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GUNNERALES ARE SISTER TO OTHER CORE EUDICOTS:
IMPLICATIONS FOR THE EVOLUTION OF PENTAMERY?
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Phylogenetic relationships among many lineages of angiosperms have been clarified via the analysis of large molecular data sets.
However, with a data set of three genes (18S rDNA, rbcL, and atpB), relationships among lineages of core eudicots (Berberidopsidales,
Caryophyllales, Gunnerales, Santalales, Saxifragales, asterids, rosids) remain essentially unresolved. We added 26S rDNA sequences
to a three-gene matrix for 201 eudicots (8430 base pair aligned nucleotides per taxon). Parsimony analyses provided moderate (84%)
jackknife support for Gunnerales, which comprise the two enigmatic families Gunneraceae and Myrothamnaceae, as sister to all other
core eudicots. This position of Gunnerales has important implications for floral evolution. A dimerous or trimerous perianth is frequently
encountered in early-diverging eudicots (e.g., Buxaceae, Proteales, Ranunculaes, Trochodendraceae), whereas in core eudicots, pen-
tamery predominates. Significantly, dimery is found in Gunneraceae and perhaps Myrothamnaceae (the merosity of the latter has also
been interpreted as labile). Parsimony reconstructions of perianth merosity demonstrate lability among early-diverging eudicots and
further indicate that a dimerous perianth could be the immediate precursor to the pentamerous condition characteristic of core eudicots.
Thus, the developmental canalization that yielded the pentamerous condition of core eudicots occurred after the node leading to

Gunnerales.
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Enormous strides have been made in understanding rela-
tionships among angiosperms, in part because of the phylo-
genetic analysis of large data sets involving numerous taxa and
the combination of several genes (e.g., Hoot et a., 1999; Qiu
et a., 1999; Soltis et a., 1999, 2000; Savolainen et a., 2000a,
b). These and other studies have revealed the major clades of
angiosperms and clarified some of the most vexing problems
in angiosperm systematics, including the root of the angio-
sperms (e.g., Mathews and Donoghue, 1999; Parkinson et al.,
1999; Qiu et a., 1999, 2000; Barkman et a., 2000; Bowe et
al., 2000; Graham and Olmstead, 2000; Zanis et al., 2002) and
relationships among basal angiosperms (Qiu et al., 1999; Zanis
et al., 2002). Progress has also been made in elucidating re-
lationships within some of the major clades of angiosperms,
such as the monocots (Chase et a., 2000), the large asterid
clade (e.g., Olmstead et a., 2000; Albach et a., 2001), San-
talales (Nickrent and Malécot, 2001), and Saxifragales (Fish-
bein et a., 2001). Asaresult of the great progressin clarifying
phylogenetic relationships, the angiosperms became the first
major group of organisms to be reclassified based on DNA
sequence data (APG, 1998; APG |1, 2002).

Despite the progress in elucidating deep-level phylogenetic
relationships in angiosperms, major questions remain, partic-
ularly within the large eudicot clade, which contains approx-
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imately 75% of all angiosperm species (Drinnan et al., 1994).
The three-gene (rbcL, atpB, 18S rDNA) topology (Soltis et
al., 1999, 2000), still the most comprehensive view of the an-
giosperms as a whole, demonstrates the monophyly of the eu-
dicots with a high degree of confidence (100%; see also Soltis
et al., 1998; Hoot et al., 1999; Savolainen et al., 2000a). With-
in the eudicot clade is a basal grade (Fig. 1): Ranunculales,
Proteales, Sabiaceae, Buxaceae (sensu APGII, which corre-
sponds to Didymelaceae + Buxaceae), and Trochodendraceae
(including Tetracentron) (see also Chase et a., 1993; Soltis et
al., 1997; Qiu et d., 1998; Savolainen et a., 2000a, b).

The early-diverging eudicot lineages are followed by a
large, strongly supported clade referred to as the core eudicots,
based on data sets of two or three genes (Hoot et al., 1999;
Soltis et a., 1999, 2000; Savolainen et a., 2000q). For ex-
ample, with atpB + rbcL, support for the monophyly of the
core eudicots was 91%. Even in analysesinvolving rbcL alone,
weak jackknife support (58%) was apparent for the core eu-
dicot clade (Chase and Albert, 1998; Savolainen et al., 2000a,
b). The core eudicot clade comprises seven subclades (Soltis
et a., 2000): (1) Berberidopsidales (composed of only Ber-
beridopsidaceae and Aextoxicaceae); (2) Gunnerales (Myro-
thamnaceae and Gunneraceae); (3) Saxifragales; (4) rosids; (5)
Santalales; (6) Dilleniaceae + Caryophyllales; and (7) asterids
(Fig. 1). The sister-group relationship of Dilleniaceae and Car-
yophyllalesis only weakly supported; otherwise, each of these
subclades is strongly supported in analyses involving two or
three genes. However, relationships among these cladesremain
unresolved in analyses based on three genes. The only reso-
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Fig. 1. Summary tree depicting our current understanding of angiosperm
relationships. Relationships among eudicots are based on the three-gene to-
pology (Soltis et al., 1999, 2000). Relationships among basal angiosperms
reflect the results of Qiu et al. (1999) and Zanis et a. (2002). Numbers in-
dicate jackknife support for clades. Arrow and bold line indicate the branch
to the core eudicot clade.

