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THE EVOLUTION OF REPRODUCTIVE CHARACTERS IN DIPSACALES
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Improved knowledge of Dipsacales phylogeny provides a solid framework for studies of character evolution.
Although the polarity of many characters can now be confidently established, for others it remains unclear.
This results largely from uncertainty about the broader relationships of Dipsacales and is especially problematic
for characters that differentiate the two basal lineages, Adoxaceae and Caprifoliaceae. Within Caprifoliaceae,
changes in stamen number became decoupled from corolla evolution, a reduction from five to four stamens,
coinciding with the origin of the Linnina clade. Subsequently, there was a reduction to two stamens within
Morinaceae and to three, two, and one within Valerianaceae. In contrast, within Adoxaceae, stamen number
covaries with the number of corolla lobes, although the number of stamens was effectively doubled within
Adoxina by the division of each stamen. Fleshy fruits may have evolved separately in Adoxaceae and in
Caprifolieae. These vary in the number of seeds and in the presence or absence of an endocarp and show
repeated patterns in the evolution of color, perhaps underlain by shifts in the timing of developmental events.
In Caprifoliaceae, dry fruits include bicarpellate septicidal capsules in Diervilleae and initially tricarpellate,
single-seeded achenes in Linnina. Achene fruits exhibit a variety of independently evolved dispersal mechanisms,
especially involving modifications of the calyx lobes or bracts subtending the ovary. Within Linnina, a distinctive
epicalyx surrounding the ovary appears to have originated through the fusion of supernumerary bracts. It is
possible that the epicalyx evolved twice, once in the ancestor of the Morinaceae and again in the Triplostegia-
Dipsacaceae clade. Within the Dipsacaceae, modifications of the epicalyx parallel those of the ovary and calyx
within Valerianaceae, suggesting a transference of function involving homeoheterotopy. Evolutionary adjust-
ments of the epicalyx, calyx, and ovary wall in relation to protection and dispersal may have established an
evolutionarily stable configuration.

Keywords: Dipsacales, Adoxaceae, Caprifoliaceae, Morinaceae, Valerianaceae, Dipsacaceae, phylogeny, char-
acter evolution, flowers, fruits, transference of function, internal selection, evolutionarily stable
configuration.

Introduction and the ways in which its evolution within Dipsacaceae has
paralleled calyx evolution within Valerianaceae.

Dipsacales, with more than 1000 species, form a branch
within the Asteridae related to the Asterales, Apiales, and sev-
eral smaller lineages (Bremer et al. 2002). Although phylo-
genetic relationships among these lineages have resisted res-
olution, knowledge of relationships within the Dipsacales has
advanced to the point that we can confidently begin to trace
the evolution of particular morphological characters and to
understand how these changes were related to one another and
to shifts in function and diversification.

Here, we review and synthesize phylogenetic studies in Dip-
sacales and use these results to explore the evolution of various
reproductive characters. In particular, we highlight the evo-
lution of stamen number in relation to the number of corolla
lobes and to flower symmetry. We also focus attention on fruit

Phylogeny and New Molecular Evidence

Knowledge of phylogenetic relationships within Dipsacales
has improved dramatically over the past 2 decades but espe-
cially within the past few years. Analyses have been based on
morphological characters and various molecular data sets an-
alyzed both separately and in various combinations (Dono-
ghue 1983b; Donoghue et al. 1992, 2001b; Judd et al. 1994;
Backlund and Donoghue 1996; Backlund and Bremer 1997;
Kim et al. 1999; Pyck et al. 1999, 2002; Pyck and Smets 2000;
Bell et al. 2001; Pyck 2001; Zhang et al. 2002a; Bell and
Donoghue 2003).

Overall, these studies show remarkable congruence with re-

evolution, emphasizing the color of fleshy fruits and modifi-
cations for wind dispersal in taxa with achenes. Of special
interest is the origin of a distinctive new structure, the epicalyx,
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spect to the major lineages identified and their relationships
to one another. Recently, phylogenetic names have been ap-
plied to these major clades (Donoghue et al. 2001b; fig. 1A).
The basal split separates Adoxaceae (including Viburnum,
Sambucus, and Adoxina, which contains Adoxa and its rela-
tives) from Caprifoliaceae (including Diervilleae, Caprifolieae,
Linnaeeae, Morinaceae, Valerianaceae, and Dipsacaceae).
Within Adoxaceae, Viburnum is sister to Adoxoideae, which
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Fig. 1 A, Phylogenetic taxonomy of Dipsacales from Donoghue et
al. (2001b). B, Maximum likelihood tree topology (—InL =

46190.77104) of combined ITS and chloroplast DNA nucleotide se-
quence data; bootstrap values greater than 90% above the branches.

includes Sambucus and the Adoxina clade. Within Caprifoli-
aceae, Donoghue et al. (20015) provided phylogenetic defi-
nitions for the names of two major clades (de Queiroz and
Gauthier 1994; Cantino and de Queiroz 2000). The Linnina
clade includes Linnaeeae and the Valerina clade, which con-
tains the herbaceous groups Morinaceae, Valerianaceae, and
Dipsacaceae. Triplostegia now appears to be more closely re-
lated to Dipsacaceae than it is to Valerianaceae (in agreement
with Thorne 1983; Peng et al. 1995, but contra Cronquist
1981; Backlund and Donoghue 1996; Backlund and Nilsson
1997; Pyck 2001).

