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A phylogenetic analysis of a combined data set for 560 angiosperms and seven outgroups 
based on three genes, 18s rDNA (1855 bp), rbcl. (1428 bp), and atpB (1450 bp) representing 
a total of 4733 bp is presented. Parsimony analysis was expedited by use of a new computer 
program, the RATCHET. Parsimony jackknifing was performed to assess the support of 
clades. The combination of three data sets for numerous species has resulted in the most 
highly resolved and strongly supported topology yet obtained for angiosperms. In contrast 
to previous analyses based on single genes, much of the spine of the tree and most of the 
larger clades receive jackknife support 250%. Some of the noneudicots form a grade 
followed by a strongly supported eudicot clade. The early-branching angiosperms are 
Amborellaceae, Nymphaeaceae, and a clade of Austrobaileyaceae, Illiciaceae, and Schi- 
sandraceae. The remaining noneudicots, except Ceratophyllaceae, form a weakly supported 
core eumagnoliid clade comprising six well-supported subclades: Chloranthaceae, monocots, 
WinteraceaeICanellaceae, Piperales, Laurales, and Magnoliales. Ceratophyllaceae are sister 
to the eudicots. Within the well-supported eudicot clade, the early-diverging eudicots (e.g. 
Proteales, Ranunculales, Trochodendraceae, Sabiaceae) form a grade, followed by the core 
eudicots, the monophyly of which is also strongly supported. The core eudicots comprise 
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six well-supported subclades: (1) Berberidopsidaceae/Aextoxicaceae; (2) Myrothamnaceae/ 
Gunneraceae; (3) Saxifragales, which are the sister to Vitaceae (including Lea) plus a strongly 
supported eurosid clade; (4) Santalales; (5) Caryophyllales, to which Dilleniaceae are sister; 
and (6) an asterid clade. The relationships among these six subclades of core eudicots do 
not receive strong support. This large data set has also helped place a number of enigmatic 
angiosperm families, including Podostemaceae, Aphloiaceae, and Ixerbaceae. This analysis 
further illustrates the tractability of large data sets and supports a recent, phylogenetically 
based, ordinal-level reclassification of the angiosperms based largely, but not exclusively, on 
molecular (DNA sequence) data. 

Q 2000 The Linnean Society of London 

ADDITIONAL KEY WORDS:-classification - molecular systematics - large data sets. 

CONTENTS 

Introduction . . . . . .  
Material and methods . . 

Data sets . . . . .  
Phylogenetic analysis . 

Results . . . . . . .  
Discussion . . . . . .  

Noneudicots . . . .  
Eudicots . . . . .  

Patterns of sequence variation 
Patterns ofevolution . . .  
Future prospects . . . .  
Acknowledgments . . . .  
References . . . . . .  
Appendix . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . .  

382 
383 
383 
384 
385 
385 
386 
396 
424 
425 
429 
430 
430 
436 

INTRODUCTION 

Recent analyses have greatly improved our understanding of phylogenetic re- 
lationships among flowering plants (Chase et al., 1993; Nandi, Chase & Endress, 
1998; Savolainen et al., 2000a, b; Soltis et al., 1997a). All of these studies, based on 
plastid rbcL (Chase et al., 1993), 18s rDNA (Soltis et al., 1997a), rbcL plus morphology, 
chemistry, and other non-DNA characters (Nandi et al., 1998), and combined plastid 
atpB and r6cL (Savolainen et al., 2000a), included hundreds of species and more than 
1000 characters, placing them among the largest phylogenetic analyses yet conducted. 
Despite striking overall similarity among the topologies obtained from these analyses 
(reviewed in Soltis et al., 1997b; Chase & Albert, 1998; Chase & Cox, 1998) and 
strong internal support for many of the smaller clades located near the tips, the 
spine of the angiosperm tree has remained poorly resolved and weakly supported. 
Furthermore, only a few large clades received strong support (i.e. >85%) from 
bootstrap or jackknife analyses. Hence, internal support was lacking in those areas 
most essential for understanding general angiosperm relationships on a broad scale. 

Although the feasibility of analyses of large data sets has been questioned (e.g. 
Graur et al., 1996; Hillis, Huelsenbeck & Swofford, 1994), recent simulations 
(Graybeal, 1998; Hillis, 1996) and empirical studies (Chase & Cox, 1998; Soltis et 
al., 1998) have indicated that one solution to the computational difficulties large 
data sets pose is, ironically, the addition of both taxa and characters. A recent study 
employing three genes (rbcL, atpB, and 18s rDNA) sequenced for a similar suite of 
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190 angiosperms and three outgroups provided enormous improvements in computer 
run time, as well as greatly enhanced internal support for clades compared to 
phylogenetic analyses of the individual data sets or even data sets combined in pairs 
(Soltis et al., 1998). Based on the success of this and other analyses of large combined 
data sets for angiosperms (e.g. Chase & Cox, 1998; Savolainen et al., 2000a; Soltis 
et al., 1997b), we compiled an angiosperm data set with additional taxa for these 
same three genes. We report here the results of a phylogenetic analysis of a three- 
gene data set of 18s rDNA (1855 bp), rbcL (1428 bp), and atpB (1450 bp) sequences 
(a total of 4733 bp/taxon) for 560 angiosperms, plus seven gymnosperm outgroups. 

MATERIAL AND METHODS 

Data sets 

DNA samples for most of the species included were extracted from fresh material 
or tissue dried in silica gel following the 2X CTAB method of Doyle & Doyle (1987) 
and modifications thereof using liquid nitrogen and/or higher CTAB concentrations 
(e.g. Soltis et al., 1991). Microprep methods that require small amounts of tissue 
(e.g. Cullings, 1992) were used for some herbarium or pressed specimens. In many 
cases different placeholder species or genera were used as representatives of families 
in previous analyses. In this study, we attempted to use the same species for each 
family represented; in many cases the same DNA was used (Appendix). In several 
instances, different congeneric species were used to represent a given genus; in 
only two instances were different genera used as placeholders for a family. For 
Melastomataceae, Clidemia was sequenced for atpB, whereas Osbeckia was used for 
both rbcL and 18s rDNA; for Urticaceae, Urtica was sequenced for atpB, and Boehmeria 
was included for both rbcL and 18s rDNA (Appendix). DNAs and leaf material 
were exchanged to generate all three gene sequences from the same source. In 
addition to ensuring greater uniformity among the samples included for all three 
genes, we also improved the taxon sampling and increased the representation of 
many clades relative to earlier phylogenetic efforts (e.g. Chase et al., 1993; Soltis et 
al., 1997a; Savolainen el al., 2000a). General collection and voucher information 
has been provided for many of these samples in previous publications, including 
Chase et al. (1993), Hoot, Megallon & Crane (1999), Savolainen et al. (2000a), and 
Soltis et al. (1997a, 1998). 

We used seven outgroups representing three gymnosperm lineages: Ephedra sinica 
C. A. Mey., Gnetum gnemon L., and Welwitschiu mirabilis Hook. (Gnetophyta), Ginkgo 
biloba L. (Ginkgophyta), and Pinus, Podocarpus, and Tmus (Pinophyta). 

The sequences generated earlier for the large data sets of 18s rDNA (Soltis et al., 
1997a), rbcL (Chase et al., 1993), and atpB (Savolainen et al., 2000a) formed the 
foundation for the large data set compiled here. New sequences for 18s rDNA, 
rbcL, and atpB were generated using previously published primers and approaches 
(e.g. 18s rDNA, Soltis & Soltis, 1997, Soltis et al., 1997a, Johnson et al., 1999; rbcL, 
Chase et al., 1993, and Lledb et al., 1998; atpB, Hoot, Culham & Crane, 1995a, b 
and Savolainen et al., 2000a). All of the new sequences for 18s rDNA, rbcL, and 
atpB were generated via automated sequencing. Alignment of sequences for these 
three genes was easily achieved by eye; no insertions or deletions occur in rbcL, and 
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they are extremely rare in atpB. With the exception of four small, well-defined 
regions, alignment of the 18s rDNA sequences was also easily accomplished; these 
four regions correspond to positions 230-237, 496-501, 666-672, and 1363-1369 
on the reference sequence of G@ne max (L.) Merr. (see Soltis et al., 1997a). As in 
Soltis et al. (1997a), no attempt was made to align these four regions across the 
angiosperms, and they were excluded from phylogenetic analyses. The difficulty in 
aligning these four small regions across all angiosperms has been reviewed elsewhere 
(Soltis et al., 1997a; Soltis & Soltis, 1998). 

The molecular evolution of all three genes (18s rDNA, rbcL, and atpq in the 
angiosperms has been discussed in detail previously, and the relative rates of evolution 
of these genes have also been provided (e.g. Chase & Cox, 1998; Hoot et al., 1995a; 
Savolainen et al., 2000a; Soltis & Soltis, 1998). The strong overall similarity of the 
topologies based on analyses of the individual genes has also been discussed, as have 
issues of congruence and the suitability of combining these three data sets into a 
single matrix for use in a combined analysis (Hoot et al., 1997, 1999; Soltis et al., 
1997b, 1998; Chase & Cox, 1998). Hence, none of these issues will be dealt with 
here. All previous studies indicated that data from these three genes can be combined, 
and we view such a combined analysis as the best way to reconstruct angiosperm 
phylogeny. For a review of issues surrounding direct combination of matrices, see 
Wiens (1 998); the procedure used for these matrices, developed independently, 
parallels his recommendations of direct combination in spite of potential conflicts. 
We believe that all available tests of incongruence are too coarse to be useful and 
that the best way to detect true incongruence is by examination of results, expecting 
lower internal support and perhaps less resolution in groups in which hard in- 
congruence occurs (sensu Seelanan, Schnabel & Wendel, 1997). 

Phylogenetic ana&v.sis 

Several approaches were used to analyse the three-gene, 567-taxon data set 
assembled here. Parsimony searches were conducted using PAUP* 4.0 (Swofford, 
1998). These analyses followed the general approach applied in previous analyses 
of large data sets (e.g. Savolainen et al., 2000a; Soltis et al., 1997a, 1997b, 1998). 
This approach was ultimately abandoned, however, in favour of a second approach, 
the RATCHET method (Nixon, 1999), which quickly found trees shorter than those 
obtained with PAUP* 4.0. The RATCHET, which is employed with NONA 
(Goloboff, 1993), uses TBR branch swapping and saves shortest trees; this is followed 
by the use of random weighting, which finds shorter trees; this is then followed by 
TBR branch swapping, and the process is repeated. The RATCHET/NONA 
analyses were conducted by K. Nixon. 

Parsimony jackknifing (Farris et aL, 1996) was used to provide estimates of internal 
support for clades. The version of the Jac program employed has a faster tree- 
building algorithm than the original 3ac program, and it also performs branch 
swapping. In this analysis, only clades with support 250% were saved; 1000 
replicates were conducted and were completed in 60.63 hours. The parsimony 
jackknife analysis was conducted by S. Farris. Farris et al. (1996) considered a 
jackknife value of 63% to represent the breakpoint at which at least one unambiguous 
character supports the clade in question. Mort et al. (2000) determined that fast 
jackknife estimates are generally lower than estimates of support obtained with 
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standard, branch-swapping bootstrap analyses. As in previous analyses employing 
the jackknife (e.g. Soltis et al., 1997a), we will use the following terminology to 
describe levels of jackknife support: weak 5042%; moderate 63-84%; strong (or 
well supported) 2 85 % . 

RESULTS 

The RATCHETINONA quickly found trees shorter than those recovered by 
PAUP* 4.0d64 (Swofford, 1998). After several weeks, searches with PAUP* 4.0 
found trees of 45 107 steps whereas the RATCHET found trees of length 45 10 1 
steps (that is, six steps shorter than the trees found using PAUP*) in only a few 
hours, and subsequent analyses found trees of 45100 steps. In addition to being 
fast, the RATCHET method makes it possible to consider large numbers of trees 
from multiple islands, decreasing chances of being marooned on a single island of 
trees and improving the reliability of the consensus of the shortest trees. For example, 
with the 567-taxon, three-gene data set, PAUP* found approximately 1600 trees of 
length 45 107, all on one island, over the course of several weeks, whereas the 
RATCHET recovered nearly 5000 trees of length 45 10 1 in approximately 24 hours. 
The shortest recovered trees (45 100 steps) have a consistency index of 0.12 (0.1 1 
excluding uninformative sites) and a retention index of 0.59. 

We present these results in 12 figures composed of two series (A, B). Series A is 
the jackknife consensus tree indicating all groups recovered in 50% or more of the 
replicates; series B is one of the 8000 shortest trees (the first one found in the search) 
with branch lengths indicated above the branches (ACCTRAN optimization) and 
with all clades not found in the strict consensus indicated by arrowheads. The 
former series indicates patterns of internal support as assessed with the jackknife, 
and the latter illustrates relative levels of divergence and patterns of nucleotide 
changes among and within lineages. In nearly all cases, lack of resolution and low 
internal support are associated with low levels of nucleotide change. 

As is evident from series A, the trees obtained are well supported; much of the 
spine of the tree and most major clades receive support 250%. Below we discuss 
our results in detail, beginning with the noneudicot or basal angiosperms and then 
considering the eudicots and all major clades therein. The ordinal names used here 
correspond to those used in APG (1998) and in nearly all instances are identical in 
circumscription. Deviations from the APG classification (1998) are noted, and some 
amendments to this classification are suggested. In addition, we address the uneven 
pattern of molecular divergence observed in all three gene trees (see Chase et al,, 
1993, and Savolainen et al., 2000a, for the individual plastid trees; see Soltis et al., 
1997a, and Soltis & Soltis, 1998 for the rDNA tree), as well as in the combined 
trees. 

DISCUSSION 

For convenience and to facilitate comparison with earlier analyses (e.g. Chase et 
al., 1993; Soltis et al., 1997a; Savolainen et al., 2000a), we will divide our discussion 
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into two portions, the first dealing with the noneudicots (including the mono- 
cotyledons) and the second with the eudicots. As reviewed in earlier analyses (e.g. 
Chase et al., 1993; Soltis et al., 1997a; Savolainen et al., 2000a), the noneudicots 
have uniaperturate or uniaperturate-derived pollen. The eudicots have triaperturate 
or triaperturate-derived pollen. 

Noneudicots 

The noneudicots form a grade in these three-gene trees, a result similar to those 
obtained in analyses of morphological data (e.g. Donoghue & Doyle, 1989; Loconte 
& Stevenson, 1990; Nandi et al., 1998) and of 18s rDNA and atpB sequences alone 
(Soltis et al., 1997a; Savolainen et al., 2000a). In contrast, analyses of rbcL (Chase et 
al., 1993) and rbcL/atpB (Savolainen et al., 2000a) revealed a noneudicot clade, 
excluding Ceratophyllaceae, which appeared as the sister to all other angiosperms 
in these two studies. 

In this analysis, Amborellaceae are sister to all other angiosperms, followed in 
succession by Nymphaeaceae, and a small clade of Austrobaileyaceae/Illiciaceae/ 
Schisandraceae. With the exception of Ceratophyllaceae, the remaining noneudicots 
form a weakly supported eumagnoliid clade (56%) that comprises six well-supported 
subclades: Chloranthaceae (hereafter Chloranthales), monocots, Piperales, Laurales, 
Winteraceaelcanellaceae (hereafter Winterales), and Magnoliales. Ceratophyllaceae 
appear as sister to the eudicots, a relationship that also receives only weak support 
(53%). 

Ear&-branching h a  
Amborellaceae are the first-branching angiosperms, followed successively by a 

well-supported Nymphaeaceae (1 00%) and a strongly supported clade (1 00%) 
composed of Austrobaileyaceae as sister to Illiciaceae/Schisandraceae (1 00%). Ana- 
lyses of rbcL sequence data (Renner, 1999), as well as a five gene analysis (Qiu et 
al., 1999) and a six-gene analysis (Zanis et al., submitted) focused on the noneudicots 
and including additional taxa indicate that Trimeniaceae are also part of this clade 
with Austrobaileyaceae, Illiciaceae, and Schisandraceae. 

In contrast to previous analyses, the basal nodes of the tree receive internal 
support >50% (Figs 1, 2). The node indicating the monophyly of all angiosperms, 
excluding Amborellaceae, receives 65%. The node excluding the grade of Am- 
borellaceae and Nymphaeaceae has jackknife support of 72%, and the subsequent 
node 71% (Fig. IA). Although these taxa form a grade here, in some previous 
analyses, such as those based on rbcL, rbcL/atpB, and rbcL/nonDNA characters, they 
formed a clade (Qiu et al., 1993; Nandi et al., 1998; Savolainen et al., 2000a). The 
monophyly of these taxa in some analyses prompted Savolainen et al. (2000a) and 
Nandi et al. (1998) to refer to them as magnoliid 11, although in Nandi et al. 
Winteraceae were included in this clade. 

The grade obtained here at the base of the angiosperm tree is similar to that 
retrieved in analyses of 18s rDNA (Soltis et al., 1997a) and atpB sequences alone 
(Savolainen et al., 2000a). Several recent studies provided strong support for these 
same first-branching angiosperms. An analysis focused on noneudicots involving five 
mitochondrial, plastid, and nuclear genes (total aligned length 8733 bp) similarly 
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demonstrated with strong. support that Amborella, Nymphaeales, and Illiciales-Tri- 
meniaceae-Autrobailgeu represent the first branches of angiosperm phylogeny (Qiu 
et al., 1999). In an independent analysis of five genes representing the mitochondrial, 
plastid, and nuclear genomes, Parkinson et al. (1999) also found the same first- 
branching angiosperms. Significantly, levels of internal support for these first- 
branching angiosperms were even higher in Qiu et al. (1999) and Parkinson et al. 
(1 999) than the values reported here. A novel approach that involved analysis of 
duplicate phytochrome genes (PHYA and PHYQ by Mathews and Donoghue (1 999) 
also found a grade of these same taxa as the early-diverging angiosperms, but they 
were unable to include Ceratop@llum (due to issues of homology of the single PHYA 
copy amplified) and so their study cannot be considered a valid evaluation of the 
issue of the root for the angiosperms. Finally, sequences of numerous, slowly evolving 
plastid genes also revealed the same branching order (Graham & Olmstead, unpubl.). 
Thus, the basal branches of the angiosperm tree now seem clear. 

Although some earlier analyses indicated Ceratophyllaceae to be the sister to all 
other angiosperms, the network produced in all published analyses is actually the 
same. That is, if the rbcL trees were rooted between Amborellaceae and all the rest 
of the angiosperms, instead of between Ceratophyllaceae and all the rest, they would 
produce the same result obtained here. Thus, the discrepancy between the rbcL tree 
and our three-gene tree is simply a matter of where the root is positioned. We 
note the frequency with which a rooting within these same first-branching taxa 
(Amborellaceae, Nymphaeaceae, Austrobaileyaceae/Illiciaceae/Schisandraceae) has 
occurred in several recent studies, whereas the Ceratophyllaceae rooting has only 
occurred with the rbcL and the rbcL/atpB trees. In all trees published so far (except 
Mathews & Donoghue, 1999, from which it is absent), Ceratophyllum has been an 
isolated genus situated as sister to a major clade of angiosperms (either all other 
angiosperms, the eudicots, or the monocots) and should be accorded ordinal status 
in future revisions of the APG classification. 

Eumagnoliids 
Our analyses reveal a weakly supported clade (56%) comprising all of the remaining 

noneudicots, except Ceratophyllaceae. This large clade, referred to here informally 
as the eumagnoliids, has been referred to in earlier analyses as magnoliid I (Nandi 
et al., 1998). The eumagnoliid clade is composed of six well-supported subclades, all 
with jackknife support 2 95 YO: monocots (including Acorns), Winterales, Piperales, 
Laurales, Magnoliales, and Chloranthales. Earlier analyses of rbcL alone and rbcL/ 
atpB indicated a similar clade of eumagnoliids, albeit without support 2 50% (Chase 
et aL, 1993; Qiu et al., 1993; Savolainen et al., in press). In Chase et al. (1993) and 
Qiu et al. (1993), the magnoliid I1 grade families (see above) were embedded within 
the magnoliid I clade, but this eumagnoliid clade was still present. Analyses of 18s 
rDNA alone (Soltis et al., 1997a, did not recover this eumagnoliid clade. 
As noted, Nandi et al. (1 998) referred to this core eumagnoliid group as magnoliid 

I, although the circumscription of this clade was not consistent in these earlier 
analyses. Savolainen et aL’s magnoliid I clade consists of Magnoliales, Laurales, 
Piperales, monocots, and perhaps also Winterales and Chloranthales. Our three- 
gene analysis strengthens the concept of a eumagnoliid clade that consists of all six 
of these subclades. A suite of morphological and chemical features is shared by 
members of the eumagnoliids (summarized in Nandi et al., 1998 and Savolainen et 
al., 2000a; Doyle & Endress, in press). 
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summary of the major groups that occurred in greater than 50% of the 1000 jackknife replicates; 
orders and informal names are more or less those of the APG system (1998; see text for exceptions). 
The gymnosperms are not arranged to reflect relationships, but rather they were collectively specified 
as the outgroups without any attempt to estimate which, if any, were closest to the angiosperms. 
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lengths (ACCTRAN optimization) are indicated so that patterns of character support can be discussed; 
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Figure 2. The jackknife consensus tree (A) focusing on the basal-most branches within the angiosperms 
(monocots and eudicots are shown as single terminals); (B) the same set of taxa from the single tree 
with branch lengths illustrated (ACCTRAN optimization); arrowheads indicate groups not found in 
all shortest trees. Note that Amborellaceae, Austrobaileyaceae, Ceratophyllaceae, Illiciaceae, Nymphae- 
aceae, and Schisandraceae are unplaced to order. 

Although each of the six  subclades of eumagnoliids receives strong internal 
support, relationships among these subclades are not clear. AU of our shortest trees 
(Figs lB, 2B) show Chloranthaceae as sister to the remaining subclades, followed 
by the monocots (including Acorus). However, none of these placements receives 
support 2 50%. The remaining four subclades (Piperales, Laurales, Winterales, and 
Magnoliales) form an unresolved polytomy. 
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Chloranthaceae, represented here by three genera, from a strongly supported 
clade (100%) that is sister to the remaining eumagnoliid clade (just@ng elevation 
to Chloranthales). The monocots also form a well-supported clade (%%), which is 
discussed in more detail below. Piperales comprise two well-supported sister groups, 
Aristolochiaceae, including Lactoris (72%), and Saururaceae/Piperaceae (1 00%). 
Within Laurales, a clade of Calycanthaceae (100%) is sister to the remainder of the 
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clade; the remaining Laurales form a strongly supported clade (96%) consisting 
of Hernandiaceae, Monimiaceae, Lauraceae, Gomortegaceae and Athero- 
spermataceae. Canellaceae and Winteraceae are sister groups and form a well- 
supported clade (1 00%) that should be accorded ordinal status (Winterales) in future 
revisions of the APG classification. Of the four genera of Winteraceae sampled, 
T&tajania is sister to the rest, in agreement with more thorough analyses using 
additional genes and involving all genera of Winteraceae (Zimmer et al., in prep). 
Magnoliales consist of Myristicaceae as sister to a moderately well-supported subclade 
(75%) of Eupomatiaceae/Annonaceae (83%), Degeneriaceae/Himantandraceae 
(100%), and Magnoliaceae (99%). 

Monocots. The relationships among the monocots discussed here are consistent with 
those of Chase et al. (2000), who provided a phylogenetic analysis of the monocots 
that is based on these same three genes (18s rDNA, rbcL, atPB). However, Chase et 
al. employed a larger sampling of monocot taxa. To increase taxon density and 
place problematic monocots, Chase et al. also included exemplars of additional 
families sequenced for only one or two of these three genes (for example, sequences 
for the plastid genes atpB and rbcL could not be obtained for some achlorophyllous 
taxa; hence, only 18s rDNA was used). Chase et al. (2000) presented the most 
thorough phylogenetic analysis of monocots so far undertaken. 

A well-supported sister group for the monocots is not identified here. However, 
our results place the monocots in a large clade with Chloranthales first-branching, 
followed by the monocots, which in turn are sister to Piperales, Laurales, Winterales, 
and Magnoliales. This analysis is the first to provide any measure of internal support 
for this large clade (eumagnoliids). If the shortest trees are accurate, then the sister 
group of the monocots is a clade composed of both woody and herbaceous taxa 
rather than a single family or order. The similarities of the monocots to taxa such 
as Aristolochiaceae and Chloranthaceae likely developed in parallel rather than 
through common ancestry. 

The monocots form a well-supported clade (95%; Fig. 3A). Following Acorn, the 
monophyly of the remaining monocots is also strongly supported by a jackknife of 
99%. After Acorns, a strongly supported (99'/0) Alismatales appear as the sister to 
the remaining monocots. Alismatales, including Tofieldiaceae, Araceae, and a 
strongly supported ( 100%) subclade of Zosteraceae, Hydrocharitaceae and Apono- 
getonaceae , are sister to the remaining monocots. These remaining monocots also 
form a well-supported clade (99'10) and, in turn, comprise several subclades, all with 
jackknife support 2 50%, that correspond to the circumscriptions given in APG 
(1998) and Chase et al. (2000): commelinoids (68%); Dioscoreales (96%), Petro- 
saviaceae (99Vo; including Japonolirion, as in Chase et al., 2000), Pandanales (99%), 
Liliales (84%), and Asparagales (56%). Relationships among these major subclades 
of monocots do not receive jackknife support 2 50%, and in the strict consensus of 
all shortest trees, the relationships of Asparagales, Dioscoreales, Liliales, Pandanales, 
and commelinoids are unresolved (Fig. 3B). In contrast, in the analyses of Chase et 
al. (2000) the branching order above Alismatales in all shortest trees is: Dioscoreales, 
Pandanales, Liliales, and Asparagales/commelinoids. 

Our interpretation of this different result with similar, although not identical, 
sampling is that in the present larger analysis we have not obtained the shortest 
trees for the monocot portion of the tree. However, it is also possible that the 
additional taxa in Chase et al. (2000) caused a greater level of resolution. The major 
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issue for this analysis is that our results do not contradict those of Chase et al. (2000), 
and those of the latter are highly similar to previous analyses of rbcL alone for the 
monocots (Duvall et al., 1993; Chase et al., 1995). The tree illustrated here (Fig. 3B) 
is in agreement with the strict consensus tree of Chase et al. (2000), and the lack of 
resolution is again centred around the shortest branches (all of these have 10-16 
steps whereas those branches nearby with jackknife support all have 21 or more 
steps; Fig. 3B), leading us to conclude that obtaining a robust assessment of the 
branching order simply requires more data. 

The monophyly of Asparagales receives low jackknife support (56%; Fig. 3A), 
but if the Orchidaceae clade (Fig. 3B; Asteliaceae, Blandfordiaceae, Boryaceae, 
Hypoxidaceae, and Orchidaceae) is excluded, then support for the rest of Asparagales 
rises to 8 1’10. Even though there is weak support for inclusion of the orchid clade 
in Asparagales, in the strict consensus of the shortest trees the orchid clade is not 
associated with the rest of Asparagales. In contrast, in all shortest trees found in 
Chase et al. (2000), the orchid clade is associated with the rest of Asparagales, but 
again Asparagales receive only weak support (56% bootstrap). In Fay et al. (2000) 
who employed rbcL, a@B, and t d - F  sequences, Asparagales received strong support 
(87% bootstrap), although the number of outgroups used was not as great as here. 
Within Asparagales, however, there is considerable structure, with many relationships 
receiving jackknife support 2 50%. As noted, with the exception of the orchid clade, 
the remaining families of Asparagales form a moderately supported clade (81 YO). 
Within this large core ofAsparagales, Ixioliriaceae appear as sister to Tecophilaeaceae 
(55%). These two families are, in turn, sister to a clade (73%) that includes Iridaceae, 
Xeronemataceae, Anthericaceae, Behniaceae, Agavaceae, Laxmanniaceae, As- 
phodeliaceae, Xanthorrhoeaceae, Amaryllidaceae, Alliaceae, Asparagaceae, Hy- 
acinthaceae and Convallariaceae. After the analysis was completed, it was noticed 
that the taxon labelled in the matrix as ‘Luz.uriaga’ fell within Asparagales; the rbcL 
sequence alone for this terminal appears in Liliales (as in Chase et al., 1995). The 
identity of the specimen used for the atpB and 18s rDNA sequences was originally 
determined to be Lururiaga latiilia (W. Hahn, pers. comm.), which is now known to 
be a member of genus Eustephus (E. latiilius), a member of Laxmanniaceae. 
Luzuriagaceae and Laxmanniaceae are members of Liliales and Asparagales, re- 
spectively (Rudall et al., 1997). We could not correct this problem without repeating 
the entire analysis, which we felt was unwarranted due to the minor nature of this 
problem and the great length of time involved in reanalyzing data sets of this size. 
The most likely effect of this misidentification would be lowering ofjackknife support 
within Asparagales; Chase et al. (2000) excluded this ‘hybrid’ sequence, and it is 
possible that this conflicting signal in our study is one reason why Asparagales 
are not resolved as monophyletic in the strict consensus tree. Other noteworthy 
relationships within Asparagales include Agavaceae/Anthericaceae/Behniaceae 
(loo%), Asphodeliaceae/Xanthorrhoeaceae (76%), and Convallariaceae, including 
Nolina and Ruscus ( 1 00 %) . 

Liliales are strongly supported (96%) and comprise three well-supported subclades: 
Melanthiaceae, including Trillium (1 OO%), Alstroemeriaceae/Colchicaceae (1 00 O/o), 

and Smilacaceae/Liliaceae (1 00%). In addition to Lilium, Liliaceae (97%) here 
include the sampled genera Clintoniu, Scoliopus, and TiyyrtiS, all of which have 
sometimes been included in separate families. 

Burmanniaceae, Taccaceae, and Dioscoreaceae form a well-supported (96%) 
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Dioscoreales. Pandanales are also strongly supported (99%), consisting of Vel- 
loziaceae/Stemonaceae (75%) as sister to a strongly supported clade (96%) of 
Pandanaceae/Cyclanthaceae. Sciaphila (Triuridaceae) also appears to be a member 
of this clade (Chase et d., 2000), although this placement is based only on an 18s 
rDNA sequence because plastid loci failed to amplify. 

The commelinoids form a large clade with jackknife support of 68% (Fig. 4A). 
Within this clade, a tetrachotomy exists in the jackknife tree of: (1) Poales plus 
Bromeliaceae (98%); (2) Commelinales/Zingiberales (82%); (3) Arecaceae (1 00%); 
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and (4) Dasypogonaceae (1 00%). Hence, several critical relationships remain un- 
supported in the commelinoids. The branching order in all shortest trees is: 
Arecaceae, Dasypogonaceae, and Commelinales/Zingiberales as sister to Poales plus 
Bromeliaceae. As above, the branches with support <50% have just slightly fewer 
optimised substitutions (1 3-1 6 steps) than those that are supported at 2 50% (1 6 or 
more steps), so it would appear again that obtaining a well-supported tree will 
require only slightly more information. Within some of the subclades of commelinoids, 
however, there is considerable phylogenetic structure. Both Bromeliaceae and Poales 
are monophyletic (100% and 67% jackknife values, respectively); Chase et al. 
(2000) recommended including Bromeliaceae within Poales. Within this order, 
Sparganiaceae are sister to the remaining families, which are strongly supported as 
a clade (86%). Within this core of Poales, Xyridaceae are the sister to Juncaceae/ 
Cyperaceae (86%), and Flagellariaceae and Restionaceae are supported as successive 
sisters to Poaceae. The sisters (82%) Commelinales and Zingiberales are each 
strongly supported as monophyletic ( jackknife values of 95% and 1 OO%, respectively). 
Within Commelinales, a well-supported clade (95 Yo) of Commelinaceae/Pont- 
ederiaceae is sister to Philydraceae. Within Zingiberales, the monophyly of each 
family is supported, but the only interfamilial relationship to receive jackknife support 
1 5 0 %  is Lowiaceae/Strelitziaceae (96%). Each of the families is highly divergent 
from the others, but all branches connecting them are extremely short (6-13 steps; 
Fig. 4B), which probably is why support is lacking for these relationships. 