lution among these seven lineages was the weakly supported
(60%) Saxifragales + rosid sister group. This lack of resolu-
tion is an important limitation for both systematists and evo-
lutionary biologists, compromising the reconstruction of char-
acter evolution on a broad scale across the eudicots.

Earlier workers (Endress, 19874, b, 1990, 1994; Drinnan et
al., 1994) considered various floral characters, including mer-
osity and the arrangement of floral parts, to be highly labile
in early-diverging eudicots. Different merosities of the peri-
anth coexist in the basal angiosperms and early-diverging eu-
dicots, with a predominance of trimery and dimery. On the
contrary, the majority of core eudicots appear to have a stable
pentamerous merosity. Several hypotheses have been put for-
ward for the derivation and relationships of different merosi-
ties (e.g., Erbar and Leins, 1981, 1994; Endress, 1987a; Ku-
bitzki, 1987; Ronse De Craene and Smets, 1994). However,
these hypotheses have not been examined in an explicitly phy-
logenetic context by mapping character states onto phyloge-
netic trees. The mapping of floral traits by Albert et a. (1998)
and Zanis et a. (in press) provided some support for the hy-
pothesized floral lability of early-diverging eudicots, but these
studies focused on basal angiosperms.

Our first objective was to improve the understanding of re-
lationships among major lineages of core eudicots. To accom-
plish this goal, we added entire sequences for a fourth gene,
26S rDNA, to the existing database of sequences already avail-
able for 18S rDNA, atpB, and rbcL. The entire 26S rDNA is
greater than 3000 bp, and the phylogenetic utility of both en-
tire and partial 26S rDNA sequences has been previously not-
ed (e.g., Kuzoff et al., 1998; Fishbein et al., 2001; Neyland,
2001; Soltis et al., 2001). Our second main objective was to
reconstruct ancestral eudicot floral features (with a focus on
merosity) using the four-gene topology that we obtained.

MATERIALS AND METHODS

Data sets—A data set of 206 taxa was constructed for phylogenetic anal-
ysis; 201 species represented the major lineages of eudicots, and five basal
angiosperms (Amborella, Cabomba, Magnolia, Chloranthus, and Hedyos-
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mum) were used as outgroups. Sequences of 18S rDNA, rbcL, and atpB were
reported previoudy (Soltis et al., 2000), as were severa of the 26S rDNA
sequences (see http://ajbsupp.botany.org/vo0/); Kuzoff et a., 1998; Zanis et
a., 2002). Most of the 26S rDNA sequences used here were generated as part
of the present study. All DNA samples used were those employed in prior
studies (e.g., Savolainen et al., 2000a; Soltis et al., 2000).

The entire 26S rDNA was amplified using the polymerase chain reaction
(PCR) using primers N-nc26S1 and 3331rev (Kuzoff et al., 1998). In some
instances, complete 26S rDNA sequences were obtained by amplifying the
gene in two fragments with primer pairs N-nc26S1/1839rev and N-nc26S7/
3331rev (Kuzoff et al., 1998). Amplified DNAs were purified with PEG/NaCl
(Dunn and Blattner, 1987; Soltis et a., 1997) and used as templates in cycle
sequencing with ABI PRISM BigDye (PE Biosystems, Foster City, Cdlifornia,
USA). A subset of the primers used by Kuzoff et al. (1998) was sufficient to
obtain complete 26S rDNA sequences: N-nc26S1, N-nc26S3, N-nc26S5, N-
nc26S7, N-nc26S9, N-nc26S11, N-nc26S13, N-nc26S14, 268rev, 641rev,
950rev, 1499rev, 1839rev, 2426rev, 2782rev, 3331rev. Both DNA strands
were sequenced. Sequencing was conducted on an ABI 377 automated se-
quencer (Applied Biosystems, Foster City, California, USA). Sequences were
assembled and preliminary alignments constructed using Sequencher vers. 3.0
(Gene Codes, Ann Arbor, Michigan, USA).

