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ABSTRACT

Parsitnony analyses were conducted for 223 species representing all major groups of angiosperms using entire 185
rihosomal DNA (rDNA) sequences., Although no search swapped to completion, the topologies recavered are highly
concardant with thasé retrieved via broad analyses based on the chloroplast gene rbel. The general cangruence of 185
tDNA and rhel tapologies further clarifies the broad picture of angiosperm phylogeny. [n all analyses, the first-branching
angiosperms are Amborellaceae, Austrobaileyaceae, Uliciaceae, and Schisandraceae, all woady magnoliids. These 1axa
are always followed hy the palecherb family Nymphaeaceae. This same general order of early-hranching taxa is pre-
served, with several suites of outgroups. In maost searches, the remaining early-branching taxa represent Piperales and
other orders of subclass Magnoliidae (sensu Cronguist). With the exceplion af Acorus, the monacots are supported as
monophyletic and typically have as their sister Ceratophyllum. [n maost analyses, taxa with uniaperturate pollen form a -
grade at the hase of the angiosperms; a large eudicat clade is composed primarily of taxa having triaperturate pollen.
Twa large subclades are present within the endicots, ane consisting largely of Rosidae and a second corresponding
closely to Asteridae sensu lato. Subelasses Dilleniidae and Hamamelidae are highly polyphyletic. These data sets of
185 DNA sequences alsa permit an analysis of the patterns of malecular evolution of this gene. Problems deriving
from bath the prevalence of indels and uncertain alignment of 185 rDNA sequences have been overstated in previous
studies. With the exception of a few well-defined regions, insertions and deletions ave relatively uncommon in 185
tDNA; sequences are thevefore easily aligned by eye across the angiosperms. Indeed, several indels in highly canserved
regions appear ta be phylogenetically informative. [nitia] analyses suggest that both stem and loop bases are important
sources of phylogenetic information, although stem positions are prane lo compensatory substitutions. Of the stem
changes analyzed, only 27% destroy a base-pairing couplet; 73% maintain or restore base pairing.
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Although the angiosperms are almost universally
considered to be monophyletic, many basic ques-
tions of angiosperm phylogeny remain unanswered,
including: (1) what are the first-branching angio-
sperms? (2) what is the ancestor of the monocota?
(3) what are the major groups of angiosperms and
the relationships amang these groups? Despite in-
tensive study, these questions have been difficult to
answer for a variety of reasons. Most notable, per-
haps, is the inadequacy of the fossil record alone
to answer these questions conclusively. In addition,
the apparent rapid radiation of the angiosperms fol-
lowing their origin resulted in few morphological
synapomorphies among lineages at the base of the
angiosperm tree, hindering attempts to resolve re-
lationships among major groups (Crane et al.,
1995). Finally, the angiosperms present relatively
few morphological characters for comparison at
higher levels. For example, recent cladistic analy-
ses of morphological characters for angiosperms
{Donaghue & Doyle, 1989, b} and all seed plants
{Doyle et al., 1994) included only 54 and 82 char-
acters, respectively. As recently demanstrated by
Doyle et al. (1994), careful analysis of hoth mor-
phological and molecular data is required to un-
derstand angiosperm phylogeny.

During the past decade, several attempts have
heen made to reconstruct the phylogeny of the an-
giosperms. Morphological and molecular analyses
usually identify the Gnetales as the extant sister
group to the angiosperms, in either the shortest
trees or those slightly longer (e.g., Crane, 1985,
1928; Donoghue & Doyle, 1989%a, b; Doyle & Dan-
oghue, 1986, 1992; Loconte & Stevenson, 1991;
Hamby & Zimmer, 1992; Chase et al., 1993; Dayle
et al., 1994; Nixon et al., 1994; but see Goremykin
et al., 1996; Chaw et al., 1997). Molecular phylo-
genetic analyses include those based on rbel. se-
quences (Chase et al., 1993), partial 185 and 265
ribosomal RNA sequences {Hamby & Zimmer,
1992), and rbcS aming acid sequences (Martin &
Dowd, 1991). These analyses tend to identify many
of the same major groups of taxa, but they often

present different views of relationships among these
groups.

In the largest phylogenetic analysis of angio-
sperms, Chase et al. (1993) presented the results
of two parsimony analyses of DNA sequences from
the chlaroplast gene rbcL for 475 and 499 species
of seed plants. More recently, Rice et al. (1997}
have reanalyzed the 499-taxon rbcl. data matrix to
search for shorter trees. The benefits to the system-
atics community of performing these large phylo-
genetic analyses of seed plants in general, and an-
giosperms in particular, have been considerable.
These studies provide comprehensive, explicit phy-
logenetic hypotheses of higher-level relationships
in the angiosperms. Furthermore, the need for sim-
ilar studies of angiosperms based on other char-
acter sets has been recognized, and such studies
have been encouraged (e.g., Chase et al, 1993).
Particularly important is the comparison of chlo-
roplast-based phylogenetic estimates (Chase et al.,
1993) with topolagies derived from analyses of nu-
clear genes. "

For reasons reviewed elsewhere, phylogenetic
analyses hased on nuclear DNA have largely in-
volved portions of the rDNA cistron (e.g., Mindell
& Honeycut, 1990; Hillis & Dixon, 1991; Hamby
& Zimmer, 1992; Sanderson & Doyle, 1993a; Nick-
rent & Soltis, 1995}. Analyses of. 185 fDNA and
tRNA sequences have been used for phylogenetic
inference at higher taxonomic<levels in animals
{e.g., Sogin et al., 1986; Field et al., 1988; Wain-
right et al., 1993; Wada & Satoh, 1994}, protazoa
{Schlegel et al., 1991), algae (Buchheim et al,
1990; Huss & Sogin, 1990; Kantz et al., 1990;
Hendricks et al., 1991; Chapman & Buchheim,
1991; Bakker et al., 1994; Ragan et al., 1994; Ol-
sen et al., 1994), fungi (Forster et al., 1990; Swann
& Taylor, 1993; Hinkle et al., 1994}, lichens (Gar-
gas et al., 1993}, bryophytes (Mishler et al., 1994,
Capesius, 1995; Kranz et al., 1995}, gymnasperms
(e.g., Chaw et al., 1993, 1995, 1997), and even
amang the deepest branches of life (Walters & Erd-
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manr, 1986; Olsen, 1987; Woese, 1987; Embley et
al., 1994; Bhattacharya & Medlin, 1995).

Despite this wide usage in other major groups of
organisms, the 188 rRNA gene has received com-
paratively little attention in angiosperms. In large
part this reflects the enormons interest in, and dem-
onstrated utility of, rbel. sequences for inferring
phylogeny, particularly at the family level and
above {e.g., Chase et al., 1993; Morgan & Soltis,
1993; Olmstead et al., 1993; Kron & Chase, 1993;
Qiu et al., 1993; Rodman et al., 1993). In addition,
skepticism apparently exists among many angio-
sperm systematists regarding the utility of 188
rDNA sequences for inferring plant phylogeny. Ear-
ly analyses of 188 rDNA or rRNA. sequences in
angiosperms (e.g., Nickrent & Franchina, 1990;
Hamby & Zimmer, 1992; Nickrent & Starr, 1994),
while in general pointing te the possibile phyloge-
netic utility of these data, raised concems that 185
rDNA may be tao evolutionarily conservative to ad-
dress phylogenetic questions at the family level and
ahove and that insertion: and deletion events (in-
dels) occur frequently in at least some portions of
188 rDNA, making alignment of sequences diffi-
cult. In addition, other basic background informa-
tion. regarding the molecular evolution of the 183
rRNA gene is not available for angiosperms. For
example, given that 185 rRNA, as well as rRNAs
in general, have inherent secondary structure that
includes characteristic loop (non-paired) and stem
{paired) stretches of RNA, should changes in the
encading stem and laop bases be considered equal-
ly informative in phylogenetic analyses? Models of
rRNA evolution suggest that paired (stem) bases
will undergo compensatory changes to maintain the
appropriate hase pairing. However, empirical stud-
ies of angiosperm rRNA structure are few {(e.g., Se-
necoff & Meagher, 1992), and available data sets
have not been used to evaluate patterns of evolution
of the 188 rRNA gene in angiosperms.

The history of the use of 185 rRNA and rDNA
sequences for phylogeny reconstruction in angio-
sperms was recently reviewed (Nickrent & Soltis,
1995}. To date, the largest studies of 188 sequences
are those of Hamby and Zimmer (1992} and Nick-
rent and Seltis (1995). Zimmer and collaborators
conducted phylogenetic analyses using direct se-
quencing of rRNA from approximately 60 species
of vaseular plants, of which 29 were dicots and 17
monocots (Zimmer et al., 1989; Hamby & Zimmer,
1992}. These investigatoras sequenced portions of
both 183 and 263 rRNA, yielding a total of 1701
hase positions per taxon, 1097 base positions from
the 185 gene and 604 from the 265 gene. The
shortest trees obtained had a number of features in

accord with existing classifications, but sampling of
nonmagnoliid taxa was sparse and may explain
same of the unusual relationships suggested among
more derived angiosperms. Furthermore, many of
the nodes were pootly supported. As a result of the
unusual relationships suggested for some taxa and
the poor resolution obtained in this study, angio-
sperm systematists remained unsure of the utility
of 185 and 265 rRNA (and yDNA) sequences for
inferring phylogeny.

More recently, Nickrent and Soltis {1995) com-
pared the rate of evalution and phylogenetic reso-
lution of entire. 185 rDNA sequences with those for
the chloroplast gene rbcl using a taxonomically
similar suite of 59 angiosperms. Pairwise compar-
isons showed that rbel is generally about three
times more variahle than 185 rDNA. However, be-
cause of the longer length of 188 rDNA, the ratio
of the number of phylogenetically informative sites
per molecule is only abont 1.4 times greater for
rbcL than for 185 rDNA. Exploratory parsimony
analyses of angiosperms showed that several clades
were strongly supported by both rbel. and 188
rDNA data sets. Nickrent and Soltis (1995) con-
cluded that camplete 185 rDNA sequences are suf-
ficiently variable to conduct phylogenetic studies at
higher levels within the angiosperms.

Here we explore further the higher-level phylo-
genetic relationships within the angiosperms using
entire nuclear 183 rDNA sequences. More specif-
ically, we provide phylogenetic hypotheses for flow-
ering plants based on analyses of four 185 rDNA
data sets, differing-in hoth the number of taxa and
the inclusion of indels as additional characters. We
also compare the phylogenetic estimates based on
188 rDNA sequences with those obtained from phy-
logenetic analysis of rbcL sequences (Chase et al.,
1993). Using the phylogenetic estimates, we ex-
amine patterns of molecular evolution of 185 rDNA
by assessing the frequency of insertions and dele-
tions, the prevalence of compensatory changes, and
the relative phylogenetic importance of stem versus
loop changes in angiosperm 185 rDNA.

MATERIALS AND METHODS
SPECIES SAMPLED AND SOURCES OF PLANT MATERIAL

The species included in this analysis are given
in Table 1, along with family memhbership, general
collection information, and GenBank accession
numbers for the 188 sequences. In Table 1, and
throughout the text, we generally follow the taxo-
nomic circumscriptions of Cronquist (1981) for di-
cots and Dahlgren et al. (1985) for monacots. This
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approach parallels that in Chase et al. (1993) and
should facilitate comparison.

As with the broad analyses of rbeL sequences,
close examination of the genera included in this
study will reveal an uneven taxonomic distribution.
Some groups are relatively well represented (e.g.,
Saxifragaceae sensu siricto [Saxifragaceae s. sir.)
and allies, ranunculids, Asteridac sensu lato [As-
teridae s.1]), whereas others are not as thoroughly
sampled {e.g., portions of Dilleniidae and Magno-
liidae). However, our selection of taxa was not ran-
dom. We attempted to include samples from all ma-
jor angiosperm orders and subelasses sensu
Cronquist {1981). Furthermaore, in selecting genera
for sequencing, we tried to sample representatives
from each of the major clades recovered in the
analyses of Chase et al. (1993) (e.g., rosid I, asterid
1, asterid III, etc.), as well as from the various sub-
clades present within those major clades. We also
used, when available, the same DNAs used previ-
ously for the sequencing of rbel (Chase et al,
1993). If a given DNA was no longer available, we
attempted to obtain leaf material of the same spe-
cies, and if that failed, fram a congeneric species.

Another factor that influenced our choice of taxa
was sequence quality. As discussed in detail below,
one outcome of this study was the discovery that
many available sequences are erroneous, some
highly sa. We therefore attempted to eliminate any
dubious sequences from our data sets. In addition,
some available sequences were not included be-
cause they were incomplete or contained numerous
ambiguities or extensive gaps.