Ceratophy llaceae 
As noted above, Ceratophyllaceae have attracted considerable attention in previous 

molecular analyses due to their appearance as the sister to all remaining angiosperms 
(e.g. Chase et al., 1993; Savolainen et aL, 2000a). In contrast, other genes alone, 
such as 18s rDNA and atpB, have indicated different placements for this enigmatic 
family. The 18s rDNA data (Soltis et al., 1997a) placed Ceratophyllaceae as sister 
to the monocots and atpB sequence data (Savolainen et al., 2000a) indicated a similar 
position (sister to Acorn; the two together are in turn sister to the monocots). The 
five-gene analysis of Qiu et ul. (1999) similarly suggested a close relationship of 
Ceratophyllum with monocots, albeit without strong support. With a more complete 
set of monocot atpB sequences than were used in Savolainen et al. (2000a), Cer- 
atophyllaceae are excluded from the monocots and f d  as sister to the eudicots 
(Chase, unpubl.). In this three-gene analysis, Ceratophyllaceae are sister to the 
eudicots, a relationship that receives only weak jackknife support (53%; Fig. 2A). At 
this point, therefore, the position of Ceratophyllum is uncertain, although the recent 
six-gene analysis of Zanis et al. (submitted) placed Cerutophyllum with the monocots 
with strong support. 

Eudicots 

The monophyly of the eudicots is strongly supported (100%; fig. 5A). Whereas 
previous studies using individual genes have all retrieved a eudicot clade (e.g. Chase 
et al., 1993; Soltis et al., 1997a; Savolainen et al., 2000a), only rbct has provided 
jackknife support 2 50% (72%; Savolainen et al., 2000a). Combining rbcL and a@ 
(Soltis et al., 1998; Savolainen et al., 2000a) also provided only moderate support for 
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the monophyly of the eudicots (73%). Analysis of three genes, however, has established 
the monophyly of the eudicots with a high degree of confidence (100%; see also 
Soltis et al., 1998 and Hoot et aL, 1999). Some of the morphological features, in 
addition to triaperturate pollen, that are shared by many eudicots are reviewed in 
Nandi et al. (1998) and Savolainen et al. (2000a). 

Within the eudicot clade is a basal grade (Figs I ,  2) followed by a strongly 
supported clade (100%) of ‘core’ eudicots. The early-diverging eudicots and core 
eudicots are discussed, in turn, below. 

Earb-diverging eudicots 
The relationships reported here for the lower eudicots are consistent with those 

of Hoot et al. (1999), who employed the same three genes but different sampling. 
The early-diverging eudicots are Ranunculales, Proteales, Sabiaceae, Didymelaceae/ 
Buxaceae, and Trochodendraceae (including Ztracentron, Figs lA, B; 5A, B). A well- 
supported Ranunculales (98%) are sister to the remaining eudicots, but the monophyly 
of all remaining eudicots receives low jackknife support (59%). Proteales (85%) and 
Sabiaceae (99%) are both well supported and follow Ranunculales. The monophyly 
of all remaining eudicots receives high jackknife support (87%); two small clades 
then appear as successive sister groups to the core eudicots, Didymelaceae/Buxaceae 
(100%) and Trochodendraceae (including Ztracentron; 100%). This grade of early- 
diverging eudicots agrees with previous analyses (Chase et al., 1993; Soltis et al., 
1997a; Qiu et al., 1998; Savolainen et al., 2000a, b), although the Hoot et al. (1999) 
analysis and this study are the first to provide internal support 250% for many of 
these relationships, particularly along the spine of the tree (Fig. 5A). 

Ranunculales have appeared as the first-branching eudicots in separate analyses 
of 18s rDNA (Soltis et al., 1997a), rbcL (Chase et al., 1993), and atpB (Savolainen 
et al., 2000a) sequences. Ranunculales are represented here by Ranunculaceae, 
Berberidaceae, Eupteleaceae, Menispermaceae, Circaeasteraceae, Lardizabalaceae 
(including Sagentodoxa) and Papaveraceae. These results further confirm the position 
of Sagentodoxu within Ranunculales; the placement of Sagentodoxu near Fabaceae in 
Chase et al. (1993) was based on misidentified plant material (see Hoot et al., 1995b; 
Soltis et al., 1997a). Relationships within Ranunculales are also well resolved 
and generally strongly supported. Papaveraceae appear as sister to the remaining 
Ranunculales, which form a weakly supported core (53%). Eupteleaceae are sister 
to the remaining taxa, which form a strongly supported monophyletic group (99O/0). 
Lardizabalaceae are a strongly supported clade (1 00%) that forms a trichotomy with 
Circaeasteraceae (1 00%) and a clade (70%) of Menispermaceae, Berberidaceae, and 
Ranunculaceae; a clear sister-group relationship is indicated for Berberidaceae and 
Ranunculaceae (92%). These results are in general agreement with other recent 
analyses involving Ranunculales (e.g. Hoot & Crane, 1995; Hoot et al., 1999). 

Proteales are strongly supported (85%), comprising three families nearly always 
previously considered distantly related: Proteaceae, Platanaceae, and Nelum- 
bonaceae. Within this clade, Nelumbonaceae are sister to the strongly supported 
(93%) sister pair of Platanaceae and Proteaceae. A close relationship among these 
three families was previously indicated by separate analyses of rbcL, utpB, and 18s 
rDNA sequences, albeit without support 150°/o except for 60% with atpB/rbcL 
combined (Chase et al., 1993; Soltis et al,, 1997a; Savolainen et al., 2000a, b); rbcL 
and atpB each identified a Proteales clade; 18s rDNA showed a grade for these 
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Figure 4. The jackknife consensus tree (A) focusing on the commelinoid monocots; (B) the same set of 
taxa from the single tree with branch lengths illustrated (ACCTRAN optimization); arrowheads indicate 
groups not found in all shortest trees. Note that Dasypogonaceae are unplaced to order. 

families. Although the composition of Proteales has to be one of the major surprises 
of molecular phylogenetics, this study and Hoot et al. (1999) provide very strong 
support for this clade; furthermore, the monophyly of this clade is supported by 
several morphological and anatomical features (Nandi et al., 1998; Savolainen et al., 
2OOOa). 

The monophyly of Sabiaceae is strongly supported (99%); however, the placement 
of Sabiaceae relative to Proteales is not well supported in our three-gene analysis 
(Fig. 5A) or in Hoot et al. (1999). In all shortest trees, Proteales branch first, followed 
by Sabiaceae, but this relationship receives support <50%. Earlier analyses based 
on the individual genes (18s rDNA, Y~cL, and atpi$ also indicated a close placement 
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Figure 4. See caption on facing page. 

of Sabiaceae and Proteales, although it has never been clear whether they are a 
clade or grade (Chase et aZ., 1993; Savolainen et aZ., 2000a, b; Soltis et aZ., 1997a). 

Didymelaceae/Buxaceae and Trochodendraceae (including %&ucentmn) complete 
the early-diverging eudicot grade (Fig. 5; the recent APG classification combined 
Trochodendraceae and Tetracentraceae into a single family, Trochodendraceae). 
The monophyly of Didymelaceae/Buxaceae and Trochodendraceae is each strongly 
supported (loo%), in agreement with previous broad analyses. The placement of 
these families in an unresolved trichotomy with the core eudicots receives strong 
jackknife support (87%), but in all shortest trees Trochodendraceae alone are sister 
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Figure 5. The jackknife consensus tree (A) focusing on the basal-most groups of eudicots; (B) the same 
set of taxa from the single tree with branch lengths illustrated (ACCTRAN optimization); arrowheads 
indicate groups not found in all shortest trees. Asterids and rosids (as well as Saxifragales) as illustrated 
as Sigle terminals. Note that Buxaceae, Didymelaceae, Dilleniaceae, Sabiaceae, Trochodendraceae, 
and Vitaceae are unplaced to order. 

to the core eudicots (Fig. 5B); the exact relationship between Didymelaceae/Buxaceae 
and Trochodendraceae fails to receive greater than 50% jackknife support (Fig. 5B 
see also Hoot et a/., 1999). Phylogenetic trees based on u@B, as well as utpB/rbcL, 
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produced the same relationships found here (Savolainen et al., 2000a), whereas, in 
contrast, rbcL alone retrieved a clade of Didymelaceae/Buxaceae and Tro- 
chodendraceae (Qiu et al., 1998; Savolainen et al,, 2000a, b); 18s rDNA alone also 
revealed a grade of Buxaceae followed by Trochodendraceae as sister to all remaining 
angiosperms, but Didymelaceae were not included (Soltis et al., 1997a). 

Core eudicots 
Monophyly of the core eudicots is strongly supported (100%; Fig. 5A). Whereas 

previous broad analyses that have employed 200 or more taxa have all indicated 
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the monophyly of the core eudicots, only combined atpB/rbcL has provided strong 
support for this clade (9 1 YO; Savolainen et al., 2000a). A number of morphological 
and chemical features is shared by most core eudicots, including ellagic acid (replaced 
in the core asterids, euasterid I and 11, by iridoids and other compounds), non- 
laminar/marginal placentation and calyx/corolla differentiation; these features are 
discussed in Nandi et al. (1998) and Savolainen et al. (2000a). 

The core eudicot clade comprises six subclades, each receiving jackknife support 
2 50%: (1) Berberidopsidales (composed of only Berberidopsidaceae and Aex- 
toxicaceae); (2) Gunnerales (Myrothamnaceae and Gunneraceae); (3) Saxifragalesl 
Vit aceae (including Leea) / eurosids; (4) Santalales ; (5) Dilleniaceae / C aryophyllales ; 
and (6) asterids (Figs 1 A, 5A). Although the monophyly of each of these six subclades 
is well supported, relationships among them are not clear. Our shortest trees indicate 
that Gunneraceae/Myrothamnaceae are sister to the remaining core eudicots, 
followed by Berberidopsidaceae/Aextoxicaceae (Figs 1 B, 5B). Santalales appear as 
the sister group to Dilleniaceae/Caryophyllales, all of which are in turn sister to the 
asterids. This large Santalales plus Dilleniaceae/Caryophyllales plus asterid clade 
is, in turn, sister to the large Saxifragales/Vitaceae/eurosid clade (Figs lB, 5B). 
Resolving relationships among these six clades of core eudicots now represents one 
of the major remaining questions of phylogenetic inference in the angiosperms. 
Each of these six clades is discussed below, but because of their small size, 
Berberidopsidaceae/Aextoxicaceae and Myrothamnaceae/Gunneraceae are dis- 
cussed together. 

Berberidopsidaceae/Aextoxicaxeae; Myrothamnaceae/Gunneraceae. The sister pairs Ber- 
beridopsidaceae/Aextoxicaceae and Myrothamnaceae/Gunneraceae each receive 
support 2 50% (100% and 75%, respectively; Figs lA, 5A). A close relationship 
between the members of each sister pair was indicated in recent molecular phylo- 
genetic analyses (e.g. Hoot et al., 1999; Qiu et al., 1998; Savolainen et al., 2000a, 
b). However, phylogenetic analysis of non-DNA characters, including chemistry, 
morphology and anatomy (Nandi et al., 1998), indicated that Myrothamnaceae, 
Didymelaceae, and Buxaceae form part of a small clade that also includes Proteaceae 
and Platanaceae, whereas Gunneraceae appear within the asterids. As noted, our 
shortest trees indicate that Gunneraceae/Myrothamnaceae are the sister to the 
remaining core eudicots, followed by Berberidopsidaceae/Aextoxicaceae, but none 
of these phylogenetic positions receives jackknife support 2 50%. However, these 
two pairs of monogeneric families (Berberidopsidaceae are sometimes split into two 
genera, Berberidopris and Streptothamnus) are strongly excluded from all other higher 
eudicot clades (Fig. 2A), reinforcing the impression of their isolated status. It is thus 
most appropriate to treat them both as orders, Berberidopsidales and Gunnerales. 
Recent analyses of rbcL, atpB, and rbcL/atpB sequences similarly indicated that at 
least some of these taxa are early-branching core eudicots (e.g. Qiu et al., 1998; 
Savolainen et al., 2000a). For example, analyses of combined rbcL/atpB (Savolainen 
et al., 2000a) sequences and a much smaller (75 taxa) data set of rbcL/atpB/l8S 
rDNA sequences similarly placed Gunneraceae/Myrothamnaceae as sister to all 
other core eudicots. 

Santalales. Santalales form a well-supported clade (loo%), in agreement with a 
number of previous phylogenetic analyses (e.g. Chase et al., 1993; Soltis et al,, 1997a; 
Savolainen et al., 2000a, b; Nickrent et al., 1998). The composition of Santalales 
revealed here agrees with those earlier studies. Included in our analysis are Olacaceae, 
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which appear as sister to a clade (72%) of Opiliaceae and a broadly defined 
Santalaceae (including Viscaceae); Loranthaceae and Misodendraceae were not 
sampled in this study. More detailed analyses of relationships within Santalales are 
provided by Nickrent et al. (1 998). 

Whereas the monophyly of Santalales is strongly supported (loo%), the re- 
lationships of the order to other core eudicots remain unclear. In our shortest trees, 
Santalales are sister to a clade of Dilleniaceae plus Caryophyllales, but without 
support 250%. This large clade is, in turn, sister to the asterids, but again without 
support 250%. The position of Santalales has varied in each broad phylogenetic 
survey so far conducted; placement of Santalales even differed between the two rbcL 
searches conducted by Chase et al. (1993). Search 1 placed Santalales within the 
asterid clade, with Paeoniu and Gunnera (asterid V), whereas search 2 placed Santalales 
as sister to the caryophyllids. Analysis of atpB/rbcL sequences (Savolainen et al., 
2000a) placed Santalales as sister to Dilleniaceae, and these two clades together 
were, in turn, sister to the asterids. There are, therefore, some similarities and 
overlap among these analyses. Santalales and Caryophyllales may indeed be related 
and in turn closely related to asterids. However, additional characters (e.g. sequences 
from an additional gene or genes) will be needed to address these questions adequately 
(see below). The lack of a stable placement for both Santalales and Caryophyllales 
is largely due to the short branches in the core eudicots (only 3-6 steps; Fig. 5B). 

DillaiaceadCaryophy1lale.s. Dilleniaceae appear as the sister to a broadly defined 
caryophyllid clade (or Caryophyllales s m u  APG, 1998) with 60% jackknife support 
(Fig. 5A); the monophyly of Caryophyllales is also strongly supported (100%) by 
our three-gene analysis. Several previous analyses similarly placed Dilleniaceae as 
sister to this clade. For example, search 2 of Chase et al. (1993) placed Caryophyllales 
together with Dilleniaceae, but without support 2 50% (Chase & Albert, 1998). 
However, analyses of a combined rbcL/atpB data set did not place Dilleniaceae with 
Caryophyllales (Savolainen et al., 2000a). 

A broadly defined Caryophyllales has been indicated by all previous large analyses 
of angiosperms, but with strong support only in Savolainen et al. (2000a; rbcL with 
84% bootstrap, atpB with 74%, and combined rbcL/atpB with 97%). Such an 
expanded concept of the order has not been suggested in any previous classification, 
even though a number of chemical, morphological, and anatomical features link 
the members of this group (Nandi et al., 1998), and many of these same satellite 
families formed a clade with the core Caryophyllales in the results of the non- 
molecular analyses in Nandi et al. (1998). 

In our analyses, Caryophyllales have Rhabdodendraceae as sister to the rest of 
the clade (Lled6 et al., 1998), the monophyly of which is strongly supported 
(86%). The remainder of Caryophyllales comprises two well-supported clades: (1) 
Dioncophyllaceae, Ancistrocladaceae, Droseraceae, Nepenthaceae, Frankeniaceae, 
Tamaricaceae, Plumbaginaceae and Polygonaceae (85 Yo); and (2) Phytolaccaceae, 
Aizoaceae, Nyctaginaceae, Cactaceae, Portulacaceae, Molluginaceae, Amar- 
anthaceae, Caryophyllaceae (Caryophyllales smu Cronquist, 198 l), Asteropeiaceae 
and Simmondsiaceae (83%). Within the first of these two clades, several strongly 
supported sister pairs are evident: Dioncophyllaceae/Ancistrocladaceae (loo%), 
Frankeniaceae/Tamaricaceae (1 00%) and Plumbaginaceae/Polygonaceae (1 00%). 
In the second of the two major clades, Simmondsiaceae are sister to a well-supported 
clade (100%) of Asteropeiaceae and a core clade of Phytolaccaceae, Aizoaceae, 
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Nyctaginaceae, Cactaceae, Portulacaceae, Molluginaceae, Amaranthaceae, Caryo- 
phyllaceae (Caryophyllales s e m  Cronquist, 1981) that is also well supported (lOOo/o). 
Caryophyllales s e m  Cronquist comprise two additional subclades: (1) Amaranthaceae 
and Caryophyllaceae (99Yo); and (2) Aizoaceae, Phytolaccaceae, Nyctaginaceae, 
Molluginaceae, Cactaceae and Portulacaceae (94%). Delospenna (Aizoaceae) is nested 
within Phytolaccaceae, appearing as sister to Ercillu. 

Smzagales/ Ktmeadeumsids. Saxifragales plus Vitaceae (including Lea) and the eur- 
osids form a weakly supported clade (60%). Within this clade, the monophyly of 
Saxifragales is strongly supported (98%); Saxifragales are the sister group to a clade 
(73%) consisting of Vitaceae (including Leeu as in Ingrouille et al., submitted) as sister 
to the large, well-supported (99Yo) eurosid clade. The monophyly of both Saxifragales 
and eurosids has been indicated previously, and both received measures of internal 
support greater than 50% in earlier analyses (e.g. Soltis et al., 1997a, 1997b, 1998; 
Soltis & Soltis, 1997; Savolainen et al., 2000a, b). Analyses of rbcL and rbcL/atpB 
sequences similarly indicated that Saxifragales are sister to Vitaceae and in turn 
sister to the eurosids, but without support 250% for these relationships. Analysis 
of atpB alone indicated that Leea and Vitaceae are sisters (again without support 
250%) but placed this pair as sister to Saxifragales; these in turn were sister to a 
clade of eurosids, asterids, and caryophyllids. Hence, this three-gene analysis is the 
first to support these large-scale relationships among Saxifragales, Vitaceae, and the 
eurosids. 

Sm~ugales. This eclectic assemblage of herbaceous and woody taxa (placed in three 
subclasses in recent classifications) has emerged as a very strongly supported clade 
(98%; Fig. 6A). Saxifragales comprise Altingiaceae, Hamamelidaceae, Cer- 
cidiphyllaceae and Daphniphyllaceae, all previously Hamamelidae, as well as Saxi- 
fragaceae s.s., Iteaceae, Pterostemonaceae, Grossulariaceae (Ribes), Crassulaceae, 
Tetracarpaeceae, Penthoraceae, Haloragaceae, all traditional Rosidae, plus Paeonia- 
ceae, variously placed near Ranunculaceae or in Dilleniidae (reviewed in Cronquist, 
1981). Analysis of rbcL sequences first indicated the presence of this Saxifragales 
clade (Chase et al., 1993; Morgan & Soltis, 1993), but without support 2 50% (Chase 
& Albert, 1998). Analyses of atpB alone, as well as atpB/rbcL, also indicated a 
monophyletic Saxifragales, but again without support 2 50% (Savolainen et al., 
2000a). In contrast, 18s rDNA alone and 18s rDNA/rbcL have previously shown 
a Saxifragales clade with moderate jackknife support (e.g. Soltis et al., 1997a, 1998; 
Soltis & Soltis, 1997). Hence, the combination of all three genes has yielded, by far, 
the highest support for this clade. 

Within Saxifragales, Daphniphyllaceae, Hamamelidaceae, Cercidiphyllaceae and 
Altingiaceae form a grade (Fig. 6B), but the branching order is not supported by 
jackknife values 250% (Fig. 6A). A number of subclades within Saxifragales, 
however, do receive support 2 50%. Hamamelidaceae form a monophyletic group 
(58%) and include fibucklundiu as their first-branching member. Altingiaceae and 
Saxifragaceae are each strongly supported as monophyletic (100%). Iteaceae and 
Pterostemonaceae are strongly supported sister families (1 00%); they form a clade 
with Ribes (Grossulariaceae) and Saxifragaceae s.s., but without support 2 50%. 
Crassulaceae are monophyletic (1 00%) and together with Penthoraceae, Tetra- 
carpaeaceae, and Haloragaceae form a moderately supported clade (80%). The 
relationships of Paeoniaceae within Saxifragales remain obscure, although all shortest 
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trees place the family in the Crassulaceae/Penthoraceae/Tetracarpaeceae/Halo- 
ragaceae subclade. 

The composition of Sadragales and the relationships within this clade depicted 
here generally agree with those based on 18s rDNA/rbcL and rbcL (e.g. Soltis & 
Soltis, 1997; Qiu et al., 1998), although our three-gene topology is much better 
resolved and supported than trees obtained in earlier studies. Saxifragales have been 
the recent focus of a more detailed analysis based on sequences of five genes, 18s 
rDNA, 26s rDNA, mat& rbcL, and atpB (Fishbein et al., in press). 

Eumsids. The monophyly of a large eurosid clade receives strong jackknife support 
(99%; Fig. 1A). Although earlier analyses based on rbcL (Chase et al., 1993), atpB 
alone, apB/rbcL (Savolainen et al., 2000a), 18s rDNA (Soltis et al., 1997a), and non- 
DNA characters (Nandi et al., 1998) all recovered this large eurosid clade, only a@B/ 
rbcL provided even weak support (61%) for this large assemblage of angiosperms. 
Previous studies also found two large subclades of eurosids, termed eurosid I and 
11, but again without support 250% (e.g. Chase et al., 1993; Savolainen et al., 
2000a). Our three-gene analysis provides moderate support for eurosid I (77%); 
eurosid I1 (composed here of Brassicales, Tapisciaceae, Malvales and Sapindales) is 
recovered in all shortest trees and has jackknife support of95'h. Several morphological 
and anatomical features are shared by many eurosids, including nuclear endosperm 
development, reticulate pollen sexine, generally simple perforations of vessel end- 
walls, mucilaginous epidermis, and often two or more whorls of stamens (ob- 
diplostemony). Similarly, a suite of non-DNA characters is shared by many members 
of the two subclades, eurosid I and eurosid I1 (Nandi et al., 1998; Savolainen et al., 
2000a). 

Eumsid I. Eurosid I comprises three major subclades, all with jackknife support 
250% (Fig. 7A): (1) a nitrogen-king clade (68%; see Soltis et al., 1995) consisting 
of Rosales, Fabales, Cucurbitales and Fagales (68%); (2) a small clade (100%) of 
Krameriaceae and Zygophyllaceae (100%); and (3) a large clade (51%) of Mal- 
pighiales, Oxalidales and celastroids plus Huaceae (5 l"~). 

The monophyly of all angiosperms that form symbiotic associations with nitrogen- 
fixing bacteria involving root nodules had been indicated previously based on rbcL 
sequence data (Soltis et a/., 1995) but without bootstrap support greater than 50%. 
Although the monophyly of Rosales, Cucurbitales and Fagales was apparent with 
18s rDNA sequence data alone, the inclusion of Fabales in the same clade was less 
certain (Soltis et al., 1997a). Phylogenetic analyses of atpB and atpB/rbcL also indicated 
a monophyletic nitrogen-fixing clade, but again without strong internal support. 
Hence, this study provides the strongest evidence yet for a monophyletic group 
containing all angiosperms engaged in nitrogen-fixing symbioses in root nodules, 
reinforcing the hypothesis of a single origin of the predisposition of nitrogen-fixing 
symbiosis (Soltis et al., 1995). A suite of chemical, palynological and anatomical 
features are shared by many members of these nitrogen-fixing orders (Nandi et al., 
1998). 

Within the nitrogen-fucing clade, the monophyly of each of the four subclades 
also receives strong support, Rosales (loo%), Fabales (98%), Cucurbitales (100%) 
and Fagales (100%); also supported is a sister-group relationship between Cur- 
curbitales and Fagales (60%). Within Rosales, a strongly supported Rosaceae (100%) 
are sister to the remainder of the order, which comprises a well-supported clade 
(99%) of three subgroups: a monophyletic Rhamnaceae (64%); Barbeyaceae/ 
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Figure 6. The jackknife consensus tree (A) focusing on Saxifragales; (B) the same set of taxa from the 
Sigle tree with branch lengths illustrated (ACCTRAN optimimtion); arrowheads indicate groups not 
found in all shortest trees. The eurosids are indicated as a single terminal, to which Vitaceae (including 
f im)  are the sister group. 

Elaeagnaceae (69%); and a clade of Zeelkovu (Ulmaceae), Urticaceae, Moraceae, 
Humulus (Cannabaceae), Celtk and T m  (Celtidaceae; see Wiegrefe, Systma & 
Guries, 1998, for recognition of Celtidaceae and Ulmaceae as distinct families). 
Within the latter subclade, <eZkovu is sister to the remaining taxa, which form a well- 
supported monophyletic group (99?40); Urticaceae are then sister to a weakly 
supported clade (52%) of Moraceae, Cannabaceae and Celtidaceae. Within Fabales, 
the three subfamilies of Fabaceae form a clade (80%) and are sister to a clade 
(69%) of Surianaceae/Polygalaceae. Within Cucurbitales, only the monophyly of 
Cucurbitaceae (1 00%) and the sister relationship of Coriariaceae/Corynocarpaceae 
(94%) receive support 250%. Within Fagales, Fagaceae (100%) appear as sister 
to a strongly supported clade (100%) of Myricaceae/Juglandaceae (92%) plus 
Casuarinaceae/Betulaceae (100%). 

Krameriaceae/Zygophyllaceae form a strongly supported (1 00%) clade within 
eurosid I. A close relationship between these two families had previously received 
strong support based on rbcL/atpB sequences (e.g. Savolainen et uZ., 2000a). The 
close relationship between Krameriaceae and Zygophyllaceae, as well as their highly 
divergent morphologies, are discussed in Sheahan & Chase (1996,2000). The recent 
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APG (1998) classification did not recognise this family pair as a discrete order of 
angiosperms because their exact relationships were not clear. The strong internal 
support obtained here for their exclusion from the other orders of eurosid I indicates 
that in subsequent updates of the APG classification Zygophyllales (comprising 
Krameriaceae and Zygophyllaceae) should be recognized. They are an isolated 
clade that is sister to the rest of the eurosid I clade. 

The remaining members of eurosid I form a large, weakly supported subclade 
(5 1 YO) consisting of Malpighiales, Oxalidales and a celastroid group plus Huaceae. 
Monophyly of Malpighiales and Oxalidales is each well supported (100%). The 
sister-group relationship of Huaceae to core celastroids is weakly supported (62 YO). 
As with the Zygophyllaceae/Krameriaceae clade, it is now clear that the celastroids 
are excluded from both Malpighiales and Oxalidales, making appropriate their 
recognition as the order Celastrales that consists of three families, a broadly defined 
Celastraceae, Parnassiaceae (including Lepuropetulon) and Huaceae. 

Malpighiales form a large clade comprising a number of well-supported subclades, 
the relationships among which do not receive jackknife support 250% (Fig. 8A). 
The first several dichotomies within Malpighiales are extremely short (3-6 steps; 
Fig. 8B), so it is not surprising that jackknife support is low. These subclades include: 
Balanopaceae (100%) as sister to a well-supported clade (99%) of Chrysobalanaceae 
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Figure 7. The jackknife consensus tree (A) focusing on a portion of the eurosid I clade; (B) the same 
set of taxa from the single tree with branch lengths illustrated (ACCTRAN optimization); arrowheads 
indicate groups not found in all shortest trees. Malpighiales and Oxalidales are each indicated as single 
terminals. Note that Huaceae are unplaced to order. 

plus Trigoniaceae/Dichapetalaceae (98%). Euphorbiaceae are not monophyletic in 
our analyses. Instead, Andmstachys and Stachystemon (Oldfieldioideae) form a well- 
supported clade (1 00%; recognition of Pseudanthaceae would be appropriate), 
whereas mpetes (Putranjivaceae) and Euphorbiu each have allies elsewhere (Hu- 
miriaceae and Linaceae, respectively), based on the shortest trees obtained (Fig. 8B). 
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A well-supported clade (100%) of Erythroxylaceae as sister to Rhizophoraceae is 
revealed. Also retrieved is a strongly supported clade (100%) of Quiinaceae as sister 
to a clade (60%) of Medusagynaceae/Ochnaceae (see also Fay, Swensen & Chase, 
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1997). Violaceae are sister (79%) to a clade (100%) of Passifloraceae plus a family 
pair (65 TO) of Malesherbiaceae/Turneraceae. 

Delimitation of Flacourtiaceae has long been problematic (see Lemke, 1988)) and 
so we purposely sampled many taxa that have in the past been referred to the 
family. Muntingia is a member of Malvales, and Bayer, Chase & Fay (1998) described 
it and two other genera as Muntingiaceae because they were not, on morphological 
grounds, members of any other family in Malvales. Berberidopsis (here treated as 
Berberidopsidaceae) has always been considered the most archaic member of 
Flacourtiaceae (Hutchinson (1967), and it is indeed an isolated taxon that has 
Aextoxicon (Aextoxicaceae) as its closest relative; the pair falls entirely outside of the 
eurosids (see above). Aphloia (here treated as Aphloiaceae) is placed with Ixerba 
(Ixerbaceae), and the pair is weakly supported (56%) as sister to Crossosomatales 
(see below). Plagiopteron (sometimes also recognized as a distinct family, Pla- 
giopteridaceae; Airy Shaw, 1985) appears here in Celastraceae (Fig. 7)) and we 
consider it to be a member of that family, with which it fits well on vegetative 
terms (Baas et al., 1979). Asteropeia (also considered to be its own family as here, 
Asteropeiaceae, or referred to Theaceae; Cronquist, 198 1) falls with Physena (Morton, 
Chase & Karol, 1997b), and the pair is sister to the core Caryophyllales (see above; 
Fig. 5). Tribes Paropsieae and Abatieae have been treated as members of both 
Flacourtiaceae and Passifloraceae (in the latter because they both have an ex- 
trastaminal corona but in the former because they are trees or shrubs rather than 
vines), and some authors have stated that these two tribes are 'transitional' between 
the two families (De Wilde, 197 1; Keating, 1973). We sampled Abatia and Paropsia, 
and the former occurs with Flacourtia and the latter with Passijlora, and thus neither 
habit nor the presence of an extrastaminal corona is always reliable here. Floral 
development (Bernhard, 1999) clearly supports the placements obtained here for 
these two tribes in that Abatia is completely unlike that of Passifloraceae whereas 
Paropsieae and Passifloraceae are similar. Lucistaa (often tribe Lacistemataceae; 
Sleumer, 1980, or family Lacistemataceae with two genera, Lacistmza and Lozania) 
falls in all shortest trees (Fig. 8B) as sister to Flacourtiaceae/Salicaceae but with 
jackknife support <50%. Flacourtiaceae s.1. (Lemke, 1988) are not monophyletic in 
the shortest trees (Fig. 8B) but rather fall into two well-supported clades (99Y0) that 
differ in their chemistry (cyanogenic glycosides versus tannins) and the presence of 
a salicoid tooth (Nandi et al., 1998). We recognize the cyanogenic glycoside group 
here as Kiggelariaceae (Hydnocarpus, Pangium, K^zggelaria), which form a clade (99%) 
with a taxon originally labelled as Ixonanthes (Ixonanthaceae) and Acharia (Achariaceae). 
The plant in question was obtained from the living collection at Kebun Raya (Bogor, 
Indonesia) and is clearly not a species of Ixonanthes (as recently determined by 
comparing the voucher to collections of the genus in the Herbarium, RBG Kew), 
but the voucher is sterile; although we can refute it as being a species of Ixonanthes, 
we have been unable to determine what it is. Based on its sequences, it is a member 
of Kiggellariaceae. However, Kiggelariaceae are not monophyletic , with Hydnocarpus 
sister to a clade (1 00%) of Pangium-Achariaceae/K"zggelaria, Additional taxon sampling 
is needed to clarify relationships within this subclade of Malpighiales. Achariaceae 
are South African herbaceous climbers or shrublets and are so highly modified that 
their relationships have been unclear. In another well-supported clade (1 OO%), the 
four representatives of Flacourtiaceae sampled (Caseah, Flacourtia, Abatia, Idesia) are 
paraphyletic relative to Salicaceae; Casearia is sister to a clade (loooh) of Flacourtia/ 
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Abatia, Idesia and Salicaceae. This clade will be formally proposed as Salicaceae 
(Zmarzty & Chase, in prep.). 