Importantly, all phylogenetic analyses have shown that Cap-
rifoliaceae in the traditional sense (consisting of Viburnum,
Sambucus, Diervilleae, Caprifolieae, and Linnaeeae) do not
form a clade. In the phylogenetic classification of Donoghue
et al. (2001b; fig. 1A), the most significant change is that the
name Caprifoliaceae is applied to the clade that includes Dier-
villeae, Caprifolieae, and Linnaeeae, as well as the Morinaceae,
Valerianaceae, and Dipsacaceae. In the interest of nomencla-
tural stability, these six names have been retained because in
their traditional sense they refer to clades. The classification

suggested by Backlund and Pyck (1998; also Backlund and
Bremer 1996; Angiosperm Phylogeny Group 1998; Stevens
2001-) is rejected because it requires a variety of name changes
only for the sake of adjusting ranks (Diervilleae, Caprifolieae,
and Linnaeeae are renamed Diervilleaceae, Caprifoliaceae, and
Linnaeaceae, respectively) and because it fails to provide names
for several well-supported clades (e.g., the Linnina clade,
which includes Linnaeeae, Morinaceae, Valerianaceae, and
Dipsacaceae). Similar criticisms apply to other recently pro-
posed classifications (Benko-Iseppon and Morawetz 2000).

Progress has also been made in elucidating phylogenetic re-
lationships within particular Dipsacales clades. Within Adox-
aceae, analyses of several data sets have been reported for
Viburnum, including morphological characters (Donoghue
1983a), cpDNA restriction sites (Donoghue and Sytsma 1993),
and sequences of the nuclear ribosomal internal transcribed
spacer (ITS) region (Donoghue and Baldwin 1993). More re-
cently, analyses have been conducted using the chloroplast lo-
cus matK and the nuclear granule-bound starch synthase
(waxy) genes (Winkworth and Donoghue 2002; R. C. Wink-
worth and M. J. Donoghue, unpublished data). Sambucus has
been analyzed using ITS sequences (Eriksson and Donoghue
1998) and Adoxina using morphology and sequences of rbcL
and ITS (Liu et al. 2000; Donoghue et al. 2001b). Within
Caprifoliaceae, Kim and Kim (1999) analyzed Diervilleae
(Diervilla and Weigela) using ITS sequences. Triosteum has
been studied using I'TS and waxy sequences (Gould and Dono-
ghue 2000) and more recently using cpDNA #rnL and matK
sequences (S. Cullis-Suzuki, C. D. Bell, R. C. Winkworth, and
M. J. Donoghue, unpublished data), and Lonicera is currently
under study using ITS and matK (Li and Donoghue 2002; J.
Liand M. J. Donoghue, unpublished data). Bell and Donoghue
(2002, 2003) have carried out analyses within Morinaceae and
Valerianaceae on the basis of #rnL, matK, and ITS. For Dip-
sacaceae, Caputo and Cozzolino (1994) analyzed morpholog-
ical characters, Mayer and Ehrendorfer (1999, 2000) presented
phylogenetic hypothesis for Scabiosa and Pterocephalus and
their relatives, and studies are underway using trnl, matK, ITS
(C. D. Bell and M. J. Donoghue, unpublished data). In all, ca.
300 species have now been included in one or another phy-
logenetic analysis.

To date, the single most convincing phylogenetic study of
the Dipsacales, in terms of both character number (7593 nu-
cleotide sites) and confident resolution, is by Bell et al. (2001).
However, this study was entirely based on chloroplast DNA
sequences, which leaves open the possibility of incongruence
with other data sources. Although it is comforting that cpDNA
and morphological analyses have yielded very similar results,
the addition of data from nuclear genes would be highly de-
sirable. We have therefore carried out a new analysis combin-
ing ITS sequences with the cpDNA sequences from Bell et al.
(2001).

ITS sequences were obtained from the accessions used by
Bell et al. (2001) with one exception; the sequence for Lonicera
japonica Thunb. was obtained from Kim and Kim (1999). The
ITS region was amplified and sequenced using primers ITS2,
ITS3 (in some cases ITS3B), ITS4, and ITSS (White et al. 1990;
Baum et al. 1994) and the standard protocols described in Bell
et al. (2001). All newly obtained sequences have been sub-
mitted to GenBank (AY236170-AY236196, AJ419710,
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AJ419711,U88194), and our data matrices and trees are avail-
able in TreeBASE (http://www.treebase.org). Maximum like-
lihood analyses were performed using PAUP* b10 (Swofford
2001) for the Linux operating system. We used a general time
reversible model of sequence evolution plus an alpha shape
parameter for the gamma distribution to account for rate het-
erogeneity among sites. Heuristic searches were conducted
with tree bisection reconnection branch swapping and the col-
lapse of zero-length branches. Analyses were repeated 100
times with the random addition option. Bootstrap tests (Fel-
senstein 1985) used 300 replicates with heuristic search settings
identical to those of the original search.

Analyses of the ITS sequences alone produced trees that were
generally consistent with the cpDNA trees of Bell et al. (2001);
the few minor discrepancies were very poorly supported. Our
combined analysis of ITS and cpDNA sequences yielded to-
pologies corresponding to those obtained using cpDNA se-
quences alone and with previous morphological analyses (fig.
1B). The trees differ only in the level of support for specific
clades. In particular, the addition of ITS sequences increases
bootstrap support for the relationship between Heptacodium
and the Caprifolieae (95%) and for the Valerina clade (100%).
ITS data also support the hypothesis that the Diervilleae is the
sister group of the remaining Caprifoliaceae (96%). Unfor-
tunately, however, the addition of these data do little to clarify
relationships among Leycestaria, Lonicera, Symphoricarpos,
and Triosteum within Caprifolieae.

The discussion of character evolution below is based on the
backbone tree shown in figure 1B and, as needed, studies of
individual clades noted above. Unless otherwise cited, infor-
mation on morphological characters has been derived from a
variety of general treatments (Eichler 1875; Fritsch 1891; Fu-
kuoka 1972; Hara 1983; Wilkinson 1949; Weberling 1957),
from studies of particular taxa (Adoxa: Erbar 1994 and Roels
and Smets 1994; Linnaeeae: Fukuoka 1968; Morinaceae: Can-
non and Cannon 1984), or from studies of individual suites
of characters (pollen: Bohnke-Gutlein and Weberling 1981,
Blackmore and Cannon 1983, and Donoghue 1985; nectaries:
Wagenitz and Liang 1984).

