; Roels and
Smets, 1996) that the epicalyx in Morinaceae,
Triplostegia, and Dipsacaceae was derived by
fusion of the supernumerary bracts seen in
Linnaeeae. It is possible that the 12-ribbed epi-
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calyx of Morinaceae originated independently
of the 8-ribbed condition found in Dipsacaceae
and the inner epicalyx of Triplostegia.
Alternatively, the epicalyx may have originated
in the ancestor of the Valerina clade and then
been lost in the Valerianaceae. The winged
fruits of Patrinia, situated at the base of the
Valerianaceae, may represent an independent
fusion of bracts or a stage in the loss of the epi-
calyx; additional developmental studies are
needed to evaluate these possibilities.

Relationships remain uncertain within
Dipsacaceae, in part owing to the limited sam-
pling of taxa. Our 46-taxon ndhF analysis and
our 30-taxon analyses indicate that Dipsacus
and Pterocephalis are more closely related to
one another than either is to Scabiosa. In the
combined 30-taxon analysis, the bootstrap sup-
port for Pterocephalis plus Dipsacus reaches
99%. However, this is contradicted by our 46-
taxon rbcL analysis and (weakly) by our com-
bined rbcL and ndhF analysis,as well as by the
morphological analysis of Caputo and
Cozzolino (1994).

Finally, within Valerianaceae the conclusion
that Patrinia and Nardostachys are basal lin-
eages is now very well established. This sug-
gests that the group initially diversified within
Asia, probably within the eastern Himalayas.
Relationships within the core Valerianaceae are
much less clear, aside from the strong connec-
tion between Fedia and Valerianella. We are
encouraged by the weak union of Centranthus
with Plectritis, which both have characteristic
nectar spurs, but further resolution will require
additional taxonomic sampling and molecular
markers. Of special interest is the origin and
spectacular diversification of the South
American species, which are not represented in
this dataset.

Having now achieved a very high level of
confidence in the backbone phylogeny of
Dipsacales, the stage is now set for continued
resolution of relationships within major clades,
especially Viburnum, Lonicera, Dipsacaceae,
and core Valerianaceae. Dipsacales also now
provide an excellent system for studies of char-
acter evolution, diversification rate, and histor-
ical biogeography. We caution, however, that
our results are based solely on chloroplast DNA
data. Although chloroplast trees are consistent
with those based on morphology, we look forward
to the addition of nuclear and/or mitochondrial
sequences to solidify our understanding of
Dipsacales phylogeny.
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