Malpighiales also illustrate the value of broad phylogenetic analyses in placing 
enigmatic taxa. The relationship of Medusagynaceae is but one example (see Fay 
et al., 1997). Other such examples of small, enigmatic families that appear as part 
of a well-supported Malpighiales include Goupiaceae, Irvingiaceae, Balanopaceae , 
and Caryocaraceae. A particularly noteworthy example of the value of this large 
data matrix in placing problematic families involves Podostemaceae, variously 
associated with Piperaceae, Nepenthaceae, Polygonaceae, Caryophyllaceae, Scro- 
phulariaceae, Rosaceae, Crassulaceae and Saxifragaceae (reviewed in Les, Philbrick 
& Novelo, 1997; Ueda et al., 1997; Soltis et al., 1999). Our phylogenetic analyses 
place Podostemaceae in Malpighiales as part of a strongly supported Clusiaceae 
clade (99%) that consists of Mesua as sister to a clade (100%) of Hypericcum/ 
Podostemaceae. A relationship of Podostemaceae with Malpighiales was first in- 
dicated in an analysis of over 250 angiosperms using 18s rDNA and 18s rDNA/ 
rbcL sequences, but without strong internal support (Soltis et al., 1999); this relationship 
of Podostemaceae with Malpighiales was not indicated, however, by analyses of rbcL 
sequences alone (Les et al., 1997; Ueda et al., 1997). However, neither of these 
previous analyses included enough taxa to get an accurate placement; members of 
Malpighiales were noteworthy in their absence. Reduction of the number of taxa 
so that a more rigorous analysis can be performed is not a solution to the placement 
of problematic taxa, particularly if in this process the close relatives are omitted. 

Oxalidales comprise Oxalidaceae as sister to a clade (99Oh) consisting of a broadly 
defined and strongly supported (100%) Cunoniaceae (that includes Bauera and 
Davidronia), that is in turn sister to a clade (76%) consisting of members of Elaeo- 
carpaceae and Tremandraceae. Elaeocarpaceae, represented here by Crinodendmn, 
Elueocarpus and Sloanea, are paraphyletic relative to PlaQtheca (Tremandraceae), with 
Sloanea sister to a well-supported clade (95%) of Crinodendmn/Elaeocarpus/Plaptheca. 
Tremandraceae (three genera confined to Australia and Tasmania) differ only from 
Elaeocarpaceae in having two distinct whorls of four or five stamens, whereas the 
latter have many stamens. However, the stamens in Elaeocarpaceae are often clearly 
arranged in bundles, so Tremandraceae merely having a definite number is not so 
significantly different (although different enough to cause Cronquist, 1981, to put 
them into different subclasses). As with many Australasian plants, Tremandraceae 
are xeromorphic in habit, but even the micromorphological details of the plants, 
for example commonly arillate seeds with a straight embryo immersed in an 
abundant and oily endosperm, compare well with those described for Elaeocarpaceae 
(Cronquist, 198 1). Tremandraceae should be considered members of Elaeocarpaceae. 

The problematic Afisprax (Huaceae) appears as sister (with 62% support) to a 
strongly supported (100%) core celastroid clade. Although a Celastrales clade was 
not recognised in the reclassification of angiosperms proposed by APG (1 998), our 
data support ordinal recognition of Parnassiaceae, Celastraceae and Huaceae as an 
order, Celastrales. It also seems apparent that Celastraceae should be broadly defined 
(Celastraceae s.1.) to include Euonymus, as well as Brexia, Hippocratea, Plagoptmn and 
Stucwlousia, each of which has previously been placed in a distinct family (Brexiaceae, 
Hippocrateaceae, Plagiopteridaceae and Stackhousiaceae, respectively). Stack- 
housiaceae, for example only differ from Celastraceae, as previously recognized, in 
being mostly herbaceous and having a better developed hypanthium (Cronquist, 
1981). Celastraceae s.1. are monophyletic, and S$honodon is sister to Stacwlousia with 
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strong support (92%). Celastraceae, Parnassiaceae and Stackhousiaceae formed a 
well-supported clade within eurosid I in previous studies (e.g. Savolainen et al., 
2000a). Although analyses of rbcL/atpB placed Huaceae as sister to Celastrales, there 
was no bootstrap support 250%. Hence, our three-gene analysis strengthens the 
support of the placement of another enigmatic family, Huaceae. 
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Eurosid I .  As noted, eurosid 11 including Myrtales is not present as a distinct clade 
in our shortest trees, as was previously found with rbcL alone, although without 
jackknife support 2 50% (Fig. 9A). With this sampling of taxa and genes, Myrtales 
are sister in all shortest trees to the eurosid I clade (Fig. 9A, B), but Geraniales and 
Crossosomatales (Crossosomataceae, Stachyuraceae, Staphyleaceae and perhaps 
Aploiaceae and Ixerbaceae; see below) are allied to the well-supported core orders 
of eurosid 11. At this point, therefore, eurosid I1 is restricted to Brassicales (100%), 
Tapisciaceae, Sapindales (100%) and Malvales (100%). AU shortest trees place 
Geraniales and Crossosomatales with the strongly supported core eurosid I1 clade 
(Figs 8B, 9B), but with support of less than 50%, so it is st i l l  premature to assign a 
position for these orders, as well as for Myrtales. 

Previous studies of single genes have consistently recovered a clade of Brassicales, 
Sapindales and Malvales (Savolainen et al., 2000a, b), but without internal support 
>50%; Savolainen et al. found weak support (62%) for a sister-group relationship 
of Brassicales/Malvales with combined rbcL/atpB data, although this position is here 
reversed such that the pair Malvales/Sapindales has weak support (5 1 Yo). Our study 
indicates that these three orders, plus the enigmatic Tapisciaceae, are strongly 
supported clade (95%). Within this clade, Brassicales are strongly supported, as are 
Sapindales and Malvales (each with 100%). The relationship of Tapisciaceae in all 
shortest trees is as sister to these three orders collectively, but this does not receive 
support 250% (Fig. 9A, B). 

The composition and relationships depicted here for Brassicales are similar to 
those recently reported based on rbcL/ 18s rDNA sequence data (Rodman et al., 1998). 
Three strongly supported subclades are present within Brassicales: Tropaeolaceae/ 
Akaniaceae/Bretschneideraceae (100%); Moringaceae/Caricaceae (94%); and a 
large clade (100%) in which Setchelkznthur (Setchellanthaceae) is sister to a clade 
(6 1 YO) of the remaining members of Brassicales sampled (i.e. Limnanthaceae, 
Koeberliniaceae, Bataceae, Resedaceae and Brassicaceae, including Capparaceae). 
Among these remaining families, Limnanthaceae are sister to a clade (79%) of 
Bataceae/Koeberliniaceae (64%), which in turn are sister to Resedaceae and a 
broadly defined Brassicaceae represented by Cappair, Bra.ssica and Cleome. @Fetes 
(htranjivaceae, formerly in Euphorbiaceae), another glucosinolate-producing taxon, 
is not part of this Brassicales clade, but instead is part of well-supported Malpighiales 
in the eurosid I clade (see above). Hence, the three-gene topology reinforces the 
hypothesis that the ‘mustard oil bomb’, a defence mechanism, was invented only 
twice (Rodman et al., 1993, 1998). 

Sapindales consist of three well-supported subclades: (1) a broadly defined Sa- 
pindaceae (see APG, 1998) that includes both Aesculus (Hippocastanaceae) and 
Acer (Aceraceae); (2) a strongly supported (97%) sister group of Anacardiaceae/ 
Burseraceae; and (3) a well-supported clade (99%) of Meliaceae, Simaroubaceae 
and (98%) Rutaceae, which includes Cneorum (Cneoraceae; Chase, Morton & 
Kallunki, 1999, also included Ptaeroxylaceae in Rutaceae). Relationships within 
Sapindales inferred from rbcL sequences were discussed in more detail by Gadek et 
al. (1996) and from combined rbcL/atpB data by Chase et al. (1999). 

Malvales comprise a weakly supported clade (66%) with Muntingiaceae as sister 
to a clade (100%) of Cistaceae and Sarcolaenaceae/Dipterocarpaceae. Also part of 
Malvales are Thymelaeaceae and Bixaceae (Alverson et al., 1998; Fay et al., 1998), 
but the relationships of these two families within the order are not clear. A broadly 
defined Malvaceae receives strong support (100%); in addition to Malvaceae in the 
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strict sense, this family also includes former members of Bombacaceae, Sterculiaceae 
and Tiliaceae (Judd & Manchester, 1997; Bayer et al., 1999). Our results also 
support the polyphyly of both Sterculiaceae and Tiliaceae (irheobroma of Sterculiaceae 
is strongly supported as sister to Gravia of Tiliaceae, and Zilia is strongly supported 
as sister of a clade containing both Durio and Sterculia of Sterculiaceae). 

Myrtales consist of three subclades each having support 250% (Fig. 9A). One 
of these is only weakly supported (58%) and consists of Melastomataceae/Me- 
mecylaceae as sister to a clade (54%) of Heteropixidaceae/Vochysiaceae. The second 
subclade consists of Combretaceae (100%); the third subclade (95%) comprises a 
broadly defined Lythraceae (that also include Punicaceae) as the strongly supported 
sister (95%) of Onagraceae. These relationships are in agreement with the results 
of Savolainen et al. (2000a) based on a@B/rbcL, as well as those of Conti, Litt & 
Sytsma (1996) based on rbcL alone. 

The composition and placement of Geraniales remain unsupported (Fig. 8A, B). 
Our three-gene analysis provides strong support (80%) for the monophyly of a 
core Geraniales clade consisting of Geraniaceae, Vivianiaceae, Melianthaceae, 
Francoaceae and Greyiaceae. The last three are strongly supported as a clade 
(100%) and could well be considered a single family, Melianthaceae; Bersuma and 
Grg~iu have highly similar pollen (Cronquist, 1981)) but Francoa (from Chile and the 
only member of this clade outside eastern and southern Africa) is herbaceous and 
otherwise dissimilar to the other woody taxa of this group. Previous studies have 
indicated a close relationship among some of Geraniales, albeit without strong 
internal support (e.g. Morgan & Soltis, 1993; Price & Palmer, 1993; Savolainen et 
al., 2000a, b). 

Our results also indicate a broadly defined Crossosomatales clade (56%) consisting 
of Staphyleaceae, Crossosomataceae and Stachyuraceae (100%) and perhaps as well 
Ixerbaceae/Aphloiaceae (73%)) to which they are sister (with weak support, 56%). 
Crossosomatales and Geraniales are successive sisters to eurosid 11, but without 
support 250% (Crossosomatales were not recognized in the APG, 1998, clas- 
sification, but we propose that they should be in future versions). 

Within eurosid 11, additional enigmatic taxa have been placed. For example, 
Ixerba has variously been placed in its own family, or with Brexziz and Roussea in 
Brexiaceae (Takhtajan, 1987). However, these three genera are not closely related, 
but instead are members of distantly related clades (eurosid 11, Crossosomatales and 
euasterid 11, respectively), in agreement with a recent analysis based on rbcL and 
18s rDNA data (Koontz & Soltis, 1999). In addition, our results provide support 
for a sister-group relationship of lxerba and Aphloiu (73%)) both of which have also 
been problematic in their placements. Many authors have treated Aphloiu as a 
member of Flacourtiaceae, to which it is clearly only distantly related. 

Asteridr. The monophyly of a broadly defined asterid clade (Asteridae s.1. of Olmstead 
et al., 1992, 1993) is strongly supported (100%; Fig. 1OA). Ericales and Cornales are 
the sister groups to the two clades of euasterids (euasterid I and 11) in all shortest 
trees (Fig. lOB), but without jackknife support 250%. The monophyly of both 
Ericales and Cornales is strongly supported (each with 98%). The remaining asterids 
form a well-supported clade (89%) and, in turn, form two subclades, euasterid I 
(56%) and euasterid I1 (88%). Although euasterid I and I1 have been recovered in 
earlier phylogenetic analyses of individual genes, such as rbcL (search 2 of Chase et 
al., 1993)) a@ and a@B/rbcL (Savolainen et al., 2000a)) and 18s rDNA (Soltis et aL, 
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1997a), this is the first time these two large subclades of asterids have received 
support 250%. The morphological and chemical features shared by members of 
this asterid clade, as well as non-DNA characters supporting each of euasterid I and 
11, have been discussed elsewhere (e.g. Olmstead et al., 1993; Nandi et al., 1998; 
Albach et al., in press). 



B 

! 

ANGIOSPERM PHYLOGENY 

Cleome 
Brassica 
Capparis 
Reseda 
Batis 
Koeb erlinia 
Uoerkea 
Limnanthes 
Setchellanthus 
Mringa 
Carica 
Tmpaeolum 
Akania 
Bretschneidera 
Poncirus 
CitNS 
Cneorum 
klanthus 
SHieknia 
Trichilia 
Xanthoceras 
Aesculus 
Acer 
Cupaniopsis 
Koelreuteria 
Schrnus 
Bursera 
Neurada 
Saplaena 
Anisoptera 
Helianthem um 
Wntingia 
Aquilaria 
Thymelaea 
Bixa 
Theobmma 
GreHia 
Tilia 
Sterculia 
Durio 
Ochmma 
Bom b ax 
Gossypium 
Tapiscia 

1 -  Brassicaceae 

Resedaceae 
Batidaceae 
Koeberliniaceae 
I Limnanthaceae I 

Setchellanthaceae 
Moringaceae 
Caricaceae 

I 
Brassica 

Rutaceae 

Meliaceae 
, Sirnaroubaceae 

Sapindaceae 

I 
Sapindal 

Burseraceae 

Muntingiaceae 

.. 13 Crossosomatales 

I 10 

Geraniales 
Qualea 
Heternpyxis 
l h r i n  
Osb eckia 
Quisqualis 
Terminalia I 

I Punica 
L rum 
&kia 
Epilobium I 
eurosid I 

4 indicates group not found in all shortest trees 

Figure 9. See caption on facing page. 

Heterop 'daceae 

Melastomataceae 

Vochys iaceae 

Memet$ceae 

Com bretaceae les 

L ythraceae 

Onagraceae 

1 T 

417 

ts 

S 

lid I1 

Other recent analyses have focused on the asterid clade in greater detail (e.g. 
Olmstead et al., in prep.; Albach et aL, in press), and a detailed analysis of the asterid 
clade involving four genes (atpB, rbcL, ndhF, 18s rDNA, Albach et al., in press) 
provides greater support for the relationships within asterids noted here. Furthermore, 
the four-gene analysis provides additional insights, including at least weak bootstrap 
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support for a large clade of Apiales/Dipsacales and Asterales, a monophyletic group 
found in our shortest trees (see below) but without support 250%. 

Cornales comprise three subclades, Nyssaceae (including Cumptotheca), Cornaceae 
(including Alangium), and a third clade (91 Yo) that includes Loasaceae as sister to a 
monophyletic Hydrangeaceae that also includes Hydrostachyaceae. These re- 
lationships are in general agreement with previous analyses of Cornales (e.g. Hempel 
et ul., 1995; Soltis, Xiang & HufEord, 1995; Xiang et ul., 1993; Xiang, Soltis & Soltis, 
1998). 

The composition of Cornales inferred here illustrates again the value of this large 
data set in placing enigmatic taxa. Hydrostachyaceae are another problematic 
aquatic family variously placed with another enigmatic aquatic, Podostemaceae (see 
above), or asterids such as Hydrophyllaceae. In our three-gene analysis, Hydro- 
stachyaceae appear within the well-supported Cornales clade as part of a Hydran- 
geaceae clade that receives moderate support (71%; see also Hempel et al., 1995). 
Although more work is needed to establish the robustness of the relationship of 
Hydrostachyaceae to Hydrangeaceae, the support for placement of Hydro- 
stachyaceae within Cornales is strong. 

Although the monophyly of Ericales is strongly supported (98%), there are few 
major groups within Ericales that receive support 2 50% due to the unusually short 
branches at the base of this clade. One strongly supported clade (100%) consists 
of Balsaminaceae as sister to a clade (74%) of Marcgraviaceae/Pellicieraceae/ 
Tetrameristaceae. Another strongly supported clade (100%) comprises Muesu (Myr- 
sinaceae) as sister to a well-supported clade (87 %) of Theophrastaceae/Primulaceae. 
Included within a strongly supported Primulaceae (1 00%) is Ardkiu (Myrsinaceae) as 
sister to Anagalis. The relationships of Myrsinaceae, Primulaceae and Theophrastaceae 
need detailed attention because the two former families do not appear to be 
monophyletic as currently circumscribed. Muesu in particular is morphologically out 
of place within Myrsinaceae (Anderberg, Stahl & Kallersjo, 1998). Diapensiaceae 
form a moderately supported clade (7 1 Yo) with Styracaceae (including Halesiaceae). 
Theaceae s.1. do not form a clade in our analysis. Although Eulya and Tmstroemia, 
treated as Ternstroemiaceae in the APG (1998) classification, from a strongly 
supported (97%) group, Cumlliu of Theaceae S.S. is not closely related to these genera 
in the shortest trees obtained, and Aster~pbu, treated as Asteropeiaceae (APG, 1998), 
falls in Caryophyllales. The last commonly recognized subfamily of Theaceae, 
Bonnetioideae, falls into Malpighiales next to Clusiaceae and Hypericaceae (Sa- 
volainen et ul., 2000b) Relationships within Ericales are in general agreement with 
earlier studies (e.g. Olmstead eta& 1993; Kron & Chase, 1993; Morton et al., 1997a). 
As in Malpighiales, the first few branches within the clade are short (3-7 steps; Fig, 
lOB), none of these has jackknife support >5o0/o, and some of these are not consistent 
in all shortest trees. 

Euasterid I. This large group of asterids comprises a trichotomy in the jackknife 
consensus tree (Fig. 11A): (1) Oncothecaceae (55%), (2) Garryales and (3) a large, 
well-supported monophyletic group (99"/0) consisting primarily of three well-sup- 
ported orders, Lamiales (99O/o), Gentianales (1 00%) and Solanales (96%), plus 
Vahliaceae and Boraginaceae. In the shortest trees obtained, Garryales and On- 
cothecaceae are successive sister groups to the large Lamiales/Gentianales/Solanales 
clade. 

Icucina is sister to the remaining Garryales. Icacinaceae are shown here to be 
diphyletic in that the other two representatives of the family sampled (Gonocayurn, 
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Imigbailey) are part of eurasterid I1 (see below). Cardiopteridaceae (with a single 
genus PeripQgium) and the euasterid I1 members of Icacinaceae form a clade 
(Savolainen et al., 2000b), so no new family will need to be described to clarify this 
taxonomic issue. Periprygiurn closely resembles Icacinaceae (Cronquist, 198 l), and 
both are clearly asterid in their characters: production of iridoid compounds, 
haplostemonous flowers typically with fused corolla (often forming a long floral tube) 
and unitegmic, tenuinucellate ovules. They are clearly not related to Celastraceae, 
with which they have been associated in many systems, and merit more detailed 
study. The remainder of Garryales forms a clade (82%) consisting of Eucommiaceae 
as sister to a strongly supported (100%) Garryaceae/Aucubaceae. 

By far the largest clade of euasterid I comprises Lamiales, Gentianales and 
Solanales. Although the monophyly of each of these three subclades is strongly 
supported, relationships among them do not have jackknife support 250% (Fig. 
1 1A). In the shortest trees (Fig. 1 IB), Vahliaceae and then Boraginaceae consistently 
appear as immediate sister groups to Lamiales, followed by Solanales and then 
Gentianales. Placements of both Vahliaceae and Boraginaceae have been variable 
in previous analyses. Vahliaceae have often appeared (as in this analysis) as sister 
to Lamiales based on individual genes (e.g. Morgan & Soltis, 1993; Chase et al., 
1993; Soltis & Soltis, 1997). In contrast, Boraginaceae appeared as part of Solanales 
in some recent analyses, such as those based on rbcL sequences (e.g. Chase et al., 
1993; Savolainen et al., 2000a, b); as with Vahliaceae, Boraginaceae were placed 
without specific alliance to order as members of euasterid I by APG (1998). A 158- 
taxon, four-gene analysis (Albach et al., in press) revealed identical relationships of 
Vahliaceae and Boraginaceae to Lamiales but again without support 2 50%. Both 
this study and that of Albach et al. have increased sampling of Solanales, Gentianales 
and Lamiales compared to earlier analyses. Other studies have also not placed 
Boraginaceae within Solanales: atpB (Savolainen et al., 2000a) and 18s rDNA (Soltis 
& Soltis, 1997). 

Although Lamiales form a well-supported clade, few relationships within the order 
receive support 250% other than the monophyly of a few families, such as 
Gesneriaceae, Acanthaceae and Lentibulariaceae. Even with sequences of three 
genes, the branches within this clade are very short (1-9 steps; Fig. 1 lB), so a great 
deal more sequence data will be needed before relationships in Lamiales can be 
confidently estimated. Lamiaceae, including Callicarpa (formerly Verbenaceae), are 
a strongly supported lineage (86%). Other members of Verbenaceae (Vmbma, Lantana) 
from a distinct, well-supported clade. Members of Scrophulariaceae sampled form 
several, separate clades. One such clade with weak support (5 1 Yo) includes Anthi- 
rrhinum, Dtgztalis, Callitriche (Callitrichaceae) and Plantago (Plantaginaceae). Vibascum 
and Scrophularia form a separate well-supported (100%) clade. These results for 
Scrophulariaceae and Lamiaceae plus Verbenaceae are in agreement with the results 
of more focused analyses involving many more taxa (e.g. WagstafF & Olmstead, 
1997; Olmstead & Reeves, 1995; Reeves & Olmstead, 1998); readers should consult 
these papers for a more comprehensive look at these families. What is clear from 
these results is that a complete overhaul of families in Lamiales is required. After 
the analyses were completed, we discovered that the terminal labelled as 'Phylu' was 
composed of hybrid set of sequences; it contained an atpB sequence of Peduularis, 
whereas those for rbcL and 18s rDNA were from Phyla; however, removing the atpB 
sequence and replacing it with question marks did not change the placement of this 
terminal. 
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Gentianales consist of a weakly supported Rubiaceae (58%) that is sister to a 
clade (78%) of Gentianaceae as sister to Loganiaceae/Apocynaceae. Lkbpetalanthus, 
usually Dialypetalanthaceae, falls either as sister to Rubiaceae with weak support in 
the jackknife consensus tree or as sister to the whole of Gentianales, as in the shortest 
trees found. After this analysis was completed, it was discovered that the rbcL 
sequence used for Diabpetalanthus was a chimera of two sequences: the front half 
(700 bp) is fiom fibpetalanthus, whereas the second half of the sequence was from 
an unknown contaminating angiosperm DNA. This mix-up is probably the reason 
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that the shortest trees and the jackknife tree disagree. As noted earlier, because of 
the length of time required to conduct rigorous phylogenetic analyses of such a 
large data set, we did not feel it necessary to repeat our analyses with a corrected 
sequence. We now have a complete rbcL sequence for Dialypetalanthus, and it falls 
deeply into Rubiaceae, which eliminates the need for a separate family (Fay et al., 
in press). Solanales comprise a well-supported (99Y0) family pair of Montiniaceae/ 
Hydroleaceae as sister to a broadly defined Solanaceae that includes Nolana (some- 
times placed in Nolanaceae). 

Euasterid I1 Euasterid I1 consists of well-supported Aquifoliales (96%) as sister to a 
second large clade (97%) that contains all remaining members of euasterid I1 (Fig. 
12A). This second clade within euasterid I1 comprises three major subclades that 
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are well supported, Apiales (loo%), Dipsacales (86%) and Asterales (95%), as 
well as several taxa for which the closest relatives have >50% jackknife support, 
Eremosynaceae/Escalloniaceae and Bruniaceae. 

Following APG (1 998), Aquifoliales consist of Phyllonomaceae, Helwingiaceae 
and Aquifoliaceae, which form a well-supported clade (1 00%). Our study also reveals 
that two members of Icacinaceae, Inningbaileyea and Gonoca?yum, are sister to this 
clade. As noted above, Icucina, a third genus of Icacinaceae sampled here, is part of 
eurosid I. Together, Phyllonomaceae, Helwingiaceae, Aquifoliaceae and 
Iruingbaileyea/GonocagJum (Icacinaceae) form a well-supported Aquifoliales s.Z. clade 
(96%); in hture revisions of the APG classification, a broader circumscription of 
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Aquifoliales that includes some members of former Icacinaceae (probably to be 
called Cardiopteridaceae; see above; Savolainen et al., 2000b) seems warranted. 

Dipsacales consist of Adoxaceae as sister to a well-supported clade (100%) of 
Valerianaceae, Linnaeaceae, Caprifoliaceae and Dipsacaceae (see also Donoghue et 
al., 1992). Valerianaceae are sister to a clade (80%) of Abelia (Linnaeaceae), which 
is in turn sister to a moderately supported (65%) Capdoliaceae/Dipsacaceae. Our 
results for Dipsacales are in general agreement with those of Backlund and Bremer 
(1 997), who discuss these relationships in more detail. 

Adoxaceae represent another example of the value of this three-gene matrix in 
placing problematic families. Adoxaceae were considered a family of uncertain 
position (AF'G, 1998), but this three-gene analysis provides strong support (86%) for 
the inclusion of Adoxaceae within Dipsacales. 

Apiales consist of Griseliniaceae and Melanophyllaceae as sisters to a strongly 
supported (100%) core clade that is a trichotomy of Pittosporaceae, Araliaceae and 
Apiaceae. These results mirror those recently reported for Apiales based on a 
thorough sampling of taxa and matK/rbcL sequence data (e.g. Plunkett, Soltis & 
Soltis, 1997). 

There is considerable phylogenetic structure within Asterales that also receives 
jackknife support 2 50% (Fig. 12A). A weakly supported clade (58%) of Rousseaceae/ 
Campanulaceae (including Lobelia) is sister to the remainder of Asterales, which form 
a weakly supported clade (61%). Within this portion of Asterales, a family pair 
(56%) of Donatiaceae/Stylidiaceae is sister to a clade (55%) of Phellinaceae, 
Alseuosmiaceae, Corokiu (Argophyllaceae) and a strongly supported clade (100%) of 
Calyceraceae/Goodeniaceae and Asteraceae. These relationships within Asterales 
agree with phylogenetic analyses that have focused on this clade or portions of it 
(e.g. Cosner, Jansen & Lammers, 1994; Backlund & Bremer, 1997). 

The relationships of EscallonzidEmosyne and Berzelia (Bruniaceae) within euasterid 
I1 do not receive jackknife support 2 50%. Escallonia (Escalloniaceae) and Eremosyne 
(Eremosynaceae) form a well-supported clade (90 YO), in agreement with previous 
analyses (e.g. Hibsch-Jetter, Soltis & MacFarlane, 1997; Soltis & Soltis, 1997). In 
the shortest trees (Fig. 12B), they appear in a clade with Apiales and Dipsacales, 
but without support 250%; this placement is in general agreement with earlier 
analyses (e.g. Hibsch-Jetter et al., 1997; Soltis & Soltis, 1997; Albach et al., in press). 
Likewise, in our shortest trees, Bmzelia also appears, along with Escallonia/Emosyne, 
in a clade with Apiales and Dipsacales. An analysis of asterids based on four genes 
( a y B ,  rbcL, ndhF, 18s rDNA) places Berzelia as sister to Escallonia/Eremosyne, with this 
small clade as the sister group to Apiales and Dipsacales (Albach et al., in press). 

PATTERNS OF SEQUENCE VARIATION 

One of the most striking aspects of this and other gene trees for the angiosperms 
is the highly uneven pattern of branch lengths. Groups that are highly divergent 
for plastid genes are also highly divergent for nuclear genes and vice versa, and this 
pattern extends as well to non-coding regions such as plastid tmL-F (Reeves et al,, 
submitted; Sheahan & Chase, 2000) and nuclear ITS (Whitten et al., 2000). Groups 
with unusual or atypical life-history strategies (e.g. parasites, mycotrophs, xerophytes, 
aquatics) seem to have higher rates of sequence divergence than close relatives with 
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more typical or ‘standard’ life histories (e.g. Nickrent et al., 1998). There are many 
such examples in the gene trees presented here, including: Ceratophyllum relative to 
all other angiosperms (Fig. 1B); Bunnannia (Burmanniaceae) relative to Tacca and 
Dioscorea (both Dioscoreaceae; Fig. 3B; Caddick et al., 2000); the whole of Ca- 
ryophyllales s.1. and other orders (rbcL, for example, can be used at the species level 
within Droseraceae and Plumbaginaceae; Williams et al., 1994; Lled6 et al., 1998; 
Fig. 3B); Stacwlousia and S$honodon (Celastraceae; Fig. 7B); Marathmm (Podostemaceae) 
and Clusiaceae (Fig. 8B); Hydrostuhys and Hydrangeaceae (Fig. 1 OB); Callitriche and 
other members of its clade of Scrophulariaceae (Fig. 11B); and Nymphoides and 
Mmyanthes (Menyanthaceae; Fig. 1 2B). Molecular evolution is clearly not consistent 
across all lineages of the angiosperms; it is much faster in taxa that have undergone 
reorganization of vegetative organs, leaving the impression that both morphological 
and molecular evolution experience episodic bursts in parallel. 

Apart from such exceptional cases, there is also evidence that change at some 
loci is nearly clock-like or ‘quasi-ultrametric’ (Albert et al., 1994). If the genes of 
most taxa are evolving at nearly constant rates over time, then we must also seek a 
biological explanation for the mixture of long and short branches that mark the 
major groups of taxa (i.e. clades such as euasterid I, eurosids and asterids, clades 
recognized as orders and families, as well as intrafamilial clades, e.g. Jansen & Kim, 
1996; Cameron et al., 1999; Richardson et al., in press). The general pattern is 
indicative of episodic phyletic radiations (short branches) producing lineages that 
exist for long periods (long branches), followed by another phyletic burst, and so 
on. This contrasts with the red algae (Freshwater et al., 1994), in which the pattern 
of change in rbcL across all branches gives the appearance of slow and clock-like 
lineage production without the periodic ‘starbursts’ present in the angiosperm tree. 
This difference could be due simply to differences in patterns of speciation between 
marine (stable) and terrestrial (unstable) environments or reflect differences in the 
complexity of both the organisms and their interactions with other organisms. 
Whatever the reasons, the uneven pattern of nucleotide change exists and begs for 
an explanation. 