Several laboratories were invalved in this proj-
ect; hence, several different protocols were used to
generate the sequences analyzed. Although bath
automated and manual sequencing strategies were
employed, 70% of the sequences analyzed were
generated via automated sequencing. The general
methods used for PCR amplification and subse-
quent manual sequencing of 185 rDNA are provid-
ed in Nickrent (1994}, Nickrent and Starr (1994),
and Bult et al. (1992). General methods for the au-
tomated sequencing approach for 1885 rDNA are
given in D. Soltis and Soltis (1997). The base com-
position of the oligonucleotide primers used for
PCR and sequencing are provided in Nickrent and
Starr (1994 and Bult et al. (1992).

ALIGNMENT OF THE 185 rDNA SEQUENCES

With the exception of a few, small, well-defined
regions, alignment of 188 rDNA sequences was
casily accomplished by eye across all taxa. This
general ease of alignment is due not only to the

highly conserved nature of the 185 rRNA gene, but
also to the fact that most length mutations involve
insertions or deletions of a single base pair.
Straightforward alignment of sequences was further
facilitated by the fact that most indels in 185 rDNA
are confined to a few specific regions that are par-
ticularly prone to variation in primary sequence
and length, such as the termini of helices E10-1,
17, E23-1, and 43 (see alsa Nickrent & Soltis,
1995). Because they were difficult to align over a
broad taxonomic scale, no attempt was made to
align four small regions of 185 rDNA over all of
the taxa analyzed: positions 230-237; 496-501;
666-672; 1363-1369 (see Appendix). These base
positions correspond to the sequence of Glycine
max (Eckenrade et al., 1985}, which provides a
convenient reference sequence because of the
availability of a proposed ribosomal RNA second-
ary structure model (Nickrent & Saltis, 1995).
These four regions of ambiguous alignment were
subsequently eliminated from the phylogenetic
analyses, following Swofford and Olsen (1990). In
addition, the extreme 5 and 3' ends of the se-
quences were not included in the analyses. Posi-
tions 1-20 were excluded because they correspond
to the forward PCR primer. Because mast of the
sequences were clearly readable at, or just before,
base positian 41, we began analysis of our data set
at position 42. At the 3' end of the 185 sequences,
base positions 1751-1808 {on *Glycine) were often
difficult to read and also were eliminated from the
analysis. Some sequences are incomplete at the 3’
end and are approximately 1700 hase pairs in
length. The total length of the aligned 188 rDNA
sequences was 1850 base pairs,

Two indels, each of a single hase pair, were de-
tected in highly conserved regions of the 185 tRNA
gene not prone to insertion-deletion {Tahle 2). One
indel (A), an apparent deletion based on outgroup
comparison, is present in all higher dicots (i.e., the
large clade consisting of Rosidae and Asteridae
s.l.). A second inde] (B), an apparent insertion, oc-
curs in all memhers of the saxifragoid clade (also
referred to as Saxifragales; D). Soltis & Soltis,
1997). These two indels were included as charac-
ters in twe of the phylogenetic analyses, as de-
scribed below.

PHYLOGENETEC ANALYSIS

We constructed four data sets for phylogenetic
analysis: (1) a data set of 223 angiosperms plus five
members of Gnetales as outgroups, without the two
indels noted above; (2) taxon sampling as in (1),
but with indels A and B (see also Table 2) included;
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Tahle 2. Potentially phylogenetically informative in-
dels located in conserved regions of 185 rNDA. [ndel A
is one-bp deletion that characterizes all higher eudicots
{i.e., the Rosidae and Asteridae s.l. clades). Indel B is a
ane-hp insertion that unites all members of the saxifragoid
clade. Base positions correspand ta the last position given
in the sequence of Giyeine mazx.

[ndel A

1529
Glyeine CCGGGTAATCTTTG -
Trachadendron CCGGGTAATCTTTGA
[ndel B

1406
Glyeine TATGGCCGCTTA -GGC
Heuchera TATGGCGATTTAAGGC

{3} a data set of 194 angiosperms, plus five Gne-
tales as outgroups, without the two indels; (4) taxon
sampling as in (3} above, with indels A and B in-
cluded. For data sets 2 and 4, the indels A and B
were added to the data matrix, and the position
scared as either present (1) or absent {0).

Four data sets were used for several reasons. First,
the approach used penmitted an assessment of the
phylogenetic informativeness of the two indels. Sec-
ond, our goal in constructing the two smaller data
sets was to improve the phylogenetic analysis by re-
moving incomplete andfor possibly erroneous se-
quences and by reducing the size of the matrix to
make the problem more tractable. The two smaller
data sets (3 and 4) differ from the larger data sets
(1 and 2) in the removal of several taxa having long
branch lengths {e.g., Dillenia, Acorus) and several
taxa for which the sequences were incomplete (e.g.,
several of the ranunculids). In addition, representa-
tives from some of the larger clades (e.g., monocots,
Agteridae 5.1.) and from some families for which mul-
tiple sequences were available (c.g., Annonaceae,
Aristolochiaceae, Proteaceae) were removed to con-
struet data sets 3 and 4.

The outgroups were five memhers of Gnetales:
Ephedra sinica, E. torreyana, Gretum nadiflorum,
. gnemon, and G. urens. Gnetales were the logical
choice of outgroup hecause they appear as the ex-
tant sister to the angiosperms in most recent phy-
logenetic analyses (e.g., Crane, 1985, 1988; Doyle
& Donoghue, 1986, 1992; Donoghue & Dayle,
19894, b; Loconte & Stevenson, 1991; Chase et al.,
1993; Doyle et al., 1994; Nixon et al., 1994). In
addition, to ascertain the topological impact of ath-
er outgroups, particularly with regard to the first-
branching anglosperms, we conducted several other
searches. Using the amaller 185 data sets {194 an-

giosperms), bath with and without indels, we used
as outgroups: {1) the five Gnetales and Zamia pum-
ilo; (2) the five Gnetales, Zamia pumila and Cycas
revoluta. Similarly, for the large data sets (223 an-
giosperms) we used as outgroups: (1) the five Gne-
tales and Zamia pumila; (2) the five Gnetales and
a recently acquired sequence of Welwitschio mirab-
ilis.

Because of the large number of taxa involved, we
used two basic search strategies. The first method
was a heuristic search performed using PAUP* 4.0
(Swofford, pers. comm.] and to a lesser extent
PAUP 3.1.1 (Swofford, 1993} with MULPARS,
RANDOM taxon addition, and TBR hranch-swap-
ping. These searches were permitted to run for a
week or more using either a Macintosh Quadra 650
or Sun. Spare Server 600F. These searches did not
produce trees as short as those produced by the
method helow and will not be discussed further.

The primary search strategy was inspired by
Maddison et al. (1992) and suggested by D. Swof-
ford {pers. comm.). For each of the four data sets,
we used 50-100 consecutive searches without
MULPARS using RANDOM taxon addition and
NNI branch-swapping. We then performed multiple
searches (300-500 replicates; a Sun Sparc Server
600P typically required 19-25 hours to complete
five replicates) using RANDOM addition, MUL-
PARS, and TBR branch swapping, where anly two
trees (NCHUCK = 2) of a s'peciﬁed length
(CHUCKLEN) or longer were saved per replicate.
The length of the shortest trees obtained in the NNI
searches was used as the initial CHUCKLEN value.
As shorter trees were found, additional searches
were conducted with lower CHUCKLEN values.
This approach prevented the searches from being
averwhelmed with trees.

The final partion of this search strategy involved
use of the shortest trees obtained above as starting
points for subsequent searches, again with MUL-
PARS and TBR branch swapping. These searches
were permitted to run for weeks or months using
Macintosh Quadra/Centris 650 or PawerMac 6100
or 7100 computers. Typically no more than 2000-
5000 trees were saved in any of these searches. We
used starting trees of several different lengths when
implementing this final portion of the search strat-
egy to explore tree space from multiple perspec-
tives and to prevent the analysis from stalling while
swapping on suboptimal trees (P. Saltis & Soltis,
1997). For data set 1, 94 starting trees of lengths
3929, 3930, 3934, 3936, 3937, 3938, 3939, 3940,
and 3941 were used (shortest tree ultimately ob-
tained had a length of 3923 steps). For data set 2,
78 starting trees of lengths 3938, 3939, 3940,
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3941, 3942, 3944, 3946, and 3947 were used
{shortest tree ultimately obtained had a length of
3930 steps). For data set 3, 192 starting trees of
lengths 3506, 3508, 3509, 3512, 3514, 3515, and
3517 were used (shortest tree ultimately abtained
had a length of 3501 steps). For data set 4, 96
starting trees of lengths 3513, 3514, 3515, 3516,
3517, 3520, and 3521 (shortest tree ultimately oh-
tained had a length of 3507 steps). Many of these
searches resulted in trees one to several steps lon-
ger than the shortest trees ultimately ohtained,
these longer trees were also examined to help as-
certain the general support for some branches. Im-
plementing the above search strategy for the data
sets described ultimately entailed well over twa
years of computer time.

Implementing decay analyses (Bremer, 1988,
Donoghue et al., 1992) is impractical with data sets
of this size. To obtain an estimate of support for the
185 rDNA topologies, we applied the parsimony
jackknife approach (Farris et al., 1997) to data set
1 (this analysis was kindly conducted by 8. Farmris).
The jackknife is a resampling approach, similar to
the bootstrap, in which the characters of a data set
are resampled to generate replicate data sets. Each
replicate is analyzed, and the proportion of repli-
cates supporting a given conclusion (in this case a
clade) is considered a measure of support. Jack-
knife percentages can therefore be interpreted sim-
ilarly ta bootstrap percentages. In this analysis,
1000 replicates were conducted, and a minimum
jackknife value of 50 {CUT = 30} was used (i.e.,
only ¢lades supported by jackknife values of 50%
or greater were retained). If a node is supported by
one uncontradicted character, the jackknife value
is 63% (Farris et al., 1997). Thus, clades with val-
ues of 63% or more are strongly supported; nodes
with values of 51-62% are less well supported, and
those with values of 50% or less receive na support.

REsuLTs anD Discussion
L THE EVOLUTION OF THE 185 (RNA GENE

The accumulation of a large data set of entire
185 rDNA sequences has permitted a more thar-
ough assessment of the general evolution of the 185
rRNA gene. Unlike protein-coding genes, such as
the widely sequenced ricL, matK, and ndhF, there
is no clear frame of reference for aligning sequenc-
es or revealing errors. For example, with protein-
coding genes, translation of a sequence to amino
acids will potentially reveal some errors such as
frameshifts and internal stop codons. No such in-
temal check is available, however, for rDNA. As a
result, general features conceming the evolution of

185 rDNA have, in large part, been greatly mis-
understood. In particular, insertion and deletion
events have lang been considered common in 185
rDNA; concomitantly, alignment was considered
highly problematic. Until now, the existing database
of angiosperm 183 rDNA sequences was insuffi-
clent to assess these views.

INSERTION-DELETION AND ALIGNMENT

This study reveals that indels are nat widespread
in the 185 rDNA sequences of angiosperms, hut
instead are confined to a few, small regions of the
gene. Furthermore, with the exception of these
same small regions, alignment of 185 DNA se-
quences is straightforward. Several possibilities
may explain the misconception that the 185 rRNA
gene is highly prone to insertion and deletion. First,
the literature contains a number of erroneaus 185
rDNA sequences. We have resequenced the 183
rDNA of over 20 taxa, and have found that some
published sequences are in error by as many as 33
hases, which corresponds to 1.8% of the total gene.
In several instances, we discovered numerous er-
rors in the 185 rDNA sequence for a taxon using
the same DNA originally used to praduce the re-
parted sequence. These errors in previously gen-
erated sequences are not confined to base compo-
sition, but also involve the presence of what we
refer to here as “false” insertions and deletions. For
example, we resequenced 185 1DNA from Zea
mays and discovered that the original sequence in-
cluded a large number of “false” insertions relative
to all other angiosperms. Integrating our new se-
quence for Zea into the angiosperm data matrix and
removal of the previously published sequence re-
sulted in the elimination of 14 indels from our 185
tDNA data set, four of which were alignment gaps
that had to be added to all other angiosperms. We
were able to remove additional alignment gaps
through the resequencing of other taxa for which
185 rDNA sequences were reported previously. As
a point of comparison, the total length of the
aligned sequences in the data matrix of Nickrent
and Soltis (1993) for 64 taxa was 1853 hp. In con-
trast, the length of the aligned sequences in our
228-taxon data matrix is enly 1850 bp. The rese-
quencing of additional taxa far which published
sequences cause numerous alignment gaps would
likely decrease further the tatal length of the
aligned sequences.