As reported previously (Soltis et a., 2000), alignments of rbcL, atpB, and
most of thel8S rDNA sequences were unambiguous. For rbcL and atpB, no
gaps were required to align the sequences; for 18S rDNA, only four small
regions corresponding to approximately 40 base pairs (bp) were difficult to
aign and were excluded from the analysis (Soltis et a., 2000). The 26S rDNA
sequences also were aligned easily, except for a few short regions (expansion
segments; discussed in Kuzoff et al., 1998); 155 of 3579 aligned 26S rDNA
nucleotides were eliminated from the analysis. Of these omitted characters,
45 and 17 bp represent the 5" and 3’ ends of the gene, respectively, regions
corresponding in part to primer regions and for which many sequences are
incomplete. The total length of the aligned four-gene data set was 8430 bp.

Phylogenetic analysis—Optimal topologies were obtained using maximum
parsimony, as implemented in PAUP* 4.0 (Swofford, 1998). Several previous
analyses have established that topologies based on the four individual genes
(26S rDNA, 18S rDNA, atpB, rbcL) are largely congruent at deep levels in
the angiosperms (e.g., Zanis et al., 2002), as well as within individual clades,
including Saxifragales (Fishbein et al., 2001) and Ranunculales (S. Kim et
a., unpublished manuscript). Hence, the four gene sequences were combined
and analyzed phylogenetically. To ascertain the impact of the addition of 26S
rDNA sequences, we removed the 26S rDNA sequences and analyzed the
remaining three-gene data set.

Shortest trees were obtained using the heuristic search method and 1000
replicates of random taxon addition with tree bisection-reconnection (TBR)
branching swapping, saving al shortest trees per replicate. Because of the
large size of the data set, relative support for clades present was assessed
using parsimony jackknifing (Farris et al., 1996). The version of the Jac pro-
gram employed (Kalersjo et a., 1998) has a faster tree-building agorithm
than the origina Jac program and also performs branch swapping. In this
analysis, only clades with support greater than 50% were saved.

Data sets of this size are too large to analyze with either maximum like-
lihood or with Bayesian inference (Huelsenbeck et a., 2001). The program
Mr. Bayes has enormous memory requirements; analyses employing Mr.
Bayes depend on both the number of taxa and the number of characters. A
data set of four genes (8430 characters) and 206 taxa is well beyond the
current capabilities of the program. To run successfully a Bayesian analysis
on a eudicot data set of four genes, we had to trim the number of taxa to 50,
which then raises questions of adequate taxon density. Bayesian analyses were
conducted using Mr. Bayes version 1.10 (Huelsenbeck, 2000). We used uni-
form prior probabilities and the general time-reversible + I" model of molec-
ular evolution. We ran four chains of the Markov Chain Monte Carlo, sam-
pling every 100 generations for 40000 generations, starting with a random
tree (more details can be obtained from the authors on request).
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Character-state reconstruction—\We examined perianth merosity to test the
hypothesized lability of floral features in early-diverging eudicots using par-
simony and MacClade version 3.04 (Maddison and Maddison, 1992). As a
framework for character reconstruction, we used one of the shortest trees
obtained in this analysis. We simplified the tree by reducing the number of
terminals. This reduction is particularly evident for the core eudicot lineages,
which we reduced to a single “‘summary” placeholder for the large subclades
rosids, asterids, Caryophyllales, and Saxifragales. It is beyond the scope of
this study to examine floral diversification in these large clades in any detalil.
The treatment of these clades as basically pentamerous in perianth merosity
is consistent with the literature (e.g., Cronquist, 1981; Takhtajan, 1987), as
well as with several recent reconstructions of floral characters (Ronse De
Craene and Smets, 1993, 1995, 1998; M. Fishbein et a., unpublished man-
uscript). Other investigators have aso followed this same approach in their
consideration of the floral merosity of these large clades (Albert et al., 1998;
Zaniset al., in press). We a so reduced the number of early-diverging eudicots
in the tree used for character state mapping. For example, we collapsed Buxus
and Pachysandra, which are both mostly dimerous, to ““Buxaceae” in our
MacClade reconstruction.

We also examined the impact of alternative topologies on character-state
reconstructions of perianth merosity. We considered alternative relationships
(1) between Sabiaceae and Proteales (either as sister taxa or as successive
sisters to remaining eudicots), (2) for Trochodendraceae (including Tetracen-
tron) and Buxaceae, treating them as a clade, or as successive sisters to the
core eudicots, and (3) among Papaveraceae, Eupteleaceae, and the remaining
Ranunculales. Although in this paper we illustrate Eupteleaceae followed by
Papaveraceae as subsequent sisters to other Ranunculales (a result obtained
herein; see also S. Kim et ., unpublished manuscript), we aso explored the
dternative of Papaveraceae followed by Eupteleaceae as successive sisters to
other Ranunculales. Ultimately, these alternative reconstructions had no im-
pact on the conclusions reached regarding the evolution of merosity in core
eudicots.