PATTERNS OF EVOLUTION 

We have not sampled intensively within families, and so it is on this effectively 
lowest taxonomic category present in these trees we will first focus. If one examines 
the complete range of morphological/anatomical/biochemical characters that exist 
within the angiosperms, then it quickly becomes apparent that many possible 
combinations of angiosperm traits do not exist or are rare. For example, the 
combination of two whorls of five perianth parts with stamens arranged in a spiral 
does not exist (although the reverse does in a few genera of Kiggelariaceae in tribe 
Erythrospermeae), and the combination of unitegmic/tenuinucellate ovules and 
diplostemonous flowers is largely unknown outside of Santalales, in which a large 
range of variability in these and other characters exists (Santalales are difficult to 
place using DNA sequences as well; see above section on Santalales). Clades that 
systematists have named ‘families’ are highly canalized in their traits, which is of 
course one of the reasons why they have a long history of being recognized as 
some form of higher taxonomic category. Most families are easily and accurately 
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diagnosable with multiple characters (there are notable exceptions, Flacourtiaceae, 
for example, and the single-character families that were artificially circumscribed in 
Lamiales, Liliales and Asparagales), and they have been equally easy to identlfy in 
molecular systematic studies. In most cases, one gene (typically r6cL) contained 
enough variable sites to ‘find’ the great majority of families. 

The reason why most angiosperm families have been easy to find in DNA studies 
is that they are marked by the ‘long branch‘ portions of the angiosperm tree. For 
example, within Zingiberales (Fig. 4B) all of the families recognized on morphological 
grounds have long branches and have been easily identified by DNA studies (e.g. 
Smith, Kress & Zimmer, 1993). The sister-family pairs Costaceae/Marantaceae 
differ by 48 assessed substitutions and Cannaceae/Zingiberaceae differ by 170, 
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Figure 12. See caption on facing page. 

whereas the two pairs of families, Costaceae/Marantacea and Cannaceae/Zin- 
giberaceae, differ by only 16; the families are clearly separated, but the sets of 
families are not. This same sort of pattern occurs throughout the angiosperms at 
this level in the hierarchy. Those lineages that we recognize as families are not a 
random division of morphological/anatomical possibilities, and the fact that these 
taxonomic categories and longer branches coincide is not due to chance. They are 
the result of the canalization of suites of traits within lineages over long periods of 
time; thus, they are as easy to find with DNA data as they generally are with 
morphological data because they have existed long enough to have accumulated a 
large number of substitutions. 

This same pattern also is evident at deeper levels within the angiosperms. For 
example, within the eurosid I clade (Fig. 7B), we observe that detecting clades that 
correspond to recognized orders has been relatively straightforward; nearly all of 
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these were obvious in the first large analysis of rbcL data (Chase et al., 1993). The 
APG classification of families arranged in orders was largely a simple matter of 
naming well-supported groups, and the well-supported groups are those with long 
branches. Regardless of the hierarchical level at which they were recognized, these 
were easily found with a minimal amount of DNA data. However, above the level 
of family (which are also well-supported) there are generally few other levels within 
most of these orders that we could confidently name because the branches are short 
and cannot be ‘found‘ with even three genes. For example, branch-length patterns 
and support within Malpighiales and Ericales (Figs 8, 10) are repeated in nearly all 
the clades recognized as orders. Many orders are not as poorly resolved internally 
in the jackknife tree as are Malpighiales and Ericales, but the pattern of groups with 
95-100% jackknife support tracks branch length, and branch lengths track in a 
most uncanny way clades that have long been recognized as families and then again 
larger sets of families (which the APG system, 1998, recognized as orders). 

Family names have therefore been assigned to groups with canalized suites of 
traits, most of which are easily observed with the unassisted eye, but those clades 
recognized as orders are not so easily diagnosed morphologically; many of the orders 
recognized on the basis of DNA studies were not present in any previous classification 
based on morphology. The reason for this could be fact that the phyletic radiation 
that produced clades we recognize as orders has been obscured by the subsequent 
radiations that produced clades we recognize as families, producing a ‘saturation’ 
of morphological characters that is similar to the way that highly variable base 
positions in genes can be saturated and become difficult to sort out at great 
phylogenetic distances. Larger clades corresponding to the higher categories (e.g. 
eurosids and euasterids) are even more difficult to decipher morphologically for the 
same reason: phyletic radiations are working with the same suites of gross mor- 
phological traits that interact with the environment. Perhaps the evidence for the 
existence of the earlier phyletic radiations can be found in characters that have not 
been widely used in higher-level angiosperm classification, such as biochemical 
pathways, developmental traits and micromorphological details. These traits cannot 
be observed without technological assistance, and assessing them in any statistically 
meaningful percentage of taxa is a lengthy and expensive undertaking. Only rarely 
do we have a clear picture of synapomorphies for clades recognized as orders and 
higher categories (still recognized here informally; i.e. eurosids, etc.); for example, 
mustard-oil synthesis for Brassicales (Rodman et al., 1993) and mucilage in special 
cells, cavities or canals for Malvales (Nandi et al., 1998). With our present knowledge, 
we have little idea of the potential synapomorphies that may exist for many orders 
(Nandi et al., 1998). 

Fortunately, DNA sequencing is neither time consuming nor expensive with 
automated technology, so systematic botanists and other evolutionary biologists have 
a much better chance of detecting these patterns, but until we produced multiple, 
large nucleotide data sets we could not have predicted how congruent nor consistent 
phylogenetic and branch-length patterns would be. We suggest that patterns of 
change in molecules and morphology (broadly defined) are correlated. Deep-level 
clades are canalized lineages that represent the end products of periodic rapid bursts 
of reorganization of gross morphology. The causes of these episodes are unknown 
but of great evolutionary significance. Our best chance of understanding such 
phenomena is closely tied to how accurate our estimates of relationships of these 
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taxa are, and we hope that congruent independent and well-supported combined 
data sets will be the means to this end. 

FUTURE PROSPECTS 

The resolution and support of relationships revealed by this three-gene analysis 
based on 567 taxa represent a dramatic improvement over previous analyses, which 
were all based on fewer taxa and either one data set (e.g. Chase et al., 1993; Soltis 
et al., 1997a) or two data sets combined (e.g. Nandi et al., 1998; Savolainen et al., 
2000a). Much of the big picture of angiosperm phylogeny is now well resolved and 
well supported. Future work should concentrate on the following key issues. 

Several major questions of angiosperm phylogeny remain at higher levels, and a 
number of these involve relationships within the noneudicots. Although the initial 
branching order in the angiosperms now appears well established with strong support 
(Mathews & Donoghue, 1999; Parkinson et al., 1999; Qiu et al., 1999), additional 
studies are also needed to ascertain relationships among the six subclades of 
eumagnoliids: Chloranthales, monocots, Piperales, Laurales, Winterales and Mag- 
noliales. The placement of Ceratophyllaceae also remains a major question. Within 
the monocots, the relationships of the orders within the commelinoids are uncertain, 
as are the relationships of the orders Asparagales, Dioscoreales, Liliales and Panda- 
nales. 

The relationships among the six major clades of core eudicots also require further 
data collection to resolve. The current three-gene analysis essentially depicts 
a polytomy among six subclades: ( 1) Berberidopsidales (Berberidopsidaceae/ 
Aextoxicaceae), (2) Gunnerales (Gunneraceae/Myrotharnnaceae), (3) Saxifragaled 
Vitaceae/eurosids, (4) Santalales, (5) Dilleniaceae/Caryophyllales and (6) asterids. 
Within some of the larger eudicot clades, relationships among some of the orders 
also require clarification. For example, within eurosid I, the relationship among 
Rosales, Fabales and Cucurbitales/Fagales requires study. The relationships of 
Geraniales, Crossosomatales and Myrtales to the other eurosid orders are also not 
determined with confidence. 

Most of these large-scale questions can best be addressed via the sequencing of 
additional genes-in many of these cases, it may not be necessary or desirable to 
add more taxa. Several sequencing efforts are presently underway to resolve 
phylogenetic relationship within the noneudicots; the entire 26s rDNA and two 
mitochondrial genes are now being sequenced. The phylogenetic utility of 26s 
rDNA sequence data in the angiosperms has recently been demonstrated (Kuzoff et 
al., 1998; Fishbein et al., in press). Sequencing of the entire 26s rDNA, or perhaps 
only a portion of this large gene (approx. 3400 bp in length), may be useful in 
resolving relationships among the clades of eumagnoliids, as well as among the core 
eudicots. 

On a finer scale, the composition of several proposed orders of angiosperms 
needs clarification, such as the relationship of Boraginaceae to Solanales and the 
circumscription of Crossosomatales. Addressing these questions may require more 
focused analyses of euasterid I and eurosid 11, respectively; these analyses also require 
the addition of characters (e.g. additional gene sequence data), and might also 
benefit from the addition of taxa. For example, additional genera of Boraginaceae 
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could be included to help place this family. Similarly, clarifying the circumscription 
of Geraniales may require the addition of more representatives of Staphyleaceae. 

The relationships of a number of enigmatic families remain uncertain (APG, 
1998). Most of these small families have been rarely studied and have not been 
included in the large phylogenetic analyses conducted to date. This three-gene 
analysis, and other recent studies involving the rbcL and 18s rDNA data sets, have 
demonstrated the great value of obtaining sequence data for these problematic 
groups and then adding those sequences to the large data base currently available. 

Lastly, these phylogenetic trees for angiosperms and the consequent reclassification 
of flowering plants should play a pivotal role in comparative studies in diverse fields 
from ecology to molecular evolution (Soltis, Soltis & Chase, 1999). The well resolved 
and strongly supported topology shown here provides the framework needed for 
evolutionary examination of a diverse array of traits in a phylogenetic context. 

ACKNOWLEDGEMENTS 

This research was supported in part by NSF grants DEB-9707868 to P. S. Soltis 
and D. E. Soltis and DBI-9512890 to P. S. Soltis, D. E. Soltis, J. N. Thompson, 
and L. Hdord ,  and DEB 959601 1 to S. B. Hoot. We also thank the numerous 
individuals and botanical gardens that supplied plant material used in this study. 

REFERENCES 

Airy Shaw HK. 1985. Diagnoses of new families, new names, etc. for the seventh edition of Wills’ 
‘Dictionary’. Kew Bulbtin 1 8  249-273. 

Albach DC, Soltis PS, Soltis DE, Olmstead RG. 2OOO. Phylogenetic analysis of the Asteridae s.1. 
using sequences of four genes. Annals ofthe Missouri Botanical Garden, in press. 

Albert VA, Backlund A, Bremer K, Chase MW, ManhartJR, Mishler BD, Nixon KC. 1994. 
Functional constraints and rbcL evidence for land plant phylogeny. Annals ofthe Missouri Botanical 
Garden 81: 534-567. 

Alverson WS, Karol KG, Baum DAY Chase MW, Swensen SM, McCourt R, Sytsma KY. 
1998. Circumscription of the Malvales and relationships to other Rosidae: evidence from rbcL 
sequence data. American Journal of Botany 85: 876-887. 

Anderberg M., Stahl By Kaulersjii M. 1998. Phylogenetic relationships in the Primulales inferred 
from rbcL sequence data. Plant $stemutics and Evolution 211: 93-102. 

APG. 1998. An ordinal classification for the families of flowering plants. Annals ofthe Missouri Botanical 

Baas P, Geesink R, van Heel WAY Muller HJ. 1979. The affinities of Plagioptnon suaveolens Griff. 
(Plagiopteraceae). Gana 1 8  69-89. 

Backlund A, Bremer B. 1997. Phylogeny of the Asteridae s. str. based on rbcL sequences, with 
particular emphasis to the Dipsacales. Plant Systematics and Evolution 207: 225-254. 

Bakker FT, Vassiliades DD, Morton CM, Savolainen V, 1998. Phylogenetic relationships of 
Bibersteinia Stephen (Geraniaceae) inferred from rbcL and atpB sequence comparisons. Botanical 
Journal Linnaean So&& 127: 149-158. 

Bayer C, Chase MW, Fay MF’. 1998. Muntingiaceae, a new family of dicotyledons with malvalean 
affinities. l i o n  47: 37-42. 

Bayer C, Fay MF, deBruijn AY, Savolainen V, Morton CM, Kubihki K, Chase MW. 1999. 
Support for an expanded family concept of Malvaceae within a recircumscribed order Malvales: a 
combined analysis of plastid atpB and rbcL sequences. Botanical Journal of the Linnean So&& 129 

Garden, 85: 531-553. 

‘ 

267-303. 



ANGIOSPERM PHYLOGENY 43 I 

Bernhard A. 1999. Flower structure, development, and systematics in Passifloraceae and in Abatia 
(Flacourtiaceae). International Journal $Plant SGimce 160: 135-1 50. 

B d t t ,  RK, Banks H, Johnson MAT, Doherty KAY Jones K, Chase MW, Rudall PJ. 
1998. Taxonomy of Cyanastroideae (Tecophilaeaceae): a multidisciplinary approach. Km Bulletin 
53: 769-803. 

Caddick LR, Rudall PJ, Wilkin P, Chase MW. 2000. Yams and their allies: systematics of 
Dioscoreales. In: Wilson KL, Morrison DA, eds. Monocots: systematics and evolution. Colliigwood 
Victoria, Australia, CSIRO Publishing, 475487. 

Cameron KM., Chase MW, Whitten WM, Kores PJ, Jarrell DC, Albert VA, Yukawa T, 
Hills HG, Goldman DH. 1999. A phylogenetic analysis of the Orchidaceae: evidence from rbcL 
nucleotide sequences. American Journal ofBotuny 86: 208-224. 

Chase MW, Albert VA. 1998. A perspective on the contribution of plastid rbcL DNA sequences to 
angiosperm phylogenetics. In: Soltis DE, Soltis PS, Doyle JJ, eds. Molecular systematics ofplants II: 
DNA sequencing. Boston: Kluwer, 488-507. 

Chase MW, Cox AV. 1998. Gene sequences, collaboration, and analysis of large data sets. Australian 

Chase MW, Morton CM, Kallunki J. 1999. Molecular phylogenetics of Rutaceae: evidence from 
combined plastid atpB and rbcL. American Journal of Botuny 86: 1191-1 199. 

Chase MW, Soltis DE, Olmstead RG, Morgan D, Les DH, Mishler BD, Duvall MR, Price 
RAY Hills HG, Qiu YL, Kron KA, Rettig JH, Conti E, PalmerJD, Manhart JR, Sytsma 
YJ, Michael w, Kress WJ, Karol KG, Clark WD, He&n My Gaut BS, Jansen RK, Kim 
YJ, Wimpee CF, SmithJF, Furnier GR, Strauss SHY Xiang QY, Plunkett GM, Soltis PS, 
Swensen SM, Williams SE, Gadek PA, Quinn CJ, Egui&e LE, Golenberg E, Learn Jr. 
GH, Graham SW, Barrett SCH, Dayanandan S, Albert VA. 1993. Phylogenetics of seed 
plants: an analysis of nucleotide sequences from the plastid gene rbcL. Annals ofthe Missouri Botanical 
Garden 80: 528-580. 

Chase MW, Soltis DE, Soltis PS, Rudall PJ, Fay MF, Hahn WJ, Sullivan S, Joseph J, 
Molvray My Kores PJ, Givnish TJ, Sytsma q, Pires JC. 2000. Higher-level systematics of 
the monocotyledons: an assessment of current knowledge and a new classification. In: Wilson KL, 
Morrison DA, eds. Monocats: systematics and evolution. Collingwood Victoria, Australia, CSIRO 

Chase MW, Stevenson DW, Wilkin P, Rudall PJ. 1995. Monocotyledon systematics: a combined 
analysis. In: Rudall PJ, Cutler DF, Humphries CJ, eds. Monocogledons: systematics and evolution. Kew: 
Royal Botanic Gardens, 685-730. 

Chaw S-My Sung H-My Long H, Zharkikh A, Li W-H. 1995. The phylogenetic positions of the 
conifer genera Amentotauus, PhyllocMus, and Nq& inferred from 18s rRNA sequences. Journal of 
Molaular Evolution 41: 224-230. 

Chaw S-My Long H, Wang B-S, Zharkikh A, Li W-H. 1993. The phylogenetic position of 
Taxaceae based on 18s rRNA sequences. Journal ofMoleMllar Evolution 37: 624-630. 

Conti E, Fischback A, Sytsma KJ. 1993. Tribal relationships in Onagraceae: Implications from 
rbcL sequence data. Annals ofthe Missouri Botanical Garden 80: 672-685. 

Conti E, Litt A, Sytsma YJ. 1996. Circumscription of Myrtales and their relationships to other 
rosids: evidence from rbcL sequence data. AmericanJournal OfBotany 8 3  221-233. 

Cosner ME, Jansen RK, Lammers TG. 1994. Phylogenetic relationships in the Campanulales 
based on rbcL sequences. Plant systematics and Evolution 190: 79-95. 

Cronquist A. 1981. An integrated gstem ofclasssfication OfJloweringplants. New York Columbia University 
Press. 

Cullings KW. 1992. Design and testing of a plant-specific PCR primer for ecological and evolutionary 
studies. Molenrlar Ecology 1: 233-240. 

Dahlgren R. 1975. The distribution of characters within an angiosperm system. I. Some embryological 
characters. Botuniska NoNociser 128 181-197. 

De Wilde WgO. 1971. The systematic position of tribe Paropsieae, in particular the genus Ancishuthyrsus, 
and a key to the genera of Passifloraceae. Blumea 1 9  99-104. 

Doyle JAY Endress PK. 2000. Morphological phylogenetic analysis of basal angiosperms: comparison 
and combination with molecular data. InternationalJournal ofplant SGiences (in press). 

Donoghue IyI, Doyle JA. 1989. Phylogenetic analysis of angiosperms and the relationships of 
Hamamelidae. In: Crane PR, Blackmore S, eds. Evolution, gstematics, andfosil hisby $the Hamamelidae. 
Oxford: Clarendon Press, 17-45. 

sysfrmatic Botany 11: 215-229. 

Publishing, 3-16. 



432 D. E. SOLTIS ETAL. 

Donoghue MJ, Olmstead RG, SmithJF, PalmerJD. 1992. Phylogenetic relationships of Dipsacales 

Doyle n, Doyle JL. 1987. A rapid DNA isolation procedure for small quantities of fresh leaf tissue. 

Doyle JA, Endress PK. 2000. Morphological phylogenetic analysis of basal angiosperms: comparison 
and combination with molecular data. International Journal ofplant scimces (in press). 

Duvall MR, Clegg MT, Chase MW, Clark WD, Kress WJ, Hills HG, Eguiarte LE, Smith 
JF, Gaut BS, Zimmer EA, Learn Jr, GH. 1993. Phylogenetic hypotheses for the monocotyledons 
constructed form rbcL sequences. Annals ofthe Missouri Botanical Garden 80: 607419. 

Farris JS, Albert VA, IZtlllersj6 M, Lipscomb D, Kluge AG. 1996. Parsimony jackknifing 
outperforms neighbor-joining. CMktics 12: 94-1 24. 

Fay MF, Swensen SM, Chase MW. 1997. Taxonomic affinities of Medusagym oppositifolia (Me- 
dusagynaceae). Kew Bulktin 52: 1 11-120. 

Fay MF, Bayer C, Alverson W, de Bruijn AY, Swensen SM, Chase MW. 1998. Plastid rbcL 
sequences indicate a close affinity between Diegodendmn and Bira. Tmon 47: 43-50. 

Fay MF, Bremer By Prance GT, van der Bank M, Bridson D, Chase MW. 2000. Plastid rbcL 
sequence data show hhpetulanthus to be a member of Rubiaceae. Kew Bulktin, in press. 

Fay MF, Rudall PJ, Sullivan S, Stobart KL, de Bruijn AY, Reeves G, Qamaruz-Zaman F, 
Hong W-P, Joseph J, Hahn WJ, Conran JG, Chase MW. 2000. Phylogenetic studies of 
Asparagales based on four plastic DNA loci. In: Wilson IU, Morrison DA, eds. Monocots: ystematics 
and evolution. Collingwood Victoria, Australia, CSIRO Publishing, 360-37 1. 

Fishbein My Kibsch-Jetter C, Soltis DE, Hufford L. 2000. Phylogeny of Saxifragales (Angiosperms, 
Eudicots): analysis of a rapid ancient radiation. Sytematic Biology (in press). 

Freshwater DW, Fredencq S, Butler BS, Hommersand MH, Chase MW. 1994. A gene 
phylogeny of the red algae (Rhodophyta) based on plastid rbcL. Apceediqs ofthe National Academy of 
ScienccS, USA. 91: 7281-7285. 

Gadek PA, Fernando ES, QuiM CJ, Hoot SB, Terrazas T, Sheahan MC, Chase MW. 1996. 
Sapindales: molecular delimitation and infraordinal groups. American journal of Botany 8 3  802-8 1 1. 

Goloboff P. 1993. Pee- Wee and NONA. Computer progams and documentation. New York. 
Graur D, Duret L, Gouy M. 1996. Phylogenetic position of the order Lagomorpha (rabbits, hares 

and allies). Ndun 379: 333-335. 
Graybeal A. 1998. Is it better to add taxa or characters to a difficult phylogenetic problem?Syshatic 

Biology 47: 9- 17. 
Hempel AL, Reeves PA, Olmstead RG, Jansen RK. 1995. Implications of rbcL sequence 

data for higher order relationships of Loasaceae and the anomalous aquatic plant Hydmstachys 
(Hydrostachyaceae). Plant Systematics and Evolution 194: 25-37. 

Hershkovitz M, Hahn WJ, Zimmer EA. 1999. Ribosomal DNA evolution and plant systematics. 
In: Hollingsworth P, Baternan R, Gornall R, eds. Advances in plant molecular ystematics. London: 
Taylor & Francis, 268-326. 

Hibsch-Jetter C, Soltis DE, MacFarlane TD. 1997. Phylogenetic analysis of Emosyne pectinata 
(Saxifragaceae s. 1.) based on rbcL sequence data. Plant Systematics and Evolution 204: 225-232. 

Hillis DM. 1996. Inferring complex phylogenies. Natun 383: 130. 
Hillis DM, HuelsenbeckJP, Swofford DL. 1994. Hobgoblin of phylogenetics?Nature 369: 363-364. 
Hoot SB, Crane PR. 1995. Inter-familial relationships in the Ranunculidae based on molecular 

systematics. Plant Syskmatics and Evolution 9: 1 19-1 3 1. 
Hoot SB, Culham A, Crane PR. 1995a. The utility of atpB gene sequences in resolving phylogenetic 

relationships: Comparison within rbcL and 18s ribosomal DNA sequences in the Lardizabalaceae. 
Annals ofthe Mirsouri Botanical Garden 82: 194-207. 

Hoot SB, Culham A, Crane PR. 1995b. Phylogenetic relationships of the Lardizabalaceae and 
Sargentodoxaceae: Chloroplast and nuclear DNA sequence evidence. Plant @sternatics and Evolution 

Hoot SB, Kadereit JW, Blattner FR, Jork KB, Schwarzbach AE, Crane PR. 1997. Data 
congruence and phylogeny of the Papaveraceae s.1. based on four data sets: atpB and rbcL sequences, 
tmK restriction sites, and morphological characters. S y s t m d c  Botany 22: 575-590. 

Hoot SB, Megallon S, Crane PR. 1999. Phylogeny of basal eudicots based on three molecular 
datasets: apB, rbcL, and 18s nuclear ribosomal DNA sequences. Annals of& Missouri Botanical Gardm 

based on rbcL sequences. Annals ofthe Missouri Botanical Garden 79  333-345. 

Phytochemirhy Bulktin 1 9  11-15. 

9 (Suppl.): 195-199. 

86: 1-32. 
Hutchinson J, 1967. The genera ofj7owm'q plants, vol. 2. Oxford: Clarendon Press. 



ANGIOSPERM PHYLOGENY 433 

Jansen RK, Kim K-J. 1996. Implications of chloroplast DNA data for the classification and phylogeny 
of the Asteraceae. In: Hind DJN, Beentje H, eds. Compositue: systematics. Proceedings of the 
International Compositae Conference, Kew. Vol. 1. Kew: Royal Botanic Gardens, 31 7-339. 

Johnson LA, Soltis DE, Soltis PS. 1999. Phylogenetic relationships of Polemonkxeae inferred from 
18s ribosomal DNA sequences. Plant Systematics and Evolution 214: 65-89. 

Judd WS, Manchester SR. 1997. Cicumscription of Malvaceae (Malvales) as determined by a 
preliminary cladistic analysis of morphological, anatomical, palynological, and chemical characters. 
Brittonia 49: 384-405. 

Keating RC. 1973. Pollen morphology and relationships of Flacourtiaceae. Annals of the Mis~ouri 
Botanical Garden 60: 273-305. 

Koontz JAY Soltis DE. 1999. DNA sequence data reveal polyphyly of Brexioideae (Brexiaceae: 
Saxifragaceae sensu lato). Plant Systematics and Evolution 219 199-208. 

Kron KAY Chase MW. 1993. Systematics of the Ericaceae, Empetraceae, Epacridaceae and related 
taxa based upon rbcL sequence data. Annals ofthe Missouri Botanical Garden 80: 735-741. 

Kuzoff RK, Sweere JAY Soltis DE, Soltis PS, Zimmer EA. 1998. The phylogenetic potential of 
entire 26s rDNA sequences in plants. Molecuhr Biology and Evolution 15: 25 1-263. 

Lemke DE. 1988. A synopsis of Flacourtiaceae. Aliso 12: 2943. 
Les DH, Philbrick CT, Novelo RA. 1997. The phylogenetic position of riverweeds (Podostemaceae): 

Lledb MD, Crespo MB, Cameron KM, Fay MF, Chase MW. 1998. Systematics of Plumbaginaceae 

Loconte H, Stevenson DW. 1990. Cladistics of the Spermatophyta. Bdtonia 42: 197-2 1 1. 
Mathews S, Donoghue MJ. 1999. The root of angiosperm phylogeny inferred from duplicate 

Michalowski CB, Bohnert HJ, Klessig DF, Berry JO. 1990. Nucleotide sequence of rbcL from 

Morgan DRY Soltis DE. 1993. Phylogenetic relationships among Saxifragaceae sensu lato based on 

Mort ME, Soltis PS, Soltis DE, Mabry ML. 2000. A comparison of three methods for estimating 

Morton CM, Chase MW, Kron KAY Swensen SA. 1997a. A molecular evaluation ofthe monophyly 

Morton CM, Chase MW, Karol KG. 199%. Phylogenetic relationships of two anomalous dicot 

insights from rbcL sequence data. Aquatic Botany 57: 5-27. 

based upon cladistic analysis of rbcL sequence data. Systematic Botany 23: 2 1-29. 

phytochrome genes. Science 286: 947-949. 

Amaranthur hyppochondriacus chloroplasts. Nucleic A d  Research 18: 63 1460. 

rbcL sequence data. Annals ofthe Missouri Botanical Garden 8 0  631-660. 

internal support on phylogenetic trees. Systematic Biology 49: 102-1 13 

of the order Ebenales based upon rbcL sequence data. Systematic Botuny 21: 577-586. 

genera, Physena and Astempeia: evidence from rbcL plastid DNA sequences. Botanical R& 6 3  
231-239. 

N ~ d i  01, Chase MW, Endress PK. 1998. A combined cladistic analysis of angiosperms using 
rbcL and non-molecular data sets. Annals ofthe Missouri Botanical Garden 85: 137-212. 

Nickrent DL, Duff RJ, Colwell AE, Wolfe AD, Young ND, Steiner KEY dePamphilis CW. 
1998. Molecular phylogenetic and evolutionary studies of parasitic plants. In: S o h  DE, Soltis PS, 
DoyleJ, eds. Molecular systematics ofplants II: DNA sequencitg, Boston: Kluwer, 2 I 1-241. 

Nickrent DL, Soltis DE. 1995. A comparison of angiosperm phylogenies from nuclear 18s rDNA 
and rbcL sequences. Annals of the  Missouri Botanical Garden 82: 208-234. 

Nixon K. 1999. The parsimony ratchet: a rapid means for analyzing large data sets. Cladistics 15: 
407414. 

Olmstead RG, Bremer B, Scott KM, PalmerJD. 1993. A parsimony analysis of the Asteridae 
sensu lato based on rbcL sequences. Annals ofthe Missouri Botanical Garden 8 0  700-722. 

Olmstead RG, Michaels HJ, Scott KM, Palmer JD. 1992. Monophyly of the Asteridae and 
identification of their major lineages inferred from DNA sequences of rbcL. Annals ofthe Missouri 
Botanical Garden 79: 249-265. 

Olmstead RG, Reeves PA. 1995. Evidence for the polyphyly of the Scrophulariaceae based on 
chloroplast rbcL and ndhFsequences. Annals ofthe Missouri Botanical Garden 82: 176-193. 

Parkinson CL, Adams KL, PalmerJD. 1999. Multigene analyses identify the three earliest lineages 
of extant flowering plants. Current Biologv 9 1485-1488. 

Plunkett GM, Soltis DE, Soltis PS. 1997. Clarification of the relationship between Apiaceae and 
Araliaceae based on matK and rbcL sequence data. A k a n  Journal of Botany 84: 565-580. 

Price RAY Palmer JD. 1993. Phylogenetic relationships of the Geraniaceae and Geraniales from 
rbcL sequence comparisons. Annals ofthe Missouri Bohnical Garden 80: 661-671. 

Qiu Y-L, Chase MW, Hoot SB, Conti E, Crane PR, Sytsma KJ, Parks CR. 1998. Phylogenetics 



434 D. E. SOLTIS ETAL. 

of the Hamamelidae and their allies: parsimony analyses of nucleotide sequences of the plastid 
gene rbcL. International Journal of Plant S&e 159: 89 1-905. 

Qiu Y-L, Chase MW, Les DH, Parks CR. 1993. Molecular phylogenetics of the Magnoliidae: 
cladistic analyses of nucleotide sequences of the plastid gene rbcL. Annals o f t h e  Missouri Botanical 
Gaden 8 0  587-606. 

Qiu Y-L, Lee J, Bernasconi-Quadroni F, Soltis DE, Soltis PS, Zanis M, Zimmer EA, Chen 
Z, Savolainen V, Chase MW. 1999. The earliest angiosperms: evidence from mitochondrial, 
plastid and nuclear genomes. NatuTe 402: 404-407. 

Reeves PA, Olmstead RG. 1998. Evolution of novel morphological, ecological, and reproductive 
traits in a clade containing Antirrhinum. Ame~icanJournal ofBotany 85 1047-1056. 

Renner SS. 1999. Circumscription and phylogeny of the Laurales: evidence from molecular and 
morphological data. Amnican Journal of Botany 8 6  130 1- I3 15. 

RettigJH, Wilson HD, ManhartJM. 1992. Phylogeny of the Caryophyllales-Gene sequence data. 
l a o n  41: 201-209. 

RichardsonJE, Fay MF, Cronk QCB, Bowman D, Chase MW. 2000. A molecular phylogenetic 
analysis of Rhamnaceae using rbcL and hnL-F plastid DNA sequences. Amer im Journal ofBotany, in 
press. 

RodmanJE, Price RA, Karol K, Conti E, Sytsma KJ, PalmerJD. 1993. Nucleotide sequences 
of the rbcL gene indicate monophyly of mustard oil plants. Annals ofthe Missouri Botanical Garden 80: 
68M99. 