The numerous erronesus 183 rDNA sequences
in the literature perhaps result from inherent dif-
ficulties in sequencing rDNA. Secondary structure
in the rRNA for which this gene codes is also pres-
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Table 3. Area initially thought to be prone to insertion.  sertion and deletion. As a result, alighment of this

and deletion; however apparent gaps result from sequenc-
ing difficulties. The underlined portion of the Hydrangea
sequence shows the actual base composition that we have
determined to be present for many taxa for this area.

215

*
Hydrangea AAAGGTTGACGCGGGCTTTGCCC
Glycine AMAGGTCAACACAGGCTCTGCCT
Heuchera BAAGGCCAAC- - --GCTTTGCCC
Lepuropetalon  BAAGGTCARACGCTTGCTTCGGCT
Prums BAAGGCCAAC-- - -GCTCTGCCC
Francea AAAGGTCGAC----GCTTTGCCC
Padophyllum — AAAGGTCAACG- ~-GCTTTGCCC
Austrobatleva  ABAGGCCGAT--CGGCTCTGCCC
Caulophylfum AAAGGTCAAC??????7CTGCCC
Buzus ARAGGTCGA-—~---———~ TGCC -

ent in the gene itself and may lead to compressions
and associated sequencing problems. More than
one molecular systematist with substantial experi-
ence in the sequencing of chlorgplast genes such
as rhcl has referred to the sequencing of 185 rDNA
as “tricky.” We have found that preparation of sam-
ples via cycle sequencing followed by automated
sequencing vields reliable 185 rDNA sequences
that appear more accurate than most manually gen-
erated sequences. The eritical procedural step is
likely the cyele sequencing reactions, in which sec-
ondary structure is reduced or eliminated by high
temperature. Several specific regions of 185 rDNA
are particularly difficult to sequence. These include
base positions 215-230, 1355-1365, and 1705—
1715 (all positions mentioned in this paper corre-
spond to those of Glycine max; Eckenrode et al.,
1985}, as well as several of those small regions not-
ed eatlier that are prone to insertion and deletion
(positions 230-237; 496-501; 666-672; 1363-
1369) (see Appendix).

We will use the first of these regions (base po-
sitions 215-230) to illustrate the errors that can
result in 185 rDNA sequencing. Based on manual
sequences {generated by D). Soltis & R. Kuzoff), the
hase composition of this region in Saxifragaceae
and several other rosid families initially appeared
to invalve a large deletion relative to some other
available sequences (see Table 3). Similarly, the
185 1DNA sequences generated manually by other
investigators, representing a diversity of angio-
sperms, typically were lacking one or more hase
pairs in this region. Alternatively, researchers
scored this region as uncertain, using either “?” or
“N.” Thus, sequences available prior ta this study
suggested that this region was highly prone to in-

region was initially difficult. Alignment problems
were exacerbated by the apparent occurrence of
hase substitution in the region. Further compound-
ing the difficulty of alignment is the fact that the
region just 3’ of this area actually is prone to in-
sertion-deletion, as well as to considerable varia-
tion in primary sequence. Base positions 230-237
correspond to one of the variable helix termini not-
ed above. Cycle and automated sequencing of over
100 taxa, however, revealed no indels in the area
of positions 215-230. In fact, after resequencing
this region in many taxa for which manual sequenc-
es initially suggested the presence of numerous in-
dels, we have concluded that indels in this region
are either extremely rare or nonexistent. This region
is G-C rich; as a result, sequencing “stops™ often
occurred, yielding only a portion of the base pairs
actually present in the region. Alignment of these
incomplete sequences suggested numerous indels
in this region, leading to the misconception that
indels were frequent. Similar sequencing problems
were encountered in other portions of the 185
rRNA gene. Taken together, these regions had con-
tributed to the view that insertion and deletion are
common in 185 rDNA.

Although the frequency of indels has been aver-
stated for the 185 gene, several regions of 183
rDNA are, in fact, prone to variation in primary
sequence and length. However, these regions are
small, easily located, and, as noted by Nickrent and
Soltis {1993), typically confined to the termini of
helices on the propoed secondary structure model
for 185 rRNA (e.g., Nickrent & Soltis, 1993). Four
such regions, represented by base positions 230-
237, 496501, 666672, and 1363-1369, carre-
spand to the termini of helices E10-1, 17, E23-1,
and 43, respectively (see Appendix). These regions
are difficult to align over a broad taxonomic scale,
such as all angiosperms, and were therefore not
used in our phylogenetic analyses (see Materials
and Methods above). On a lower taxanomic scale
(e.g., closely related families), hawever, even these
highly variable regions are easily aligned, permit-
ting the use of these regions in more focused stud-
ies {e.g., Polemoniaceae and related Asteridae a.l.,
Johnson et al., unpublished; portions of Saxifraga-
ceae s, D. Soltis & Soltis, 1997, Orchidaceae,
Cameron & Chase, unpublished). '

Because indels in 18S rDNA are neither as prev-
alent nor as problematic as previously thought,
alignment of clean 185 rDNA sequences is straight-
forward. With the exclusion of the few amall regions
noted abave, alignment of over 200 angiosperm se-
quences was straightforward and easily accom-
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plished by eye. This is alsa true for the alignment
of 183 rDNA sequences on a broader scale across
vascular plants (P Soltis et al., unpublished). As
noted ahove, the resequencing of some taxa greatly
facilitated the alignment process in angiosperms.

PHYLOGENETICALLY INFORMATIVE INDELS

Not only do indels in angiosperm 185 rDNA se-
quences not cause alignment problems, but some
indels may be phylogenetically informative at the
level of our investigation. Here we do not consider
those indels located within the variahle regions not-
ed ahave, hut only those indels lacated in highly
conserved regions not nomally prone to changes in
length. Two such indels in particular {Table 2] ap-
pear to be phylogenetically informative across the
angiosperms.

One indel involves an apparent deletion of one
base pair that unites all higher eudicots (Table 2,
indel A). This base pair is present in Gnetales,
mongcols, paleoherhs, Magnoliales, Laurales, ran-
unculids, Trochodendraceae, Tetracentraceae, Pro-
teaceae, Sablaceae, Platanaceae, and Nelumbona-
ceae and is absent from all higher dicots {i.e., the
large Rosidae clade and Asteridae s.1.). Thus, the
distribution of this indel agrees with the results of
phylogenetic analyses based only on base substi-
tutions (Figa. 1, 2, 4; all figures, plus Appendix,
fallow Lit. Cit.}). In addition, the distribution of this
indel also agrees with topolagies based on analyses
of rbcl. sequences. It appears, however, that this
base pair may also have been lost independently in
two of the monacots analyzed here {i.e., Calla and
Chiorophytum),

The second phylogenetically informative indel
involves an apparent insertion (Table 2, indel B)
that unites all members of the saxifragoid clade
{Saxifragaceae s. str. and close allies; this is the
Saxifragales of D. Soltis & Seltis, 1997). The sax-
ifragoid ¢lade alsa is united by base substitutions
and represents one of the most strongly supported
clades resulting fram the phylogenetic analyses.

Additional examples of potentially informative
indels can be found at lawer taxonomic levels. For
example, in Zingiherales, two insertions, each of a
single base pair, are found at positions 117 and 260
in all members of the Zingiberaceae (Kress et al.,
1995). None of the other approximately 70 mono-
cots for which 185 rDNA has been sequenced ex-
hibits these insertions. Similatly, an insertion of ane
base at position 655 appears to unite members of
Viscaceae.

Undoubtedly, additional 185 rDNA sequencing
will reveal more examples of phylogenetically in-

farmative indels. However, the discovery of such
indels depends on the availability of a large data-
base of accurate sequences. Previously published
sequences containing errors and ambiguities,
“false” indels, and incompletely sequenced regions
have made assessment of the phylagenetic patential
of indels in 185 rDNA impossible.

STEM VERSUS LOOP CHANGES/COMPENSATORY CHANGES

The secondary structure of the 183 rRNA tran-
script may have significant implications for phylog-
eny reconstruction using rRNA or rDNA sequences
{e.g., Mishler et al., 1988; Dixon & Hillis, 1993).
The question remains as to whether bath loop bases
(non-pairing hases) and stem bases {pairing hases)
should be used in phylogeny reconstruction and, if
so, whether bases from stems and loops should he
considered equally informative and independent.
Assuming near-perfect compensatory mutation
{substitutions that maintain or restore stem base
complementarity—e.g., Noller, 1984; Curliss &
Vournakis, 1984; Wheeler & Honeycutt, 1988) in
stem regions to maintain secondary structure of the
183 or 265 (28S) rRNA, Wheeler and Honeycutt
(1988} recommended that stem bases either he
eliminated from phylogenetic analysis or weighted
by ane-half relative to loop bases. However, in their
analyses of 285 tRNA sequences from vertebrates,
Dixon and Hillis {1993) found that characters from
both stems and loops contain phylogenetic infor-
mation. They also found that the number of com-
pensatory mutations in stem bases was less than
40% of that expected under a hypathesis of perfect
compensation to maintain secondary structure. Dix-
on and Hillis therefore suggested that the weighting
of stem characters be reduced by no more than
20% relative to loop characters in phylogenetic
analyses,

The large database of 185 rDNA sequences re-
ported here affords the opportunity to address these
and gther issues regarding the impact of the sec-
ondary structure of the 185 rRNA transcript on
phylogeny reconstruction in angiosperms. Although
it is not our goal to examine such issues in detail
here, we will provide some initial ohservations re-
garding the relative importance of both stem and
loop mutations and the prevalence of compensatory
mutations.

We followed the definitions of stem and loop has-
es used elsewhere (e.g., Dixon & Hillis, 1993}
stem bases are those that participate in base-pair-
ing interactions; loop bases do not engage in base
pairing in the mature rfRNA. Mapping base substi-
tutions on the proposed 185 rRNA secondary strue-
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ture for Glyeine max {see Appendix), we examined
120 positions {in 60 taxa) at which phylogenetically
informative base substitutions had oecurred (based
on the results of the searches; discussed below).
Emphasis was placed on those substitutions that
provided synapomorphies for those clades that ap-
pear in all shortest trees and that represent several
different taxonomic levels {e.g., Asteridae s.l., Car-
yophyllidae s.l., monacots, glucosinolates, santa-
loids, Caryophyllales, saxifragoids, celastroids,
Parnassig—Lepuropetalon). Of these 120 positions,
70 (58%) were stem bases, and 50 (42%) were loap
bases. Although this initial survey considers only a
subset of synapomorphous hase substitutions, it
suggests that bath stem and loop regions appear to
contain phylogenetic information, with perhaps a
samewhat greater proportion of informative sites
found in stem, rather than loop, regions. This tapic
certainly requires a more rigorous examination. The
relative information content of stem versus loop
bases may, in fact, vary at different taxonomic lev-
els. For example, some of the more variable loap
regions {several of which were removed from these
phylogenetic analyses hecause the sequences were
difficult to align) may hold relatively more infor-
mation at lawer levels (among and within closely
related families) than at higher taxonomic levels
{ordinal and above), at which the sequences be-
come tao divergent for canfident alignment.

The frequency of compensatory changes was ex-
amined in 21 stem regions located throughaut the
188 tRNA gene. Following the general approach of
athers {e.g., Dixon & Hillis, 1993), we considered
twa classes of substitutions within stem regions.
The first class involves substitutions that change
one pair of complementary bases to anather pair of
complementary bases. This includes “double com-
pensatory” substitutions in which one pair of com-
plementary hases is converted to another (e.g., C-G
to A-U). This class also includes changes that re-
quire only a single substitution event. That is, be-
cause uracil can pair with guanine as well as with
adenine, it is possible to have a single change from
one hase-pairing couplet to another {e.g., U-G to
C-G; U-A o U-G). The latter represent one type of
“single compensatory” substitutions (sensu Dixon
& Hillis, 1993). The second. class of stem substi-
tutions involves those that change one pair of com-
plementary bases to a pair of noncomplementary
bases, or vice versa (e.g., C-G to G-G; or C-C to
C-G). For example, a change of C-G to G-G de-
stroys a base-pairing couplet. Conversely, a change
from C-C to C-G creates a base-pairing couplet and
represents another example of a “single compen-
satory” substitution. Of the 216 stem changes we

analyzed, 19% were “double compensatory™; 46%
were single base substitutions involving uracil that
changed one hase-pairing couplet to another {“sin-
gle compensatory”); 8% changed a pair of noncom-
plementary bases to complementary (the secand
type of “single compensatory” change); 27% de-
stroyed a base-pairing couplet. Of these changes
that result in mispairing of nucleatides, over one-
third are adjacent to loop regions. Hence, the loap
regions may simply be expanded in these instances.
Nearly three quarters (73%) of the stem mutations
we analyzed maintain or restore base pairing and
would he considered compensatory. In their com-
parable analysis of 28 rRNA sequences, Dixon and
Hillis {1993) observed that only 47% of the muta-
tions maintained or restored hase pairing. Cur re-
sults are more similar to observatians for 58 tRNA
(Curtiss & Vournakis, 1984), where approximately
88% of the hase substitutions analyzed from stem
regions were compensatory.

