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Relationships among the five groups of extant seed plants (cycads, Ginkgo, conifers, Gnetales, and angiosperms) remain uncertain.
To explore relationships among groups of extant seed plants further and to attempt to explain the conflict among molecular data sets,
we assembled a data set of four plastid (cpDNA) genes (rbcL, atpB, psaA, and psbB), three mitochondrial (mtDNA) genes (mtSSU,
coxl, and atpA), and one nuclear gene (18S rDNA) for 19 exemplars representing the five groups of living seed plants. Analyses of
the combined eight-gene data set (15 772 base pairs/taxon) with maximum parsimony (MP), maximum likelihood (ML), and Bayesian
approaches reveal a gymnosperm clade that is sister to angiosperms. Within the gymnosperms, a conifer clade includes Gnetales as
sister to Pinaceae. Cycads and Ginkgo are either successive sisters to this conifer clade (including Gnetales) or a clade that is sister
to conifers and Gnetales. All analyses of the mtDNA partition and ML analyses of the nuclear partition yield very similar topologies.
However, MP analyses of the combined cpDNA genes place Gnetales as sister to al other seed plants with strong bootstrap support,
whereas ML and Bayesian analyses of the cpDNA data set place Gnetales as sister to Pinaceae. Maximum parsimony and ML analyses
of first and second codon positions of the cpDNA partiation also place Gnetales as sister to Pinaceae. In contrast, MP analyses of
third codon positions place Gnetales as sister to other seed plants, although ML analyses of third codon positions place Gnetales with
Pinaceae. Thus, most of the discrepancies in seed plant topologies involve third codon positions of cpDNA genes. The likelihood ratio
(LR) and Shimodaira-Hasegasa (SH) tests were applied to the cpDNA data. The preferred topology based on the LR test is that
Gnetales are sister to Pseudotsuga. The SH test based on first and second codon and all three codon positions indicated that there is
no significant difference between the best topology (Gnetales sister to Pseudotsuga) and Gnetales sister to a conifer clade. However,
there is a significant difference between the best topology and topologies in which Gnetales are sister to the rest of the seed plants or

Gnetales sister to angiosperms.
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Despite repeated efforts to resolve phylogenetic relation-
ships among extant seed plants—angiosperms and four line-
ages of gymnosperms, cycads, Ginkgo, conifers, and Gneta-
les—using both morphologica and molecular data sets (re-
viewed in Donoghue and Doyle, 2000; Sanderson et al., 2000),
uncertainty remains. Analyses of morphological data generally
concur in suggesting that angiosperms and Gnetales are sister
groups (the ‘““anthophyte’” hypothesis), with extant gymno-
sperms paraphyletic (Crane, 1985; Doyle and Donoghue,
1986, 1992; Loconte and Stevenson, 1990; Rothwell and Ser-
bet, 1994; Doyle, 1996). However, the sister-group relationship
of Gnetales and angiosperms has not been supported by most
molecular analyses. In fact, early molecular studies based on
single genes provided conflicting results regarding the rela
tionship of Gnetales and angiosperms (see Doyle, 1998, for
review). For example, some analyses of rbcL alone and anal-
yses of partial 18S and 26S rRNA sequences placed Gnetales
as sister to al other seed plants; angiosperms were sister to a
clade of cycads, Ginkgo, and conifers (e.g., Hamby and Zim-
mer, 1992; Albert et al., 1994). In contrast, a maximum like-
lihood (ML) analysis of rbcL placed angiosperms as the sister
to a gymnosperm clade (Hasebe et al., 1992).

Single-gene, multigene, and multigenome analyses provide
conflicting reconstructions of seed plant phylogeny. Analyses
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of 18S rDNA aone suggested that the gymnosperms constitute
aclade (Chaw et al., 1997; Soltis et a., 1999), as have plastid
(Goremykin et a., 1996) and mitochondrial (Malek et al.,
1996) sequences, although measures of support are generally
weak, where provided. Recent multigene analyses have found
strong support for the monophyly of extant gymnosperms
(80% bootstrap value in Chaw et al., 2000; >90% bootstrap
values in Bowe, Coat, and dePamphilis, 2000). In addition,
both Bowe, Coat, and dePamphilis (2000) and Chaw et al.
(2000) obtained strong support for cycads followed by Ginkgo
as successive sisters to a conifer clade that includes Gnetales.