Rodman JE, Soltis PS, Soltis DE, Sytsma KJ, Karol KG. 1998. Parallel evolution of glucosinolate 
biosynthesis inferred from congruent nuclear and plastid gene phylogenies. Ame7icanJoumal $Botany 

Rudall PJ, Furness CAY Fay MF, Chase MW. 1997. Microsporogenesis and pollen sulcus type in 

Rudall PJ., Hong W-P., Fumess CA, Conran JG, Kite G, Stobart KL, Chase MW. 2000. 
9 Consider the lilies - systematics of Liliales. In: Wilson IU, Morrison DA, eds. Monocots: vstematics 

and evolution. Collingwood Victoria, Australia, CSIRO Publishing, 347-359. 
Savolainen V, Chase MW, Hoot SB, Morton CM, Soltis DE, Bayer C, Fay MF, de Bruijn 

AY, Sullivan S, Qiu Y-L. 2000a. Phylogenetics of flowering plants based upon a combined 
analysis of plastid atpB and rbcL gene sequences. &stmatic Biolou 49: 306-362. 

Savolainen V, Fay MF, Albach DC, Backlund A, van der Bank M, Cameron KM, Johnson 
SA, Lled6 MD, Pintaud J-C, Powell M, Sheahan MC, Soltis DE, Soltis PS, Weston P, 
Whitten WM, Wurdack YJ, Chase MW. 2000b. Phylogeny of the eudicots: a nearly complete 
familial analysis based on rbcL gene sequences. X i  Bulletin 55: 257-309. 

Seelanan T, Schnabel A, Wendel J. 1997. Congruence and consensus in the cotton tribe (Malvaceae). 

Sheahan MC, Chase MW. 1996. A phylogenetic analysis of Zygophyllaceae R. Br. based on 
morphological, anatomical, and rbcL DNA sequence data. BotanicalJoumal ofthe Linnean SocieQ 122: 
279-300. 

Sheahan MC, Chase MW. 2000. Phylogenetic relationships within Zygophyllaceae based on DNA 
sequences of three plastid regions, with special emphasis on Zygophylloideae. systematic Botany 25: 

Shinwari ZK, Kato H, Terauchi R, Kawano S. 1994. Phylogenetic relationships among genera 
in the Ldiaceae-Asparagoideae-Polygonatae s.1. inferred from rbcL gene sequence data. Plant 
&stemaeics and Evolution 192: 263-277. 

85: 997-1006. 

Asparagales (Lilianae). Canadian Journal ofBotary 75: 408-30. 

Systematic Botany 22: 259-290. 

37 1-384. 

Sleumer H.1980. Flacourtiaceae. f i r a  Neohopica 22: 1499. 
SdthJF, Kress WJ, Zimmer EA. 1993. Phylogenetic analysis of the Zingiberales based on rbcL 

sequences. Annals o f t h e  Missouri Botanical Gardm 80: 620-630. 
Soltis DE, Hibsch-Jetter C, Soltis PS, Chase MW, F d s  JS. 1997b. Molecular phylogenetic 

relationships among angiosperms: an overview based on rbcL and 18s rDNA sequences. In: Iwatsuki 
K, Raven PH, eds. Evolution and dbst jcat ion oflandplants. Tokyo: Springer, 157-178. 

Soltis DE, Mort ME, Soltis PS, Hibsch-Jetter C, Zimmer EA, Morgan D. 1999. Phylogenetic 
relationships of the enigmatic angiosperm family Podostemaceae inferred from 18s rDNA and rbcL 
sequence data. Molecular Pblogmtics and Evolution 11: 261-272. 

Soltis DE, Soltis PS. 1997. Phylogenetic relationships in Saxifragaceae s.1.: a comparison of topologies 
based on 18s rDNA and rbcL sequences. Ame7icanJournal ofBotany &1: 504-522. 

Soltis DE, Soltis PS, Collier TG, Edgerton ML. 1991. Chloroplast DNA variation within and 



ANGIOSPERM PHYLOGENY 435 

among genera of the Heuchera group: Evidence for chloroplast capture and paraphyly. American 
Journal of Botany 7 8  1091-1 112. 

Soltis DE, Soltis PS, Morgan DRY Swensen SM, Mullin BC, Dowd JM, Martin PG. 1995. 
Chloroplast gene sequence data suggest a single origin of the predisposition for symbiotic nitrogen 
fixation in angiosperms. Pmceedings ofthe Nahnal Acaden.. ofsciences, U.S.A. 92: 2647-2651. 

Soltis DE, Soltis PS, Mort ME, Chase MW, Savolainen V, Hoot SB, Morton CM. 1998. 
Inferring complex phylogenies using parsimony: an empirical approach using three large DNA 
datasets for angiosperms. systematic Biology 47: 3242. 

Soltis DE, Soltis PS, Nickrent DL, Johnson LA, Hahn WJ, Hoot SB, Sweere JAY Kuzoff RK, 
Kron KAY Chase MW, Swensen SM, Zimmer EA, Chaw SM, Gillespie 41, Kress WJ, 
Sytsma yI. 1997a. Angiosperm phylogeny inferred from 18s ribosomal DNA sequences. Annals 
ofthe Missouri Botanical Garden 84: 1-49. 

Soltis DE, Xiang Q-Y, Hufford L. 1995. Relationships and evolution of Hydrangeaceae based on 
rbcL sequence data. Arneriian Journal of Botany 82: 504-5 14. 

Soltis PS, Soltis DE. 1998. Molecular evolution of 18s rDNA in angiosperms: implications for 
character weighting in phylogenetic analysis. In: Soltis DE, Soltis PS, Doyle JJ, eds. Molecular 
systm2atics ofplants II: DNA sequencing. Boston: Kluwer, 188-2 10. 

Soltis PS, Soltis DE, Chase MW. 1999. Angiosperm phylogeny inferred from multiple genes as a 
tool for comparative biology. Nature 402: 402-404. 

Swofford DL. 1998. P A U P :  Phylogenet; ana4si.s using parsimony, version 4.0. Sunderland, Massachusetts: 
Sinauer. 

Takhtajan A. 1987. system ofMagnolWfihyta. Leningrad Academy of Sciences U.S.S.R. 
Ueda K, Hanyunda T, Nakano A, Shiuchi T, Seo A, Okubo H, Hotta M. 1997. Origin of 

Podostemaceae, a marvellous aquatic flowering plant family. Plant Species Biology 110: 87-92. 
WagstafF SJ, Olmstead RG. 1997. Phylogeny of Labiatae and Verbenaceae inferred from rbcL 

sequences. systematic Botany 22: 165-1 77. 
Whitten WM, Williams NH, Chase MW. 2000. Subtribal and generic relationships of Maxillarieae 

(Orchidaceae) with emphasis on Stanhopeinae: combined molecular evidence. American Journal of 
Botany, in press. 

Wiegrefe SJ, Sytsma yI, Guries RP. 1998. The Ulmaceae, one family or two? Evidence from 
chloroplast DNA restriction site mapping. Plant ~ s t m d 2 s  and Evolution 210: 249-270. 

Wiens JJ. 1998. Combining data sets with different phylogenetic histories. systematiz Biology 47: 

Williams SE, Albert VA, Chase MW. 1994. Relationships of Droseraceae: a cladistic analysis of 
rbcL sequence and morphological data. American Journal ofBotany 81: 1027-1037. 

Xiang Q-Y, Soltis DE, Soltis PS. 1998. Phylogenetic relationships of Cornaceae and close relatives 
inferred from matKand rbcL sequences. American Journal of Botany 85: 285-297. 

Xiang Q-Y, Soltis DE, Morgan DRY Soltis PS. 1993. Phylogenetic relationships of Cornus L. sensu 
lato and putative relatives inferred from rbcL sequence data. Annals ofthe Missouri Botanical Garden 

568-58 1. 

8 0  723-734. 



D. E. SOLTIS ETAL. 

FAMILY 

Acanthacrw 

Aranthaccac 

SPECIES (atpB) VOUCHER (atpB) CITATION (atpB) EMBI. (atpB) 

Barlrria prinnitis 1.. Scotland I8 this p a p  AJ236l79 

Justicia americana (L) Vahl. Olmstead 90-01 I WTU this p a w r  A1236178 
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Actinidiarrac I Artinida rhinriisis Planrh. IKrnn2117NCU I Savolainrn et al. 2W0a I A1235382 I 
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Adoxacrae Sambucus n i m  1.. Chase 25019 K Savolainrn ct al. 20OOa v23.5591 

Mtiiceae I Mlium a~tairuin Pall. I Chaw 834 K I this DaDrr I AF209525 I 

Admareae Vihurnum iipulus 1.. Chaw 2519 K I Savolainrii el al. 2WOa v235640 

Altindacear I Altingia cxrclsa Nomnha I Hoot 9225 LJWM I Hoot rt al. 1999 IAm92103 I 

Agavacrar 

Aizimcrar 

Akaniarcar 

Altinniarrar I Liquidambar shiraritlua L. I Kron I62 NCU I Hoot ct al. 19119 IAF092104 I 
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Delosprrma rchinatum (Lam.) Srhwantc-r Chase 2599 K Savnlainrn PI al. 2MlOa AJ235452 
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Amaryllidarrar 

Amborellarcae 

Anacardiaccae 

H i p p s n u n  papilio (Ravcnnr)J. Van Srheepen Hahn 8.n. US ths pdpcr AF168924 

Amborella trirhupoda Baill. 'I'hirn 500 NCU Savolainen ei al. 2000a ql295389 

Srhinus mollc 1.. Anderson 13601 MlCH Bakker ct al. 1998 AF035914 

Arareac I Spathiphvllum wallisii Hart. I Chase 201 NCU I Savolainrti CI al. 2lHN)a I A1235606 I 

Annunarrar 

Anthrrirareae 

Aphloiarrw 

Asimina triluba (L) Dunal Q u  15 NCU this paper An09532 

Chlomphytum rnmosum Bakrr K r e s  92 3434 US this paprr AFl68894 

Aphloia Lhradormis Benn. Pranre 30804 K this paprr AF209528 

I Fairchild Troo Garden 6&129 C I tliis n a w r  

Apiacrae Melanopliylla alnifolia Baker Schan 355" M O  h i p  paper AF21)96'25 

Arwaceae I Iriartea drltoidra Ruiz & Pavon I ~ r i f o  s.n. WIS I this v a w r  

A p y n a r r a r  

Arerarrae MPtmxylon virirnsr (H.A. Wendl.) I Fairchild Trop Garden 89-197 I thig paper 
Benth. &.J.D. Hook. 

Aporynum andmsarmifolium L. 1 Siiltis & Soltis 2534 WS I this paper .W20952!) 

Areraceac I Phoenix canarirnsis Chabaud I Chase 1396 K I this Dancr I AF209fi52 I 

Aponogrtonaceae 

Aquifoliacrae 

Aracrae 

Aponqeton rltingatus Benth. Hahn s.n., WIS this paper AF168887 

llex rrenau Thunb. Chasr I19 NC:U Savnlainrn rt al. 2000a AJ2355f12 

Gymnostarhyr antrps R. Br. Krco 92-3417, US this paixr AF168915 

Araliacear 
~ 

Dclarbrea michirana F. v. MuPII. Plunkrtr 1366 WS this paprr 4 2 3 6 2  I I 

Araliarrac Hcdera helix I.. I Chase 2749 K Savolainrn PI al. 21100a .4J235488 

Arecacrar Caryota mitis Lour. Halin 6627 WIS this p a p  AF233083 

Arerarrae Chdmaednrra airfrizii Burrct Hahn 6897 WIS I ths paper AF233083 



ANGIOSPERM PHYLOGENY 437 

SPECIES (rhrL) 

same species 

same DNA 

T. umharira  Lindau 

VOUCHERS, AND LITERATURE CITATIONS 
CITATION (rkL) EMBL (rbcL) SPECIES (18s) VOUCHER (18s) CITATION (18s) FAlBL(Ia3) 

Chase et al. 1993 LOI886 same DNA as for atpB samr as for atpB this paper Al:107567 

Chase et al. 1993 L14401 sameDNA Same this paper AFIR75G8 

Chase et al. I993 L1295G T. alata Olmstead 93445 WTU this natier AF107569 

same DNA 

same species 

same DNA 

this paper AF206728 sameDNA same this paprr AF21Xi837 

DuvaU et al. 1993 M901625 m e  species Nirkrmt 2941 SIU Nickrent & Soltis 1995 124078 

Chase ct al. 1999 1.01882 Actinidia sp. Moraan WS Soltis et al. IW7r U42495 

S. raremosa I.. 

V. accrifolia L. 

same DNA 

Agave sp. 

Donoghue el al. 199" LI4066 S. rhulus Alhach I I WS this paprr 423~1105 

Nvenon el al. I998 X83986 m e  DNA Same this pdper AF!206839 

Olmstead et al. 1992 LO1959 V. acrrirolia L. Soltis 2561 WS t h i ~  paper .4J2XilH17 

Chase et al. 1993 AF206729 same DNA as for atnB same this oaner AF2IMJ4 I 

same DNA 

same DNA 

same DNA 

~ 

Savolainen rt al. 2ooOa A5235778 same DNA Same this palm AF206899 

Cadek et al. 1992 L12568 same DNA same Ridman rt al. 1998 1.12568 

this paper AF206731 A. thunheraii C. Don NA 55049 US Saltis rt al. 11197a U4'2071 

m e  DNA 

same DNA 

unknown 

L rOrmUSaM Hance 

this paper X87377 samr DNA samr this paper rw2~~44 

Chase rt al. 1995 277255 same DNA same this paper AF2lNi87 I 

samr as r k L  Sdtis ct d. ll497a U42552 Chase PI al. 1993 AF206732 same DNA 

Chase el al. 1993 M58394 L. swaciflua L. Sultis & Snltis 2516 WS Soltis et al. I'J97a U42553 

same DNA 

same spccies 

C. miniata Regel 

~~~~ 

this paper AF206747 sameDNA S a m ?  this paper AF206883 

Chasr PI al. 1'393 501443 same species Nickrent 289ti SIU Nirkrmt & Sriltis 1995 1.244'20 

Duvall ct al. I993 Ul50!2 same DNA as for atpB samc as b r  atpB this paper AF2W889 

same DNA I Chase el d. 1993 I .%I235807 I same DNA I same I tttis oaner I AF2'107023 I 

same DNA 

samc DNA 

same DNA 

same DNA 

same DNA 

this paper AF206776 Hippeastrum sp. Hahn 6875 WIS Sl~lti~ rt al. 1997a U42W5 

Qiu et al. 1993 LIZ628 same species Suh 44 US Soltis rt al. 1997a UP2497 

Cadck rt al. 1996 U39270 m e  DNA same Soltis et al. I999 .4bxl70 I 5  

this paprr Am06733 sameDNA same this paper AF2llfi84(i 

Qiu et al. 1993 L12G29 same DNA Same this Dawr AROG850 

same DNA 

C. romosum Baker 

mmc DNA 

samc DNA 

Qu et al. 1993 L12631 same DNA samr this paper AF.206856 

this paper AF206735 same DNA samP this paper hI.'L(fi85 I 

Chase et al. 1993 111503 I same DNA as Tor atpB same as Tor atpB Soltis rt al. 1997a U42lNili 

I this paper 

m e  species 

same DNA 

A. cannabinum L. 

same DNA 

Chase et al. 1993 1U I885 same speries Plunken 1392 WS this paper AF206852 

PluilLett et al. 1997 U50254 same DNA same this paper AF2W9M 

Olmstcad et al. 1992 LI 1678 same DNA as for atpB same as for atpB this paprr AF10757 I 

this paper AF206799 sameDNA samP this pawr ~ ~ 1 0 7 5 7 2  

m e  species 

m e  DNA 

same species 

Les et al. I997 U80683 same DNA as for apB same as for atpB this paper MI68826 

Chase el al. 1993 LO1928 1. opaca Ait. Sol& & Sol& 2552 Soltis ct al. 1999 AF206998 

Duvall el al. 1993 M9 I629 same DNA as for atpB Same as fur a ~ p B  Hcrshknvitz et al. 1999 hFW92lO 

m e  DNA 

same aprries 

same DNA 

Plunkett el al. 1997 U50243 samr DNA same this paper AF107573 

Xiang et al. 1993 MI924 same species Plunkett I368 WS Soltis ct al. 1997a U4'25lKI 

Plunken n al. 1997 U50250 same DNA SamP this paper AH07574 

C. usitatus Mart. 

same species 

C. rostaricana Oent. 

same DNA 

Chase et al. 1993 ME1810 same DNA as for atpB same as Tor atpB this paper .\FlIiA828 

Chase el al. 1993 ME1811 samcDNAasforatpB same as foratpB this paper AFI 6883 I 

Chase et al. 1993 AF2lKi748 same DNA as for atpB same as for arpB Hershkovitr et al. I999 AF069209 

this paper AF233088 same DNA same this paper AF I b8854 

P. recliata Jacq. Chase ct al. 1993 M81814 s a m ~  DNAasforatpB same as Tor atpB this p a p  AF2W99I 



D. E. SOLTIS E'TAL. 

FAMILY 

Arrcaccac 

CIT.4TION (atpB) EMBL (arpR) SPECIES (atpB) VOUCHER (atpB) 

Pdrwwcus harteri C .  Mann Fairchild Trop Gardrn 88480 this paprr AF233086 
& H A .  Wcndl. 

~~~ ~~~ 

Argophyllacrar ~ 1 Cowkia rotoncaster Raoul 

Aristolwhiarcar 

I Chase 2752 K 

Saruma hrnryi O h .  Char 3077 K Savolainrn rt al. 21l(Xla ;tJ'235595 

Aristolorhiaceae I .&rum ranadrnse L. I Hoot 923 UWM I Hont et al. I999 1 U86383 I 

.histoIwhiarrae I Lartoris fernandeziana Phil. Strussy I1335 0 s  Savolaincn el al. 201X)a I AJ'235515 

i\sparaaacerr I r\Jparaymu officinalis 1.. I Duvall 190211604 UCR 1 Savolainm rl al. 2(XXla I A12354W I 

1 Blandfordiarrac I Blandfordid punirra Sweet I Chaw 519 K I Savoldioen ct a!. 21Ml0a I .47'235412 I 

Asnhodelaceac- I Bulhine succulmta Comnton I UCI Arh. 7174 I Savolainrn rt al. 2U00a I A7'235421 I 

1 Bnrvareae I Bowa scptmtrionalis P. M u d .  I Chaw 2205 K I illis Daprr I AF209543 I 

I Chase 51 I K 

I Bremhnrideraccae I Brrtsrhneidera sinensis Hrmsl. I Iwu & Lin 726 WIS I this napcr I A F Z I J ~ ~ ~ G  I 

I t ~ i i s  paper 

I Bruniarear I Berrplia lanuginosa Brongn. I Kintenhosch 7589 I Hoot rt al. 1999 I NO95731 I 

Asterareae 

risteraceae I C r r h r a  sp. 1 Albarh 22 WS I this paper I r?]2362M) I 

Barnadesia raryophylla (Vell.) Jansrn 91 1 MlCH this paper AF209537 
S.F. Blakr 

.4strrarear I Hrlianrhus annuus L I ~ l t i a r ~ i  4 ws I this mper I . ~ 1 ~ 3 t i z n 5  I 
Asterareae 'I'age1.3 sp. Nirkrrnt 3061 SIU this paper ; ~ 2 3 6 2 0 6  

Asarowiarrae I .4sieropria mirasea H. Halirr I Civeyrcl s.n. K 1 this pawr I AF2W.533 I 
Astrrarear I Tragopngiin duhius Srop. Solti. 2472 WS thu paper AJ"S6197 

BahnoPact.de I Balanops virllardii Baill. I L'hdsP 1816 I this naper I AF2Il9594 I 

.4thtmp-nnagrrar 

Auruhaceac 

Ausmhaileyareae 

Laurlia tmvar-rrlandiar A. Cunn. Stryhing Arb. this paper AI."?(I!l6 I 5  

Auruba japonica Thunb. Chase 1095 K Savolainm rt al. 2MNa AJ'235402 

Aus~rabail~ya wandens C.'T.White Qiu W 3 0  NCU Sawlainen et al. 2 O l a  A1235403 

Batarrae I Batis maritima L. I litis : ~ O ~ I I I I  WIS I this paprr I AF209538 I 

Balsaminareae lmpatirns reprnr Moon Chase WI K Savolainen et al. 2WLla .\J235503 

Berheridacear I Nandina doinestita Thunb. I H o o ~  922 UWM I Hoot et al. 1999 I L97930 I 

Barhyaceae Barhrya olriodes Schwrin. Collenette 1/93 K this paper AF209535 

Betularcae I Brtula pendula Rnth I Chase 2539 K I Savolainen rt al. 2MMIa I ,4129541 I I 

Begoniarear 

Bchniareae 

Berfirridarear 

Begonia mrtallira x ranguinea Chase 225 NCU this paprr A1'20954 I 

Behnia retirulata F. Didrirhs Goldblatt 9273 M O  this paper .W209i42 

Caulophyllum thalirtroido (L.) Mirhx. Hoot 925 UWM Hoot et al. I999 AF(I92 I08 

Berbrridopsidaceae krheridopsis torallinn Hwk. Chase 555 K Savolainen ri ai. 2000a AJ235409 

Betularrae ;Unus inrana Mmnch unknown ? X56618 

Bignoniaceae 

Bignoniaccac 

Bixareac 

Campsir radicam Srrrn. cOuM n29sa 0 s  this paper AJL36 168 

Catalpa bignonioidrs Walt. Charr 2539 K Savolainrn et al. 20Wa AJ235428 

Bixa orellana L. Chase 243 NCU BaUtPr rt  al. 1998 AF035897 

Bnraginureac Biirago officinalin L. Chaw 2746 K Savolaincn rt rl. 2(O0a ttJ2354!lR 

Bnraginaceac Hydrnphyllum ranadensr 1.. Chase 2548 K I Savolainen et al. 2WOa I A1235498 

Brassicarear 

Brassicareae 

Brasliracc-ar 

Braslira hdearlrd Pen. C h a r  1534 K Bayer et al. 1999 AF209545 

Capparis spinosa 1.. Chasr 2751 K Bakkrr rt al. 19911 AF035900 

CIeome hasslerialla Chudat Al-Shebaz r..n. M O  this paper ,t~zn9565 

Bmmcliareae 

Bromrliarear 

Brnmrliacrar 

Aerhmra rhanlinii (Carrier)  Bakrr Hahn 6942 WIS this paper AF168885 

Gliimeropitrairnia penduliiora Kress 92-3466 US this paper AF168914 
(Griuebarh) Mrz 

Puya raimondii Hanna Chase 2847 K this paper Am09661 
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same as for r h L  

continued 
SPECIES (rbcL) I CITATION (rhrL) 1 EMBI. (rhcL)I SPECIES (IRSI 

Soltir et al. 1997a U42523 

same this paper AF206855 

same s p i e s  Chase et al. 1993 W8763 same species Steu%sy et al. I1784 OS Soltis Ct al. 1W7a U427H3 

same species Duvall et al. 1993 U15028 A. Idcatus L. 

T. porrifolius L. Chap ct al. 1993 LI 3647 same DNA as for arpB same as for atpB Sdtis ct al. 1997a U42502 

ramr DNA this paper I ~ ~ 2 ~ 7 9 7  I same DNA same this paper AFZ16857 

US National Arb. SoIris rt al. 1997a U42522 

same DNA QIU ct al. 1998 Ufi0314 same DNA same this paper :\I?2068fi2 

same this paper AF206864 

same species Chase et al. I993 LO8760 same DNA as for arpB same au for atpB Soltis et al. 1997a 154064 

A. rubra Bong. this paper AF132889 A. glutinnsa L. GaPrtn unknown Soltis et al. 1997a X.59984 

B. nigra L Chase C t  al. 1993 I Ul1889 I B. papyrifera Marsh unknown h a r d  c-t al. 1994 UW71 

same DNA 

same spies 

same DNA 

this paper AF156737 same DNA 

Olmstead et al. 1992 1.1 1679 same species 

Fay et aI. 1998 Y15139 same DNA 

Olmstead 92499 WTU this paper AF107579 

samr this paper .4F21MiR6R 

H. virginianum L. Olmstead et al. 1!l92 LO1927 H.fendld(Gray)Hella Olmstead 957 WTU this paper 4~23fi019 

same DNA his paper I AFZ06741 I samr DNA same I this paper AF21K872 

C. hasrata Jarq. Rodman et al. 1993 M95755 C. sandwichiana DC. titis 30502 WIS Rodmati et al. 1998 

same I Soltis ct al. 1997a U4'251 I same DNA Chase et al. 1993 1 M95755 I same DNA 

P. dyckioides (Baker ) M n  Duvall ct al. I993 Am068 I 4  same DNA as for atpB same as for atpB this paper AF!2117(MlI 

same specks Olmstead et al. I993 L14391 sameDNAasforrhcL Same as for r h L  Soltis et al. 1997a U42508 

same DNA I this paper I AF233090 I same DNA same I this paper I AFlfiR870 I 
same sarcies I Xianeet al. 1993 I L11221 I samcDNAasfororhu1 

same DNA Qiu ct al. 1993 LIZ630 same DNA 

same species I Chase et al. 1993 I L14290 1 same DNA Nickrent 2888 SIU I Saltis ct. al. I997 I L24043 I 
same sprcirs I Uiu et al. 1993 I 1,12664 I same DNA as for rbcL same a% for rbrl. I Nickrent & Soltis 1995 I L2H17 I 

same DNA I Chase Pt al. 1995 I A1131947 I same DNA 

same DNA this paper AF206795 same DNA 

samc DNA Chase ct al. 1993 L13859 same DNA 

samr AF2061163 

G jamesonii Bolu% Chase et al. 1993 L13643 same DNA as for atpB 

same spcrs  I Chase et al. 1993 I L13929 I same DNA as for atpB samr as for atpB I this paper I AF107577 I 
T. erecta L. I Chase et al. 1993 I L13637 I sameDNAasforatDB same as for atDB I Soltis rt al. 1997a I U42501 I 

same DNA I this paper I AF206788 I same DNA samc I this paper I .41."06950 I 
same snrcies I Xianr et al. 1993 I LI 1210 I same sneries 

same DNA I Qu ct al. 1993 ~ I 1.12632 I same s p r m  

same DNA I this paper I ~~2<lti7311 I same DNA S a m ?  I this paprr I W206860 I 
1. rawnsis Meerb. I Chase rt al. 1993 I 283142 I 1. wallcrana Hwk. lohnson 95471 W S  I Soltii el al. 1997a I L49285 I 

same DNA I Chase ct al. 1993 I LO1888 I samr DNA 

same DNA I this naDer I AF206740 I same DNA 

I Hoot et al. 1999 I L3791 I I same 

same DNA I Sawlainen et al. 2000a I A1235773 I same DNA same I this panrr I AF206866 I 

I AF107578 I I this naoer same 

samc DNA I C h a r  et al. 1995 I 273694 I same DNA same I this paper I AF2OtiLIfi9 I 
same smies  I Olmstead et al. 1992 I LI 1680 I same mecies 

B. olrracea L. I Rodman et al. 1993 I ME8342 I B. birta Moench unknown I Soltis et al. 1997a I XI7062 I 

=me DNA I Chase ct al. 1993 I M95753 I same DNA same I Rodman et al. 19!M I I 
same smries I Chase et al. 1993 I L19978 I sameDNAasforatpB same as for am8 I Hershkovitz et al. 1999 I iiFo69212 I 
same s p i e s  I Chase ct al. 1993 1 L19975 I same species same as for atpB I Soltis c-t al. IW7a I U42075 I 



D. E. SOLTIS ETAL 

FAMILY SPECIES (atpB) VOUCHER (atpB) CITATION (atpB) I EMBL (atpB) 

I Burmanniareae I Burmannia hiflora L. I Chase 157 NCU I this paprr I AF209548 I 
Bumeraceae 

Buxaceae 

Buxaceae 

Burscra inaguensis Britton Fairrhild Tmp Garden tik2ti9 D Bakkrr et al. 1998 AFo35899 

Bum, wmpenirens L Hwt  921 UWM Hcot rt al. I999 AFo92 I 10 

Pachwandra prurumbens Michx. Hw1917 UWM H m t  rt al. 1999 AI.D9211 I 

Byhlidareae 

Caburnbarear 

Cabambaceae 

I Cactaceae I Pcrrskia arulrata Mill. I ~ o ~ t i s  ~r ~ o ~ t i s  sn I this parrr IAF20964R I 

Byblis Kintea Lindl. Palmcngartrn BG this paper q12361Xl 

Brasenia schreberi J.F. Gmrlin in 1.. Qiu 91031 NCU this paper .45'235418 

Cabamha ramliniana A. Gray Les s.0. CONN this paper AF209549 

Calyranlharear Calyranthus floridus L. Q u  94155 NCU Savolainrn PI al. 2lX)Oa q1235422 

Calycanthaceae I IdioapPrmum aurtraliense Blakr Q u  91042 NCU Savolainrn et al. 2 W a  

1 Canellaceae I CaneUa winteriana (L.1 Gaenn. I Qiu 90017 NCU I Savolainen ct al. 20Wa I A1235424 I 

qJ235500 

Calyceracear 

I Cannaceac I Canna indira I,. I Kress 80 I124 US I this paper IAFl68892 I 

Boopis (Iraminea phi. Palmer 904 IND this paper .q1236199 

I Caorifoliaceae I Svmohoricams alhus (L.I Blake I Olmstead s.n. COLO I thi. waver I A1236208 I 

~~ 

Campanulaceae Cdonopsis pilosula Nannf. Alharh 10 WS this paper .4J236203 

Campanulaccae I Lobelia anrmlata Font. I Chase 2540 K Savolaincn ct al. 2wOa 

I Celastrareae I Siphondon cclastrincus OriR. I Chase 2097 K I this paprr 1 AF209676 I 

AJ235524 

Canellaceac 

Celtidaceae I Crltis vunnanensis C.K. Schneid. I Qiu P9ooO2 NCU I this mDrr I AF209560 I 

Cinnamcdrndmn ekmanii Sleumer Qtu 47067 NCU Savolaincn ct al. 2001)a qJ235435 

Cannakceae I ~ m u ~ u s  ~upu~us L Qiu 92004 NCU thb p a p r  

Chloranthaceae I Chloranthus iaponicus Siebold I Chase 204 NCU I Savolainen et al. 2 W a  I A1235431 I 

AFZ09599 

Chloranthaceac I Hedvosmum a rbamens  Sw. 1 Chase 338 NCU I Savolainen et al. 2000a I A1235490 1 

Cancareae Carlca papaya L Chase 2508 K Bakker rt al  1998 AF035901 

Chrvsnbdbnareae I Lirdnia tomrnlosa Friwh I Fairrhild Tma G 6C784 I this DaDcr IAF209617 I 

Carymaracear I Caryocar glabrum pen. I Mon 22997 NY this paper AF209556 

Cistacrae I Hrlianthcmum mandiflorum DC. I Chase 524 K I Bakker et al. 1998 I Am35907 I 

Caryophyllaccae 

Casuarinacear 

Celasmeae 

Clehrareae I Clethra artmrea Vent. I Chase 902 K I Savolainen el al. 2IWa I A1235438 I 

SteUaria media (L.) Cyrill. Mnn r.n. WS lhis paper AFZ096XO 

Casuarina litorea L. Chase 215 NCU Savolainen el al. 2wOa M235427 

Euonymus datus Siebold Chase I37 NCU Savolaincn el al. 2OOOa A5235471 

Celasrraccac 

Crlastnceac 

Celastracear 

Colchiracear I Colchicum swciwum Steven. I Chase 109 NCU I this paper I AF209569 I 