A similar pattern of molecular evolution is seen
for 185 tDNA within a single family, Polemoni-
aceae, and its closest relatives (Johnson et al., un-
published}, where 228 variable nucleotide pasitions
were examined. Although most of these 228 pasi-
tions are located on stems (133 compared to 95
loop characters), the average numher of substitu-
tions per site aver the potentially informative char-
acters is greater for the loop characters (5.0} than
for the stem characters {3.1). Using one of the mast
parsimonious trees as a framewark, Johnson et al.
funpublished) also considered in more detail 67
substitutions that eifher unite or appear within Po-
lemoniaceae. Of these substitutions, 36 {53.7%) ac-
cur in loops. Considering just the 31 stem substi-
tutions, 23 (74.2%) either maintain or restore
base-pairing. The remaining eight stem substitu-
tions (25.8%) result in mispairing of nucleotides,
with faur sites located adjacent to loops.

These initial studies of the relative information
content of stem and loop regions and the frequency
of compensatory changes have implications for the
use and relative weighting of stem and loop bases
in phylogeny recanstruction, These data reinforce
the findings of others {e.g., Dixan & Hillis, 1993;
Smith, 1989) that hath stem and loop regions pro-
vide important information for phylogeny recon-
struction. In addition, the high frequency of ob-
served compensatory change in angiosperm 185
rDNA suggests that perhaps stem characters should
receive less weight than loop characters in future
analyses. However, weighting of stem versus loap
characters is more complex than it might seem ini-
tially. Recent work with 185 rDINA sequences in
Polemoniaceae (Johnson et al., unpublished} dem-
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onstrates that loop regions evolve more rapidly than
do stem regions. Thus, in more focused studies in
which it is possible to align and use the entire 185
tDNA sequence, stem and loop regions should per-
haps be given equal weight. In broader studies in
which the rapidly evolving loops are removed due
to alignment difficulties and only the more con-
served loop regions are included in the analysis,
stems should he downweighted; however, more de-
tailed analyses are required to estimate appropriate
weights.

II. PHYLOCENETIC RELATIONSHIPS

Each hroad phylogenetic analysis yielded
thousands of most parsimonious trees; it is likely
that shorter trees exist for all four data sets and
that additional classes of most-parsimonious trees
were nat recovered. Nonetheless, we feel that it is
significant that analyses of three of the four data
sets suggest the same general topology. The shortest
trees obtained from searches of data sets 1 and 2
are essentially identical, and differences between
the shortest trees from analysis of these two data
sets and data set 4 are minor and weakly supported.
Although phylogenetic analysis of data set 3 re-
vealed many of the same major clades recovered
by searches of the other data sets, relationships
among same of these clades differ; mast notable are
the weakly supported, unusual positions of mona-
cots and saxifragoids (see helow).

All searches revealed the same major clades
{e.g., Rosidae, Asteridae s.l., Caryophyllidae s.1.,
monocots, saxifragoids), as well as the same suite
of taxa as sister te all remaining angiosperms. In
general, the trees obtained in these exploratory,
broad analyses of 188 rDNA sequences depict re-
lationships very similar to those obtained in broad
analyses of rbeL sequences {Chase et al., 1993).
The general features chserved in the shortest trees
obtained from the four searches are discussed he-
low. The several unusual relationships among major
clades suggested by analyses of data set 3 are dis-
cussed in more detail below under “Differences
Among the Shortest Trees.”

FIRST-BRANCHING FAMILIES

Phylogenetic analyses of three of four data sets
(data sets 1, 2, and 4} suggest that those taxa having
uniaperturate pollen (monosulcate and monosul-
cate-derived) and ethereal oils appear as early-
branching angiosperms, forming a grade (laheled
monosulcate grade in Figs. 1, 2, and 4). Those
plants having triaperturate pollen (tricolpate and
tricolpate-derived), with a few exceptions {see he-

low), and tannins and alkaloids as secondary com-
pounds form a clade (labeled eudicot clade). The
latter group has heen referred to as the eudicots
{Donoghue & Doyle, 1989h; Doyle & Hotton, 1991;
Chase et al., 1993). Although the term eudicot has
heen variously defined, we will use the Chase et al.
(1993) definition to facilitate comparison between
the two studies. A eudicot clade was also recovered
in analyses of rheL sequences (Chase et al., 1993],
but, instead of forming a grade, as they do here,
those plants with uniaperturate pollen form a weak-
ly supported clade in the rbeL trees.

There are two major exceptions to the general
correspondence hetween the eudicot clade and the
distribution. of the triaperturate pollen types (other
than the chvious departures ohserved in the trees
derived from analysis of data set 3). First, the Win-
teraceae and several families of palecherhs (Chlo-
ranthaceae, Lactaridaceae, Aristolochiaceae) all
possess uniaperturate pollen, yet appear within the
eudicot (triaperturate) clade in the shortest trees
ohtained in analyses of data sets 1 and 2 (Figs. 1,
2). These exceptions may reflect low taxon density
andfor the low resclving power of 185 rDNA se-
quence data (see below}; these taxa seem to he un-
stable in position in the various searches. In broad
analyses of rbcL sequences, in contrast, these taxa
are clearly members of the uniaperturate clade.

The second exception involves Illiciaceae and
Schisandraceae. Unlike the examples above, how-
ever, which we suspect represent spurious phylo-
genetic placements, Illiciaceae and Schisandraceae
appear to he true early-branching angiosperms {see
below), yet possess triaperturate pollen. These fam-
ilies “similarly appear as early-branching angio-
sperms in analyses based an rbeL sequences (Chase
et al, 1993; Qiu et al., 1993). As reviewed by
Dayle et al. (1990}, however, the tricolpate condi-
tion in Hliciaceae and Schisandraceae is different
from that which characterizes eudicots. Hence, the
185 rDNA analyses further support the rbcl-hased
inferences of Qiu et al. (L993) that [lliciaceae and
Schisandraceae represent an independent evolution
of tricolpate pollen.

Four families of woady Magnaliidae consistently
appear as sister taxa to all remaining anglosperms
analyzed: Amhorellaceae and a clade of Austro-
baileyaceae, Illiciaceae, and Schisandraceae. The
latter three families form one of the most strongly
supported clades in this study (jackknife value of
94%;). In searches of data sets 1 and 2, a clade of
Austrobaileyaceae, [lliciaceae, and Schisandraceae
is the sister group to all other angiosperms, fol-
lowed subsequently by Amborellaceae; in analyses
of data sets 3 and 4, the positions of these two
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lineages are reversed. Surprisingly, given the close
relationship suggested between Illiciaceae and
Schisandraceae by others {e.g., Cronquist, 1981,
Qiu et al., 1993), Hllicium, is sister to Austrobaileya-
Schisandra in all four analyses. These four genera,
with Nymphaeales, form a clade in the rbcL anal-
yses of Chage et al. (1993) and Qiu et al. (1993).

In the shortest trees resulting from searches of
all four data sets, from one to several families of
palecherbs {(sensu Donoghue & Doyle, 1989a) sub-
sequently follow Austrobaileyaceae, Illiciaceae,
Schisandraceae, and Amborellaceae. Nymphae-
aceae immediately follow these four families in all
shortest trees. In searches of data sets 1 and 2,
Nymphaeaceae form a clade with Piperaceae and
Saururaceae {represented by Peperomia and Hout-
tuynia and Saururus, respectively; jackknife value
of 85%), whereas in searches of data set 4, these
same three families form a grade with Nymphae-
aceae as sister to all remaining angiosperms, fol-
lowed by a clade of Piperaceae and Saururaceae.
In searches of data set 3, Nymphaeaceae also follow
Austrobaileyaceae, Illiciaceae, Schisandraceae,
and Amborellaceae, but Nymphaeaceae are then
fallowed by saxifragoids, an unusual placement dis-
cussed in mare detail below.

Amborellaceae, followed by {1} a clade of Aus-
trobaileyaceae, Illiciaceae, and Schisandraceae, (2)
Nymphaeaceae, {3} a clade or grade of Piperaceae,
Saururaceas, Aristolachiaceae, and Lactoridaceae
(similar to Fig. 4}, appear as the first-branching an-
giosperms when Zamia and Cycas are used as ad-
ditional eutgroups (see Materials and Methods). In
preliminary analyses of a larger data set of 271
angiosperms using species of Welwitschia, Gnetum,
and Ephedra as outgroups, Ambarellaceae, a clade
of Austrobailevaceae—Illiciaceae-Schisandraceae,
and Nymphaeaceae again appear as successive sis-
ters to all remaining anglosperms.

The position of woady magnoliids as first-branch-
ing taxa in these 185 rDNA trees is in general
agreement with traditional views of angiosperm re-
lationships (e.g., Cronquist, 1968, 1981; Stebbins,
1974; Takhtajan, 1969, 1980} that suggest that
woody Magnoliidae are the most primitive extant
angiosperms. The morphological analyses of Don-
oghue and Doyle (198%a) and Loconte and Steven-
son (1991} also support the woody Magnoliidae as
the most ancestral living group of angiosperms.
Other data also point to the antiquity of at least
some of these genera. For example, Endress and
Honegger (1980) determined that the pollen of Aus-
trobaileya resembles Clavotipollenites, ane of the
oldest probable angiosperm fossils, and concluded
that Austrobaileya may be “especially archaic

among the angiosperms.” If the 185 rDNA infer-
ence is carrect in suggesting that Amborellaceae, a
family lacking vessel elements, are among the first-
branching angiosperms, this analysis may support
the hypothesis that the angiosperms were primi-
tively vesselless (Bailey, 1957; Cronquist, 1981;
Young, 1981).

In contrast to this study, analyses based on par-
tal 185 and 265 rRNA sequences suggested that
a group of palecherbs {Aristolochiales, Piperales,
Nymphaeales) is the sister taxon to all other flow-
ering plants (Hamby & Zimmer, 1992). However,
of the four woody families of Magnoliidae appearing
as first-branching taxa in our 185 tDNA trees (Am-
borellaceae, Schisandraceae, Illiciaceae, and Aus-
trobaileyaceae), only Illiciaceae were sampled by
Hamby and Zimmer {1992). Other phylogenetic
analyses similarly support the position of some pa-
leoherbs as first-branching taxa among the angio-
sperms {e.g., Doyle et al., 1994; Nixon et al., 1994).
Paleoherhs are sister to other angiosperms in trees
based on a cambination of morphology and rRNA
sequence data and in those derived independently
from morphological and rRNA data (Doyle et al.,
1994). However, this topology is only weakly sup-
ported by morphological data, with trees rooted
next to Magnoliales only one step longer. Further-
more, the rRNA data set employed by Doyle et al.
(1994} is that of Hamby and Zimmer {1992), which,
as noted above, lacked several critical woody mag-
noliids.

Broad phylogenetic analyses of rbel sequences
{Chase et al., 1993; Rice et al.,, 1997) place the
aquatic genus Ceratophyllum as sister to all re-
maining angiosperms. This placement of Cerata-
phyllum also has been suggested on morphological
grounds {Les, 1988; Les et al.,, 1991; Nixon et al.,
1994), although alternative trees in the latter study
place the palecherb family Chloranthaceae as sister
ta the remaining flowering plants. A number of flo-
ral features of Ceratophylium also conform to the
view that the genus represents a primitive angio-
sperm (Endress, 1994). However, Ceratophyllum
does not appear as first-branching in any of our
phylogenetic analyses. Searches involving three of
the four data sets (1, 2, and 4) place Ceratophytinm
as sister to the monocots, a finding in general agree-
ment with earlier (RNA sequence analyses {Hamby
& Zimmer, 1992).

Subsequent to the Amhorellaceae, Austrobailey-
aceae, Illiciaceae, Schisandraceae, Nymphaeaceae,
and Piperales, in analyses of three of four data sets
{1, 2, and 4) are additional families and orders of
Magnoliidae: Annonaceae, Calycanthaceae, and
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Lauraceae, all woody families traditionally consid-
ered among the most primitive extant anglosperms,

With the exception of the shortest trees resulting
from analysis of data set 3, the monocots also ap-
pear as an early lineage of angiosperms. The maono-
cots are monophyletic, with the exception of Acorus,
which does not appear closely related to the other
memher of Araceae included (Callg}. In analyses
of the two data sets (1 and 2) that included Acorus,
Acorus follows Nymphaeaceae—Piperales as the
suhsequent sister to all remaining angiosperms. In
analyses of rbeL sequences, Acorus was considered
“phylogenetically isolated” as sister to the remain-
ing monocots (Duvall et al., 1993). Phylogenetic re-
sults based on 183 rDNA sequences also suggest
that Acorus is anomalous among monocots. Given
its long branch length and unexpected position, the
1858 rDNA of Acorus should be resequenced, and
additional monacots should be added to the data
set before the affinities of this enigmatic genus are
addressed further.