Character Evolution in General

Recent phylogenetic analyses have increased our confidence
in inferences of ancestral character states and directions of
change in the Dipsacales. For example, we can conclude that
the first Dipsacales were woody plants (probably shrubs) and
that the herbaceous habit evolved at least five times within the
group (in Triosteum, Valerina, and Adoxina and probably
twice within Sambucus; Eriksson and Donoghue 1997); an-
nuals evolved several times within Valerianaceae and Dipsa-
caceae. We can also be quite certain that the first Dipsacales
had opposite, simple leaves without stipules and that com-
pound, whorled, and stipulate leaves each evolved several
times. Likewise, the presence of bud scales appears to be an-
cestral, with naked buds derived on several occasions (e.g.,
within Viburnum).

We can also safely conclude that the Dipsacales originated
in the Northern Hemisphere, probably in eastern Asia, and
that they first occupied the understory of temperate forests.
From there, many lineages spread around the Northern Hemi-

sphere and into the Southern Hemisphere in both the Old and
the New World (e.g., within Viburnum, Sambucus, Valeriana,
and Dipsacaceae; Tang and Li 1994; Donoghue et al. 2001a).
In addition, several of the herbaceous lineages moved into
alpine habitats, in some cases associated with considerable
diversification (e.g., Valerianaceae, in general, but especially
in South America; C. D. Bell and M. J. Donoghue, unpublished
data, 2002).

With respect to reproductive characters, the first Dipsacales
probably produced only perfect, fertile flowers; imperfect flow-
ers (as in some Valerianaceae) and sterile flowers (as in Vi-
burnum) evolved several times independently. Ancestrally, Dip-
sacales flowers had five corolla lobes and five stamens, with
reductions occurring on several occasions (see below).

Unfortunately, for a relatively large and important set of
reproductive characters the ancestral condition remains un-
clear. These are, for the most part, characters that differentiate
the two basal branches, Adoxaceae and Caprifoliaceae. An-
cestrally, Adoxaceae had polysymmetric flowers, with small
calyx lobes, rotate corollas, short styles, and lobed stigmas.
They also lacked distinct nectaries and had small, prolate pol-
len grains with a semitectate, reticulate exine. In marked con-
trast, the earliest Caprifoliaceae had monosymmetric flowers
(probably weakly so at first) with larger calyx lobes, tubular
corollas, elongate styles, and capitate stigmas. At the base of
the corolla they had nectaries composed of unicellular hairs,
and their large, rounded pollen grains had a complete, spine-
bearing tectum elevated on columellae.

In general, these characters cannot be polarized with con-
fidence owing to continued uncertainty about the broader re-
lationships of the Dipsacales. Several hypotheses have emerged
from previous morphological and molecular studies of the As-
teridae. Dipsacales have been linked to Apiales, Asterales, or
both or to smaller groups, including Columellia, Desfontania,
and various Escalloniaceae and Bruniaceae (Donoghue et al.
1992, 2001b; Downie and Palmer 1992; Chase et al. 1993;
Olmstead et al. 1993, 2000; Bremer et al. 1994, 2002; Back-
lund and Donoghue 1996; Backlund and Bremer 1997; Soltis
et al. 2000; Bell et al. 2001). However, in all of these studies
support for the position of Dipsacales is weak. A better un-
derstanding of broader relationships is necessary to make fur-
ther progress, although, depending on the nature of the var-
iation both among and within the outgroups for these traits,
even this may not be sufficient.

For several of the characters that differentiate Adoxaceae
from Caprifoliaceae, outgroup uncertainties do not completely
preclude further analysis. For example, it is clear that short,
rotate corollas are ancestral in Adoxaceae and that longer,
tubular corollas evolved several times within Viburnum. As-
sociated with this shift was the evolution of a disklike nectary
(e.g., Viburnum farreri; Erbar 1994). Nectaries consisting of
packets of multicellular glandular hairs mark the Adoxina, and
in some Sambucus species (e.g., Sambucus chinensis), whole
flowers were converted into nectaries. Likewise, within Cap-
rifoliaceae it is possible to assess the direction of change in
several such traits. For example, calyx lobes have been greatly
reduced on several occasions (e.g., in association with fleshy
fruits in Lonicera and its relatives), and pollen grain walls were
modified in several ways (e.g., the probable loss of columellae



$456 INTERNATIONAL JOURNAL OF PLANT SCIENCES

in Diervilleae and of tectal spines within Caprifolieae; Dono-
ghue 1985).

A further problem in assessing character polarity relates to
complex character state distributions among the major lineages
and lingering phylogenetic uncertainties within Dipsacales. A
prime example is carpel number (and the abortion of carpels
during ovary development), which varies considerably within
both Adoxaceae and Caprifoliaceae. In Adoxaceae, the an-
cestral state may be three carpels because this is universal in
Viburnum (though two carpels abort) and also common in
Sambucus. Three carpels is also a common number within
Caprifoliaceae (and ancestral at least within Linnina), but too
much variation exists among the basal lineages to assess the
direction of change. The Diervilleae, which may be the sister
group of the rest of the Caprifoliaceae (figs. 1, 2), are bicar-
pellate. However, carpel number is highly variable in the Cap-
rifolieae, ranging from two to five. Unfortunately, lack of res-
olution within Caprifolieae limits our understanding of the
evolution of this and several other traits.