Brexia madagascariensis Thuuars Schwerdtfeger 2547 I B Savolainen et al. 2M0a A5235419 

Hippra t ca  barbata Muell. Chase 2971 K Savolainen et al. 20Wa AJ235493 

Plaginptrron suavenlens Gfi. Chase 1335 K Savolainen et al. 2WOa q1235562 

Combrrtacrac I 0ui.wualis indira 1.. I Chase 128 NCU I Savolainen ct al. 2 W a  I A1235576 I 

Crratophyllarrar Ceratophyllum demenum L. Qiu 91027 NCU Savolainen et al. 20oOa q1235430 

CercidiphyUacear I CercidiphyUum japonicum Siebold & Zucr. Olmstcad W 0 1 6  COLO Hoot PI al. 1999 AFo92112 

Chloranthaceae Sarcandra granditlora Suhr. & Hcnry Qiu 92002 NCU Savolainen et al. 2 W a  qJ235593 

Cicaeasteraceae Circacaster agrcstis Maxim. Chax 506 K Hml & Crane 1995 AF092116 

Circaeasteraceae I Kmgdunia uniflora Bar. 1. & W.W. Sm. Q m  s.n PE Hoot & Cranr 1995 AF092115 

Cluiiaceae Hypericum perforatum L. unknown this papcr AF2OW2 

Clusiaceae I Mesua sp. Chase 677 K this paper AF209627 

~~~~ 

Comhretaceae Tcrminalia boivinii Chaw 5956 K this paper AF209686 



ANGIOSPERM PHYLOGENY 

same DNA 

44 1 

Olmlitcad et al.1992 Am06742 samc DNA same tliis paprr .IF 168827 

continued 

same DNA Chase et al. I993 I UIIRW same DNA same I ~ o ~ t i s  et al. 1999 AlsWKi877 

B. liniflora S d i .  Chase et al. 1993 ID189 I samc DNA as fur arpB samr as fur atpB Sol& ct al. I997a Ut2509 

same DNA I Chase et al. I993 I M77028 1 same DNA same I ~ r s  et a ~ .  19!19 AFO96693 

same DNA this paper AFZO(i805 same DNA Same thip paprr AF2Iffi986 

same DNA 1 Chase et al. 1993 I ~ 1 4 2 9 1  I same species Nickrrnt 2893 SIU Sirltis el al. 1997a U38318 

B. anthemoides Jusq. Olmstcad et al. 1993 LI 3860 sam~ DNA as fir atpB same as for atpB this paper AF107583 

C. ramulma Wall. Olmstcad rt al. 1992 L13861 samr DNA* for r h L  same as for rhrL Soltis rt al. I997a U42510 

same DNA Qiu et al. 1993 qJ131928 same DNA samr ths p a p  AF206879 

same DNA I Sawlainen et al. 2WOa 1 AJ235776 I same DNA same this p a p  AF206887 

sdme DNA as for atpB Smith ct al. I993 LO5445 C. corrinra Mdl. Chaw I37 I HAST Soltis ct al. I997a D29784 

same DNA I Olmstead PI al. 1992 I Ll1682 I same DNA same Solts PI  al. IW7a u42513 

same DNA this paper Am06745 sameDNA same this paprr AF206I18 I 

same DNA 1h6 paper AF206823 same DNA same lhii Pdpe' ~ r ~ n 7 n 2 7  

same DNA this paprr AR0682 I Same DNA same this paper Aml1702 I 

same species I Mormn & Soltis 1993 I LI I176 I same species I Kew 1977 14901 Soltin ct al. 1997a U42543 

same DNA Sawlainen et al. 2000a AJ235787 same DNA same this paper AF2OLi993 

same DNA Chase et al. 1993 I L12638 same DNA same soitis et a ~ .  1 ~ 7 a  I ~ 4 2 8 1 ~  

same species Olmstead ct al. 1992 LI 1673 same species Soltis 2540 WS Soltis et al. l997a U42518 

samr DNA Qiu CI al. 1993 LIZ640 C. multistachys Wurddck 92-WI0 US this paper AF206885 

same DNA 

same DNA 

same DNA 

Qiu PI al. 1993 LIZ663 sameDNA same this pap r  AIWJ70 12 

Morgan & Soltis 1993 LI 1 I78 same DNA same Soltis PI al. 1997a U42519 

Morgan & Sol& 1993 LI I193 same DNA same Soltis et al. I997a U42520 

same DNA Hoot & Crane 1995 Am93719 same DNA samr Hoot & Crane 1995 AF094.537 

same DNA Fay et al. 1998 Y15141 sameDNA same I this p a p  AF206926 

H. rmpetrirolii Willd. 

same DNA 

same DNA? 

this paper AF206779 same DNA as for atpB same as for atpB this paprr AF206934 

this paper AF206794 sameDNA same this paper AF2IffiW2 

Chase et al. 1993 LIZ673 C. autumnale L. Hahn 6864 WIS Soltis et al. 1997a U42072 

B. davidii Franch I Olmstead et al.1993 I L14392 I samesrrdesasforrh-L I lohnson 95-031 WS I Soltiu et al. 1997a I IA!V275 I 

same swries I Hoot et al. I999 I AH193717 1 samcDNAasforrbcL I samr as for rbcL I SoIris PI al. 1997a I L5W5 I 
same DNA I Chase PI al. 1993 I Am93718 I same DNA I lam? I Hoot PI al. 1999 I AF094533 I 

same DNA 7 I Chase el al. 1993 I M77029 I same DNA I same I ~ r s  et a]. 1909 I Am0M)78 I 

samc DNA I Qiu PI al. 1993 I L12651 I same DNA I samr I this vaver I Ab'206937 I 

C. nvata Bmth. I Albach el al. 2MMa I L18797 I same DNA as for atpB I same as for amB I this paper I AF107584 I 
L. erinus I.. I Chase et al. 1993 I LO1931 I same DNAas forrbrL I same as li,r r k L  I Soltis et al. 1997a I U4278.5 I 

same DNA I Chax rt al. 1993 I U02729 I same DNA I samt- I this Daper I AI.'206931 I 

same DNA I Chase ef al. 1993 I LO1893 I C. equisetiolii L. I Nickrent 2977 SIU I Soltis PI al. 1997a I U42515 

same DNA I Chase et al. 1993 I L13184 I same sveries I Nickrent 2894 SIU I Nidvent&Frawhina 19W I XIGMK) 

H. richardiana C a m k  I Savolaien et al. 2000a I X69740 I same DNA as for amB I Eamr as for atDB I this Daper I AW(6928 

same species I Chax rt al. 1993 I M77030 I samc DNAasforatDB I same as for amB I Solis et al. I997a I U42517 

same DNA I O u  ct al. 1993 I LIZ649 I same DNA I samc I this paper I AF206925 

same DNA I Hoot & Crane 1995 I AF092116 I same DNA I same I Hwt & Crane I995 I AF094538 

C. alnifolia L. I Kmn & Chase 1993 I LIZ609 I sameDNAas forrbcL I same as for rbcL I Soltis et al. 1997a I U42521 

same DNA I Chase et al. 1993 I LO1948 I same DNA I Sam? I this p a w  I AF207004 

T. cataooa L. I Chase et al. 1993 I AF.206826 I same DNA as for r t rL I samr I Siltis et al. 1999 I .41.207037 
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FAMILY SPECIES (atpB) VOUCHER (atpB) CITATION (atpB) EMBL (atpB) 

Commelinaccar 

ConvaUariaceae 1 Liriow muscari (Dent..) L.H. Bailey I Hahn 6992 WIS I this paper I AF168926 I 

Tradescantia ohiensis Ral. Hahn 6854 WIS this paper AF168950 

Convdariaceae I Convallaria majaiis L. Hahn 6867 WIS this paper AF168897 

Cornacrar I Aannium sn. I Chaw 2541 K I Savolainen et al. 2000a I A1235386 I 

Convallariaccae 

Convallariaceae 

Convallariaceae 

Ruscus aculeatus L. Hahn 6871 WIS this paper AF168942 

Smilacina racemosa (L) Desf. Hahn 6878 WIS lhiis paper AF168945 

Nolina rerurvata Heml. Chase 3466 this paper AR09639 

Cornaceae I Griselinia lucida C. Font. I Cameron s.n. AKU I this paper I AF209595 I 

Convolvulaceae 

Conwlwlacear 

Coriariacear 

Convolvulun arvensis L. Soltia 2581 WS this paper q1236186 

Ipomoea mauritiana Jacq. Chase 2525 K Savolainrn et al. 2WOa qj235505 

Coriaria myrtifolii L. Chase 245 NCU Savolainen et al. 2000a q1235443 

Corynoc-reac I Corynocarpus lacviaatus ~omt.  I Chase 236 NCU I Savolainen el al. 2000a I W135446 I 

Cornaceae 

Conlaceac I Cmrua barbatus Sum. I Kress 9637 10 US I this namr I AF168898 I 

Cornus officinalis Sieb et Zucc. Aniold Arb. 81%-A this paper ql23G229 

Cornaceae Camptotheca acumuiata Decne. Strybing Arb. 74-180 this paprr AR09554 

Crassulaceae I Crassula marnierana Huher & lacobsen I Morgan 2152 WS I Savirlainen et al. 2WOa I A1235447 I 

Corn ac e a e 

Crassulareae 

Crassulareae 

Crassulaceae 

Helwingia japnica (Thunh.) F. Dieter Kew 1953-24705 this paper AF209596 

COmaCPae Nyssa sylvatica Marnh Chase 2530 K Savolainen et al. 2000a 

Cmsomataceae I Crossomma californicum Nutt. I Rancho Santa Ana Bot Card I this paper I AFZ09571 I 

w235545 

Cucurbitaceae I Cucumis sativus L I saltis s.n. ws I this mner I AF209572 I 

Costaceae Dimemcostus svobilacenus Kuntzr Kress 963601 US this papcr AF168909 

Cununiaccae I Davidsonia DUnCIIS F. MueU. I HuKord 1687 WS I this mner I AF209574 I 

Costaceae 

C O S l a r C X  

Monocartus uniflorus Kress79 1112SEL this paper AF168930 
(Po~pp. Ex Petrrsen) Maas 

Tapeinochdos a n a n w e  K. Schum. K r m  79-1114, SEL this paper AFl68949 

Cvclanthaceae I Snhaeradenia wndula Hammrl I Chase 222 NCU I Savolainen rt al. 2WOa I 41235607 I 

Dudleya viscida Moran 

Kalanchor daigrrmontana 
Hamet & Perrirr 

Sedum nudum Aiton 

Huntington 62801 BG Savolainen rt al. 2WOa w235461 

Mnrgan 2151 WS Savalainen et al. 2MXh q12355 I0 

Chase 2459 K Savolainen et al. 2MKla w235MIO 

Daohninhvkeae I DaohniohvUum sn. I Wamer et al. 6599 HAST I H w t  CI al. 1999 I AF092118 I 

Cucurhilaceae 

Cnnoniaceae 

~~ 

DanipOBD"areae Calectasia intermedia I Chase 456 K I Behr & F. Muell. Ex Sond. 

. .  
Cucurbita pep L. Sol& s.n. WS this paper AF209573 

Bauera rubioides Andrrws Kew 19774377 K this paper AF209539 

I this paper 

Cunooiaceae 

IAFlbt1891 I 

Eucryphia lurida Druce Swbing Arh 8&0250 this paper AFlD9584 

Cyclanthaccae I Cyclanthus bipanitus Poit. 

Datkaceae I Tetramcles nudillora R. Br. I Philbriik 2272 RSA I this paper I AF209689 I 

Hammel 15585 MO this p a p r  AFI68904 

C y r a c r a e  

Cyraceae  

Cvrillaceae 

Didvmeleaceae I Didmeles mrrieri Leandri I Andrianantonnina 387 MO I Hwt  el al. 1999 I AF092119 1 

Cyperus alhostriatus Srrader Kress 92 -3463 us this paper AF1689lX 

Rhyncmpora nrrvosa Chase 787 K this paper AF209667 

Cwilla raremiflora L. Chase 2531 K Savolainen ct al. 2OOOa 41235449 

Dasypogonaceae Dasypogon hromelifolius R. Br. Chase 430 K this paper AF168907 

Datiraccar I Datisca cannabna L Chase 2745 K Savulainen et al. 2WOa q1235450 

Drgeneriaceae 

Diapensiaceac 

Dichapetalaccae 

Dcgrneria vitiensis, 1. W. Bailey & A. C .  Smith Savolainen et al. 2000a q1295451 

Galax urceolata L. Kron 163 NCU this paper q1236223 

Dirhapetalum brownii Baill. Fimn s.n. 10/8/93 K Savolainen et al. 2ooOa w235455 

Qiu 1202-55 NCU 
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CITATION (IHS) EMBL(18s) 

T. =on- Maruda Smith PI al. 1993 Ix).5463 same DNA a" for ntpB samc as for atpB 

same swcies I Savolainen et al. 2000d I D28334 I same DNA as for atpB I iamr as for atpB I this paper I X16filXl 

Hmhkovitz ct al. 1999 AP969213 

same soecies I Rudall et al. 20llOa I 27727 I I same DNA as four atnB 1 samr as for atnB I this nmcr 1 ~ ~ 1 6 ~ 8 5 ~  

same speries 

S. hondoensis Ohwi 

. .  
Rudali e i  al 2ooOa 277274 same speries samr as fur atpB this paper .\F I68H73 

Shinwari et al. I994 D I7380 same DNA as for atpB same as for alp8 this paper Al: I li8R74 

same smirs  I 1)uvall et al. 1993 I LO5030 I same DNA as lor atpB I same rn for atpB I this paper I AF2OG971 

C. uirolor L Olmstead et al. 1992 LI lliR3 same DNA as for atpB same a,. for atpB this paper M'YIiOl3 

1. ewrinea L. Olmstrad et al. 1993 L144OO I. hcderacra Jars. COIWPII s.n. MO .%Itis ct al. I997a U38310 

same DNA Xiang ct al. 1993 L11216 same DNA Sam? Soltis & Soltis I9!)7 Ui20'43 

same DNA I Xiang ct al. 19!13 I U)1!137 1 same DNA sanw I Soltis ct al. 1997a 1 U.12789 

same species Xiang et al. 1993 LI I P26 samr DN.4 as for r l xL  samr as for r k L  this paper U.11524 

N. ogeshe Marsh I Xiang rt al. 1993 I LI I22R same DNA as for rbcL ramr as for r C L  I Soliis & Soltis I!l97 U52U3'2 

m e  DNA 

same DNA 

this p q m  AF243839 same DNA santr this paper AF168861 

this paprr AF243A44 same DNA S a J l l P  this paprr AFl(iRX77 

same DNA 

same DNA 

S. ruhrorinrrum Clauwn 

Morgan & Sol& 1993 1.1 I 182 Sam? DNA Sil l t lP Soltis ct al. I997a U.125'26 

Morgan & Solth 1993 1.1 I I89 ramr DNA .sanir .%rltis PI ;d. 1997s U42527 

Char et al. l!W3 IB1956 same DNA ar for rhrL same as Tor r h L  Sohis rt 11. 1!1!l7a L142528 

samr spffies Chm Pt al. lW3 AF2(%756 same DNA as lor atpB same as for aipB his paper .W2oljH!15 

same sprries Morgan & Soltis I993 1.1 I I74 samr DNA as Pir atpB same as fnr atpB Soltis rt al. IIN7a u4'2505 

Chaw et al. I!l93 samc species UJI918 same DNAasforatpB samr Sdtis et al. 1997a U.12533 

same DNA as 18s I this paper samc DNA as for atpB .wme as FIN atpB this p a p  A F  11837 

C. alternifoliur L. 

same DNA? 

same species 

Duvall ct al. 1993 M91627 sameDNAasfuratpB ~ a m e  a. for atpB Soltis el al. I!Xl7a U.12077 

this paper AF2116H18 same DNA same this paper AF2(17MI9 

A l h  et al. 1992 MI!loO same species Kron s.n. NCU Soltis PI al. 1!)97a U4Y294 

same DNA Chaw el al. 1995 AF2(%758 same DNA as for atpB same as for atpB this paper 

same sperics I Chase et al. 1993 L" I939 D. &meram (Fd) MI. Ranh s.110~ h a  Bm Gad Soltis et al. I Il97a U.12426 

Same DNA this paper Z80184 same DNA samr Snlth PI al. 1!l97a 1,49281 

D. erasaifoliwn Chcd. I Savolaben e l  al. 2000a I X69733 I D. mnrcarpuni Engl. I Fhin 5.n. K this paper .w2U6902 

I :\p2(Hi922 I this mprr same DNA I Xiann ct al. 1993 I LI 1225 I same DNA I samr 

samr DNA I Savolainen et al. 2000a I XG9731 I samr DNA I wmr I rhiu paper I AF"OtiH92 

iamr DNA I this WDeT I AF243510 I Sanir DNA I SdmP I Soltis & Soltis I907 I U4208O 
~~ 

same DNA I this paper I AF243838 I same DNA 1 same 1 this paper I AFIBXH39 

same DNA 1 Morgan & Solti 1993 I L I  I I79 1 sanic DNA I Sanx I Soltir PI al. 19976 I U42529 

same srwcics I Chaw rt al. 1993 I AF206755 I same DNA as for arnB I wme as for at& I Soltis et al. 1999 I AF206894 

same DNA I this Ddwr I AF206759 I s ine DNA I same I this PdPeI I .W206897 

m e  srxcies I Albert et al. 1992 I LO1901 I same DNA as for r C L  1 same as for rbcL I Soltis ct al. I!l97a I U.12531 

same DNA I Chase et al. I993 I L12643 I same DNA I lime I this vawr I W2068!18 

same DNA I Hoot ct al. lYY9 I AF(R4.541 I samr DNA I wm,- I this paper I AhW2119 

ronrinud 
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FAMILY SPECIES (atpB) 

D. E. SOLTIS E7AL 

VOUCHER (atpB) CITATION (atpB) EMBL (atpB) 

Dilleniaccae I Dillcilia reNSa Thunh. 

I Dillcoiaceae I Tclracrra asiatira Howl. I Chase 1238 K I Savolairien et al. 2LWa I A1235622 I 
Chase 2103 K Savulainen et al. 2000a AF095732 

I Dionrophylkcrae Triphynphyllum peltatum I (Hutrh. & Dalziel) Airy Shaw 

Diosortaceae 

Dipsacaceae 

Dipsacaceae 

Dioscorea polygonoidrs Plum. & Bompl. Chase 197 NCU Savolainen PI al. 2OWa q1235456 

Dipsacus satiws (L.) Honck. Janscn 931 MlCH his  paper AF2W577 

Srahim sp. Albach 39 WS this paprr 41236207 

Donatiacrar Donaria sp Morgan 2 I42 WS this paper 1\J236203 

Droseraccae Drosera rommunis A.St.-HiI. I Chaw 2582 K Sawlainen PI aL 2(W)Oa A5235459 

Elaragnaceae 

Ekdeagnacrac 

Elaeocarpacear 

Maragnus sp. Chase 2414 K Savolainen rt al. 2WOa A5235462 

Shepherdia rauadrnsis (L.) Nurt. Brudeld s.n. ttus paper AF209675 

Crindendron honkcrianum Chaw 909 this paprr Ab'209570 

Ericaceae Arctostaphylos uva-uni (L.) Spreng. Johnsnn 9 H 8 5  WS thip paper q1236225 

Erythroxylaceae Eryihroxylum conliusum Brittnn I Fairchild Trop Garden 6V251E Savolainrn et al. 2000a AJ2354Gf3 

Eupvleaceae 

Fabaceae 

Fahaceae 

E ~ p t ~ l e a  polyandra Siehold CI Zucc. Q#u 90026 NCU Huot et al. 1997 U86384 

Alhizia julibriprin Durazz. Doylr 1526 BH this p a p  AF209524 

Baohinii sp. Doylr 5.n. MSU this paper w209540 

Fagarear Chrysolepis sernpervircns (Kellogg) Hjrlmq. Qiu p9ooo7 NCU this paper AF4209563 

Fagareae Querrus ruhra Swenarn sn IND this paper AF20%63 

Flacourtiaceae Caxaria sylvestris Sw. Chase 337 K his paper AF"Q9557 

Flarourtiaceae Flacourtia jangomas Strud. Chase 2150 K hiis paper I AF20951 

FlageUariaceae Flagellaria hdica L. C h a r  206 NCU h i  paprr AF209589 

Fouquieriaccae ldria columnaria Krllogg Chase 269 NCU Savthinen et al. 2WOa 41235501 

Ganyaceae Ganya elliptica Dough Kew 196% 17852 this p a p  41235478 

Gelsemiaceac Gelsemiurn sempervivens (L.) Pen. Longwocd BG 860395 this paper 41236193 

Gcraniareac Monronia rmarginata 6.) L' Herit. Rice s.n. IND his paper AF209632 

Geraniaccar I Prlargonium cotyledonis L' Herit. I Chase I098 K Savolainen CI al. 2wOa Am3591 I 

I m"!1693 I 

1 Dipterocamaceae I Anisoptera marmoata Korth I Chaw 2486 K I Bakkcr et al. 1998 I AF035918 I 

I Savolaiirn et al. 2000a I 41235457 I I Ebenarrac I Diospyros kaki Thunh. I Chaw 920 K 

I Elacocamaceac I Elamcarpus rphaericun Srhum. I f ieman s.n. WIS I this paper I AIi209581 I 
I Elaroramaceae I Sloanea berteriana Choisv I Chase 343 NCU I Savolainen ct al. 2WOa I A1235603 I 

~~~~ ~~ 

Ephedncrae Ephedru hwrdina C.A.Mey. 1 none 1 Savolainrn el al. 2WOa I .qJ235463 ~ 1 
I Ercmosynaceac I Eremosyne pertinata Endl. I Annels & H e m  4795 PERTH? I this paper I AJ236215 I 
I Eriracrar I Arbutus unedo L. I 65260 Seattle Arb I this mwr IMWCIVS I 

I Savolainen et al. 2LWa I A1235467 I Escallonjaceae I Escallonia m. I Chase 2499 K 

Eucommiacear I Eucommia ulmoides Oliv. I Chaw 2755 K I Savokinm et al. 2000a I A1235469 I 
EGhorbiaceae 1 Euphurbia plychroma Kcmrr 1 Chase 102 NCU I Savolainen et al. 2WOa 1 41235472 I 
Eupomatiaceae I Eupomatia hennetti Muell. I Qiu 90022 NCU I Savolainrn PI al. 2WOa I AJ235473 I 

Fabaceae I Pium satiwm L. I unknown 1 Chase PI al. 1993 I X03852 I 

I Sdvolainen et al. 2WOa I A1235631 1 Faaaceae I Trigonnbalanus venicillatus Forman I Chase 595 K 

Flacourtiareac I Atiatia narviilora Ruiz rt Pav. I Pcnninnton 676 K I this Dawr I AF209519 I 

Flacourtiaceae I ldesia polycarpa Maxim. I Chase 561 K I this pawr lAF209604 I 

Francoaceae I Francoa appendiculata A,lw. I C h a r  2502 K I Bakker ec al. 1998 I AF035905 I 
Frankeniaceae I Frankenia Dulvcrulenta L I CoUenettc 6/93 K I Savolainen et al. 2WOa I A1235475 I 

Gentianaceae I h u m  a f i e  BaK 1. ex Regel I none I this paper I A1236195 I 
Geraniaceac I Geranium sanmineum L I Chase 125 NCU I Bakkrr ct al. 1998 I AFO35906 I 
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CITATION (rbcL) EMRL (rhcL) SPECIES (18s) VOUCHER (IS) CITATION (18s) EMBL(18s) 

same DNA Savolainen et al. 2OWa A3235796 same DNA same this paper q1235982 

samr DNA 

samc DNA 

I Llrdo rt al. 1998 1 297637 I same DNA 

Chase et al. 1993 AF206762 same DNA same this paper AF206903 

1 this paper I same 

samc DNA I Olmstead el al. 1992 I 1.13824 I same DNA 

1 Am07049 I 
same Soliis et al. 1997a U43150 

same DNA 

same DNA 

D. fkscicularis Forst. 

D. spathulala labill. 

thi paper AF156734 same DNA same this paper .4J23Mx)6 

Fay ct al 1998 Y15144 sameDNA same this paper AF'Mi849 

this paper X87385 same DNA as for atpB same this paper AJ236012 

Chasc et al. 1993 L13168 D. capensis Palmenmen Bot Card Soltii et al. 1997a U42532 

D. virginiana L. 

E. anguatifolia L 

same DNA 

Kmn & Chasc 1993 LIZ613 same species Johnson 95015 WS Johnson ct al. 1999 L49!!79 

Soltis ct al. 1995 V17038 E. umbellala Thunb. Nickrent 2898 SIU Soltis et al. 1997a L 2 W  

S o h  et al. 1995 V17039 same DNA SamC this p a p  A F ~ ~ ~ M O  

same DNA this paper AF206754 sameDNA same t h i  paper AF206893 

same DNA I Chasc rt al. 1993 I L13183 I same s p i e s  I Chase 134 I this paper 1 AF206909 I 

S.kdl&(Rich.)Srhumann 

E mnhbmis R o n K h w  I M o m  & Soltis 1993 I LI I 183 I same DNA as for rbcL I same as for rhcL I Sohis ct al. 1997a I U42544 I 

Nverson ei al 1998 AFO22131 sameDNAasforrbcL same as for rhcL Soltis el al. 1997a U4" 

same DNA 

A. ranarieruis Duhamrl 

same species 

same DNA I Qiu ct al. 1993 I L12644 I same DNA I same I Soltis el al. 1997a I LIZ644 I 

Hibschjetter et al. 1997 L47969 same DNA same this paper U42807 

Kron & Chase I993 LI2597 samc DNA as for atpB same as for atpR this papcr Am06853 

Kmn & Chaw 1993 LIZ598 same DNA as fora!pB same as for atpB Sollis ct al. 1997a L49272 

same species 

Bauhinia sp. I Chase et al. 1993 I AF206739 I same DNA as foratpB I same as for atpB I Soltis et al. 1997a I U42537 

Chax el al. 1993 LO1917 sameDNAasforrbcL sameasforrbcL Soltis et al. 1997a L.54066 

same swxies I Chase ct al. 1993 I X03853 \ same soecies I no voucher I Soltis ct al. 1997a I U43011 

same DNA Chase el al. 1993 L13183 I samr DNA Same I Soltis ci al. 1997a I L13183 

F. americanus Sweet I Chase et al. 1993 I L13338 I F. mandifolia Ehrh. I S o h  2521 WS I Soltii et al. 1999 I AF206910 

same DNA Chase ct al. 1993 LIZ645 sameDNA same SoIris et al. 1997a L12645 

same DNA I this paper I At206768 I same DNA I same I this paper I AF206912 

same DNA 

same DNA I this naoer I AF206781 I same DNA I same I thi Daoer I AF206936 

~ ~ ~ 

Chase et al. 1993 AF206750 same DNA same S o h  et al. 1999 AF206886 

same DNA 

F. sonchrolia Cav. I Saltis et al. 1990 I 1.1 I184 I same DNA= for rbcL I same as for rbcL I Nickreni & Soliis 1995 I L28137 

this paper 1 AF132888 1 samr DNA I I u n C  1 this paprr 1 MI32892 

same DNA 

same DNA 1 Olmstead et al. 1993 1 L14397 1 same DNA I same I this mper 1 A123M125 

this paper AF206726 sameDNA same this paper AF206836 

same DNA 

same m i c a  I Chase et al. 1993 I LO1919 I samcDNAa for rbcL I same as for rbcL I Soltis ei al. 1999 I AF206982 

thii paper AF206746 sameDNA same I this paper I AF206882 

~ ~~ 

samc DNA 
~ ____ ~~ 

this p a p  AF206769 sameDNA same this paper AFIMIB45 

same DNA Fay et al. 1997 297638 same DNA same this paper AF2069 I4 

same s p e c k  IMorgankSoltis 1993 LO1919 IsameDNAasforrhcL sameasforrbcL I Soltis et al. 1997a I U42540 

same DNA 

G. cinercum Cav. 

same DNA 

Olmstead rt al. 1992 LI 1684 same DNA same papcr qJ236023 

Rice & Palmer 1993 1,14695 same DNA as for rbcL same as for rbcL Soltis et al. 1997a U42541 

Ricr h Pdmer 1993 L14701 same DNA same t h i  paper AF2MM 



FAMILY SPECIES (atpB) VOUCHER (atpB) CIT.4TION (atpB) EMBL (atpB) 

Grsnrriaccac Cyrtandra hawaiensis Wagner 6753 BISH this paper q1236172 

Grsneriaceae 

Gesneriaceae 

Cinkgoaceae 

Saintpaulia sp. Franceschi s.n. this paper w23.5588 

Titanotrichum oldhamii (Hemd.) Solrred. SI 86- 106 this paper A529617 I 

Ginkgo biloha L Chasc 2489 K Savolaineti et al. 200Oa A1235480 

Gornortcgaceac Gomortega keule (Molia) I.M. Johnston Ueda thi paper Al.7209593 

Goodeniaceae I Scaevola aemula R. Br. D. AIbach 18 WS this paper AF209670 

Greyiacrae Grcyia radlkoferi Szyszyl Strybing Arb. 640406 this paper AF109594 

Grauulariacrae Ribes rpeciasum Punh. Chase 2542 K Savolainm CI al. 2WOa q1235583 

Haloragaceae 

Hdoragaceac 

Hamamelidaceae 

Haloragis asprra Lindl. Chase 453 K Savolainrn et al. 2WJa A5235487 

MyriophyUum e x a l k e n s  Frrnald Broch 30 Aug 1991 WS Savolainrn et al. 200a  q123553H 

Corylopsis pauriflora Siebold & Zucc. Rcznicek 9239 MICH Hoot rt al. 1999 AF093377 

Hikntandracear I Calbulimima helgraveana Sprague Qiu 90034 NCU Savolainen PI d. 2WOa A5235477 

Huaceac I Nmstyrax sp. Cheek 51107 K Savolainrn et al. 2000a q1235385 

Hyacinthaceac Bowiea volubii Haw. ex Hook C Halui 6882 WIS this paprr 4F168889 

Hydrangeaceae Carpenreria califarnica Torr. Chase 2497 K Sawlainen PI al. 2Wla A5235426 

Hydrangcaccac 

Hydrangeaceae 

Hydrangeaceac 

Fcndlera rupicola Engelm. rt Gray Abott 216 UC this paper AJ236234 

Hydrangea macrophyh Tom. Chase 2537 K Savolainen et al. 2000a A3235497 

Phikdclphus lewisii Rush Soltil & Soltis 241 I WS this paper AJ23629 I 

Hydroleaceae Hydrolea ovata N e t .  ex Choisy Olmstead 89-009 COLO this pap’ q123filR4 

Hydrostachyaccae I Hydmstachys imbricata Thou. khatz  3414 MO thh paper I ql’ra23o 

Icacinaceae 
~ 

Inringbaileya sp Plunkett 15111 WS this paper AJ23b2 19 

Illiciaceae Illicium p a d o r u m  Michx. I Naczi 2784 MICH I Hoot rt al. 1997 U86385 

Iridaccac Gladiolus buckevildii (L. Bol.) Goldblatt Goldblatt & Manning 9504 MO this paper AF209592 

lrvingiaceae lrvingia mdayana Oliver Chasr 2574 K this paper AF209605 

Ixioliriaceae Ixiolirion tataricum Herb. Chax 489 K Savolainen et al. 2WO.a q235007 