Because our sampling of monacots was limited,
to permit more thorough treatment elsewhere, re-
lationships within the monocots will not be dis-
cussed here in any detail. Nonetheless, several tra-
ditionally recognized groups of manocats appear to
be monophyletic, including Zingiberales, Liliales,
and higher commelinoids. Furthermore, the bro-
meliads are grouped with the grasses and allies, as
expected (Duvall et al., 1993). The two hest sup-
ported clades within the monocots are Zingiberales
(Maranta, Zingther, Costus, Canna, Heliconio, and
Musa, jackknife value of 58%) and a clade com-
posed of Sparganiaceae, Cyperaceae, Poaceae, and
Bromeliaceae (Sparganium, Cyperus, Oryza, Zea,
and Glomerapitcatrnia, jackknife value of 59%).
Surprising results, given rbeL topologies (Duvall et
al., 1993) and morphological features, include the
placement of Orchidaceae (Oncidium) as the sister,
or one of the sisters, to the remaining monocots and
the placement of Arecaceae {Veitchia) and Alis-
mataceae (Segittaria) within the Asparagales {Figs.
1, 2). These unusual placements should not be con-
sidered seriously, however, due to the low repre-
sentation of the monocots.

EUDICOT CLADE

Analyses of three of four data sets (1, 2, and 4)
clearly reveal a eudicot {or triaperturate) clade
{Figs. 1, 2, 4}, with the following successive sister
groups at its base (Figs. 1, 2): Proteaceae, Nelum-
bonaceae, Platanaceae, a clade of ranunculids,
Trochodendraceae/Tetracentraceae, and a clade
composed of Winteraceae (Drimys), Anristolochi-

aceae (Aristolochia, Asarum, Saruma), Lactorida-
ceae, Sabiaceae, and Chloranthaceae (Hedyasmum).
The latter clade is an unexpected grouping (see be-
low} of palecherhs (Aristolochiaceae, Lactorida-
ceae, Chloranthaceae), woody Magnoliales (Winter-
aceae), and eudicots (Sabiaceae). With the
exception of Aristolochiaceae, Lactoridaceae, Chla-
ranthaceae, and Winteraceae, the presence of the
remaining taxa on branches at the base of the eu-
dicots closely parallels results retrieved from the
phylogenetic analyses of rhcL sequences (Chase et
al., 1993}.

In the shortest trees obtained in analyses of data
set 4, the distinction between the monosulcate
grade and the eudicot clade is less clear than in
the shortest trees obtained from the analyses of data
sets 1 and 2 (see “Lower Eudicots/Monasulcates,”
Fig. 4). Platanaceae, Trochodendraceae/Tetracen-
traceae, ranunculids (which are paraphyletic), Pro-
teaceae (Knightia), Buxaceae, Sabiaceae, and a
clade of Chloranthaceae {Hedyosmum)y/Winteraceae
{Drimys) again appear as sister groups to the re-
mainder of the eudicot’ clade. Also in this same
lower eudicot/monosulcate grade, hawever, are Cal-
yeanthaceae, Annonaceae {(Mkilua), and Lauraceae
(Sassafras), uniaperturate families that appear in a
clade with some ranunculids (Fig. 4).

In the shortest trees obtained in analyses of all
data sets, the remainder of the eudicot clade is es-
sentially compased of two large subclades, one con-
sisting largely of Rosidae plus<some Dilleniidae
and the other corresponding to the Asteridae s.l.
{labeled Rosidae and Asteridae s.1., respectively, in
Figs. 1, 2, 4). With a few exceptions, most notably
the placement of the monacats within the Rosidae
clade, these two large clades also are present in the
trees derived from searches of data set 3. The Ros-
idae and Asteridae s.l. clades were also recovered
in broad analyses of rbcL sequences (Chase et al.,
1993; Olmstead et al., 1992, 1993: Rice et al., sub-
mitted), although the placement of Caryophyllidae
s.l. is very different in the 185 rDNA and rbel
topologies (see below). These two latge clades, Ros-
idae and Asteridae s.]., reflect the basie division of
higher dicots into two major groups (Young & Wat-
son, 1970), with (1) polypetalous corollas and non-
tenuinucellate ovules and {2) sympetalous corollas
and tenuinucellate ovules, respectively. Below we
discuss in more detail the major clades of eudicots
based on phylogenetic analyses of 185 rDINA se-
quences. We use informal names in most instances
to refer to strongly supported clades (e.g., celas-
troids, saxifragoids, ranunculids}, some of which
differ dramatically from traditional views of rela-
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tionship, but formal taxonomic change may be war-
ranted for many of these.

Ranunculids. The searches of the larger data
sets {Figs. 1, 2) recovered a clade (labeled “Ran-
unculids™ containing Lardizabalaceae, Berberida-
ceae, Ranunculaceae, Menispermaceae, Euptele-
aceae, Fumariaceae, Sargentodoxaceae, and
Papaveraceae. This same clade was found in the
broad analyses of rbeL sequences (Chase et al.,
1993}, it represents the core of the Ranunculales
fsensu Cronquist, 1981} and corresponds closely to
the Berberidales of Thame (1992) and the Ran-
unculiflorae of Dahlgren (1980}. Analyses of not
only rhcL and 188 rDNA sequences, but also atpB
sequences, place Eupteleaceae (Hamamelidae}
within this clade (Hoot & Crane, 1993). Also part
of this clade in the 1858 rDNA analyses is Sargen-
todoxaceae, a family typically placed in Ranuncu-
lales and allied with Lardizabalaceae (e.g., Cron-
quist, 1981}, In contrast, analyses of rbcL
sequences placed Sargenfodoxaceae with Fabaceae
{Chase et al., 1993}. This result is due to the mis-
identification of leaf material in the rbcL analysis
{Qiu, pers. comm.). Reanalysis of Sargentodoxa for
rbel. places it ag sister to the Lardizabalaceae (Hoot
& Crane, 1995; Hoot et al., 1995).

Searches involving the two small data sets (3 and
4) employed fewer representatives of Ranunculales.
In trees resulting from searches of data set 4, these
taxa form a giade as some of the early-branching
eudicats. In trees from searches of data set 3, in
contrast, the ranunculids appear polyphyletic. The
placemients of the ranunculids in analyses of data
sets 3 and 4 may well reflect their decreased rep-
resentation {lower taxon density} in these searches.
In preliminary analyses of a 271-taxon 185 rDNA
data set including more ranunculids, the ranuncu-
lids again form a monophyletic group.

Saxifragoids. All analyses of 185 rDNA se-
quences {Figs. 1—4} reveal a clade composed of
Heuchera, Bevkinia, Saxifroga (Saxifragaceae s.
str.), Crassule, Sedum, Dudleya, and Kalanchoe
(Crassulaceae), Pterostemon, Tetracarpaea, Ribes,
and Jtea {Grossulariaceae), Pentharum (placed in
Saxifragaceae by Cronquist, 1981), Altingia and
Liguidambar (Hamamelidaceae), Haloragaceae,
Cercidiphyllaceae, Daphniphyllaceae, and Paconi-
aceae; this clade is referred to here as saxifragoids.
This clade is one of the most strongly supported
findings of this investigation (jackknife value of
68%). The same saxifragoid clade (also referred to
as Saxifragales) was identified in an analysis of 130
185 rDNA sequences aimed at elucidating the af-
finities of the morphologically diverse members of

Saxifragaceae s.l. (D. Soltis & Soltis, 1997). The
monophyly of this clade is supported not only by
base substitutions, but also by the presence of an
ingertion {see Tahle 2} lacated in a portion of the
183 rRNA gene that is highly conserved in length.
An identical clade (referred to as rosid III) is re-
vealed in the 499-taxon analysis of rbeL sequences
{Chase et al., 1993) and is also retrieved in prelim-
inary analyses of a 271-taxon 188 rDNA data set
including more Hamamelidaceae, as well as in phy-
logenetic analyses involving matK sequences
{Hibsch-Jetter & Soltis, unpublished) and prelimi-
nary work with atpB  sequences (Hoat,
unpublished}. As reviewed in more detail by D.
Soltis and Soltis (1997), this small clade is note-
worthy in that it contains taxa traditionally placed
in three subclasses: Paeoniaceae (Dilleniidae); Ha-
mamelidaceae, Daphniphyllaceae, Cercidiphylla-
ceae (Hamamelidae); the remaining taxa are all
members of Rosidae.

Although this saxifragoid clade is recovered by
analyses of hoth 185 tDNA and rbcL sequences,
this same group of taxa has never been recognized
in any classification. Whereas Saxifragaceae s. str.,
Ribes, ltea, Tetracarpaea, Pterosteman, Penthorum,
and Crassulaceae are considered closely related
members of Rosidae in virtually all recent treat-
ments {e.g., Cronquist, 1981; Thorne, 1992; Takh-
tajan, 1987; Dahlgren, 1980, 1983}, the affinities
of the rosid family Haloragacede and the dilleniid
family Paconiaceae have been considered enigmat-
ic {e.g., Cronquist, 1981). The hamamelid families
found in this clade (Hamamelidaceae, Cercidiphyl-
laceae, and Daphniphyllaceae) typically have not
heen considered close relatives of Saxifragaceae s.
str. and allied rosids. The relationships of these
more anomalous members of this clade are dis- -
cussed in more detail by D. Soltis and Saltis (1977).

Glucosinolate clade.  Another clade revealed by
all analyses (Figs. 1-4) comprises glucasinolate-
producing taxa. The families that compose this
clade in Figures 1-4: are 7 of the 15 families known
to produce glucosinolates (mustard oil glucosides):
Limnanthaceae, Brassicaceae, Capparaceae, Mor-
ingaceae, Caricaceae, Bataceae, and Tropaeola-
ceae. Whereas Brassicaceae and Capparaceae have
long been recognized as closely related, the re-
maining families included in this study (Limnan-
thaceae, Moringaceae, Caricaceae, Bataceae, and
Tropaeolaceae) are morphologically diverse and
have been placed in distinet orders (e.g., Cronquist,
1981, see review by Radman «t al., 1993}. The ge-
nus Drypetes (Euphorbiaceae) also produces glu-
cosinolates, but it does not appear to he closely



Volume 84, Number 1
1997

Soltis et al. 23
185 Ribosomal DNA Phylogeny

related to the glucosinolate clade in any of the four
searches. Phylogenetic analyses of 185 rDNA se-
quences involving additional glucosinolate taxa fur-
ther demonstrate the monophyly of the glucosina-
late-producers, with the exception of Drypetes, and
also clarify relationships among the members of
this clade {Rodman et al., submitted). These results
closely parallel findings based on the phylogenetic
analysis of rbel sequences {Rodman et al., 1993;
Chase et al., 1993) and moarphology (Rodman,
1991). Thus, hoth rbecL and 183 rDNA sequence
data indicate that there were two independent ori-
gins of the mustard oil syndrome {(see Rodman et
al., 1993, submitted).

Nitrogen-fixing clade.  Species of only 10 fam-
ilies of angiosperms are known to form symbiatic
associations with nitrogen-fixing bacteria in roat
nodules {Fabaceae, Betulaceae, Casuarinaceae,
Conariaceae, Datiscaceae, Elaeagnaceae, Myrica-
ceae, Rhamnaceae, Rosaceae, and Ulmaceae).
These families are distributed among four of Cron-
quist’s (1981) six subclasses of dicotyledons, im-
plying that many of these families are only distantly
related. Recent phylogenetic analyses of rbcl, se-
quences reveal, however, that representatives of all
ten of these families occur together in a single
clade (“nitrogen-fixing clade™ Soltis et al., 1995).
In addition to these ten families, this clade alsa
containg several families not known to form asso-
ciations with nitrogen-fixing hacteria, including
Moraceae, Cannabaceae, Urticaceae, Palygalaceae,
Fagaceae, Begoniaceae, and Cucurbitaceae.