In the following section, we avoid such problematic cases
and instead focus on sets of characters for which we can be
much more certain about the direction of change. Specifically,
we will focus on the number of corolla lobes and stamens, on
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the color of fleshy fruits, and on modifications related to the
dispersal of achenes (see below).

Corolla and Stamen Characters

In Dipsacales the number of corolla lobes varies between
five (the most common number) and three, and stamens num-
ber from 10 to one, with five and four predominating. Par-
simony optimization of these characters on the backbone Dip-
sacales tree implies that the ancestor had five corolla lobes and
five stamens (fig. 2A). In Adoxaceae, this combination is re-
tained throughout Viburnum, in most Sambucus species (but
see below), and within Caprifoliaceae, the Diervilleae, Hep-
tacodium, and Caprifolieae retain this condition (though in
some Symphoricarpos and Lonicera one sees a strictly corre-
lated reduction to four corolla lobes and four stamens). How-
ever, within both the Adoxaceae and Caprifoliaceae, there were
significant changes in these numbers. Within Caprifoliaceae,
the large Linnina clade is marked by a reduction from five to
four stamens (fig. 2B). This shift entailed the loss of the me-
dially positioned stamen on the dorsal (upper) side of the
flower, situated between the two upper corolla lobes. Initially,
this loss was not accompanied by a change in the corolla,

Fig. 2 Phylogeny of Dipsacales showing the evolution of stamen number in relation to corolla characters. Together, the tree and floral diagrams
illustrate several major transitions. A, Inferred ancestral condition of five stamens and five corolla lobes; B, loss of the dorsal stamen with the
origin of Linnina; C, loss of two stamens within Morinaceae; D, loss of one stamen in core Valerianaceae; E, loss of one stamen in Fedia; F,
loss of two stamens in Centranthus; and G, doubling of stamen number through division in Adoxina (five-merous flower shown here; note
“lobelioid” orientation). Flower drawings highlight the differences in floral symmetry and form between Adoxaceae (H, Sambucus canadensis,
modified from Ferguson 1966) and Caprifoliaceae (I, Lonicera sempervirens, modified from Zomlefer 1994).
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which retained five lobes, but reductions did occur later with-
in several lineages (e.g., to four corolla lobes in many Dip-
sacaceae).

Within the Valerina clade, there were several further reduc-
tions in stamen number. In Morinaceae, Acanthocalyx has re-
tained the ancestral condition of five corolla lobes and four
stamens. A reduction to two stamens occurred in the Morina-
Cryptothladia clade (fig. 2C). In this clade, the two uppermost
stamens were retained and the lower pair became reduced and
sterilized. In the longer corolla tube of Morina, the two small
staminodia are present in the upper portion of the tube,
whereas in the shorter-tubed, apparently cleistogamous flowers
of Cryptothladia, the staminodia are associated with two nec-
taries at the very base of the tube. Shortening of the tube in
this case may have come about through reduced growth in the
stamen-corolla portion of the tube. Dipsacaceae have four sta-
mens, with rare exception (e.g., Pterocephaldium diandrum;
Caputo and Cozzolino 1994).

Other reductions in stamen number occurred within Va-
lerianaceae. Patrinia and Nardostachys retained the ancestral
condition for Linnina, namely, five corolla lobes, four stamens
(though five stamens have occasionally been reported from
individual flowers), and monosymmetry at anthesis, although
early development in Patrinia shows signs of asymmetry (Hof-
mann and Gottmann 1990; Endress 1999). The large clade
containing the core Valerianaceae is marked by a reduction to
three stamens (fig. 2D). The evolution of this highly unusual
configuration entailed the loss of just one of the more ventrally
positioned stamens—apparently the one farthest from the fer-
tile carpel—resulting in an asymmetric flower. Within this
clade, two other reductions occurred independently. In Fedia,
the remaining ventral stamen was lost (fig. 2E), so that only
the pair of dorsal stamens is present, as in the Morina-Cryp-
tothladia clade. This loss reestablished floral symmetry, at least
with respect to the corolla and stamens. In Centranthus, a
reduction apparently occurred from three to just one lateral
stamen situated in the dorsal portion of the flower adjacent
to the fertile carpel (fig. 2F). The asymmetry in Centranthus
is further accentuated by changes in the orientation of the style
(curved away from the stamen) and corolla lobes. One of the
dorsal lobes that is adjacent to the fertile stamen tends to be
somewhat enlarged and oriented upward, whereas the other
is oriented downward, such that there often appear to be four
ventral lobes. However, as Endress (1999, p. 58) has high-
lighted, Centranthus displays “pendulum symmetry”—the ori-
entation of successive flowers along the monochasium alter-
nates (enantiomorphy) such that the entire entity forms a
“monosymmetric superstructure.”

Within Adoxaceae, corolla lobe number was reduced several
times within Sambucus from five to either four or three (Bolli
1994; Eriksson and Donoghue 1997). The basal condition
within Adoxina is unclear, but outgroup comparison indicates
five lobes; it may have been similar to the condition seen in
Tetradoxa and Adoxa, where both four- and five-merous flow-
ers are produced within an inflorescence. From this condition,
there may have been further reduction to three lobes in Sin-
adoxa. In the compressed, headlike Adoxa inflorescence, the
lateral flowers are oriented in the “lobelioid” fashion (i.e., with
the medial petal in the dorsal position; Erbar 1994; Donoghue
et al. 1998) and are five-merous (although usually with only

three sepals), whereas the terminal upward-facing flower is
four-merous (Erbar 1994). In the more elongate infloresences
of Tetradoxa, the arrangement is more variable (Hara 1981,
1983; Wu 1981; Liang and Zhang 1986; Li and Ning 1987),
and at least in some instances, the order is reversed; that is,
four-merous flowers are lateral, and the terminal flower is five-
merous (M. J. Donoghue, personal observations). Sinadoxa
(Wu et al. 1981; Li and Ning 1987; Liang 1997) appears to
have the most derived architecture, with a spikelike inflores-
cence bearing tight clusters of tiny flowers. The number of
flower parts is somewhat variable within an inflorescence, but
three-merous flowers are most common. The gynoecioum is
also reduced in Sinadoxa to just a single carpel (Wu et al.
1981).