Juglandaceae Carya glabra (Mder) Sweet Chase 254 NCU this p a p  AkW9555 

D. E. SOLTIS E T A .  

Gcsneriaceae I Rhyncholdossum notonianaum I SI 9W378 I this paprr 141296170 I 

Gnemeae I GncNm nernon L. I Chase 208 NCU I Savolainen PI al. 20M)a I 41235482 I 

Goupiaceae I Goupia dabra Aubl. I Revort 3031 CAY I Savolainen PI al. 2000a I41235484 1 

Hamamelidaceae 1 Disanthua cercidifolia Maxim. 1 Hoot 9221 UWM I ~ w t  et al. 1999 I4F093378 I 
Hamamclidareae I Exbucklandia mnulnea R. Br.ex Criffith I Chase GI9 K I Hoot rt al. 1999 I AF93379 I 
Hamamelidaceae I Hamamelis virginiana L. 1 Hwt 910 UWM I ~ o o t  et al. 1999 1 AF093380 I 
Hcliconiaceae I Hekonia indica Lam. I Kress 8&1 I I8 SEL I this paper IAF16ll917 I 
Hrrnandiaccac I Gwocar~us americana laca I Chase 317 NCU I Savolainm et al. 2MXla I A1235486 I 

Humiriaceae I Humiria balsaminifera Aubl. 1 Anderson 13654 MICH I Savolainen ct al. 2000a I A1295494 I 

Hydrangeaceae 1 Decumaria barbara L. I Krw 1969-50409 I t h i  paper I41236233 I 

I AF209694 I Hvdmrharitaceae I Vallisneria SP. I Chase 6018 K I this Daper 

Hypoxidaceae Rhodohypoxis milloides (Baker) I Hilliard & B.L.Bunt 
1 Savolainen PI al. 21NlOa 1 AJ25558!2 1 

Icacinaceae I Gonocaryum litorale slewn. I Chase 1294 K I Savolainrn rt a. 2m)a I ~ 1 2 3 5 4 ~ 3  I 
lcacinareac I lcacina manii Oliver 1 Chaw 2244 K I this DaDer I AF209603 I 

Iridaceae I Arhtea alauca Klatt I Goldblatt 9500 MO I this paper I AF209531 I 

lteaceae I Itea virginica L. I Ware 9401 ws 1 H ~ I  et al. 1999 I4F093383 I 
lxerbaceac I lxerba brexioides A. Cunn. I Small a.n. ws I this mvrr IAF209ME I 
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continued 

same DNA I Char et al. 1993 I LIZ637 I same DNA same AF206880 

same species thii paper AF206785 same species ~ o i t h  25211 ws this paper AF206943 

mnnkvfd 



APPENDIX- 
FAMILY SPECIES (atpB) I VOUCHER (atpB) CITATION (atpB) EMBL (atpB) 

Juncaceae I Juncus effusus L. Chase 200 NCU Savolainro et al. 2ooOa AJ215509 

~~ 

Lardiabalaceae Akrbia quinata (Houn.) Decne Qiu 91020 NCU Hmt  et al. 1995a AF209523 

Lardiabalaceac Decaisoea fargesii Franchct I Reznicek 9236 MlCH Hoot et al. 1995a L37926 

' Magnoliiae Magnolia tripetala L. Qiu 3 NCU Savolainen el al. 2ooOa 4235526 

Magnoliaceae Manglietia rordiana Oliver Qiu 26 NCU this paper AF209ti23 

MalesherbLccae Maluherbia liocarifolia Poir. Gengler 23 0s this paper AFzO9622 

1 MalDinhiaccae I Dicella nucifcra Chodat I Anderson 13607 MlCH I Savolainen et al. 2ooOa I 41235453 I 
I Maloirhiaceae I G a l o h i a  pracilir Bad. I Adelson 13580 MICH I this ~ a ~ e r  I AF209591 I 

Kigellariaceae 

Kiggelariaccae 

Kimclariaceac 

Pangiurn edule Rrinw. Chase 1285 K this pdper AF209644 

Hydnwarpus heteruphyllum Blume Chase 1278 K this paper 412354% 

unknown Chase 1301 K this paper m20%07 

Krameriacrae Krameria ixinr L. Lilt I NY Savolaincn et al. 2WOa 4235514 

Laciisternataceae I Lacbtema aggregatum Rusby Chase I600 this paper AF!!(WG I 3 

Lardizabalaceae Sargentodoxa cuneata Rrhder & E. Wbon Qin 8.n. PE Hoot et al. 1995a AFW3396 

Lauraceae I Cinnamomum camphora Necs & Eberm. Qiu 102 NCU Savolainen ct al. 2 lOa  41235436 

Lerythidaceae 

Lecythidaceac 

. .  
Coumpila guiancnsis Aubl. Fairchild Trop. Bot Card this paper 41236224 

Gustavia suprrba Berg Fairchild Trop. Bot Card this paper q1236!!22 

Lentibulariaceae Pinguicula lutea Walt. Albach I WS this paper AF209655 

Lentibulariaceae I Utricularia hiIlora Roxb. I Chaw 143 NCU Sawlainen et al. 2WOa 3235636 

W i a e  

Liliaceae 

Liliaceae 

Lilium superbum L. Chase I12 NCU this paper AF2096 18 

SciUa sp. Hahn r.n. WIS this paper AM69206 

Scoliopus hallii Wala. Chase 3468 K Bis paper Am09672 

Limnanthaccae Floerkea proserpinicoides Wdld. Reznicek B609 MlCH BaWlrr et al. 1998 AF035904 

Lirnnanthaceac I Limnanthes douglassii R. Br. I  ice s.n. IND I his paper m209619 

Linaceae Reinwardtia indica Dumort. Chase 230 NCU Savolainen e l  al. 2WOa A5235577 

L o m a e  Petalonyx nitidus S. Wats. Hutford 554 DUL this paper 42362Y2 

Loganiaccae I Spigelia marilandica L. none this paper AF209679 

Lythraceae 

Lythraceae 

Mamoliaceae 

Lythrurn salicaria L soltis & sol t i  ws this paper AF209621 

Punica prutopunica Balf. Chase 1905 K Savolainen ct al. 2wOa 3235574 

Liriodendmn tulpifera L. Qiu 94126 NCU Savolainen el al. 2oM)a 4J235522 

~~ 

Malpighieae Malphigia coccigera L. Mathaei BG 20626 MlCH Savolainen et al. 2ooOa 4235527 

D. E. SOLTIS ETAL. 

KiKckiriaceae 1 K i d a r i a  africana L. I Chase 5607 K I his paper I AF209610 I 

Koeberliniieac I Koeberlinia w h o a  Zwc. I Al-Shehaz s.n. MO I this paper IAF209612 I 

Lamiaceac I Clemdcndrurn chinense (Osb.) Mahb. I Manhaei Bot. Card. MlCH I hiis paper I AJ236033 I 
h i a c e a e  I h i u m  amolexicadc L. I Mort s. n. WS I thb P d E T  IA12361fi5 I 

Lardizabalaceae I Sinofianchetii chinen& Hemslev I Winburah 831635 F I Hoot rt al. 1995a I 1.37931 1 

Lauraceae I Sassafras alhidurn mutt.) Nees I Sol& & Soltis 2518 WS I this paper IAF209(i68 I 
I AF233085 I I ~ress  6.n. US I h is D a m  h a n n i a c e a e  I Eustrenhus latifolius R.Br. 

Lemthidaceae I Nawleonaca vogelii Hwk. & Planch. I Chase 329 K I Savolainen et al. 20Oa I 41235540 1 

Liliaceae I Clintoiua boreah (Ailon) RaC I Hahn 6962 WIS I this paper I I 

Liliaceae I  rimi is latifolia ~ m ~ n .  I Chase 548 K I Savolainen et al. 2WXla I 41235630 I 

Linaceae I h u m  wrene ~usa. I Chase I l l  NCU I Savolainen et al. 2MXla I A1235521 I 

1 2009-45 Seattle Arb I this paper 1 3236209 tinnaeaccae 1 ~ k l i i  triRora R.BI. 

Loasaceae I Loasa acurninata Wcdd. I Albach 56 WS I ~ paper I AF209550 I 
Loasacear I Eucnide hartonioidu Zucc. I Albach 55 WS I this DaNr I A1236227 I 

Lowiaccac I Orchidantha limbriala Holttum I Kresa & Beach 87-2159 US I this paper I AF168933 I 



ANGIOSPERM PHYLOGENY 

same specics Chax et al. 1993 AF20677 I Same DNA as for atpB same as for atpB this papcr AF206917 

same DNA Savolaineri el al. 2WOa q1235784 same species NicLrent 2905 SIU Saltis ct al. 1997a L24046 
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~~ ~~ 

Memecyclaceae Mouriri cyphocatpa Standl. Chase 2534 K ths paper AF2OqhS4 

Mcnispcrmaceae I Mcnispcrmum canadensis L. I Naczi 2837 MICH Hoot et al. 1999 AFO99384 

I Mvrtaccae I HeteroDvxis natalrnsis Haw. I Conti 1002 WIS I t h i  pawr I AP209.597 I 

I Nvctaeinaceae I BounainviUra &bra C h o k  I Chase 2485 K I Savolaincn et al. 2MMa I A1235415 I 

Malvaceae I Bomhax malaharica DC. I Chase 3049 K I Bayrr et al. 1999 I AJ233051 I 

FAMILY SPECIES (atpB) VOUCHER (atpB) CITATION (atpB) 

Malvaceae Durio zibethius Murrav I Averson 2180 WIS I Alvcrson e l  aL 1998 I m122119 I I . .  . 

EMBL (atpB) 

Malvaceae 

Malvaceac I Tbeohroma cacao L. 1 Chase 3016 K I Bayer et al. 1999 I A1239090 I 

Goqpium hirsutum L Chase 3014 K Bayer rt al. 1999 A5233052 

Malvaceac I Ochroma pyramidale (Cav. cx Lam.) Urb. I Chase 244 NCU Bayrr et al. 1999 .4F035910 

Melanthiaceae I XcroDhvhm tenax Nutt. I Chase 527 K I Savnlainrn PI al. 2OOOa 1 A1 I 92285 1 

Malvaccae Crewia occidcntalii L. Chase 3042 K Bayer et al. 1999 A5233 105 

Melianlhaceae I Bcnama lurens Szvszvl. I Chase 1 I25 K I Savolaiien r t  al. 2MMa I A1235410 I 

Malvaceae I Sterculia apetala Karsten I Chase 352 K Bayrr et al. 1999 4233089 

Mcnisoermacrae I Tinoswra cafTra Miers ~.laarsvcld 2131 NBG I Hoot et al. 1995a I l.97933 I 

Malvaceae 

Marantareae 

Marantaceae 

Tdia americana L. Chase 3018 K Bayer pt al. 1999 AJ233113 

Calatbea locseneri J. F. Macb. Krcas 9k3722 US this paper AFI ti8890 

Maranta bicolor Vell. Kress 94-3724 US his paper AFlG8927 

Monimiaceae I Hedvcarva arhorra Forst. I o i u  90028 NCU I Savolainen et al. 2MMa I A1235489 I 

M w p v i a r e a e  

M e d q a c e a e  

Melanthiaceae 

Marcgravia rectiflora Triana & Planch. Chase 331 NCU Savolainen er al. 2WOa i’J!235529 

Mrdusagync oppositifolia Baker Chax  670 K Savolainen ct al. 2WOa qJ235530 

Chamaelirium luteum Wdld. Chase 224 NCU this paper Am0956 I 

Moraccae I Ficus SD. I ~01tis  s.n. ws I this paper I AF209587 I 

Mekstomataceae 

Meliaceae 

Meliaceae 

Clidemia petiolaris Triana Chaw 2534 K Savolainen et al. 2000a A1235439 

Swictenia macrophylla King C h w  250 K Savolainen et al. 2OOoa 4235616 

Trichili cmetica Vahl Chase 552 K Savolainen et al. 20oa  A1235629 

Muntinaiaceac I Muntinaia calahura L. I Chase 346 NCU I Bakkrr et al. 1998 I AF035908 I 

Menyantbaccae 

Menyanthaccae 

Mollupinaceac 

Muaaceac 1 Ensrte ventricosum (we1w.l Cheesman I bus s.n. US I this Dancr I AFl689LO 1 

Mcnyanthes viroliata L Chase 3501 K Savolainen et al. 20Wa A5235533 

Nymphoidcs geminata (R.Br.) Kuntzc Albach 61 WS this paper qJ2S6204 

Molluao verticillata L. Hershliovitz 37 WS this paper AF20963 I 

~~ ~ 

Monimiieae Pewnus boldus Molina Strybing Arb. this paper AF209650 

Montiniaceac I Montinia caryophyllacea Thunb. I Williams 2833 M O  this paper N236 I87 

Moraccae Morus n i p  L Chase 2512 K Savoldnen et al. 2LMa A5235536 

Moringaceae I Moringa oleifera Lam. lltis 30501 WIS this paper Am09633 

Musaceae 

Musaceac 

. ,  . .  
MUM aruminata Colla US. Bot Gard. a n .  US this paper AF I6893 I 

Muwlla lasiccarpa (Franch.) C.Y. Wu Kress US this paper AF I68932 

Myoporareae 

Myricaceae 

Myrirticaccac 

Myoporum mauritanum A. de Candolle RBC Kew 19844220 this paper qJ236166 

Myrira cerifera L. Chase 25W K Savolainen et al. 2 W a  AJ233068 

Kncma latericia Elmer Qiu 91014 NCU this p a p r  Ab”20961 I 

MyrLticaceae Myristica fragrans Hout. Qiu 92014 NCU this paper AJ235539 

Myninaceae Ardisia sp. Albach 5 WS his paper AF2W530 

Nelumbonareae 

Nepenthaceae 

Ncuradaceae 

Nrlumbo lutea Pen. Hoot 9212 UWM Hwt et al. 1999 rrn93387 

Nepenthes a h a  Blanco Chase 145 NCU Savolainen et al. 2000a 4235542 

Neurada pmcumhens L. Collcnete 8193 K this paper AF2W637 
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SPECIES (rbrL) 

G .  mhinroni F.Mucll. 

same DNA 

45 1 

CITATION (rbcL) EMBL (rbcL) SPECIES (18s) VOUCHER (18s) CITATION (18s) EMBL(I8S) 

Chaw et al. 1993 L13186 samrspwiaasforatpB Alverwn s.n. WIS Soltir et al. 1997a U42827 

Bayer ct al. I999 AF206800 same DNA same this paper AF206975 

same species 

8. huonorazewP.Beauv. I Chase et al. 1993 I AFU22I 18 1 B. ceiha Bum. I Alverson s.n. WIS I Soltis PI al. 1997a I U42507 I 
Bayer ct al. 1999 .4J233053 same DNA as for atpB same as for atpB this paper AP206905 

same DNA 

S. tramcantha Lindl. I Alverson et al. 1998 I AF022126 I S. rcrordiana I Alverson 2184 WIS I Solib ct al. 1999 I AF207029 I 
Bayer et al. 1999 qJ233 IS2 I same DNA same this paper I AF206921 

samr F r i e s  

T. amrrirana L. 

same DNA 

same wdn I Duvall 1-1 al. 1993 I u)5040 I same DNA as for arDB I same as for atDB I Soltis et al. 1997a I U42079 I 

Chase ct al. 1993 AF022125 same species Huntrr 698 WIS this paper AF207040 

Chase ct al. 1993 AF022 I27 same species Soltis 2538 WS this pap“ AF207042 

this paper AF243842 same DNA same Hcrshkovitr et al. 1999 Am9224 

same DNA Morton et al. I997a 283148 same DNA same Kron 1996 283 I48 

same DNA 

same species I Hoot ct al. I999 I AF093726 I samc DNA I same I Soltis ct al. l997a 1 L75834 I 

Fay et al. 1997 ~75670 I same DNA same this paper I AF206959 

same DNA 

sime DNA 

Osbeckiistellata Wall. 

same DNA 

same species I Chase et al. 1993 I M62566 1 same DNA as for atDB 1 same as for atnB 1 Soltis et al. 1997a I U42828 I 

thk paprr AF206749 same DNA same this paper AF206R84 

Chase et al. 1995 AJI3l 1949 same DNA samr this paper AF207057 

Chase et al. 1993 A5235777 sampDNAasforrtxL C u d  I004 WIS this paper AF206977 

Gadrk et al. I!% U39080 samc DNA same this paper AF207031 

same DNA 

same DNA 

same DNA 

same DNA I Moraan & Solth 1993 I LI I194 I same DNA I Same I Soltis PI al. 1997a I U42808 I 

G d r k  et al. 19% U39082 same DNA same this paper AF207045 

Savolaincn PI al. 2000a A5235774 8. ahyssinica Fws. Knox 2563 K this paper AF206@67 

this paper AF206796 same DNA same Soltis PI al. 1999 . 4 ~ 2 n 6 w  

Same DNA 

same species 

N.peltatum Britt & Rrndlr 

same DNA I Fay el al. 1998 I Y15146 I same rmcies I Alverson 2172 WIS I Soltii et al. 1997a I U42539 I 

Hoot CI al. 1995a L37923 same DNA same Hwt et al. 1995a 1.37914 

Olmstead et al. 1993 L14M)6 same species Rgsm&An&381OwS this paprr AJ236009 

this paper X87392 same DNA as for atpB same as for awB this paper A1236nin 

same DNA Q i u  et al. 1993 L12648 m e  DNA SamP this paper AF2ffi924 

same DNA this paper AM06807 I same DNA same this paper AF206988 

F. vigonata L. 

M. alba L. 

same DNA 

Chase et al. 1993 AF206767 same DNA as for atpB same as for atpB this paper AE20691 I 

Chase PI al. 1993 LO1933 samcgprcisasforrbcL Nickrent 2924 SIU Soltis PI al. 1997a L24398 

Rodman et al. 1993 LI 1359 same DNA same Soltis et al. 1997a U42786 

same DNA this paper AF243843 same DNA same this paper AF168842 

same DNA Smith CI al. 1993 1.05455 I same DNA same Soltis ct al. 1997a I U42083 

same DNA 

same species 

samc qeries 

this paper AF243844 same DNA same this paper AF168862 

Olmstead & Rceves 1995 L36403 same DNA as for atpB same as for atpB this papcr A5236036 

Chaw ct al. 1993 W1934 sameDNAasforrbcL same as for rbrl. Soltis et al. 1999 Am06967 

same DNA 

same DNA 

same DNA 

A. rrenata Sims. 

Qiu et al. 1995 L12653 same DNA m e  this paper .4F206946 

this paper AF206798 same DNA same this paper AF206968 

Qiu et al. 1998 AFD60707 same DNA same Hoot et al. 1999 AF094555 

Kron & Chaw 1993 L12599 same DNAas for atpB same as for atpB this paper A5235997 

same DNA 

same DNA 

same sprcies 

same DNA 

same DNA 

same species 

Morton et al. 1997a Z80203 same DNA same this paper .4J235997 

this paper AF206775 same DNA same this paper AF206927 

Chaw CI al. 1993 M77032 same DNA as for atpB same as for atpB Soltis et al. 1997a L75835 

Chase ct al. 1993 LO1935 N;penthes sp. Nickrent 3056 SIU Soltis et al. 1997a U42787 

Morgan et al. 1993 U06814 same DNA same this paper AF106970 

Manhart ct al. unpuhl. M88340 same species Soltis s.n. WS this paper AF”2W873 
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FAMILY 

Nyctaginaceae 

Nmhaeaceae 

EMBL (atpB) SPECIES (atpB) VOUCHER (atpB) CITATION (atpB) 

MiabilL j a l ap  L. Hrrahkovi~z 60 WS this paper m o 9 6 2 9  

Nuphar wicrdta Durand Schneider s. n. SBBG this paper AF209640 

Nymphaeaceac 

Nymphaeaccae 

Ochnaceae 

1 Olacaccae I Schoepfia rhreben.1. F. Gmel. I Nickrent 2599 ILL I this paper lAFZ09671 I 

Nymphaca odorata &ton Qui 91029 NCU Savolainrn rt al. 2M)Oa AJ’235544 

Barrlaya longifolia Wall. Schneider and Vaughan SBBG this paper AF209536 

Orhna multiflora DC. Chase 229 NCU Savolahen et al. 2ooOa N235546 

Oleaceae 

Oleacrae 

Onagraceae 

Jawninum plyanthum Franch. Chase 2474 K Savolainen et al. 2lWa AJ235508 

Olea europaea L. Johnson 9- WS t h ~ .  pap r  w236 I63 

Clarkia xantiana A. Gray Gottlieb 7346 DAV thii paper AF209564 

I Orchidaceae 1 Cvpripedium calceolus Walt. I Chase 0-714 K I Sawlainen et d. 2 W a  I .\1235448 I 

Onagraceae 

Oncothecarear 

Opiliaceae 

I Orchidaceae I Oncidium excavatum Lindl. I Chase 0-86 K I Sawlainen et al. 2ooOa I A1235548 I 

Epilobium angustifolium L. Sol& & Soltis 252 I WS this paper AF209582 

Oncotheca balanaae Baill. JaIXre 3238 NOU Savolainen ct al. 2100a A5235549 

Opiii menracea Roxb. Chaw 1902 K Savolainen e l  al. 2W0a AJ235550 

Oxalidaceae 

I Paeonianae I h n i a  sutiiwctirma ~ n d r .  1 Reznicek 9235 MlCH I HW ct al. 1999 I Am3389  I 

Averrhoa carambola L Chase 214 NCU Sawlainen et al. 2wOa AJ235404 

Oxalidaceae I Ox& dillenii.Jarq. I Soltis & Sol& 2548 WS I this paper 

I Savolainen n al. 2WOa I 41235454 I I Papaveraceae I Dicentra chrrjanha Walp. I Chaw 534 K 

AF209642 

I Pauaveraceae I Pteridmhvllum raccmmum Sicb. et Zucc. I Chase 531 K I Hooi & Cranr 1995 I U86400 I 

Pandanaccae Freycineh acandens Caudich Chase 191 NCU his paper AF709590 

I Pasifloraceae I Parowia madapdscariensia fBaill.l H. Pemer I Chase 3761 K I this paver IAI.209645 I 

Papaveraceae Hypemum imberbe Sm. Chase 528 K Hoot & Crane 1995 UHti398 

Pedaliaceae I Robmidea louisianica TheU. I Mordcn 857 IND I this paper I .41236161 I 

Parnauiaccae Lcpuropetdon rpathulutum (Muhl.) Elliott 

Pedaliceae I b u m  indicum L I WaeataIX92-239 COLO I this Damr 1 A1236176 I 

Thomaa am. NLU this paper AR‘L0961fi 

Pauifloraceae 

Petrosaviaceae I .lawnofirion m e w  ~ a ~ a i  I Chase 3ooO K I this paper I AF209608 I 

Paruiflora cmcinea Aubl. Chase 2475 K Savolainen et al. 2- A5235553 

Paulowniaceae I Paulownia tomentosa (Thunb.) Stcud. 

Philvdraceae I Helmholtzia acorifoli F. Muell. 1 Krm 92-3505 US I this paper I AF168922 I 

Olmstead 8 W 8  WTU this paper A5236174 

Pellicicraceac 

Phvtolaccaceae I Phvtolacca dioka L. I Chase 2535 K I Savolainen et al. 2W0a I A1235558 I 

Pekicera rhizaphorae Planch. & Triana Pennington ct al. 586 INB, CR, E, K this p a p  AF209647 

Penthoraceac I Pcnthorum sedoides L I Hayden 2232 WS 

tittormraceac I Pinmwrurn fairchildii Chcerman I Chase 2468 K I Savolainen et al. 2wOa I A1235561 I 

Savolaincn et al. 2ooOa N235555 

Peuwviaceae 

Platanaceae 1 Platanus mcidcntalis L. I Q  IU p9ooo5 NCU I Hoot et al. 1997 I U86386 I 

Pctrosavia stellaris Becc. Chase 1933 K this paper AFl09649 

Plumbahaceae I Limonium dendrnides Swnt. I Chase 706 K 1 this DaDer I AF209620 I 

PheUinaceae I Phclline comma Labill. 1 kvolainen p c o ~  G Savolainen et al. 2 W a  A5235557 

Philydraceae 

PhyUonomaceae 

Phytolaccaceae 

Philydrella pygmaea Char  2236 K th! paper AFZ09651 

Phyllonoma laticuspus vurcz.) End. Morgan 2 I24 WS this paper AJ2362 I6 

Ercilla volubili AJuas. Chase 2526 K Savolaincn el al. 2wOa q1235464 

Pinaceae 

Pipraceac 

Piperacrae 

Pinua thunhergiana Franc0 unknown Savolainen et al. 2wOa Dl7510 

Peperomia obtusifolii Miq. Qu 94135 NCU Savolainen el al. 2WOa A5235556 

Piper betle L. Qiu 91048 NCU Savolainen el al. 2ooOa qr235.560 

Pittospraceae Sollya hcterophylla Lindl. Plunkctt 1361 WS this paper A5236214 

Piantaginareac I Piantago ianrmlata L. I Albach I3 WS this paper AF209656 



ANGIOSPERM PHnOGENY 

SPECIES (rlxL) 

453 

CITATION (rLxL) EMBL ( rhL)  SPECIES (18s) VOUCHER (18s) CITATION (IHS) EMBL(I8s) 

same spwirs Chase et al. 1993 

N. varirgata Padget I Chase el al. 1993 I AF096695 I same DNA as for amB I same as atpB I this paper I m 0 6 9 7 2  I 
M62565 same DNA as for atpB samr as for atpB Soltis et al. 19971 ~427811 

same .qxrirs 

same spr ie r  

0. sPlTdluk wdp 

same DNA I Chase et al. 1993 I LI 1205 I same DNA I samc I this vdwr I AF2117017 I 

C h  ct al. 1993 M77031 Nymphaea sp. Qiu 91029 NCU this paper AM96696 

Chase et al. 1993 M77027 same DNA as for atpB Zanis WS this paprr A1.396692 

Chase e l  al. 1993 275273 same DNA a3 for atpB samr as for atpB S o h  et al. I W I  AF2wi974 

J. suavissimum h d l .  

same species 

same DNA 

samr s w i m  I Conii el al. I993 I L10217 I same DNAas f i ramB I Sam? as for amB I Liltis rt al. I999 I AF206907 I 

Chase et al. 1993 LO1929 same DNA as for rbcL same as b r  rlirL this paper AJ236035 

Savolainrn rt  al. 2lKWla AJOOl7Wi same DNA as fir  atpB samc as Pir atpB Soltis ct al. I997a L49289 

Olmstrad .-t al. 1992 I.IOR% same DNA same Sobis ct al. I997a Uli7930 

same DNA 

C. irapranum Lex. I Chase et al. 1993 I 273706 I same species as atpB I Hahn s.n. WIS ' I Hrnhknviii et al. I999 I AKI69208 I 

Savulainen ~ ' t  al. 2OOOa .%J13195II samr sprrirs Chase 23!H K this paper AF206976 

samr DNA 

P. tenuirnlia 1.. I Chase ct al. 1993 I L13687 I vamr DNA asforatnB I same a for atoB I Riltis rt al. 1997a I U42791 1 

Savulainm et al. 2OOa A5131773 samr species Nickrent 2816 SIU I Snltis ct al. lW7a I U+27!lO 

same DNA 

samc spwicr 

same Iperier 

D. spectabilis (L.) Lem. I Chase el al. 1993 I LO8761 I U. exima Torrey I Keznicek 9756 MlCH I Snltis PI al. 1997a I L37908 I 

Ohstead  ct al. 1992 AFO74201 samr DNA same Soltis et al. 1997a U42791 

Chase et al. 1993 L14692 same DNA as for r1n-L samr as for rhrL Soltb et al. 1999 ~ ~ z f f i n 5 9  

Chase et al. 1993 UlIY38 samr DNA as for atpB samr as for arpB this pawr  "206978 

same DNA I Hoot & Crane I995 I U86631 I same DNA I samr I Hoot & Cnnr 1995 I AW94560 I 

same DNA Chase rt al. I993 AF206770 samr DNA same this paprr AF206915 

same DNA I this paper I AF2OBM12 I same UNA I samr I this Dawr I AFz(m9no 

same DNA Hoot & Cram 1995 U86628 same DNA same Soltis et al. 1997a ~751336 

same DNA I Chase PI al. 1995 I LO1946 I Sam? DNA I same I this pawr  I A1236040 

same species Morgan & S o h  1993 LI I 192 same DNA a. for rtrrl. sanic as for r h L  Soltis et al. l997a C18141 

same DNA I this paper I ~ ~ 2 ~ 7 8 4  I same DNA I same I this Dawr I AF206942 

P. fimhriata BanL Chasr et a]. 1993 I LO1939 I same DNAas for rhcL I same as for r h L  I Soitis et a. 1997a I umoy 

same DNA I this paper I ~ 2 0 6 7 7 4  I same DNA I same I Soltis ~t al. 1997a I U42074 

P. quadrangalis L. 

same DNA I this naoer I hP106HO8 I same DNA I same I this o a w r  I m206990 

C h a x  et al. 1993 U)1940 P. standleyi Kdlip M O  876ti30 Snliis rt al. 1999 An06981 

same DNA Olmstead & Rpeves I995 

P. amrricana I.. I Chase et al. 1993 I M62567 I samrwxiaasforrhrL I Hmhkovitz 38 WS I Soltis ct al. 1!1!l7a I U42793 

L36447 same DNA samr this paprr AJ236039 

same species 

same DNA 

same DNA 

same DNA I Qu et al. 1993 I LIZ660 I same DNA I same I this paper I rU.'1lMi992 

Olmstead et al. 1993 L144oH same DNAas for atpB same ar b r  atpB this paper d236041 

this paper AFZ06804 same DNA samr this paprr AI?206983 

Chase et al. 1993 LI 1197 samr DNA S a m ?  Soltir et al. 1997a U2566O 

P. iaponicum Hort. I Mowan &%Itis IW3 I L11202 I samrwiesasfnr r l r l  I RiesPhPre sn RSA I Riltis ct al. IY97a 1 L28142 

same DNA this paper AF.ffiR06 same DNA same this paprr AF206987 

same DNA I Chase et al. 1993 I Ul1943 I same specirr I Soltis & Sol& 2514 WS I Soltis el al. I!lY7a I U42794 

same DNA 

same DNA I this naDer I Ak'106789 I same DNA I Chase 1649 K 1 this naoer I AF206953 

Savolainen et al. 2000a X69748 P. billardirri Vdn Balguoy 7013 I. this paper Ak"206989 

same DNA Morgan & Solth 1993 LI 1201 same DNA same Soltis et al. 1997a U42546 

same DNA Savnhinrn rt al. 2WOa AJ235800 same DNA .samr this p d p r  AF206908 

same species Savolaiaen el al. 2000a Dl7510 Pinus elliota Chaw I394 Chaw et al. 1995 D38245 

P. uhtusifolia Miq. QIU ct al. 1993 I.I26(il same DNA Same this paper AF21Mi985 

same DNA Plunkett r t  al. 1997 U502fi2 same DNA samc lllis pdp?r .4J23ww)I 

same sperirs Olmstrad & Reevcs I995 L36454 iamr DNA as for dtpB same as h r  atpB this paper AJ296046 
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FAMILY SPECIES (atpB) VOUCHER (atpB) CITATION (atpB) 

Plumbaginaceae Plumbago reylanica L. Chase 994 K Savolaioen et al. 2000a 

Poaceae Oryza sativa L. unknown Chase ct al. 1993 

EMBL (atpB) 

A5235565 

xi5901 

I Poaceae I Zea mays L. I unknown I Savolainen ct al. 20Wa I X86563 I 
Podocarpaceae Pcdocarpus milanjanur Rendl. Chase 2482 K Savolainen ct al. 2OOOa “235567 

I Polemoniaceae I Cohaea randens Cav. I Chax 961 K I Savolainen ct al. 2000a I A5235440 1 
Podostemaceae I Maranthrum ruhrum Novel0 & Philhrick Philhrick sn CONN this paper AF209624 

Polemoniaceae 

Polemoniaceae 

Polyaalaceae 

I Pontcderiaceae I Pontederia rordata L. I Chase 2996 K I this paper I AF209657 I 

Cilia capitam Sims. Johnson 92-15 WS this paper A5236220 

Phlox longifolia Nutt. Albach 20 WS this paper AJ236221 

Polyplala Lmriata L. Chase 155 NCU Savolainrn et al. 2 W a  A5235568 

I Portulacaceae I Portulaca mandiflora Hwk. I %Itis sn ws I this namr I AF209659 I 

Polygalarrac 

Polygonarrar 

Polygonaccae 

Srruridaca divenifolia (L.) S. F. Blake Chasr 2998 K this paper AF209673 

Coroloha uvifrra L. Nickent 2927 SIU this paper AFZ09568 

Polygonum sachalineme Schmidt Chase 896 K Savolainen et al. 200Oa N23.5560 

Placajpermum rariaceum 
C.T.White & W.D. Franris 

I Rotraceae 

Primulacear Anagallh tenella L. 