Major sources for floral data are Drinnan et a. (1994), Endress (1986),
Magallon-Puebla et al. (1997), and L. P Ronse De Craene et al. (unpublished
manuscript), and the primary references therein. Perianth merosity was scored
as having the following unordered states: indeterminate, dimerous, trimerous,
tetramerous, pentamerous, absent, or uncertain. We depict reconstructions us-
ing the *“all most parsimonious states” trace option in MacClade, but we also
used ACCTRAN optimization in which evolutionary changes are *acceler-
ated” or permitted to occur early in evolutionary history and DELTRAN
optimizations in which evolutionary changes are *‘ delayed.”

RESULTS AND DISCUSSION

Phylogenetic relationships—Parsimony analyses of the
four-gene data set resulted in 48 shortest trees, all in oneisland
(Maddison, 1991), of 29229 steps, consistency index (Cl) =
0.200, retention index (RI) = 0.477 (Fig. 2). Parsimony anal-
ysis of the three gene data set (tree not shown) for the same
set of taxa resulted in 12 shortest trees of length 29059, Cl =
0.201, Rl = 0.479. Parsimony jackknife analyses were com-
pleted in only 3.03 h; the values obtained for the four-gene
data set are provided (Fig. 2). A comparison of jackknife val-
ues obtained for the larger clades based on analyses of the
four- and three-gene data sets is provided in Table 1; we do
not provide a comparison of values within families or among
most closely related families.

The four-gene topology for eudicots is very similar to that
obtained here with three genes, as well as to that obtained in
earlier analyses of two- and three-gene data sets (Hoot et al.,
1999; Savolainen et a., 2000a; Soltis et al., 2000). We will
focus mainly on those nodes obtaining jackknife support
=50%. Jackknife support typically increased with the addition
of 26S rDNA sequences, although in some instances support
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remained unchanged or decreased with the addition of 26S
rDNA sequences (Table 1).

The monophyly of the eudicots, as well as of many major
clades (e.g., Saxifragales, Santalales, Caryophyllales, asterids,
Ranunculales), is very strongly supported (99% or 100%) in
the four-gene analysis, comparable to the results of other re-
cent multi-gene analyses (Hoot et al., 1999; Soltis et al., 1999,
2000; Savolainen et a., 2000a). In the strict consensus of the
shortest trees, the early-diverging eudicots form a grade with
a strongly supported Ranunculales (100%) sister to al other
eudicots. The addition of 26S rDNA sequences provides sup-
port (78%) for Eupteleaceae as sister to all other Ranunculales.
In contrast, our analyses of three genes, as well as earlier anal-
yses, placed Papaveraceae as sister to other Ranunculales, with
comparable support (75%, Table 1; see also Hoot et al., 1999;
Soltis et a., 2000).

Perhaps the most noteworthy result of the present analysis
is the support for the placement of Gunnerales as the sister
group to all remaining core eudicots, with jackknife support
of 84%. In the three-gene analysis conducted here, support for
this node was only 58%. Bayesian inference yielded a topol-
ogy (not shown) essentially identical to that achieved with
parsimony with Gunnerales sister to other core eudicots with
a posterior probability of 0.99.

Previous analyses of one, two, or three genes reveded a
similar placement of Gunnerales, but never with support
>50%. For example, one of the two analyses of Chase et al.
(1993) placed Gunneraceae as sister to core eudicots (Myro-
thamnaceae were not included). Similarly, analyses of rbcL
(Savolainen et al., 2000a) placed Gunneraceae + Myrotham-
naceae as sister to all other core eudicots. However, other anal-
yses of rbcL sequences placed Gunneraceae or Gunneraceae
+ Myrothamnaceae in different phylogenetic positions (see
Chase et a., 1993; Savolainen et a., 2000b). For example,
analysis of 18S rDNA sequences placed Gunneraceae (My-
rothamnaceae were not included) + Dilleniaceae as sister to
other core eudicots (Soltis et al., 1997). Anaysis of atpB se-
guences (Savolainen et a., 2000a) placed a clade of (Gunner-
aceae + Myrothmanaceae) + Dilleniaceae as sister to all other
core eudicots. An analysis of a combined atpB + rbcL data
set also placed Gunneraceae + Myrothamnaceae as sister to
all other core eudicots. Support for the monophyly of Gun-
nerales (Gunneraceae + Myrothamnaceae) also is higher in
the four-gene analysis (85%) than in the three-gene analysis
(77%) that we conducted (Table 1).