Stamen number also varies within Adoxaceae. Reductions
within Sambucus to four or three stamens are strictly corre-
lated with corresponding reductions in the number of corolla
lobes. In Adoxina, individual stamens appear to have become
split between the two thecae of the anther such that the number
of stamens was effectively doubled (fig. 2G). This interpreta-
tion is indicated by the position of the bipartite “stamens” in
the sinuses between the corolla lobes, by developmental studies
in Adoxa showing that each pair originates from a single sta-
men primordium (Erbar 1994), and by anatomical studies doc-
umenting that a single vascular bundle splits into two at what-
ever level the two halves of the filament separate (Li and Ning
1987). Whereas in Adoxa (fig. 3A, 3B) the filament is divided
all the way to the base and in Sinadoxa (fig. 3E, 3F) very close
to the base, in Tetradoxa the filaments are divided for only
about half of their length (fig. 3C, 3D). If the Tetradoxa con-
dition is interpreted as a retained ancestral state (Liang and
Zhang 1986; Liang 1997), then the more fully divided stamens
of Adoxa and Sinadoxa were derived independently. Alter-
natively, the T-shaped Tetradoxa stamens may have been de-
rived from the more completely bifid condition (Donoghue et
al. 20015b). In any case, throughout the Adoxina, stamen num-
ber is strictly correlated with the number of corolla lobes and
varies accordingly within individual plants. Thus, in flowers
with five corolla lobes, there are five split stamens (10 separate
anther sacs); in those with four corolla lobes, there are four
split stamens; and in Sinadoxa with three lobes, there are three
split stamens.

These observations highlight a basic contrast in corolla and
stamen number evolution between the two major lineages of
Dipsacales. In Adoxaceae, evolutionary modifications of co-
rolla lobe and stamen number have been coupled, whereas in
Caprifoliaceae, these became uncoupled beginning with the
evolution of Linnina. In effect, these floral features behave as
one character in the Adoxaceae, whereas they may evolve in-
dependently within the Caprifoliaceae.

This difference may be related to an underlying change in
floral symmetry. Adoxaceae all have polysymmetric corollas
(fig. 2H; except for the enlarged sterile flowers in Viburnum),
whereas Caprifoliaceae are weakly to strongly monosymmetric
(fig. 21). Specifically, in Diervilleae the corolla is usually no-
ticeably monosymmetric, with the two upper (dorsal) petals
differentiated from the three lower (ventral) petals. This con-
dition is retained in Heptacodium. In Caprifolieae, the corolla
is only weakly monosymmetric in Leycesteria and Sympho-
ricarpos but with rare exceptions is rather strongly monosym-
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Fig. 3 Scanning electron micrographs illustrating Adoxina flowers and stamen morphology. A, B, Adoxa moschatellina L. (from Erbar 1994)
showing five-merous flower with paired stamens; note separate style branches/stigmas and nectaries at the base of each petal. Scale bars = 1
mm. C, D, Tetradoxa omeiensis (H. Hara) C. Y. Wu showing five-merous flower with partially divided, T-shaped stamens. E, F, Sinadoxa
corydalifolia C. Y. Wu, Z. L. Wu, and R. F. Huang showing three-merous flower with paired stamens; note single carpel and multicellular
glandular trichomes on corolla lobes.

metric in Triosteum and Lonicera. When the corolla is strongly ~ with two up and three down, though in some cases, the corolla
monosymmetric in the latter two groups, four corolla lobes is almost polysymmetric (e.g., Linnaea, Patrinia).

are oriented upward and the medial ventral lobe is oriented It may be that subdivision of the floral meristem into dorsal
downward. The basic condition in Linnina is monosymmetry,  and ventral portions, e.g., with respect to the expression of
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genes such as CYCLOIDEA (Luo et al. 1996; Cronk and
Moller 1997; Donoghue et al. 1998), sets the stage for the
individuation of stamens in different developmental zones.
Pronounced monosymmetry at the base of the Linnina could
have facilitated the loss of the medial dorsal stamen. Although
such a model may help explain the initial shift to four stamens
and also subsequent shifts that occurred symmetrically along
the dorsoventral axis, it would not, by itself, explain asym-
metric changes (e.g., in the core Valerianaceae and Centran-
thus). Instead, such changes may relate to carpel abortion in
Linnina or to differences in the arrangement of flowers at the
level of the inflorescence. Eventually, studies of gene expression
will be needed to elucidate the mechanisms underlying the
evolutionary pattern outlined here.

Fruit Characters

Dipsacales show greater variation in fruit type than many
clades of comparable size. Most Adoxaceae have fleshy bird-
dispersed “drupes,” with an endocarp surrounding the single
seed in Viburnum or separately surrounding several seeds in
Adoxoideae. In Adoxina, the ovary wall is generally drier at
maturity, and the fruits have sometimes been described as “dry
drupes.” These are borne close to the ground, often reaching
soil level during development, and in Adoxa are reportedly
dispersed by birds (Lagerberg 1904) or snails (Muller-Schnei-
der 1967). In Sinadoxa, the single carpel matures into a single-
seeded achenelike fruit (Wu et al. 1981). At maturity, the calyx
lobes appear to become inflated, air-filled sacs, and the main
dispersal agent may be water (M. ]J. Donoghue, personal
observation).