Analyses of three of four 1835 rDNA data sets
{Figs. 1, 2, 4) suggest an alliance of taxa similar to
that revealed by rbel sequences. This clade in
large part represents a subset of the taxa present
in the rbel-based nitrogen-fixing clade. The fami-
lies in the 185 rDNA-based nitrogen-fixing clade
include Betulaceae, Casuarinaceae, Datiscaceae,
Elacagnaceae, Rhamnaceae, and Ulmaceae, all
families that form symbiotic associations with ni-
trogen-fixing bacteria. Other families known ta form
such associations (i.e., Coriariaceae and Myrica-
ceae) and that appeared in the rbcL-based nitrogen-
fixing clade were not analyzed for 183 rDNA se-
quence variation. Also part of the nitrogen-fixing
clade retrieved here are Begoniaceae, Moraceae,
Urticaceae, and Cucurbitaceae, families alsa found
to be part of this alliance based on analyses of rheL
sequerices. However, neither Rosaceae nor Faba-
ceae, two families involved in nitrogen-fixing sym-
bioses, are included within the 188 rDNA nitrogen-
fixing clade, although both families are part of this
alliance in the rbel-based trees (Soltis et al., 1995).

Searches involving the twa larger data sets (1
and 2} also place three families of Malvales (Mal-
vaceae, Bombacaceae, and Tiliaceae) within the ni-
trogen-fixing clade; these taxa were not part of the
nitragen-fixing clade in the rbel-based trees. In
analyses of data set 4, however, these three families
of Malvales are not part of the nitrogen-fixing clade
(Fig. 4). No clear nitrogen-fixing clade emerged in
analyses of data set 3; instead, these taxa are part
of a grade that represents the first branches of a
primarily rosid-dilleniid clade (Fig. 3).

Asteridae sensu loto.  Analyses of all four 185
tDNA data sets also reveal an expanded Asteridae
clade (Asteridae s.l.] that agrees closely with that
recovered by analyses of rbel. sequences (Olmstead
et al., 1992, 1993; Chase et al., 1993). In addition
to the conventionally circumscribed Asteridae, this
clade also includes a number of families placed in
Dilleniidae, such as Ericaceae, Clethraceae, Pyro-
laceae, Styracaceae, Ebenaceae, Actinidiaceae,
Sarraceniaceae, Fouquieriaceae, Theaceae, and
Primulaceae. Also present in Asteridae s.]. are Nys-
saceae, Pittosporaceae, Apiaceae, Araliaceae, and
Hydrangeaceae, all members of Rosidae. In addi-
tion, Eucommiaceae, a member of Hamamelidae,
and Byblis, a genus of carnivorous plants usually
placed in Rosidae, also appear within Asteridae s.1.
Al]l analyses also place an expanded Caryophylli-
dae (Caryophyllidae s.1.) within_the Asteridae s.].
clade, an unexpected result that is discussed in
more detail below.

Within Asteridae s.l., several subelades or
grades can be identified that agree, in large part,
with some of the groups identified in analyses of
rhel. sequences {Chase et al., 1993; Olmstead et
al., 1993). Perhaps most noteworthy of these is the
ericalean grade (the asterid III clade of Chase et
al., 1993} observed in all of the shortest 185 rDNA
trees (Figs. 1-4). Other clades of Olmstead et al.
are also observed to he monophyletic, including
Dipsacales, Boraginales, Gentianales, Asterales
s.l., and Lamiidae. Additional asterid taxa should
be sequenced for 185 rDNA to assess more rigor-
ously the monophyly of these groups and their in-
terrelationships.

Caryophyllidae sensu lata.  All analyses of 183
rINA sequences reveal a clade composed of Nyc-
taginaceae (Mirahilis), Chenopodiaceae (Spinacia),
Phytolaccaceae (Phytolacca), Aizoaceae (Tetrago-
nia), and Molluginaceae {Mollugo). These five fam-
ilies represent Caryophyllales (e.g., Cronquist,
1981), the monaphyly of which is supported in this
study by a jackknife value of 58%, as well as by
numerous lines of morphological and malecular
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data (e.g., Rodman et al., 1984; Rettig et al., 1992).
Sister to this clade of Caryophyllales is another
strongly supported clade comprising Plumbagina-
ceae and Polygonaceae {jackknife value of 77%):
this group collectively represents Caryophyllidae
{sensu Cronquist, 1981). The monophyly of Cary-
ophyllidae is only weakly supported by cladistic
analysis of maorphological, chemical, anatomical,
and palynological features (Rodman et al., 1984).
Analyses of 185 rDINA sequences also suggest that
two families of carnivorous plants, Droseraceae and
Nepenthaceae, are sister to Caryophyllidae, and we
refer to this entire assemblage as Caryophyllidae
s.l. (Figs. 1-4).

Phylogenetic analyses of rbcl sequences simi-
larly recovered a Caryophyllidae sl. clade com-
posed of Caryophyllales, Polygonaceae, Plumhagi-
naceae, Droseraceae, and Nepenthaceae (Chase et
al., 1993). One of the broad analyses of rbel ge-
quences {search A, Chase et al., 1993) placed Vi-
taceae and Dilleniaceae with this expanded Cary-
ophyllidae clade. In the analyses of 185 rDNA
sequences, Vitaceae were not sampled, and Dille-
niaceae are well removed from Caryophyllidae s 1.
The anomalous placement of Dilleniaceae near the
monocaots {Figs. 1, 2} is discussed below.

Santaloids.  Analyses of all four data sets reveal
a monophyletic santaloid clade or Santalales, which
are represented here by only three families (Opi-
liaceae, Santalaceae, and Viscaceae). However, in
preliminary analyses in which Santalales are rep-
resented by seven families (Opiliaceae, Santala-
ceae, Viscaceae, Eremolepidaceae, Misodendra-
ceae, Loranthaceae, and Olacaceae), santaloids
again form a clade. These seven families are widely
considered to form a natural group based on mor-
phology (e.g., Cronquist, 1981} and have heen
shown to form a clade in previous, smaller analyses
of 185 rDNA sequences (Nickrent & Franchina,
1990; Nickrent & Soltis, 1995).

Although santaloids appear manophyletic, the
position of this clade varies among the analyses. In
analyses of data sets 1 and 2, santaloids are sister
to Polygele and closely related to the legumes.
Analysis of data set 4 again places santaloids with
Polygala and a legume (Pisum), as well as with
Gunnere. Analysis of data set 3 results in an un-
usual placement of santaloids with several paleo-
herbs. These findings parallel those of Chase et al.
(1993} hased on rbel. sequences in which the po-
sition of santaloids differed greatly between the
476- and 499-taxan searches. In the former, san-
taloids and Gunnera form the asterid V clade; in
the latter, santaloids are sister to the caryophyllids,

but again appear near Gunnera. Thus, whereas both
rbel and 185 rDNA searches accasionally place
santaloids near Gunnera, analyses of three of the
four 185 rDNA data sets place santaloids close to
Fabaceae and Polygalaceae.

Celastroids.  Another small clade revealed in all
analyses consists of Lepuropetalon and Parnassia
(Saxifragaceae sl.), Brexia (Grossulariaceae), and
Euonymies (Celastraceae). This clade, labeled ce-
lastroids (Figs. 1-4), was also recovered in analyses
of rhel. sequences (Chase et al., 1993; Margan &
Soltis, 1993). Although this initially appears to be
an eclectic assemblage (Bretia is a genus of small
trees; Lepuropetolon spathulatum is the smallest
terrestrial angiosperm), embryological and morpho-
logical data also unite these taxa (reviewed in Mor-
gan & Soltis, 1993). The celastraid clade consists
of two pairs of genera, each of which is strongly
supported: Lepurapetalon—Parnassia {jackknife =
100%) and Brexia—Euonymus {jackknife = 67%].
These same twa pairs of genera also were revealed
in analyses of rbeL sequences (Chase et al., 1993,
Moargan & Soltis, 1993).

Cunonioids. Bauera and Ceratopetalum (Cu-
noniaceae) and Eucryphia (Eucryphiaceae) form a
clade with a jackknife value of 53%. A clase re-
lationship among these genera also was revealed by
a cladistic analysis of morpholagical features (Huf-
ford & Dickison, 1992). Bauera, Ceratopetalum,
and Eucryphio constitute the core of a very well
supported clade {jackknife value of 89%) labeled
cunonioids (Figs. 1-4} that also contains Cephalo-
taceae, a family of camivarous plants, and Sloanea
(Elaeccarpaceae). A close relationship of Cephal-
ataceae to these same representatives of Cunoni-
aceae and Eucryphiaceae also is suggested by anal-
yses of rbel sequences (Chase et al., 1993; Morgan
& Soltis, 1993). Sloanea was not represented in the
broad analyses of rbcL sequences. Other taxa that
appear closely allied with Cunoniaceae, Eucryphi-
aceae, and Cephalotaceae in rheL analyses include
Tremandraceae and Oxalidaceae; these families
were not included, however, in the 185 rDNA anal-
yses.

Other noteworthy relationships.  As recently re-
viewed ((iu et al., 1993}, the placement of Lacto-
ridaceae has been controversial, with relationships
to Magnoliales, Laurales, and Piperales all pro-
posed. Analyses of rbel sequences suggested a
close relationship of Lactoridaceae to Aristolachi-
aceae (Chase et al., 1993), and analyses of 185
rDNA sequences similarly suggest that these two
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families are sisters (Figs. -4}, an inference strong-
ly supported by a jackknife value of 82%.

Additional, small menaphyletic groups also merit
brief discussion. Bombacaceae, Tiliaceae, and Mal-
vaceae (represented by Bombax, Luhea, and Gos-
sypium, respectively) form a strongly supported
clade (jackknife value of 78%) in all 188 rDNA
analyses, in agreement with both traditional treat-
ments (all are members of Malvales) and topologies
based on rbel sequences. However, Sioanea
(Elacocarpaceae—Malvales) does not appear with
Bombacaceae-Tiliaceae—Malvaceae in any of the
185 rDNA trees (Figs. 1-4). As noted abaove, this
malvoid clade sometimes is embedded within the
nitrogen-fixing clade (Figs. 1, 2), a placement at
odds with analyses based on rbeL sequences. This
unusual placement could be the result of insuffi-
cient taxon denasity in that many of the closest pu-
tative relatives of Malvales were not included here
{e.g., Anacardiaceae, Simaroubaceae, Leitneri-
aceae, Sterculiaceae, Dipterocarpaceae),

On a broader scale, all 183 rDNA topologies sug-
gest that Hamamelidae comprise a number of phy-
logenetically distinct lincages. For example, Troch-
odendraceae, Tetracentraceae, and Platanaceae
appear near the base of the eudicots in trees de-
rived from searches of data sets 1, 2, and 4 (Figs.
1, 2, 4). Eupteleaceae also appear near the base of
the eudicots, but as part of the ranunculid clade.
Three traditional families of Hamamelidae, Hama-
melidaceae, Cercidiphyllaceae, and Daphniphylla-
ceae, are part of a well supported saxifragoid clade
(Figs.' 1-4). Still other families of Hamamelidae
{i.e., Betulaceae, Urticaceae, Moraceae, and Ul-
maceae) are part of the nitrogen-fixing clade, and
Eucommiaceae are nested within the Asteridae s.1.
The pronounced polyphyly of Hamamelidae was
similarly revealed by analyses of rbel sequences.
Both 185 rDNA and rbcl. sequence data suggest
similar placements for representatives of this sub-
class.

Topologies based on 183 rDNA sequences also
reveal the polyphyly of subelass Dilleniidae. Taxa
attributed to Dilleniidae appear in several phylo-
genetically well separated clades. Paconiaceae ap-
pear in the saxifragoid clade, Nepenthaceae and
Droseraceae appear in Caryophyllidae s 1., Cappar-
ales, Batales, and Violales appear in the glucosi-
nolate clade, and several orders (e.g., Violales,
Ehenales, Ericales, Diapensiales, Primulales, and
Theales) appear in Asteridae s.l. Other represen-
tatives of Dilleniidae (e.g., Turneraceae, Elaeocar-
paceae} are scattered throughout the large Rosidae
clade.