The addition of 26S rDNA sequences also increased support
in other portions of the eudicot topology. The sister-group re-
lationship of Dillenia + Caryophyllaes increased from 72%
with three genes to 83% with four genes (Table 1). Support
also increases within some clades, such as within Saxifragales
and Caryophyllales. In the former, there is very strong support
(99%) for a clade of Crassulaceae, Tetracarpaceae, Penthora
ceae, and Haloragaceae (see also Fishbein et al., 2001), which
received lower (85%) support in the three-gene analysis. In
Caryophyllales, support for the sister-group of Triphyophyllum
+ Nepenthes increased from 58% with three genes to 84%
with four genes. There is aso increased support with four
genes for a nitrogen-fixing clade and a sister-group relation-
ship between Malvales and Sapindales (Table 1). In our four-
gene analysis, Cornales are the sister to all other asterids with
74% support, whereas our three-gene analysis, as well as most
earlier analyses, did not find support >50% for this placement
of Cornales (Savolainen et a., 2000a; Soltis et al., 2000).
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Fig. 2. One of 48 shortest trees retrieved in parsimony anaysis of the four-gene data set, all in one island (Maddison, 1991), each of 29229 steps; Cl =
0.200; RI = 0.477. Arrows indicate branches that collapse in the strict consensus. Numbers above branches equal the number of base substitutions;, numbers
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In other instances, internal support decreased with the ad-
dition of 26S rDNA. With four genes, Leea and Vitis (Vita-
ceae) appeared in the strict consensus as sister to the rest of
the rosid clade (the core rosids in Table 1), but support for
this placement is lower in the four-gene analysis (<50%) than
in our three-gene analysis (58%; Table 1). Support for the
monophyly of all rosids except Vitaceae is also lower with
four compared to three genes (97% vs. 84%), as is support for
the monophyly of rosid Il (95% vs. 82%). Support for Pro-
teales (73%) is lower with four genes than in our anaysis of
the same taxa with three genes (87%; see a'so Savolainen et
al., 2000a; Soltis et a., 2000). Our analysis of 26S rDNA
sequences alone placed Nelumbo with Proteaceae, rather than
placing Platanaceae with Proteaceae, as was found in earlier
analyses (e.g., Soltis et al., 2000; Savolainen et a., 2000a, b).
There appears, therefore, to be some conflict in signal with
the addition of 26S rDNA.

The reasons for these occasional instances of decreased sup-
port for relationships with the addition of 26S rDNA remain
unclear. Similar examples of occasional decreased support (or
no change in support) were observed in the combination of
18S rDNA, atpB, and rbcL data sets (Soltis et a., 1998). This
decrease could be an artifact of taxon sampling. Some sub-
clades of rosids, for example, are poorly represented, or not
represented at all, in the current analysis. For example, Fabales
are not represented in the present analysis. Another factor
could be unequal rates of base substitution between expansion
segments and conserved core regions (Kuzoff et a., 1998).
Although we eliminated parts of the expansion segments that
were difficult to align, we did use some easy-to-align portions
of the 26S rDNA expansion segments. Unequal rates of base
substitution between the expansion segments and conserved
core regions could affect phylogeny reconstruction in parsi-
mony analyses (e.g., Wakeley, 1996; Yang, 1996). Although
it might be possible to compensate for these unequal rates with
maximum-likelihood estimation (e.g., Yang, 1996; Lewis,
1998), such analyses are not feasible with data sets of this
size. Additional sequences of 26S rDNA, as well as more de-
tailed assessments of the molecular evolution of 26S rDNA
sequences, may help to clarify the relationships that received
lower support with the addition of 26S rDNA sequences.

Although our results provide the first support for the place-
ment of Gunnerales as sister to all other core eudicots, no other
relationships among major core eudicot lineages received sub-
stantive support with the four-gene data set. There is very
weak support (58%) for a placement of Berberidopsidales as
sister to all other core eudicots following Gunnerales. Fur-
thermore, with four genes, Saxifragales appear in the strict
consensus (but without support =50%) as sister to all other
eudicots following Berberidopsidales. In contrast, with three
genes, Saxifragales appeared with weak support (60%) as sis-
ter to the rosids (Soltis et al., 2000). Thus, relationships among
the remaining clades of core eudicots (Berberidopsidales, Car-
yophyllales, Saxifragales, Santalales, asterids, rosids) remain
unclear. Resolving relationships among these remaining major
lineages of core eudicots, which comprise the vast mgjority of
all extant angiosperms, should be a major priority of angio-
sperm phylogenetic analyses. Not only is an understanding of
core eudicot relationships critical to angiosperm systematics,
but it is also essential for an improved understanding of char-
acter evolution across the eudicots. The fact that core eudicot
clades essentially form a polytomy compromises efforts of
large-scale character-state reconstruction. Resolving relation-
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ships among these eudicot clades will be a major undertaking,
requiring the use of several additional genes that will need to
be sequenced for hundreds of taxa. For comparison, critical
relationships among many of the major lineages of basal an-
giosperms were ultimately resolved with strong support using
an 11-gene data set (Zanis et al., 2002). However, the basal
angiosperms consist of a much smaller number of taxa than
do the core eudicots. Furthermore, a starburst topology may
accurately depict relationships among major lineages of core
eudicots. Core eudicots may, in fact, represent an ancient, rap-
id radiation, and even with the addition of more gene sequenc-
es, relationships will not be resolved. Analyses of sequence
data suggest that thisis the case in other instances, such as for
deep-level relationships in Saxifragales (Fishbein et al., 2001).