Caprifoliaceae exhibit even greater fruit diversity. Fleshy,
bird-dispersed fruits are limited to the Caprifolieae. Within
this clade, Leycestaria has berries (endocarp lacking), with
several to numerous seeds. Lonicera likewise has berry fruits,
though generally with just a few seeds embedded in copious
pulp. Drupe fruits, with an endocarp surrounding each seed,
are found in Triosteurn and Symphoricarpos. In both taxa,
there is programmed carpel abortion and the number of seeds
corresponds to the number of fertile carpels. In Triosteum, one
of the four carpels aborts, and the drupes have three stones,
whereas in Symphoricarpos, two of the four carpels abort, and
there are two stones. The mesocarp in both cases is charac-
teristically rather dry and mealy in texture.

The remaining Caprifoliaceae have dry fruits. In Diervilleae
these are elongate bicarpellate capsules, with septicidal dehis-
cence releasing the sometimes distinctly winged seeds (in Wei-
gela). In contrast, Heptacodium and all Linnina have achene
fruits, bearing just a single seed at maturity.

Before considering fruit evolution in more detail, it is im-
portant to note that the ancestral fruit type for Dipsacales is
uncertain. In part, this is from uncertainty about outgroups,
but, as in the case of carpel number, it also reflects the distri-
bution of fruit types among the basal lineages. Parsimony op-
timization on the tree in figure 1 (using MacClade 4.0; Mad-
dison and Maddison 2000) implies that the first fruits probably
were not achenes. It is possible that the first fruits were fleshy,
but the results depend on whether fleshy fruits are broken into
drupes versus berries and on exactly how relationships are
resolved within Caprifolieae. Another possibility is that the

first Dipsacales had capsular fruits with numerous seeds, in
which case the larger number of seeds in Leycestaria might be
viewed as a retained ancestral condition. Again, evaluation of
such speculations will require the resolution of relationships
within Caprifolieae.

Here, we highlight two aspects of fruit evolution for which
we can be relatively certain about the direction of change. In
the fleshy fruits, we focus on repeated changes in color, and
for dry fruits, we concentrate on dispersal-related modifica-
tions of the achenes.

Fruit-Color Evolution

The fleshy fruits of Adoxaceae are usually dark purple or
red at maturity; in some, they are more distinctly blue and
covered by a waxy bloom (e.g., in Viburnum sect. Lentago)
or, rarely, in some cultivated forms, even yellow. In Adoxina,
the fruits tend to remain greenish at maturity. It is also worth
noting that several colors, such as light metallic blue and white,
as seen, e.g., in Cornus, do not occur in Adoxaceae.

Within both Viburnum and Sambucus, phylogenetic anal-
yses indicate that dark purple is ancestral and red derived. In
Viburnum, red fruits characterize section Opulus and a clade
consisting almost entirely of Asian species from the large, para-
phyletic section Odontotinus (Donoghue 1983b). Whether the
red condition evolved once or twice is still unclear, but in either
case, there have been several independent reversals to purple.
Specifically, both the purple-fruited Asian species, Viburnum
melanocarpum, and the New World species, Viburnum acer-
ifolium, appear to be nested within the otherwise Asian red-
fruited clade (Baldwin et al. 1995; R. C. Winkworth and M.
J. Donoghue, unpublished data). The phylogenetic position of
Viburnum cylindricum and its relatives of sect. Megalotinus is
more uncertain. Mature fruit color is unclear for some species,
but there may be additional reversals in this group. Within
Sambucus, red fruits evolved in the derived paniculate clade
(sect. Botryosambucus) and may also have independently
evolved in the herbaceous sect. Scyphidanthe (Eriksson and
Donoghue 1997).

Observations on fruit development in Viburnum suggest a
possible mechanism for shifts in color. In the ancestral devel-
opmental sequence, retained for example in sects. Solenotinus,
Pseudotinus, and Viburnum, the wall of the fruit matures from
green, to yellow, to red, and finally to purple. The red phase
is protracted, and fruits turn asynchronously to purple at the
very end of the sequence. As a result, toward the end of the
ripening period, a range of fruit colors is present in the in-
fructescence. This sequence indicates the possibility that red
fruits were attained through paedomorphosis. Studies of the
absolute time from flowering to fruit maturity (Donoghue
1980) indicate that time to maturity is not markedly different
in purple- and red-fruited species. This suggests neotony rather
than progenesis, which is consistent with observations on fruit
abscission (red fruits tend to remain attached longer) and on
endocarp shape (red fruits have flattened stones resembling
early stages in the inferred ancestral sequence of endocarp
development). In any case, the evolution of red fruits may have
involved changes in the timing of developmental events (het-
erochrony). Fruit-color development in Sambucus has not been
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observed in detail, but a similar mechanism may help explain
the evolution of red fruits in this group as well.

The fleshy fruits of the Caprifolieae exhibit an even wider
range of colors at maturity. Unfortunately, continued uncer-
tainty about relationships within this clade, as well as limited
sampling within Lonicera, restrict our ability to infer evolu-
tionary sequences. However, the independent transition from
red to bright white fruits within both Sympbhoricarpos and
Triosteum is a particularly striking pattern. In this case, white
is not part of the development sequence leading to red, which
argues against the heterochronic explanation invoked for
Adoxaceae.

Modifications for Achene Dispersal

In the Caprifoliaceae, achenes with a single seed are present
in Heptacodium and in the large Linnina clade (though in
Dipelta, and rarely in Linnaea, there are two seeds at ma-
turity). The linkage of Heptacodium with Caprifolieae in re-
cent analyses is surprising from the standpoint of fruit evo-
lution because this implies either the independent evolution of
achenes or a transition from achenes to fleshy fruits in the line
leading to Caprifolieae (but see Zhang et al. 20025 on the
possible hybrid origin of Heptacodium). In Linnina, where it
has been studied in detail, evolution of the achene was evi-
dently correlated with the abortion of two of the three carpels
and the development of just a single ovule within the remaining
fertile carpel (Wilkinson 1949). Carpel abortion occurs at a
relatively late stage in ovary development in the Linnaeeae,
Morinaceae, and Valerianaceae, as evidenced by the presence
of two empty locules at fruit maturity in many species. In fact,
in some species, these empty compartments have been co-opted
in various ways in connection with dispersal (e.g., inflated for
water dispersal in some Valerianella). In Dipsacaceae, rem-
nants of the ancestral tricarpellate condition have been lost,
and the ovary is described as “pseudomonomerous.”