I AFffi039’ I I Savolainen et a ~ .  2 ~ 1 a  I MEL 

Chase 1910 K Sawlainen el al. 2 0 a  AJ235390 

I Proteaceae 1 Rnupala macmDhvUa Pohl I  DOUR^ 131 MEL I Savolainen et a ~ .  2 0 ~ a  I AF060416 I 

Rmulaceac I Andraaace spinulifera Knuth Chase 954 K Savnlainen et al. 2(10(la I A5235392 

Pseudanthaceae 

Pseudanthaceae 

Ptrrostemonacear 

I Ranunculaceae I Glaucidium palmaturn Siehold & Zurc. I Hwt  924 UWM I Hwt & Crane 1995 I AFIK9375 I 

Andmstachyx johnsonii Prain Chase IW4  K this paper AF209527 

Smhystemon axillaris A. S. George Chase 2165 K this paper 

Rematemon rotundifolius Ramirca .Jordan s.n. HO Savolainen rt al. 2OOOa 4J!235573 

I Ranunculaceae I Hvdnutis canadenae L. I Naczi 2883 MICH I Hoot & Crane 1995 I Am93382 I 

Putranjivaceae 

Quiinaccae 

Ranunculaceac 

Drypetes roxburghu (Wall.) Hum.  FTG-83463A K this paper AM09578 

Quiina pteridophylla (Radlk.) Pires J. Murra Pires CPATU this paper AM09664 

Copth trifoliata (L.) Salish. Voas & Howard sn MICH Hwt et al. 1999 AFO93393 

I Rcacdareae I Rerda alba L. I Price sn IM) I this Damr I AF2G?J665 I 

~~ 

Ranuncukreae Ranunculus sp. Hoot this paper 

Restionaceae Restio tetraphyllus Labill. Chase 560 K this paper AW09666 

I Rosaceae I Photinia frawri Dms  I Mu- 2131 WS I this paper I AF209653 1 

Rhabdodcndrareae I Rhabdodendron amazonicwn Huber I Ribeirn I187 K Sdvti~ainen et d. 2Wa I AJ235578 

I Rubiaceae I CeDhalanthus occidentalis L. I Forbes sn UC 82.0070 I this paper I AT236190 I 

Rhamnacear 

Rhamnacrae 

Rhamnaceae 

Rhizophoraceae 

Rhizoohorareae 

Ccanothus sanguinm Punh Morgan 2155 WS thh paper AF209558 

Rhamnus cathartica L Chase 100 NCU Savolaineti et al. 20MQ A3235579 

Trevoa trinervis Beny s.n. UC Davis this paper AF2WW 

Brugiera gymnorhiza (I..) Savigny Conti sn WIS this paper Am09547 

Canllia brarhiata Merill. Chasr 2151 K Savolainm el al. 2 W  A1235425 

Roridulaceae Roridula gorgnnks Planchon Coldhlan 5393 MO this paper A5236 I 80 

Rosaceae I Kerria japonica (Thunb.) DC. Henrickson 97- I02 CAL thia paper AF I 92893 

Rosaceae 

Rosareae 

Rousseaceae 

Runus penica (L.) Batsrh Dickson sn BH this paper AW0966iI 

Spirra hetulifolia Pall. Chase 2503 K Savolainen et al. 2 W a  A5235608 

RoueKa simplex Sm. Mauritius Sugar Rcs. Inst. Savolainen ct al. 20Mla qJ235586 

Rubiaceae Mitrhella repens L Xiang M OSU this paper ~ ~ 2 1 1 9 6 3 0  

Rubiaceae Pen- lanceolata (Font.) K. Srhum. Bremer 2702 CONN this paper AJ236 I94 



ANGIOSPERM PHYLOGENY 

~ a m c  DNA I this paper I 268805 1 same DNA 

455 

same I Soltis el al. 1997a I U42802 

same DNA this paper 1.13931 same DNA iamc this paprr a236027 
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Rubmccac 

Ruhiaceae 

Rutacrae 

D. E. SOLTIS ET AL 

Rogieria suffrutrscens (Brand.) A. Burhidi Bremer 2712 CONN this paper #!Xi191 

Dialrpetdandus fusreuens Chase 3950 K this paper AF7.09576 

Citrus paradisi Macfad. Chase 2473 K Chue et al. 1999 AJ238408 

APPENDm- 

Sahiaceae 

Sahiacrae 

Salicacrar 

I FAMILY I SPECIES (atpB) I VOUCHER (atpa) I CITATION (atpB) I EMBL (atpB) I 

~ 

Meliosma veitchiorum Hemsl. Chase 2989 K this paper AF209626 

Sahia awinhori Hrmsl. Walpler 6518 HAST Hoot et al. I999 AF093395 
ex F.B.Forbm & Hrmsl. 

Pnpulus tremuloides Mirhx. Soltis & Soltir 2551 WS this paper AF2IJFi58 

Santalareae 

I Rutacear I Cneorum pulvrrulentum Vent. I Chase 3428 K I this paper I AF209567 I 

Osyris lanceolata Horhst. & Strud Nickrent 2731 SIU this paper AF209641 

I Rutacrae I Pnnclrus trifoliata Raf. I Chase I17 NCU I Chase et al. 1999 I A1'238409 1 

Santalarear Santalum alhum 1.. Chase 1349 K I Savnlaineti et al. 20Wa I AJ235592 

I Salicaceac I Salk retirulata L. I Chase 840 K I Savolainen et a ~ .  2 1 ~ 0 a  I A1235590 I 

Sapindaceae 
~~ 

Aesculus pavia Ca%tigl. Chase 503 K Savnlaincn ct al. 2MW)a AF035894 

1 Santalareae 1 Dendropthora davata [Fknth.) Urban 1 Nickrent 2182 SIU 1 this paper 1 AF"011575 1 

Sapiridacear I Cupaniopsis anacardioides Radl. 

I Santalaccar Euhrarhion amhiguum I (Hook. & Amnos) Enaler 

Chase 217 NCU I BaWrcr PI al. 19911 I AF035W3 

I Nickrent 2699 SIU I t h i  paper 

Sapindaceac 

I AF209583 1 

Xanthocens sorhifolia Bunge Chase 2866 K this paper AF"09697 

I Santalacrae I Viscum alhum L. I Nickrent 2253 SIU I this oanrr I AF209695 I 

Sapindaceae Acrr sarcharum L. Chase 106 NCU I Savolainen et al. 2WOa AF035893 

I Sapindaceae I Koelrrutrria uaniculata Laxm. I Chase I15 NCU I Savolainen ct al. 2MNa I A7235513 I 

Sarraccniaceae 
~~ 

Sarracenia Aava L. Chase 144 NCU Savolainen ct al. 2OOOa A5235594 

I Sapotacrae I M a n h r a  zapota Royen I Chase 129 NCU I Savolainen rt al. 2 m a  I A1235528 I 

Saxifragaceae 

I Smolacnaceae I Sarcolarna sn. I Chase 903 K I Baver et a ~ .  1999 I A1233070 I 

Heuchera micrantha Douglas Sollis & Saltis 2477 WS Savolainrn el al. 2000a NO93399 

Saxifragaceae 

Saxifragaceae 

S a x i l i i c e a ~  

Schisandrareac 

I Saururaceac I Saururus chinensis Hon. ex Lond. I Qiu 91023 NCU I Savolainen et al. 2WOa I A1235595 I 

Saxifraga mrrtensiana Bong. Grable 11586 WS this paper AF209M9 

Saxifraga rctusa Gouan Soltis and Snltis 2253 WS this paper 4J235597 

SuUivanria oregana Wan. Crahlc 1 1  598 WS this paper AF209682 

Schisandra sphenanthera Rchdrr & Wilson Qiu 94165 NCU Savnlaincn rt al. 2(WWla A1235599 

Srmphulariaceac Digitalis grandiflora Mill. Olrnstcad 92415 WW this paper A5236167 

I Srrnuhulariaceae 1 Antirrhinum maius L. I Chase 2570 K 1 Savdainrn rt al. 21)ooa I A1235395 I 

Scrnphuulariareae I Pedicularis coroncnsis Schur. 

I Scrophulariareae Callitriche heterophylla Pursh I emrnd Darhv 

Albach 29 WS this paper AF20Y646 

I Jaiisco 5 I 2  CONN 

Scmphulariaceae 

Srmphulariaceae 

Scrophulariareae 

Setchcllanthaceac 

I this paper 

Serophularia ralifornica Cham. & Srhlrcht Olmstead 93-89 WTU h i m  paper A5236 I75 

Verbascum thapsus L. Olmstcad 92 133 WTU this paper 4236177 

.q236169 Veronica anagallis-aquatica L. 

Setchdlanthus carruleus T. Brandeg. lltir & h i p r  IIW WIS thii pap-r Am09674 I 

this paper Albarh 57 WS 

Smikcareae Smilax glauca Walt. Chase 107 NCU this paper AF209677 

I Simarouhacrae I Ailanthus altimima L. I Chax  126 NCU I Savolainrn et al. 2MMa I AF035895 1 

Snlanaceae 

I Simmondsiaceae I Simmondsia chinensis C.K.Schneid. I Bovd et al. 3355 F I Hoot et al. 1999 I AFW3401 I 

Petunia axillaris (Lam.) Jus. Olmstead S4iO WlW this paper A3236182 

I Soianaccae I Lyropersicon escuientum M ~ I .  I Albach 53 WS I this paper I A1236188 I 
I Solanaceae I Nirntiana tahacum I.. I unknnwn I Denn et al. 1983 I voo1(i2 I 



ANGIOSPERM PHYLOGENY 

SPECIES (rkL) 

45 7 

CITATION (rbrL) EMBL (rbeL) SPECIES (18s) 

same DNA Alharh PI al. 2MOa X83Mi5 samr DNA 

same DNA this paper AF206752 same DNA J a m C  this paper AF20K8W 

same Snltis ct al. 1999 AFZ(XiW7 

same DNA 

same DNA 

same DNA 

Nirkrent & Sol&$ 1995 L26069 same DNA 

Nickmnt & Soltis 1995 126071 same DNA 

Nirkrrnt & Solth 1995 U26078 wmc DNA 

same DNA Gadek ct al. 19% U39283 samr DNA 

same DNA this paper I AF206833 I same DNA 

samc DNA Chase et al. 1993 LO1932 same DNA same S o h  Cf d. 19971 U43OHO 

same DNA I Fay et al. 1998 Y15147 samr DNA same this paper sulimitted 

S. remuus 1.. Chaw el  al. 1993 ~ 1 4 9 2 4  yunewiesasror~L Suh 128 US Soltis el al. 1997a U42805 

same DNA Chase PI al. 1993 LI I173 same DNA same Soltis rt al. 1997a X28139 

same DNA this paper U06216 same DNA same Soltis & Snlti 1997 U4281 I 

S. integrifolia Hwk I Morgan & Soltis 1993 MI953 same DNA wmr Soliis et al. 1997a ~ 4 2 8 1 0  

samr DNA Qu et al. 1993 LIZ645 S. rhk&(rura)Bai l  

same DNA Olmstead ct al. 1992 LI 1688 same species 

samc s p i e s  

D. purpurca L. 

Ohrtrad et al. I992 LI 168 I same DNA as for atpB 

Chase rt al. 1993 u)I 902 same DNA as for atpB 

same as for atpB 

samc as for atpB 

this paper . W I O ~ S ~ Z  

this paper N236045 

Srrophularia sp. Olnutead & Reevcs 1995 L36449 same DNA as for atpB 

same species Olmstead & Reeves 1995 L36452 same DNA as for atpB 

samc DNA Rodman rt al. 1999 U41455 same DNA 

same DNA Chase et al. 1993 I L12566 same DNA 

same species Olmstead et al. 1993 LI 4403 same DNA as for atpB 

same sprcin Chaw et al. 1993 ZOO044 same species 

same DNA I this paper I A F ~ M ~ ~ ~ T I  I DNA 

samc DNA I Chaw et al. 1999 I A1238407 I C. aurantium L. Nirkrent 2877 SIU I Soltia el al. 1997s I U38312 

samc DNA I this paper I ARO(i793 I samr DNA same I this paper I .AF!206961 

Sahia sp. I Chaw el al. 1993 I L12662 I same DNA as for atpB 

same sorries I Savolainen ct al. 2OOOa I AF2068I2 I same DNA as for atnB same as for atnB I Soltis rt al. 1999 I ARM999 

same DNA I Savolainen rt al. 2000a 1 A5235793 I samc DNA 

same DNA I Mowan & Soltis 1993 I LI I196 I samc DNA I Soltis PI al. l997a I U42R(13 same 

same w e ~ i e s  I Nirkrent & Soltis 1995 I I116077 I same DNA as for rbrL Nirkrent 2734 SlLl I Nickretit & S o h  1995 I L24416 

rdmP 

same DNA I Gadek et al. I996 I U39277 I A. hippocasraneum L. Soltis & Saltis 2547 WS I Soltis el al. 1999 I AF2MB38 

same DNA I Chase PI al. 1993 I L131R2 I same DNA sdmc 1 Saltis ct al. I9W I AF206896 

samc DNA I Chase pt al. 1993 I LO1881 I Acrr ruhrum L S o h  & Soltis 2515 WS I Soltis ct al. 1097a I U42494 

same DNA I Chasc et al. 1993 I LO1952 I S. pupurea L. M o w n  sn WS I Soltis et al. 1997a I U42804 

same smies  I Chase et al. 1993 1 LO8762 I same swcics Nirkrrnt 2940 SIU I Nirkrent & Soltis 1995 I AF206929 

same DNA I Sollis et al. 1993 I U0621S I samr DNA same 1 Sultis & Solris 1997 I AF2oCi984 

same DNA I Soltis et al. 1993 I Uffi219 I samc DNA same I Snltis & Sol& lW7 I U42812 

Reznirek sn MlCH I Sohis & Soltis 1997 I 1.75842 

Alharh 57 WS I this paper 1.4j236047 

P. foliora L. I this paper I AF"oti803 I P. lanceolata Michx. Colwell MO I Soltis ct al. 1997a 1 U38317 

same as Tor atoB I this DaDcr I A1236031 
~~ ~ 

same as for atpB 1 his paper 1 AF207051 

V. ratenam PrnneU I Olmstead & Reeves 19951 L36453 I same DNA as for atpB samc as for atpB I thi paper I A1236055 

Rodman ct al. 1997 

this paper hF207022 

samr DNA I Fay et al. 1997 I AF093732 I same DNA 

same DNA I Chase et al. 1993 I AFZ06822 I same DNA 

P. hvbrida (Hook. 6) Vilm. I Chaw et al. 1993 I X04976 I same DNA as for atpB m e  as for atpB I same as for atpB I A1236020 
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FAMILY SPECIES (atpB) VOUCHER (atpB) CITATION (atpB) EMBL (atpB) 

I Solanaccar I Duckodendron cestoides Kuhlm. I Ribeiro I189 K I this paper I AF209579 I 
Solanarear I Schizanthus sp. 

I Solanaceae I Nolana humifrwa I. M. lohnrton I A l h h  19 WS I this nawr I AF209638 I 

AJ236185 ths paper Alhach WS 

~~ 

Sparganiaceae Sparganium americanum Nutt. 

I Stackhokeac  I Stackhousia minima Hook.[. I Mollov s.0. CHR I Savolainen et al. 2000a I A1235610 I 

Chase 257 NCU this paper AF209678 

Staphyleaceae Slaphylea trifoliata Marsh Chase I I6 NCU Savnlainrn ct al. 2000a 4235611 

Strclitziareae 

Strclitziaceae 

Strelitziaceae 

Stylidiaccae 

I Svmdocaccae I Svm~locus costata Choisv I Chase 1374 K I Savolainen ct al. 2WOa I 41235617 I 

Phenakospermum guyanoenw (Rich.) Miq. Kreru 862099D US this paper AF168938 

Ravenala madagscarieuais J. F. Gmel. Krcru 92-3504 US this paper AF168939 

Strelibia nicolae Regel & Koch Kress 91-3169 US this paper AF168948 

Stylidium ppminifoliurn Sw. MFD 386 Bremer UPS this paper AJ236201 

I Taccacear I Tacca chantrirri Andic I Chax 175 NCU I Savolainrn ct al. 2001)a I A1235618 I 

Styraceae 

Styracaceae 

Surianaceae 

Halesia diptera EUis US. Nat. Arb. this paper A5236226 

Styax japonica Siebold & Zucc. Chase 960 K Savolainen ct al. 2000a 4235615 

Stylobasium spathulatum Desf. Prcndergast Aug 1991 PERTH this paper .w209681 

I Taxarrae I Taxus baccata L. I Chase 2527 K I Savolainen et al. 2WOa I A1235619 I 

Tamaricaccae I Tamarix pentandra Hampe ex Bunge Chax 252 NCU this paper AF209684 

I Temstnvmiaceae I Tcrnstroemia stahlii Krua & Urb. I Axelrod 4538 UPR I this paper IAF209687 I 

Tccophilaeaceae 

I Ternstroemiaceae I Eurya japonica Thunb. I Kew 1992-1192 I this paper I N209585 I 

CyaneUa capensis L. Hahn 6966 WIS this paper MI68903 

Tccophikcaceac I Tecophilaca cyanocrocus Leyb. Chase 447 K Savolainen et al. 20M)a AJ2356'20 

Themidaceae I Muilla maritima S. Wan. I Chase 779 K I this -r IAF209635 I 

Tetrararpaccae Tetracarpaea tasmanica Hook. 1. Jordan sn HO this paper AF209688 

Thvmelaeaceae I Thmdaea  hirsuta Endl. I Chase 1882 K I Savolainen et al. 2 W a  I 412356'26 I 

Tetrameristacrae 

Tofieldiaccar I Plcea teiiuifolia Michx. I Chase 152 NCU I Savolainen el al. 20Wa I A1235564 I 

Tetramerista 0. C d e  7925 K Savolainen et al. 2WOa A5235623 

Theophrastaceae Clavija eggeniana Mcz. Chase 216 NCU Savolainen et al. 2000a 4235437 

Trochodendraceae I Trtracrnmn ainensis Oh. I Qiu 9ooo9 NCU I Hoot el al. 1999 I AF093422 I 

Thymelaeacrae I Aquilaria beccariana Tirgh. Chase 1380 K I Bayer et al. 1999 4233079 

Ulmaccae I Zclkova lvrrata Makino I Soltis & Soltis 2517 WS I this paper I AF209699 I 

~~ 

Tofieldiaceae Tnfieldia calyculata Wahlenh. Fay sn K (=Chase 1581 K????) Savolainen et al. 2WOa qJ235627 

Trigoniaceae 

Trilliaceae 

Trochodendraceae 

Trigonia sp. Chase 166 NCU this paper Am0969 I 

Trillium erecNm v. album Chase 444 K this paper AF109692 

Trochodendron aralioides Sicbold QBU 90026 NCU Hoot ct al. 1999 AF093423 

Tropaeolaceae 

Turneraceat 

Ulmaccae 

Tropaeolum tricolor Lindl. Chase 2518 K BakLer ct al. 1998 AFO35917 

Turncra ulmifolii L. Chase 220 NCU Savolaincn el al. 2OOOa A5235634 

Trema micrantha Blume Chase 335 NCU Savolainen et al. 2000a N235628 

U rt i c ac e a e 

Urticaceae 

Pilea cadirrei Gagnep. & Guillam. Nickrent 2972 SIU this paper AF209654 

Urtica dioica L Chase 2754 K Savolaineo et al. 2000a A5235635 
(Boehmcria for r k L  and 18s) 



ANGIOSPERM PHYLOGENY 

same DNA 

N. spathulata Ruiz & Pa". 

same DNA 

continued 

this paper AF206763 same DNA same this paper "206904 

Savolainen rt al. 20M)a Ul8616 same DNA as for atpB same as for atpB this paper AJ236017 

Duvall et al. 1993 M91633 S. euryrarpum Engl. Nickrent 2943 SIU Soltis rt al. 1997a L24419 

459 

same DNA 

SPECIES (rhL) I CITATION (rhcL) I EMBL (rbcL)I SPECIES (18s) I VOUCHER (18s) I CITATION (18s) I EMBL(181 

Savolauien ct al. 2000a .v235795 same DNA samr this paper AF207026 

S. pinnatus I Savolainen ct al. 2OMa I UO8619 1 same DNAasforatpB 1 same as for atpB I same as for atpB I AF207016 

same DNA Cadek et al. 1996 AJ2384Oti samr DNA SdmC this paper I q1235978 

same DNA I Savolainen rl al. 2lWKla I 41235794 I same DNA I s a m P  I this D m r  I m 0 7 0 2 5  

same DNA 

same DNA 

Duke Univ. CH 78044D 

this paper AF.243845 samc DNA samc Hcrshkovitz et al. 1999 .4Foti9227 

Smith et al. 1993 LO5459 same DNA same Henhkovitz e t  al. 1999 AFW59228 

this paper AF243846 same DNA samr Hershkovitz et al. 1999 AF069229 

samr DNA I Chase et al. 1995 I 41131948 1 same DNA I same I this paper I AFZ07028 

H. Carolina E P  Savolainen et a]. 2MOa 280190 samc DNA as for atpB same as for atpB Johnmn et al. 1999 L49284 

same DNA 1 Allmch et al. 2OM)a I LIE790 I samc DNA I same I this oaocr I A123601 I 

S. americana Lam. Kron & Chase 19Y3 L12623 I same DNA as for rbcL Kron 3W2 NCU I Soltis ct al. 1997a I U43296 

same DNA 1 Morgan el al. 1995 I U06828 1 same DNA I same I this uaper I AF207030 

S. pariiculata Mq. 

same DNA 

samc DNA 

Kron & Chase 1993 LIZ624 same DNA as for rhrL Kron 3005 SoIris et al. 1997a U43297 

Chase et al. 1993 q12358I0 'Tacra sp. Mo Bot Card 894904 US Soltis et al. 1997a U42063 

Fay PI al. 1997 297650 samr DNA Same this paper AE207033 

same DNA I this Pawr I AF206825 I samc DNA I samc I thii Damr I AF"07034 

T. media Rehder Chase ct al. 1993 AJ23581 I Taxus mairei Chaw I345 Chaw et al. 1993 D ICi44.5 

same DNA 1 Chase ct al. 1995 1273709 I same DNA I same I this mwer I AF207036 

same DNA 

same DNA 

this paper l\F206827 sameDNA same this paper AF207038 

Morton et al. 1997a 280207 E. emarginata Alharh r.n. WS this paper A5235995 
iThunh.) Mabm. 

same DNA 

samc DNA 

same wries I Kron & Chase 1993 I LIZ602 I same DNAasforatpB I same as for amB I Soltis et al. 1997a I U42815 

, ,  

Morgan & Sol& 1993 1.1 1207 same DNA same Soltis et al. 1997a U42549 

Morton et al. 1997a 280199 aamc DNA same this paper AF207039 

same DNA 

same DNA I Fay et al. 1998 I Y15149 I same DNA I samc I t h i  pawr I submitted 

this paper AF206797 same DNA same this paper AF206966 

same DNA 

I AF207043 I this paper samc DNA 1 Savolainen et al. 2oOOa 1 AJ235798 I same DNA I mmr 

Kron & Chase 1993 I L12608 same species I Fairchild Trop Card I this paper I u235998 

samc DNA I Chase et al. 1993 I LO1944 I same DNA I same 1 Soltis et al. 1999 I AF206994 

same DNA Fay ct al. 1998 Y152151 samc DNA same this paper AF207041 

same species I Chase rt al. 1993 1 LO1958 I same DNA I same 1 Sol& et al. 1997a 1 U42816 

same DNA I Chasert al. 1993 I A5131771 I same DNA same this paper AF206995 

same DNA I Fay el al. 1997 I 275691 I same DNA I same I Snltis ct al. 1997s I U42817 

T. nivea Cambeor. 

same DNA I Chasr et al. 1993 I U03844 I samr DNA I samc I Soltir c l  al. 1999 I AF207044 

Chase et al. IW3 AF206830 same DNA as for atpB same as for atpB Soltis et al. 1999 AF207047 

same DNA this paper I AF206831 I same DNA same this paper I AF168879 

same s p i e s  Chase rt al. 1993 LIZ668 samrDNA same Sdtis et al. 1997a U42814 

T. majus L. I Pricr & Palmer I993 I LI4706 I same DNAas for rbcL 1 Chase I13 NCU Nickrent & Sol& 1995 I 1.31796 

aamc species this paprr AF206835 iamc DNA as for atpB same as for atpB Sultis et al. l997a U42819 

pilea pumila (L.) Gray I S. et a ~ .  2 m a  I AFZCG8l I I samc DNA as for atpB same as for atpB I Soltir e l  al. 1997a 1 U428'20 

&xhmerianiveaCaudich. Chase ct al. 1993 AF062005 same DNA as for r!xL Qiu 9 1049 NCU this paper AF.206870 
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Euthystachys ahhrcviata (E. Mey) A. DC. MrDonald 92-288 this paper qj'236173 

Viakcrac 

I Chase 226 NCU I Savulaiiim et al. 2WOa I A1135643 I Vitaceae I Vitis aertivali Michx. 

Hymenanthera alpina Oliv. Chase 501 K Savnlainm PI al. 2WOa I AJ235499 

Vitaceac I Leea rmiiirensis G.Don. I Chase 712 K I Savnlainen el al. 2lHW)a I A12355'20 I 
Vivianiareae Viviania mariblia Cav. Prnalillo 9IWO IND this paprr AI.'2l)!l696 

Welwitwhiarcae I Welwiwrhia mirabilis H w C  I Geneva BG I Savolaincn et al. 2WWla I A1235645 I 
Vorhysiaceae I Qpalea sp. I Anderson 13660 MlCH this paper I AFLOYIjG:! 

Winterareae Takhtajania perrieri (Capurnn) 1 J.F. Leroy & Barannva 

Wintrraccac 

I Rakntnmalaza PI al. I342 M O  this paper 

Belliolum sp. Q u  90025 NCU Savnlainen ct al. 2WOa AJ235408 

I AF209683 I 
Wintcrarcac 

I Wintcrarcac I Tasmannia laiicrolata Smith I Ralriah 109 MEI. I Huot et al. 1999 I A m 3 4 2 4  I 

Drimys wiiitrri J.R.Forster & G.Fnrsrer Nickrcnt 3013 SIU H w t  ei al. 1999 rwn9:w2s 

I XanthmrrhneaceacI Xanthorrhiwa suddrandata  F. Mucll. I Kress 92-3422 US I this Dalyr I AF16R95'2 I 
Xemnemaceae Xcrnnrma rallitcma O h .  Chase 653 K Savulainen ct aL 20M)a A5235647 

Xyridaceae Xyris rp. Chase 154 NCU this paper AF7IBfi98 

Zingibrraceae 

Z i  

z-rae 

Globba cunisii Holttum KIT59wi347 us IhiShkpapa AF168913 

Hed)rhimRawmRmb KRSP 94-3733 us IhiS paper AI.'lOlfi  

RLddiap. Bol Gard &rn3 SEL IhiSP.Fr AFIGB940 



ANGIOSPERM PHYLOGENY 

SPECIES (rbcL) CITATION (rhL) EMBL (rbcL) SPECIES (18s) VOUCHER (18s) 

46 1 

CITATION (18s) EMBL(IBs 

same DNA 

samr species I Olmstead ct al. 199” I L13934 I same species I Nbach 2 WS I this paper I AJ‘23M103 

Morgan & Sol& 1993 L11208 samr DNA Pame I Soltis et al. 1997a I U42813 

same DNA I Chav et al. 1995 I A1131946 I same DNA I same I this mncr I AF2Ilti861 

same DNA Olmstrad ct al. 1993 L14393 samr DNA SamP this paper r\J236048 

same DNA I this mDer I I same DNA I samr I this paprr I A1236051 

same DNA I this paprr I MI56736 I same DNA samr this paprr I q123604Y 

same DNA 1 Fay et al. 1997 I 275692 I same DNA I same I t h i  papw I AFlMi933 

V. bonariensis L. Olmrtead ct al. 1993 1.14412 V.hacw.ati~&Rcdr. Olmstrad 92-131 W U  this paper . .4J236042 

same DNA I Olmstrad el al. 1992 I U02730 I same DNA I same I Soltis PI al. 1999 I AF!207W2 

same DNA Savolainrn rt al. 2MMa 22967 I same DNA same this paper AJ236034 

I Soltin PI al. 1997a I UP2823 same DNA I Chase ct al. 1993 I Lo1905 I same species I Suh 47 US 

same DNA 

same DNA 

same DNA 

same DNA I this paper 

Chase et al. 1999 ID1960 Vitis sp. Suhis & Sultis 2519 Sohis ct al. 1999 Al.207053 

Savolainen et al. 2MMa AJ235783 same DNA same lh i  papm AFZ06951 

Rice & Palmer 1993 1.14707 same DNA same this paper AR07054 

I paper 
I AF206824 I same DNA as lor atpB sdmr 

same species 

I Al.”2°7032 

Chase et al. 1993 AJ21.5814 same speciev Swrere Sohis et al. I999 AF207059 

same DNA Qnu et al. 1993 LIZ633 same DNA same ths paper Al.XMillb5 

Same DNA I this nawr I Am43849 I same DNA I same I this paper I AF168872 

T. insipida W. 
X. hostilis R. Br. 

same DNA 

Chase ct al. 1993 LO1957 T. insipida Q u  90032 NCU this paper AFXl7035 

Duvall CL al. 1993 273710 samr DNAasforatpB mme as for atpB Solti e l  al. IR97a U416oti 

Chase ei al. 1995 269235 samr DNA same this papPr W207056 

same DNA 

same DNA 

same DNA 

this paper AF206834 Xyris sp. Hahn 7263 WIS this paper AFI 6888 I 

this paper AF243847 same DNA szmr thu paper AF168846 

this paper AF243848 samr DNA same this paper AF168848 

Same species 

same DNA 

same DNA 

his paper AF243850 ramrDNA samr Soltis et al. 1997a U42081 

this paper U80733 samr DNA as lor atpB same Lcs et al. 1997 AF207058 

Chavetal .  1993 AJl311770 samrDNA same Sol& et al. 19Y7a U42824 