DIFFERENCES AMONG THE SHORTEST TREES

The shortest trees resulting from analyses of data
sets 1 and 2 are essentially identical {Figs. 1, 2)
and in turn are very similar to those derived from
searches of data set 4 (Fig. 4). The most unusual
topology results from searches of data set 3 (Fig.
3). For example, the distinction between the mono-
suleate grade and the eudicot clade does not oceur
in the shortest trees from this analysis, with the
manocots part of a predominantly rosid assemblage
and saxifragoids appearing as one of the early-
branching lineages of angiosperms. The ranuncu-
lids are not monophyletic in trees from searches of
data set 3, with two genera (Hypecowm and Dicen-
tra) appearing as sister to the monecots and the
remaining ranunculids appearing as part of a clade
that occuples the unusual position of sister to As-
teridae s.]. (see Asteridae s.l. Plus, Fig. 3). How-
ever, some of our numerous searches of data set 3
found trees only one step longer than the shortest
trees that have a topology essentially identical to
that resulting from. analysis of the ather small data
set {44,

Although searches of data sets 1, 2, and 4 vield-
ed similar topologies, several weakly supported dif-
ferences also exist among the shortest trees found.
For example, in trees derived from analyses of data
sets L and 2, one group of paleoherbs {Aristolochi-
aceae, Lactoridaceae) appears within the eudicot
clade, rather than within the monosulcate grade, as
would be expected. In contrast, in trees derived
from the smaller data sets (3 and 4, Aristolochi-
aceae and Lactoridaceae appear within the mono-
sulcate grade, close to other families of paleoherbs
(e.g., Piperaceas, Saururaceae). In addition, the
shaortest trees obtained from analyses of data sets 1
and 2 show a more well defined break between the-
monosuleate grade and lower eudicats than do trees
from data set 4 {compare Figs. 1, 2, and 4). For
example, trees resulting from analyses of data set
4 place the monosulcate families Calycanthaceae,
Annonaceae, and Lauraceae with Proteaceae (see
Fig. 4, Lower eudicots/monosulcates). These and
ather differences may be the result of insufficient
taxon density in certain portions of the tree, incom-
plete analysis, or lack of signal (see Caveats below).

ANOMALOUS PLACEMENTS

Perhaps the most unusual consistent feature of
the 185 rDNA trees involves the placement of Car-
yophyllidae s.l. within Asteridae s.1. Although Car-
yophyllidae s.l. form a well supported clade, the
position of this clade within Asteridae s.l. is not
strongly supported. Some of the many searches con-
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ducted retrieved trees only two steps longer than
the shortest trees obtained in which Caryophyllidae
5.l are not part of Asteridae s.]., but appear instead
within the Rosidae clade. Furthermore, analyses of
130 dicot 183 rDNA sequences aimed at resolving
the relationships of Saxifragaceae s.l. did not place
the Caryophyllidae s.]. within Asteridae 5.1, but in-
stead showed the caryophyllids to he embedded
within a rosid clade (D. Soltis & Soltis, 1997). Al-
though the placement of Caryophyllidae s.l. varies
in the broad analyses of rbcl sequences {Chase et
al., 1993}, this clade daes not appear closely relat-
ed to the asterids in any of the shortest trees ob-
tained. The 476-taxon analysis places Caryophyl-
lidae s.]. within a clade of rosids, whereas the
499-taxon analysis places them near the split be-
tween the clades of higher eudicats {i.e., Rosidae
and Asteridae s.1.).

Other anomalous placements include the posi-
tion in some analyses {Figs. 1, 2} of one group of
palecherhs (Chloranthaceae, Aristolochiaceae, Lac-
toridaceae) plus Winteraceae of Magnoliales near
the hase of the eudicot clade. These taxa often are
considered to represent early-branching or primi-
tive angiosperms in both analyses of récL sequenc-
es (Chase et al., 1993; (}iu et al., 1993) and recent
classification schemes (e.g., Cronquist, 1981;
Thorne, 1992; Takhtajan, 1987). Based on phyle-
genetic analyses of rbeL sequences {e.g., Chase et
al., 1993; Qiu et al., 1993), for example, Chloran-
thaceae, Aristolochiaceae, and Lactoridaceae are
part of the monosulcate clade. As noted above,
however, in some of our searches (see Figs. 3 and
4), Chloranthaceae, Aristolochiaceae, and Lactori-
daceae do appear closer to the base of the angio-
sperms with other monosuleate taxa.

Analyses of data set 4 recovered a clade con-
sisting of Saguttario (Alismatacese) and Cuscuta
{Cuscutaceae), placed in the Rosidae clade. In
trees tesulting from analyses of all other data sets,
these genera appear with the monocots and Aster-
idae s.1., respectively, in agreement with traditional
views and with trees based on récL sequences
(Chase et al., 1993). The unusual relationship sug-
gested by searches of data set 4 likely results from
the more limited taxon sampling of this data set
(fewer monocots are included, for example, com-
pared to data sets 1 and 2] and long-branch attrac-
tion. Segittarie and Cuscuta have very long branch-
es {e.g., 39 and 63 steps, respectively, in Fig. 2) in
all of the shortest trees obtained. In analyses of data
sets 1 and 2, the long branch of Cuscuta also seems
to affect the placement of Jpomaoea (Convolvula-
ceae), with both appearing in Lamiales instead of
Solanales.

The three subfamilies of Fabaceae, Papilionoi-
deae, Mimosoideae, and Caesalpinicideae (repre-
sented by Pisum and Glycine; Albizia; Bouhinia,
respectively), although present in the same small
clade with several other families in Figures 1 and
2, do net form a monaphyletic group in any of our
searches. Rather than representing a true case of
discardance between 185 rDNA and rbeL trees, this
likely represents either the lower limits of resolu-
tion of 185 rDNA sequences (see below) or retrieval
of only a small sample of all equally most parsi-
monious trees (i.e., the strict consensus of all short-
est trees, had they been found, would have led to
the collapse of this part of the tree). In support of
the former conclusion is the observation that more
facused phylogenetic studies of 188 sequences rep-
resenting only Rosidae, some of which swapped to
completion, similarly suggest a polyphyletic Faba-
ceae; bootstrap analyses indicate that these rela-
tionships are poorly supported, however {(D. Soltis
& Saltis, 1997, unpublished).

The position of the monocat genus Acorus (Ara-
ceae) {Figs. 1, 2 also is unusual. Rather than ap-
pearing with the monocots, Acorus appears as an
early-branching angiosperm, as it did in a previous
analysis of 64 188 rDNA and rRNA sequences
{(Nickrent & Soltis, 1995). Other anomalous place-
ments include the pasition of Dilleniaceae near the
monocats (Figs. 1 and 2) and the unexpected po-
sition of Oncidium (Orchidaceae) as a first-branch-
ng monaocat.

Several taxa are noteworthy naot only because
their phylogenetic positions are unusual, but alse
hecause their phylogenetic position varles from
search to search. For example, the close relation-
ship of Gunnera to the monocots (Figs. 1 and 2} is
unexpected, but it is not seen. in the trees resulting
from analysis of data sets 3 and 4 where Gurnerg
appears in a clade with Santalales, Polygalaceae,
and Pisum (Fabhaceae). The relationship of Gunrnera
also is uncertain in rbcL topologies, in which its
placement varies from being embedded within As-
teridae s.]. (the 476-taxon search) to sister group of
the higher dicots {the 499-taxon search).

COMPARISON WITH HAMBY AND ZIMMER ¢1993)

Hamby and Zimmer (1992} used partial 188 and
265 rRNA sequences to examine relationships
among land plants. Because their analyses invalved
only 46 angiosperms, taxon sampling clearly differs
between that and the present study. Nonetheless,
brief comparison of the topologies resulting from
the two studies is instructive.

In most of the shortest trees obtained here (Figs.
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1, 2, 4), as well as in the study of Hamby and
Zimmer (1992), Cerataphyllum is allied with the
monocots. Both studies also concur in suggesting
that Nymphaeaceae appear near the base of the an-
giosperm radiation. Nymphaeaceae are the sister
group to all other angiosperms in Hamby and Zim-
mer’s (1992} shortest trees; however, Amborella-
ceae, Austrobaileyaceae, and Schisandraceae were
not included in that study. In all of our shortest
trees, Nymphaeaceae follow the latter three families
and Illiciaceae as the sister group to all remaining
flowening plants.

Another similarity between the shortest trees in
both studies is the placement of Drimys (Wintera-
ceae). Drimys occupies an unusual phylogenetic
position in trees presented by both Hamby and
Zimmer (1992) and Nickrent and Soltis (1993), ap-
pearing as sister to Glyeine and Pisum (Fabaceae},
rather than as an early-branching angiosperm. Dri-
mys occupies an unusual position in trees derived
from the current analyses as well, appearing amoang
the lower eudicots. In trees resulting from the anal-
ysis of data set 3, Drimys again appears with Pisum.
The 185 rDNA sequence of Drimys exhibits a num-
ber of substitutions not found in other magnoliids.
In an attempt to ascertain the relationships of Win-
teraceae, we sequenced two species of Drimys, D.
winteri and D. gromatica, and they have identical
sequences. More recently, another memher of Win-
teraceae (Psepdowintera) has been sequenced for
185 rDNA (Hoot, unpublished); this sequence is
nearly identical to-the sequences for Drimys. Add-
ing Pseudowintera to the analysis does not alter the
unusual position of Winteraceae (trees not shown).

The unusual phylogenetic relationships that exist
amang the eudicots in the shortest trees of Hamby
and Zimmer (1992) probably derive from insuffi-
cient sampling in that study. The present analysis
with its greater representation of eudicats reveals
relationships much more in accord with recent clas-
sifications {e.g., Cronquist, 1981; Takhtajan, 1987)
andfor the rbcL topologies of Chase et al. (1993).
Thus, the present study suggests that many of the
highly unusual relationships seen in Hamby and
Zimmer are likely to reflect low taxon density rather
than an inherent inability of 185 rDNA sequences
to resolve relationships.

CAVEATS

A number of limitations are inherent in any large
phylogenetic study such as this. Several factors may
contribute to the anomalous positions of certain
taxa, including uncertainty regarding maximum
parsimony, insufficient taxon sampling and/or den-

sity, the presence of “older,” erroneous 185 yDNA
sequences in the data matrix, and the overall lower
rate of evolution of 1835 rDNA compared to rbel.
We discuss these potential factors in more detail
below.

An analysis of this magnitude cannot be expect-
ed to achieve maximum parsimony in a reasonable
amount of time. It is likely that we did not find all
classes of most-parsimonious trees, despite a
search strategy (cf. Maddison et al., 1992) designed
to identify multiple islands {(Maddison, 1221) of
shortest trees, and that even shorter trees exist that
were not recovered. Furthermore, although our
search strategy involved well over two years of com-
puter time, no search swapped to completion; there
is na assurance, therefore, that these trees repre-
sent even a local parsimony optimum. Although it
is, of course, impossible to know how far from com-
pletion any search is when it is truncated, the
search design used here offers an insightful basis
for comparison. Dhata sets 1 and 2, and 3 and 4 are
identical except for the inclusion of two gap char-
acters (indels) in data sets 2 and 4, each of which
apparently accounts for only four steps on the
shortest trees ohtained. Thus, the fact that the
shartest trees obtained in searches of data set 2 are
seven steps longer than those obtained in searches
of data set 1 indicates that the shortest trees ob-
tained in our searches of data set 2 are three steps
less parsimonious than trees derived from searches
of data set 1. A similar comparison of the searches
of data sets 3 and 4 reveals that the shortest trees
from searches of data set 4 are two steps less par-
simonious than those obtained from data set 3.

We also sampled among the large set of equally
parsimonious trees following Sanderson and Doyle
(1993b). Using trees obtained in searches of data
set 1, we examined the number of distinet compo-
nents (clades) as a function of the size of the sample
of trees (number of trees). We wanted to determine
whether increasing the set of trees uncovers new
components that bear on the relationships of par-
ticular taxa or, in contrast, includes different sub-
sets of the components that are essentially varia-
tions on the same theme (Sanderson & Dayle,
1993b). We found that a plot of the number of dis-
tinct clades versus the number of trees sampled
reaches an asymplote for a small number of trees,
suggesting that most of the clade diversity has been
found, despite the fact that all most parsimonious
trees have not been retrieved. The development of
improved methods of phylogenetic analysis of large
data sets will ultimately be ane of the central issues
of phylogeny reconstruction during the next several
years (see discussions in Chase et al., 1993; Doyle
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et al., 1994; Mishler, 1994; P. Soltis & Soltis,
1997,

Although the anomalous relationships deseribed
for some taxa may be unsettling, extremely short
branches characterize most of the major clades in
the 183 rDNA trees. The internal support for many
branches is very low, as indicated by the parsimony
jackknife analysis (Fatris et al., 1997). Although
the monophyly of the angiosperms is well supported
(jackknife value of 1009}, few major clades within
the angiosperms have high jackknife values. For
example, large elades such as eudicots and Rosidae
do not have jackknife values above 50%; the sax-
ifragoids represent the largest clade having a high
jackknife value (jackknife value of 68%). The other
monophyletic groups with high jackknife values are
relatively small, such as cunonioids, Zingiberales,
Malvales, Caryophyllales, Lactaridaceae—Aristolo-
chiaceae, and Schisandraceae-Illiciaceas—Austro-
haileyaceae. Significantly, a number of major clades
seen in all shortest trees, as well as in trees many
steps longer than the most parsimonious trees, do
not have jackknife values above 50%, including
monacots, glucosinolates, Caryaphyllidae s.1., and
Asteridae s.l. The majority of high jackknife values
correspond to pairs of sister taxa representing Ler-
minal nodes (e.g., Calycanthus—Sassafras, Brexio—
Euvonymus, Lepuropetalon—Parnassia, Plumbago-
Cocoloba, Helwingia-Phyllonoma, Tragopogon-
Tagetes, Francoa—Greyia, Trochodendron—Tetracen-
tron, Menispermum—Tinospora).