Evolution of perianth merosity—The position of Gunner-
ales as sister to all other eudicots has important implications
for floral evolution. A common view of floral evolution is that
some features, most notably merosity (merism), ishighly labile
in early-diverging eudicots and becomes canalized in the core
eudicots, a clade in which most taxa are five-merous (Endress,
1987a, b, 1990; Drinnan et al., 1994; Ronse De Craene and
Smets, 1994; Albert et a., 1998). Indeed, there is ample evi-
dence to suggest that pentamery constitutes the basic merosity
in the major lineages of core eudicots (e.g., Caryophyllales,
Santalales, Saxifragales, asterids, rosids). For example, char-
acter state reconstructions using parsimony indicate that pen-
tamery is the ancestral merosity for the core eudicot clade
Saxifragales (M. Fishbein et al., unpublished manuscript). In
core eudicots there is sometimes variation between a pentam-
erous and tetramerous perianth merosity, but there is not a
dimerous perianth (in contrast to the early-branching eudicots).
Taxa with trimerous flowers occur occasionally in several fam-
ilies of core eudicots, but these are nested within groups char-
acterized by tetramery and pentamery (Endress, 1996). There
are many highlighted examples of transitions of pentamery to
tetramery (or other merosities) and the mechanisms for the
transitions are well understood (e.g., Ronse De Craene and
Smets, 1994; Endress, 1999). Most commonly, merosities [ow-
er than five arise by afusion of parts (e.g., Mollugo: Batenburg
and Moeliono, 1982; Tripetaleia: Nishino, 1988), or by loss
of a sector of the flower (e.g., Geum: Ronse De Craene and
Smets, 1994), or a combination of fusion and loss (Cappara-
ceae: Ronse De Craene, 2002), while higher merosities are the
result of a lateral increase affecting a series of whorls in the
flower.

An in-depth discussion of genera patterns of floral diver-
sification in early-diverging eudicots was provided by Drinnan
et a. (1994), who provided severa hypotheses of floral evo-
[ution, although without explicit phylogenetic reconstructions
of character evolution. Our reconstructions confirm the sug-
gestions of earlier investigators (Endress, 1987a, b, 1994;
Drinnan et al., 1994) of a high lability in floral form and mer-
osity in early-diverging eudicots (Fig. 3). This finding for ear-
ly-diverging eudicots is similar to the lability in merosity re-
constructed for basal angiosperms (Albert et al., 1998; Zanis
et a., in press, L. P Ronse De Craene et al., unpublished
manuscript). A dimerous perianth is common within the early-
diverging eudicots and may, in fact, be ancestral for these
plants, although this reconstruction depends in part on the cod-
ing of Proteaceae and the optimization method used. Impor-
tantly, however, these factors have no impact on the recon-
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Fig. 3. MacClade reconstruction of the evolution of perianth merosity.

struction of the evolution of merosity in core eudicots and their
immediate ancestors.

The perianth in Proteaceae has sometimes been interpreted
as tetramerous (Drinnan et a., 1994), but phyllotactically, the
four tepals ““could represent two dimerous whorls of succes-
sive primordia”’ (Douglas and Tucker, 1996). The pattern of
perianth phyllotaxis in Proteaceae is similar to that observed
in Buxaceae and Papaveraceae, which have dimerous (oppo-
site/decussate) arrangements of primordia (Douglas and Tuck-
er, 1996). Thus, the best interpretation of merism in Proteaceae
appears to be dimery (see aso L. P Ronse De Craene et al.,
unpublished manuscript). If Proteaceae are tetramerous, they
represent one of the few instances in which this arrangement
has evolved in early-diverging eudicots. Some Ranuncul aceae
appear to be tetramerous (Drinnan et al., 1994), athough they
have asimilar dimerous arrangement of primordia (L. P Ronse
De Craene, personal observation). Ranunculaceae are highly
variably in merosity, and trimerous, pentamerous, or dimerous
flowers are abundant and occur in different genera (e.g., Er-
anthis, Cimicifuga, Clematis: Salisbury, 1919; Schoffel, 1932;
Endress, 1987b; Ronse De Craene and Smets, 1993). Platan-
aceae, the sister group to Proteaceae in most molecular anal-
yses (e.g., Chase et al., 1993; Savolainen et al., 2000a, b; Soltis
et a., 2000), may be tetramerous; early and late Cretaceous
fossils of Platanaceae are tetramerous and pentamerous (Friis
et a., 1988; Crane et al., 1993; Magallon-Puebla et a ., 1997).
It is noteworthy that a staminate inflorescence of platanaceous
affinity found associated with Tanyoplatanus infructescences
differs from other Cretaceous Platanaceae in having two sta-
mens per flower (Friis and Endress, 1996). Modern Platana-
ceae are tetramerous, trimerous, or irregular (e.g., Boothroyd,
1930). Tetracentron possesses a dimerous perianth, whereas a
perianth appears to be absent from its sister group, Trochoden-
dron. However, rudiments of what may be tepals are present
in variable number and position in very young flowers of Tro-
chodendron (Endress, 1986). A dimerous perianth may also
be ancestral for Buxaceae (which includes Didymeles, see
APG |1, 2002). Most staminate Buxaceae are dimerous with
two stamen whorls, although pistillate flowers are either trim-

