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ABSTRACT

We present the results of two exploratory parsimony analyses of DNA sequences from 475 and 499 species of
seed plants, respectively, representing all major taxonomic groups. The data are exclusively from the chloroplast gene
rbcL, which codes for the large subunit of ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO or RuBPCase).
We used two different state-transformation assumptions resulting in two sets of cladograms: (i) equal-weighting for
the 499-taxon analysis; and (ii) a procedure that differentially weights transversions over transitions within characters
and codon positions among characters for the 475-taxon analysis. The degree of congruence between these results
and other molecular, as well as morphological, cladistic studies indicates that rbcL sequence variation contains historical
evidence appropriate for phylogenetic analysis at this taxonomic level of sampling. Because the topologies presented
are necessarily approximate and cannot be evaluated adequately for internal support, these results should be assessed
from the perspective of their predictive value and used to direct future studies, both molecular and morphological.
In both analyses, the three genera of Gnetales are placed together as the sister group of the flowering plants, and
the anomalous aquatic Ceratophyllum (Ceratophyllaceae) is sister to all other flowering plants. Several major lineages
identified correspond well with at least some recent taxonomic schemes for angiosperms, particularly those of Dahlgren
and Thorne. The basalmost clades within the angiosperms are orders of the apparently polyphyletic subclass Magnoliidae
sensu Cronquist. The most conspicuous feature of the topology is that the major division is not monocot versus dicot,
but rather one correlated with general pollen type: uniaperturate versus triaperturate. The Dilleniidae and Hamamelidae
are the only subclasses that are grossly polyphyletic; an examination of the latter is presented as an example of the
use of these broad analyses to focus more restricted studies. A broadly circumscribed Rosidae is paraphyletic to
Asteridae and Dilleniidae. Subclass Caryophyllidae is monophyletic and derived from within Rosidae in the 475-taxon
analysis but is sister to a group composed of broadly delineated Asteridae and Rosidae in the 499-taxon study.
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Current assessments of higher-level relationships
in seed plants are based largely on informed judg-
ments of the relative value of various reproductive
and vegetative characters (including secondary
chemistry) and to some extent on historical pre-
cedent. Authors of recent taxonomic schemes (for
example, Dahlgren, 1980; Takhtajan, 1980, 1987;
Cronquist, 1981; Thorne, 1983, 1992) have syn-
thesized an enormous amount of information. Nev-
ertheless, their taxonomic decisions have been guid-
ed by estimations of which characters are reliable
indicators of relationships. These differing judg-
ments are responsible for radical differences in
delimitation and relative ranks of taxa in each
system of classification. Recently, a number of
explicit, cladistic hypotheses have been developed
at inclusive hierarchical levels (e.g., Crane, 1985,
1988; Dahlgren & Bremer, 1985; Dahlgren et al.,
1985; Doyle & Donoghue, 1986, 1992; Bremer
et al.,, 1987; Donoghue & Doyle, 1989; Loconte
& Stevenson, 1991; Martin & Dowd, 1991; Ham-
by & Zimmer, 1992; Hufford, 1992; Olmstead et
al., 1992; Taylor & Hickey, 1992). Such cladistic
studies have previously been limited in scope; some
data matrices contain significant taxonomic gaps,
and in others characters for some taxa are missing.
Both of these factors may have unpredictably mis-
leading effects (Nixon & Davis, 1991; Platnick et
al., 1991). Despite a great deal of investigation
and analysis, seed-plant phylogenetics is, at best,
in a preliminary stage of investigation and knowl-
edge.

Molecular data, specifically DNA sequences,
have received a great deal of attention as a potential
source of “phylogenetically informative” charac-
ters that are putatively less ambiguous than non-
molecular characters. Such pronouncements suffer
from the limitation that, at higher taxonomic levels,
no extensive sampling and phylogenetic description
of DNA sequence variation has taken place. The
most taxonomically comprehensive analysis of nu-
cleic acid sequences published so far on plants
(rRNA; Hamby & Zimmer, 1992) used only 60
taxa, and a number of these were partial sequences.
Martin & Dowd (1991), using nucleic acid se-
quences of the small subunit of RuBisCO (rbcS)

inferred from amino acid sequences, studied 335

taxa from 135 families, still less than a third of
angiosperm families. If insufficient sampling of taxa
or characters (i.e., sequence length, acknowledged
as a problem with the rbcS data studied by Martin
& Dowd, 1991) are indeed factors, then no valid
investigation of the “informativeness” of a given
gene sequence exists for seed plants. Thus we are
left with only an unfounded assessment of sequence
data as having the potential to aid in estimating
higher-level relationships.

Suggestions that the chloroplast gene rbcL, which
codes for the large subunit of ribulose-1,5-bis-
phosphate carboxylase/oxygenase (RuBisCO or
RuBPCase), was an appropriate locus to use in
phylogenetic studies began with Ritland & Clegg
(1987) and Zurawski & Clegg (1987). Initial at-
tempts to evaluate relationships used only a dozen
or so sequences representing all land plants (Palmer
et al., 1988; Giannasi et al., 1992). Other recent
studies have been restricted to single families (Doe-
bley et al., 1990; Kim et al., 1992) or putatively
closely related families (Soltis et al., 1990; Les et
al., 1991; Donoghue et al., 1992; Olmstead et al.,
1992; Rettig et al., 1992). Most of the latter
studies began the process of incorporating signifi-
cantly greater sampling to enhance their phylo-
genetic perspective. The use of rbcL was spurred
by G. Zurawski, who generously made available a
set of internal sequencing primers. The advent of
temperature cyclers and high-temperature-resis-
tant DNA polymerases (sometimes termed Poly-
merase Chain Reaction or PCR) has greatly en-
hanced rates at which gene sequence data are
accumulating, so that effects on phylogenetic es-
timates of more intensive sampling of sequence
variation can now be investigated.