Among the achene-producing Caprifoliaceae, there are var-
ious adaptations for wind dispersal. In many cases, this has
entailed modifications of the calyx. One of the most striking
of these modifications is enlargement of the calyx lobes into
wings as the fruits mature. Many botanists will have encoun-
tered the enlarged, often red-colored calyx wings of cultivated
Abelia. A strikingly similar morphology is found in Hepta-
codium, and enlarged calyx lobes are also prominent in Cryp-
tothladia infructescences.

Valerianaceae exhibit an especially wide array of calyx mod-
ifications, including loss (Eriksen 1989; fig. 5). Especially well
known is the production of a feathery pappus-like structure
in such species as Valeriana officianalis and Centranthus ruber.
Others produce a leafy calyx (e.g., in Nardostachys), form
“hooks” or a “crown-shaped” structure, or become inflated
(e.g., in Valerianella). In other groups, the ovary wall itself is
modified, especially for passive external transport by animals.
Kolkwitzia (Linnaeeae) provides an excellent example, with
the ovary wall covered by sharp, spinelike projections.

In Linnina, we encounter several important modifications of
a set (possibly two to three pairs ancestrally) of so-called su-
pernumerary bracts in the inflorescence (Troll and Weberling
1966; Fukuoka 1969; Weberling 1989). Their presence in the
ancestor of the Linnina clade presumably resulted from the

loss of flowers in the axils of bracts in previously more complex
inflorescences. In any case, their existence made possible a close
association with the ovary and a variety of modifications re-
lated to dispersal. For example, in Linnaea, two whorls of
sterile bracts closely surround the ovary; these are covered with
glandular trichomes that secrete a sticky substance. The most
striking modification is found in the clade including Dipelia
(three extant species native to China) and its fossil relative
Diplodipelta (two species from the Eocene and Miocene of
western North America; Manchester and Donoghue 1993). In
these plants, members of two pairs of supernumerary bracts
surround the ovary in flower and become greatly enlarged
during fruit development. At maturity, these form membra-
nous, papery wings that surround the fruit. In Dipelta the fruits
are borne singly within the dispersal unit, whereas in Diplo-
dipelta they were paired.

Evolution of the Epicalyx

It seems likely, on the basis of phylogenetic and develop-
mental studies, that the epicalyx—a tubular structure that en-
closes the ovary in Morinaceae, Triplostegia, and Dipsaca-
ceae—originated through the fusion of supernumerary bracts
(Hilger and Hoppe 1984; Roels and Smets 1996; see below).
However, the fact that phylogenetic analyses do not directly
link Morinaceae with the Triplostegia-Dipsacaceae clade sug-
gests a complicated history, involving either two separate or-
igins of the epicalyx or a single origin and subsequent loss (fig.
4). A complex evolutionary scenario is consistent with subtle
structural differences. Morinaceae are characterized by the
presence of a single epicalyx, with usually 12 prominent ribs.
In contrast, in Dipsacaceae the epicalyx is marked by the pres-
ence of eight ribs (reduced to four in Knautia). In Triplostegia,
there are two epicalices. The inner one has eight ribs and is
presumed to be homologous with the single epicalyx in Dip-
sacaceae. The outer epicalyx is four lobed and bears glandular
hairs that presumably function in dispersal by animals.

Two scenarios for the evolution of the epicalyx are consistent
with our present knowledge of phylogeny, morphology, and
development (fig. 4). For the sake of argument, these each
assume that ancestral Linnina had three pairs of supernumer-
ary bracts subtending each flower (also see Roels and Smets
1996). In the first scenario (fig. 4A), the epicalyx originates
separately in the Morinaceae and in the Triplostegia-Dipsa-
caceae clade. For Morinaceae, with 12 ribs, this assumes the
fusion of all three sets of supernumerary bracts (two ribs per
bract, four ribs per pair). For Dipsacaceae and the inner epi-
calyx of Triplostegia with eight ribs, we picture the fusion of
the upper two pairs of bracts (Hilger and Hoppe 1984), leaving
the third pair to form the outer epicalyx in Triplostegia (these
bracts, or the outer epicalyx, were then lost in Dipsacaceae).
Detailed developmental studies in Dipsacus and Knautia doc-
ument that the epicalyx does originate as four primordia,
which later become continuous. Valerianaceae entirely lack an
epicalyx (Roels and Smets 1996). Patrinia, with three sets of
bracts subtending the ovary, may have retained the ancestral
condition, with bracts then further reduced in number within
core Valerianaceae.

One possible alternative scenario entails a single origin of
the epicalyx at the base of the Valerina clade and its subsequent
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Fig. 4 Two scenarios for the evolution of the epicalyx in the Va-
lerina clade. Both assume a hypothetical ancestor having three pairs
of supernumerary bracts subtending the flower, and both take five steps
when all events are equally weighted (fusion of bracts, loss of bracts,
and so on). A, Independent evolution of the epicalyx in Morinaceae
(with 12 ribs) and in Triplostegia-Dipsacaceae (with eight ribs); note
outer epicalyx in Triplostegia and retention of the ancestral condition
in Patrinia. B, A single origin of the epicalyx followed by dissolution
(in Triplostegia-Dipsacaceae) and reversion to the ancestral condition
(in Patrinia and the remaining Valerianaceae).

loss in Valerianaceae (fig. 4B). We view this sequence as some-
what less plausible, as it involves the deconstruction of the
epicalyx in both the Dipsacaceae-Triplostegia lineage and in
the Valerianaceae. Although the complete loss of the epicalyx
may not present difficulties, the presence of bracts in Valeri-
anaceae, especially the ancestral bract arrangement in Patrinia,
implies the disassociation of formerly fused parts.