erous or dimerous (van Tieghem, 1897). The weskly differ-
entiated perianth is spiral in pistillate flowers, such as Pach-
ysandra or Sarcococca, while two whorls are present in sta-
minate flowers. Staminate Styloceras are unusual in lacking a
perianth and having up to more than 30 stamens per flower
(von Balthazar and Endress, 2002). Didymeles possesses one
to four scale-like perianth parts in pistillate flowers; staminate
flowers lack a perianth. We have scored the merosity of Di-
dymeles as uncertain (Fig. 3). Buxaceae and Trochodendraceae
form either a clade or a grade and are the immediate sister
families to the large clade of Gunnerales + other core eudi-
cots.

Gunnerales are noteworthy in that they share a dimerous
perianth merosity with many early-diverging eudicots. Con-
trary to most other basal eudicots, Gunneraceae have a calyx
and corolla with the stamens opposite the corolla. As such,
the flower has been interpreted as obhaplostemonous, espe-
cidly in the context of a presumed rosid relationship (Ronse
De Craene and Smets, 1995). However, this condition appears
to be highly unusual and dependent on the definition of the
calyx and corolla in the family. Sepals may represent bracte-
oles forming a cupule around the inferior gynoecium. This
possibility is substantiated by the transversal position of the
styles, giving a distichous arrangement of petals, stamens, and
carpels. In the related Myrothamnaceae, a perianth may be
absent or is only loosely integrated in the flower, and the mer-
osity has been varioudly interpreted as dimerous or labile (En-
dress, 1989; Drinnan et al., 1994; Jager-Zirn, 1966). Jager-
Zurn (1966) interpreted the scales around stamens or carpels
in Myrothamnus as bracts; thus, the flowers would be consid-
ered to lack a perianth. Male flowers have four stamensin M.
moschata, three to eight stamens in M. flabellifolia. Female
flowers have mostly four carpels, athough sometimes there
are three carpels (e.g., carpels are mostly three in M. moscha-
ta). Thus, the number of floral organs appears to be labile in
Myrothamnus. Drinnan et al. (1994) considered Myrothamnus
to be dimerous. It could well be that the basic number in the
genus is two if one takes into account that the stamens or
carpels, respectively (if four are present), are superposed to
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the preceding bracts and do not alternate with them. Because
of the uncertainty surrounding the merosity of Myrothamnus,
we experimented with two different codings in our character-
state reconstructions, dimerous and uncertain.

We considered Proteaceae to be dimerous (Fig. 3), but we
also considered the impact of the alternative coding of Protea-
ceae as tetramerous. With Proteaceae scored as dimerous,
ACCTRAN optimizations indicate that the dimerous perianth
is ancestral for al eudicots; it is also reconstructed as ancestral
for the node to Proteaceae, Sabiaceae, Buxaceae, Trochoden-
draceae, Gunnerales, and all core eudicots. With other ap-
proaches to tracing character evolution such as DELTRAN or
all most-parsimonious states at nodes, dimery is not recon-
structed as ancestral for the entire eudicot clade. Using the all
most-parsimonious states at hodes optimization option, the an-
cestral state for the eudicots is ambiguous; however, the branch
to Proteaceae, Sabiaceae, Buxaceae, Trochodendraceae, Gun-
nerales, and all core eudicots is reconstructed as dimerous
(Fig. 3).