We wish to examine here the degree to which
a representative sampling of sequence variation for
rbcL contains evidence of the evolutionary history
of seed plants. In this study, we address the quality
of evidence present in rbcL sequences for all major
seed-plant lineages (roughly 265 families, the exact
number depending on the taxonomic scheme fol-
lowed). To a limited extent, we will compare our
phylogenetic hypotheses with recent schemes, but
such comparisons are difficult and must be consid-
ered heuristic because sister-group relationships ex-
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pressed in cladograms are difficult to relate directly
to diagrams and statements of progenitor/descen-
dant relationships used in many taxonomic schemes.
Dahlgren et al. (1985) and Dahlgren & Bremer
(1985) have published analyses most similar to the
ones presented here but they are not of a similar
scope. Although some specific topological compo-
nents can be compared to other cladistic studies
(Conti et al., 1993; Rodman et al., 1993; Qiu et
al., 1993; and several of the other studies in this
issue), morphological phylogenetic studies at this
level with similar, broad taxonomic sampling do
not exist. The computational difficulties of evalu-
ating internal support (e.g., the bootstrap, Felsen-
stein, 1985; decay analysis, Bremer, 1988) or
departure from matrix randomness (Archie, 1989;
Faith & Cranston, 1991; Kaillersjo et al., 1992)
for such large numbers of taxa likewise prevent us
from addressing extensively these issues here. We
do present an analysis of families traditionally re-
ferred to Hamamelidae as an example of how in-
ternal support for specific clades might be exam-
ined. (See also other papers in this issue that address
internal and external support for subsets of the
general results.) Thus, the broad relationships de-
scribed here can be used to focus more restricted
(with fewer taxa), and therefore more rigorous,
investigations.

We expect that patterns presented here will
change somewhat as sequences of more species are
added or if methodological improvements permit
exact solutions (for a discussion of progress, see
Penny et al., 1992). These results nonetheless have
great value, both from heuristic and methodological
perspectives, although the preliminary nature of
these studies precludes a detailed examination of
implications for seed-plant taxonomy and character
evolution, as well as investigations of gene and
protein evolution.

We have generally followed the taxonomic cir-
cumscriptions of Cronquist (1981) for dicots be-
cause this system conforms closely to those used
in most textbooks and floras. For monocots, we
have adopted the system of Dahlgren et al. (1985)
but have changed the superorder ending ““-iflorae”

used by Dahlgren to the more appropriate ““-anae”
(Thorne, 1992).

MATERIALS AND METHODS

Selection of taxa for this study was not guided
by a specific plan. Close examination of genera
included in the analysis will reveal an uneven tax-
onomic distribution; some groups are well repre-
sented (e.g., Asteraceae and Asteridae in general,

Cornaceae, Ericales, Magnoliaceae, Zingiberanae),
whereas others are poorly sampled (e.g., dilleniid
orders, especially Violales and Theales). Despite
lack of a coordinated effort, all subclasses and
orders have at least some representatives. All spe-
cies that are used in this issue of the Annals of
the Missouri Botanical Garden are listed alpha-
betically by family in a final Appendix along with
other information concerning voucher status, se-
quence gaps, literature citations for published se-
quences, and figures of this paper in which each
taxon occurs. Some taxa that were included in the
475-taxon data set were excluded from the 499-
taxon matrix. Thus, in the second analysis certain
families have fewer representatives, but the overall
representation of lineages is greater.

Due to the large number of laboratories that
contributed unpublished sequences, no standard-
ized procedure was used to produce the sequences
analyzed here. A generalization would be the fol-
lowing: a fragment containing rbcL was amplified
from a total DNA extract using primers that flank
or are near the ends of the coding region; this
fragment was then directly sequenced using one of
several different procedures or was cloned using
standard recombinant DNA techniques; dideoxy
sequencing generally included both strands for at
least % of the minimally 1428-bp gene. Some work-
ers used more closely spaced primers to sequence
only one strand of DNA; either strategy appears
to provide reasonably error-free sequences. Most
extraction protocols relied on fresh or freshly dried
leaf samples, but some samples were amplified from
DNA extracted from herbarium specimens as old
as 20 years.

Amplification of rbcL from some taxa produced
two different products. Some of these products were
different enough in size to observe on an agarose
gel, whereas others were detected initially because
multiple bands occurred at the same points in au-
toradiograms, indicating that more than one tem-
plate was present. Nearly all cycads produced two
loci (Hills & Chase, unpublished), which were sep-
arately cloned and sequenced to characterize both
copies. In cycads examined, one copy contained
deletions that disrupted the reading frame, an in-
dication that this copy may represent a “‘pseudo-
gene.” In Convolvulaceae, Olmstead (unpublished)
detected two copies of rbcL, one copy of which
contained deletions. In Canella (Canellaceae; Qiu
et al., 1993) and Galphimia (Malpighiaceae; M.
W. Chase, H. G. Hills & W. R. Anderson, un-
published), two size-conserved copies of rbcL were
also encountered. In Galphimia, one copy clearly
contained substitutions at numerous sites otherwise
conserved among angiosperms, suggesting that this