Whatever its origin, the epicalyx provided new functional
opportunities and has been extensively modified for both pro-

tection and dispersal. Such modifications are especially obvious
in the Dipsacaceae. Here, the true ovary wall has been greatly
reduced and the epicalyx has largely taken over the protective
function. At the same time, often elaborate outgrowths at the
apex of the epicalyx appear to be adaptations for dispersal,
and in this sense, the epicalyx has assumed the function of the
calyx in other Valerina. In this case, however, the true calyx
has often been maintained and apparently modified to function
in concert with the epicalyx. Such modifications provide ex-
amples of “internal selection,” in which the relevant environ-
ment for selection of a particular structure is provided by other
structures within the suite of functionally interacting charac-
ters (Whyte 1965; Wagner and Schwenk 2000). The resulting
functional integration may have established what Wagner and
Schwenk (2000; also Schwenk and Wagner 2001) termed an
“evolutionarily stable configuration.” In such a system, the
worth of an individual character change is evaluated largely
in terms of its contribution to the entire functional unit, a
relationship that may tend to maintain phenotypic stability
even in the face of significant environmental change.

Epicalyx modifications may also provide examples of “trans-
ference of function” (Corner 1958; Baum and Donoghue
2002). Ovule protection and some germination-related func-
tions seem to have been largely transferred to the basal portion
of the epicalyx, which becomes progressively lignified, with
corresponding reduction of the ovary wall (Verlaque 1984;
Mayer 1995), while dispersal functions have been, at least in
part, assumed by various expansions of the upper portion
(Mayer and Ehrendorfer 1999). Similarities between various
epicalyx modifications within Dipsacaceae and modifications
of the calyx and ovary within the closely related Valerianaceae
are quite striking in some cases (fig. 5). In Scabiosa and its
relatives, a specialized diaphragm (produced by a meristem
inside the apex of the epicalyx) forms a tight collar surrounding
the specialized calyx stalk, effectively closing off the epicalyx
(e.g., see Mayer and Ehrendorfer 1999). In some species, the
diaphragm region of the epicalyx is further elaborated in the
form of an epidiaphragm and corona, which together may
form an upright or flattened, membranous, funnel-like out-
growth. These epicalyx structures function in concert with the
often highly modified calyx lobes (which may be, for example,
elevated on a stalk, increased in number, or covered with bris-
tles or plumose hairs) and ovary (which sometimes forms a
sclerified “ovarian cone” that may secure it within the epi-
calyx) (Caputo and Cozollino 1994). In some species distinct
pits (or foveoles) are also formed near the apex of the basal
portion of the epicalyx, in the zone of the diaphragm. Again,
the results are sometimes strikingly similar to ovary modifi-
cations within Valerianaceae.

It is possible that these structures were selected de novo and
that their development is underlain by different genes and de-
velopmental programs. Alternatively, the evolution of the epi-
calyx may have entailed the transfer of function through “hom-
eoheterotopy” (Baum and Donoghue 2002). That is, genes
expressed in the ovary wall and calyx before the origin of the
epicalyx (as in the Valerianaceae and/or the Linnaeeae) may
have been recruited to the newly originated and directly ad-
jacent epicalyx. Such a common genetic basis may have ena-
bled the evolution of a parallel suite of modifications in the
two structures. It may also favor the scenario in figure 4A,
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Fig. 5 Examples of “fruit” morphology, illustrating similar modifications of the ovary/calyx in Valerianaceae and of the epicalyx/calyx in
Dipsacaceae. A-C, Valerianaceae, showing calyx and ovary wall modifications. A, Valeriana tuberosa with pappus-like calyx; B, Valerianella
coronata with crown-shaped calyx; C, Valerianella vesicaria with inflated calyx. D-F, Dipsacaceae, showing calyx (protruding) and epicalyx
(lower portion, with pitting, completely surrounding the ovary; upper portion with diaphragm and related structures). D, Pycnocomon intermedia;
E, Scabiosa rotata; F, Tremastelma palaestinum. A-C, From Weberling (1989). D-F, From Mayer and Ehrendorfer (1999).

with the epicalyx originating by transference of the fusion of
structures outward from the calyx to the subtending bracts.
Carefully executed comparative developmental genetic anal-
yses may provide a means to distinguish between these alter-
native explanations.

Conclusions

The Dipsacales provide examples of a number of evolution-
ary phenomena that may be of general interest for understand-
ing morphological evolution. One of these is the apparent
change in the relationship between the stamens and the corolla.
In Adoxaceae, the number of stamens (or stamen pairs) strictly
covaries with the number of corolla lobes, whereas in Capri-
foliaceae, these have been decoupled. The establishment of
monosymmetry may have predisposed the system to this de-
coupling and the individuation of repeated units within a
whorl. Also of special interest is the emergence of a new mor-
phological structure, the epicalyx. This, we suggest, provides
an example of exaptation (Gould and Vrba 1982) in which

the supernumerary bracts present in the Linnina clade were
co-opted to build the new structure. The transference of func-
tions to the epicalyx and the subsequent evolution of a func-
tionally integrated unit consisting of the ovary, calyx, and epi-
calyx, may provide an example of internal selection leading
to an evolutionarily stable configuration. Detailed develop-
mental studies are needed to elucidate the mechanisms under-
lying these major evolutionary changes.
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