Examination of trees obtained from searches that
found trees one or a few steps longer than the shart-
est treeg also suggests low internal support for some
branches. The phylogenetic position of the mona-
cots appears weakly supported. In some searches
of data set 2, for example, trees only one step longer
than the shortest trees place the monocats within
the eudicots, as part of Rosidae, a position alsa
observed in the shortest trees obtained from search-
es of data set 3 (Fig. 3). Although all of the starting
trees and shortest trees shawed Amborellaceae, [1-
liciaceae, Schisandraceae, and Austrobaileyaceae
to be at the base of the angiospenmns, ane search of
data set 2 resulted in trees two steps longer than
the shortest trees and placed these four families
near the monocots, with Acorus and Oncidium as
the first-branching angiosperms. Trees two steps
longer than the shortest trees show the Asteridae
s.l. embedded within Rosidae, rather than sister to
this large clade. In trees two steps longer than the
shortest trees found for data set 3, Caryophyllidae
s.]. are not part of Asteridae s.l. but instead are
part of the large Rosidae clade.

These few examples illusirate well the uncertain-

ty that surrounds some angiosperm relationships in-
ferred from analyses of 183 rDNA sequences. Fur-
thermore, hecause relatively few character-state
changes occur on many of the branches, a small
amount of homoplasy or etror in the data set may
be sufficient to distort some relationships.

Additionally, some of the anomalous placements
could reflect insufficient andfor uneven taxon sam-
pling. The somewhat uneven taxonomic distribution
of the sequences presently availahle means that
some groups, such as Asteridae, and much of Ros-
idae and Hamamelidae, are relatively well repre-
sented here, whereas Magnolildae, the monocots,
Dilleniidae, Caryophyllidae, and several orders of
Rosidae are under-represented.

The importance of sufficient taxon density is re-
vealed here by some of the differences in topalogy
observed between trees resulting from analyses of
the smaller and larger data sets. Many of the taxa
not present in the two smaller data sets (3 and 4)
represent monosulcates and lower eudicots. Tt i3
this portion of the overall topolagy that shaws the
most spurious relationships in trees derived from
analyses of these two small data sets (the distinc-
tion between the monosuleate grade and eudicots
largely breaks down in Fig. 3, for example). In con-
trast, the much more thoroughly represented Aster-
idae sl. and Rosidae clades are litde affected by
slightly decreased representation in data sets 3 and
4. These findings lend further support to the im-
portance of sufficient and equal taxon density in
attempts to infer angiosperm phylogeny (e.g., Syts-
ma & Baum, 1996).

One of the major lessons of this study is that the
188 tRNA gene is diffieult to sequence, apparently
due in large part to the secondary structure inher-
ent in the rRNA. As a result, many published se-
quences are erroneous, some highly so, and the ex-
tent of insertion and deletion events has heen
greatly overestimated. We reiterate that whereas the
total length of the aligned 185 rDNA data matrix
of 64 taxa used hy Nickrent and Soltis (1995} was
1853 bp, the length of our 228-taxon data matrix
actually is shorter, 1830 bp. Afier resequencing
over 20 dubious 185 rDNA sequences, we were
able to remave numerous “false” indels and reduce
the length of the aligned sequences. The great ma-
jority (70%%) of the 185 rDNA sequences used here
were generated via cyele sequencing follawed by
automated sequencing, an approach that provides
more reliable rDNA sequences. Additional “older”
185 rDNA sequences should be replaced with se-
quences generated via this approach.

The overall slower rate of evolution of 185 tDNA
compared to rbcl (see Nickrent & Soltis, 1995)
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contributed, in part, to the widespread helief that
188 rDNA sequences would not contribute greatly
ta phylogenetic inference in angiosperms. Although
this study and other recent papers employing entire
185 rDNA sequences (e.g., Nickrent & Soltis,
1995; Kron, 1996; D. Soltis & Soltis, 1997; Rod-
man et al., submitted; Johnson et al., unpublished)
have dispelled this notion, 185 DNA sequences
will, in. most cases, not elucidate relationships to
the degree possible with the more rapidly evolving
rbeL. In some groups such as Orchidaceae, haw-
ever, 185 rDNA has been found to evolve faster
than rbcL (Cameron and Chase, unpublished).

FUTURE CONSIDERATIONS

These exploratory analyses clearly illustrate the
phylogenetic potential of 185 rDNA sequences for
elucidating anglosperm relationships at higher tax-
onomic levels. Future attempts to conduct hroad
phylogenetic analyses of 185 rDNA sequences
shauld not only add more taxa, but should also in-
valve the resequencing of the 185 rRNA gene for
some of those taxa for which erroneous sequences
are suspected.

This study suggests that a broad, nuclear-based
phylogenetic hypothesis for the angiosperms is
achievable via sequence analysis of the 185 rRNA
gene. One of the strengths of 185 sequence data
appears to be the ability to recognize a suite of
groups that appear in all shortest trees (e.g., glu-
cosinolate clade, saxifragoids, Caryophyllidae s.l.,
Asteridae s.1., celastroids). This may refiect substi-
tutions that ocemred in highly conserved portions
of the 185 tRNA gene during the early diversifi-
cation of a lineage, resulting in a well-supported
clade. Such substitutions are rare, however, and the
result is limited resolution in some areas of the 185
rDNA topolagies. Thus, our results also clearly re-
veal that 185 rDNA topolagies will, in most cases,
not exhibit the degree of resolution and internal
support possible with rhel. sequences. Inereased
sampling of angiosperms for 185 rDNA sequence
analysis i3 desirable. However, to achieve a nucle-
ar-based estimate of angiosperm phylogeny com-
parable to that realized with rbel,, it probably will
be necessary to include all, or portions of, the 265
rRNA gene as well. The utility of portions of the
268 gene for inferring family-level relationships has
been demonstrated for angiosperms (Hamby &
Zimmer, 1992}, as well as for other groups of or-
ganisms (e.g., Buchheim & Chapman, 1991; Chap-
man & Buchheim, 1991; Chapela et al., 1994; Wa-
ters et al., 1992).

CONCLUSIONS

This study provides general insights into the
structure and evolution of the 185 rRNA gene in
anglosperms and dispels certain “myths” about its
evolution. Indels are neither as common nor as
problematic for alignment as previously believed.
Instead, they are largely confined to a few, small,
specific regions that correspond to the termini of
certain helices present in the proposed secondary
structure for 185 rRNA. When these few, short ar-
eas are eliminated from consideration, alignment of
188 rDNA sequences is straightforward and easily
accomplished by eye across all angiosperms. Con-
versely, indels are rare throughout most of the 185
rRNA gene; when present, they typically involve a
single hase pair. Furthermore, indels present in
highly conserved regions of the gene may, in fact,
be phylogenetically informative, such as the inser-
tion that unites saxifragoids and the deletion that
unites higher eudicots.

Initial attempts to evaluate the impact of sec-
ondary structure of the 185 rRNA transcript on
phylogeny reconstruction in angiosperms suggest
that both stem and loop regions appear to be
sources of phylogenetic information, with a slightly
greater proportion (58% vs. 42%]) of informative
sites found in stem rather than loop regions. Of the
stem changes we analyzed, anly 27% destroyed a
base-pairing couplet; 73% restored or maintained
stem base pairing and hence are considered com-
pensatory. The maost frequent type of stem change
observed involved single base substitutions that
changed one base-pairing couplet to another {e.g.,
U-G to C-G; U-A to U-G). The high frequency of
compensatory change indicates that some down-
weighting of stem characters relative ta loop bases
may be warranted in future broad analyses of 185
rDNA sequences.

The phylogenetic trees obtained in these explor-
atory, broad analyses of 1858 rDINA sequences are
largely concordant with those resulting from anal-
yses of rbcL sequences. Areas of general concor-
dance include the presence of a tricolpate or eu-
dicot clade, which in tum includes two large clades
corresponding mostly to Rosidae and Asteridae 5.1,
respectively. However, the latter clade also includes
Caryophyllidae s.). in 185 rDNA trees, but not in
trees retrieved from analyses of rbel sequences. In
addition, the monocotyledons are monaphyletic
(with the possible exception of Acorus) and gener-
ally appear with other taxa having monosuleate pol-
len. One of the most noteworthy differences be-
tween. this study and that of Chase et al. (1993)
concerns the first-branching angiosperms. The
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woody magnoliids Amborellaceae, Illiciaceae,
Schisandraceae, and Austrobaileyaceae consistent-
ly appear as first-branching angiosperms and are
always followed by the palecherb Nymphaeaceae.
Ceratophyllum is closely allied with the maonocots
and does not appear as sister to all other angio-
sperms, as in analyses of rbeL sequences (Chase et
al., 1993). Monophyletic groups apparent in all
analyses include Caryophyllidae s.l., Asteridae s.L.,
saxifragoids, glucosinolate-producing taxa, santa-
loids, and cunonioids. Other clades apparent in
most analyses include ranunculids and nitragen-fix-
ing taxa. Thus, this analysis identifies major clades
of angiosperms that are largely consistent with
thase inferred from rbcL analyses.

This study further demonstrates that 188 yrDNA
sequences contain sufficient information to conduct
phylogenetic studies at higher taxonomic levels in
the angiosperms. Additional phylogenetic analyses
of angiosperms should be conducted using a larger
188 rDNA data set that improves taxon sampling
for Magnoliidae and Dilleniidae in particular. In
constructing this larger data set, some taxa for
which published sequences are available should
first be resequenced.

Although comparative sequencing of the entire
185 rRNA gene holds great promise for retrieving
phylogeny at the family level and abave in the an-
giosperms, this nuclear gene will rarely elucidate
familial and generic relationships to the extent pos-
sible with rbcL (see also Nickrent & Soltis, 1993).
Due to the slower rate of evolution of 1858 rDNA
compared to rbeL, it likely will he necessary to se-
quence the 268 tDNA as well to obtain a nuclear-
based estimate of phylogeny comparable to that
achieved with rbel. Lastly, because of the general
congruence of 185 rDNA and rbcL topolagies for
angiosperms, this study concomitantly suggests that
185 rDNA and rbeL sequences should he combined
to provide a more accurate estimate of angiosperm
phylogeny. One can anticipate that other sequences
{e.g., atpB and 265 tDNA) will ultimately also be
combined with rbel. and 183 rDNA sequences to
provide a larger data set from which to infer a more
complete picture of angiosperm phylogeny.
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Figure 2. One of 2508 shortest trees resulting from the exploratary phylogenetic analysis of 223 species of angio-
sperms; two indels were included in the analyses. Each of the shortest trees has a length of 3930 steps, C[ = 0.235,
and RI = 0.540. Arrows indicate nodes not present in the strict consensus of all shortest trees. The letters A and B
indicate the aceurrence of the indels deseribed in Table 2. Because of its size, the tree has been broken into four parts
(2A, 2B, 2C, and 2D).
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Figure 3. One of 8857 shortest trees resulting from the exploratary phylogenetic analysis of 194 species of angio-
aperms. Each of the shortest trees has a length of 3501 steps, CI = 0.249, and RI = 0.531. Arrows indicate nodes
not present in the strict consensus of all shortest trees. Because of its size, the tree has been broken into three parts

(3A, 3B, and 3C).
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Figure 4.  Strict consensus of 2582 shortest trees resulting from the exploratory phylogenetic analysis of 194 species
of angiosperms; two indels were included in the analyses. Each of the shortest trees has a length of 3307 steps, CI =
0.249, and RI = 0.536. The letters A and B indicate the cccurrence of the indels described in Tahle 2. Becanse of
its size, the tree has been broken into three parts (4A, 48, and 4C).
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APPENDIX. Proposed secondary structure for the 185 ribosomal RNA of Giycine max {madified from Nickrent &
Soltis, 1993). This structural model is based on the primary sequence of Glycine {Eckenrade et al., 1993) and follows
the general models proposed for eukaryotes in general. Tertiary interactions are indicated by thick lines. The positions
indicated by arrows are those regions particularly prone to variation in primary sequence and length {positions, 230-
237, 496-501; 666-672, 1363-1369); these regions are difficult to align over a broad taxonomic scale and were not

included in our phylogenetic analyses {see text).
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