As noted, Proteaceae may be best scored as dimerous, and
the alternative scoring of Proteaceae as tetramerous has an
impact on character-state reconstruction (not shown). The
ACCTRAN optimization results are similar to those noted ear-
lier. A dimerous perianth is ancestral for all eudicots; it isalso
reconstructed as ancestral for Sabiaceae, Buxaceae, Trocho-
dendraceae, Gunnerales, and al core eudicots, but the ances-
tral condition for Proteales is ambiguous. Using the all most-
parsimonious states at nodes optimization option, the ancestral
state for the eudicots is ambiguous, as is the common ancestor
of Proteales and al remaining eudicots; however, the branch
to Buxaceae, Trochodendraceae, Gunnerales, and all other core
eudicots is again reconstructed as dimerous. With DELTRAN
optimization, the ancestral state of the eudicots is reconstruct-
ed as trimerous, which is also frequent in the early-diverging
eudicots, as well asin basal angiospserms (Albert et al., 1998;
Zanis et d., in press). However, the branch to Buxaceae, Tro-
chodendraceae, Gunnerales, and all other core eudicots is re-
constructed as dimerous.

Regardless of the coding of Proteaceae or Myrothamnus, or
optimization method, the pentamerous perianth has arisen at
least three times within the early-diverging eudicots (Fig. 3):
once in Sabiaceae, once in the ancestor of the sister clade to
Gunnerales, and at least twice within Ranuncul aceae (S. Hoot,
University of Wisconsin-Milwaukee, personal communica
tion). A dimerous perianth may also be ancestral for Ranun-
culaceae (Drinnan et al., 1994); however, reconstruction of the
ancestral state of the family is equivocal (Fig. 3). Hydrastis
and Glaucidium, two dimerous genera, are sister to the re-
mainder of the family, which in our analysesis a clade (Coptis,
Xanthorhiza, Caltha, and Ranunculus), consisting entirely of
pentamerous taxa. More detailed studies of Ranunculaceae are
needed to determine the number of times a pentamerous peri-
anth has arisen in the family. As in the basal angiosperms
(Albert et al., 1998; Zanis et al., in press), atrimerous perianth
is also common in the early-diverging eudicots. Reconstruc-
tions using ACCTRAN optimization indicate that a trimerous
perianth is the ancestral state for most members of Ranuncu-
lales other than Papaveraceae (Fig. 3) and, as noted, with Pro-
teaceae scored as tetramerous, DELTRAN optimization recon-
structs the ancestral state for all eudicots as trimerous.

Although a dimerous or trimerous perianth is frequently en-
countered in early-diverging eudicots (e.g., Ranunculaes, Pro-
teales, Trochodendraceae, Buxaceae), in most core eudicots the
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pentamerous condition predominates. Importantly, a dimerous
perianth is also found in Gunneraceae and perhaps Myrotham-
naceae, and all reconstructions, regardless of the optimization,
topology, or coding of Proteaceae or Myrothamnus, indicate
that a dimerous perianth is the immediate precursor of the
pentamerous condition characteristic of core eudicots (Fig. 3).
This result isimportant in that it indicates that the canalization
of merosity that yielded the pentamerous perianth typical of
core eudicots occurred following the divergence of Gunnerales
from the rest of the core eudicots.

It is important to know how pentamery has been derived
from dimery in a structural way. Different possibilities have
been presented by L. P Ronse De Craene et a. (unpublished
manuscript). In severa families of early-diverging eudicots,
dimerous flowers co-occur with trimerous flowers in closely
related genera or species. In some instances one also finds
pentamerous flowers (e.g., Ranunculaceae, Berberidaceae,
Menispermaceae, Buxaceae). Pentamery could be seen as an
intermediate condition between trimery and dimery by loss of
a perianth member or union of two intermediate members
(Ronse De Craene and Smets, 1994). The report of afair num-
ber of pentamerous flower buds in the normally dimerous Per-
soonia falcata of Proteaceae by Douglas and Tucker (1996)
indicates the possibility of an easy transition between dimery
and pentamery. The transition between a decussate and spiral
phyllotaxis is caused by an increase in size of the apex and
the insertion of a primordium on the adaxial side of the flower.
If a dimerous merosity is ancestral for the core eudicots, pen-
tamery could be derived by the superposition of a dimerous
and a trimerous whorl by a change of phyllotaxis caused by
the addition of one organ (cf. Endress, 1987b; Drinnan et al.,
1994).

Our reconstructions of floral evolution support the sugges-
tion of Drinnan et al. (1994) that lability in floral form was
prevalent in the early-diverging eudicots. They suggested that
dimerous (opposite/decussate) and trimerous (ternate) arrange-
ments are widespread in early eudicots and *‘ likely primitive”
and that the transition from one to the other may have occurred
multiple times. Furthermore, the origin of pentamery in both
the core eudicots and pentamerous Ranunculaceae appears to
have involved dimerous ancestors (Fig. 3); the origin of pen-
tamery in Sabiaceae is unclear.
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