Analyses of both a four-gene data set (rbcl, 18S rDNA, and
two slowly evolving mitochondrial genes, atpA and coxi;
Bowe, Coat, and dePamphilis, 2000) and a three-gene data set
(mt SSU rDNA, 18S rDNA, and rbcL; Chaw et al., 2000)
provided strong support for the sister-group relationship of
Pinaceae and Gnetales (the ‘‘gne-pine” hypothesis of Chaw et
al., 2000). The possible derivation of Gnetales from within
conifers is a result supported largely by mitochondrial genes.
However, the first and second codon positions of rbcL (Chaw
et al., 2000) and the chloroplast photosystem genes psaA and
psbB (Sanderson et al., 2000) further support the Gnetales plus
Pinaceae relationship, although analyses of al positions of
rbcL (Chaw et a., 2000) and third positions of psaA and psbB
(Sanderson et al., 2000) placed Gnetales as sister to all other
seed plants. Thus, different data partitions support alternative
topologies, and relationships among extant seed plants remain
unresolved.

The monophyly of extant gymnosperms and the close re-
lationship of Gnetales and conifers are supported by other mo-
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lecular data, although the taxon sampling in these studies was
sparse (e.g., Hansen et a., 1999; Winter et al., 1999; Frohlich
and Parker, 2000). For example, Hansen et al. (1999) analyzed
sequence data for a 9.5-kilobase (kb) portion of the chloroplast
genome, but included only Pinus, Gnetum, and three angio-
sperms and used Marchantia as the outgroup. Winter et al.
(1999) analyzed MADS box genes and found similar results
for five genes, but only Gnetum was used to represent Gne-
tales, and cycads and Ginkgo were not included. Analyses of
Floricaula/LEAFY (LFY) sequences also suggested gymno-
sperms are monophyletic and that Gnetales are sister to pines
(Frohlich and Parker, 2000), but only five gymnosperms were
analyzed. Additional analyses, aimed at inferring relationships
within tracheophytes as a whole (e.g., Pryer et a., 2001) or
within angiosperms (e.g., Qiu et al., 1999, 2000; Soltis, Soltis,
and Chase, 1999; Graham and Olmstead, 2000), also concur
in reconstructing the monophyly of the gymnosperms and/or
the sister-group relationship of Gnetales and Pinaceae. Because
of small sample sizes (at least for gymnosperms) and low in-
ternal support, many of these analyses should be considered
equivocal regarding seed plant relationships in genera and the
phylogenetic position of Gnetalesin particular (see also Doyle,
1998; Donoghue and Doyle, 2000).

To examine the problem of seed plant relationships further,
we constructed a data set containing sequences from four
cpDNA genes (rbcL, atpB, psaA, and psbB), three mtDNA
genes (MtSSU, coxl, and atpA), and one nuclear gene (18S
rDNA) for 16 seed plants and three outgroups. All major
groups of seed plants are represented, and the total aligned
sequence per taxon is 15772 base pairs (bp). We addressed
the following questions: (1) Do the genome partitions (i.e.,
plastid, mitochondrial, and nuclear) yield consistent phyloge-
netic results? (2) For protein-coding genes, do separate parti-
tions of first and second vs. third codon positions contain the
same phylogenetic information? (3) Does method of analysis
affect the relationships reconstructed for seed plants? Although
some of these questions have been addressed previously (e.g.,
Bowe, Coat, and dePamphilis, 2000; Chaw et al., 2000; San-
derson et a., 2000), none of these studies addressed all three
of these questions using a data set with more than two genes
from each of the organellar genomes.

MATERIALS AND METHODS

Sampling and sources of sequences—All five lineages of extant seed
plants were represented in this analysis: cycads, Ginkgo, conifers, Gnetales,
and angiosperms. Trees were rooted with the lycophyte Lycopodium and the
ferns Angiopteris and Asplenium. The sequences analyzed were published
previously (Table 1). The 18S rDNA sequences are from Chaw et al. (1997),
Soltis et a. (1997), and Soltis et a. (1999), and the alignment follows that
of Soltis et a. (1999). As reported previously, a few small regions were
difficult to align and were excluded from phylogenetic analysis. Three genes
from the mitochondrial genome were used: mitochondrial small subunit
(mtSSU) sequences, atpA (= atpl), and coxl. The mtSSU sequences and aign-
ment are from Parkinson, Adams, and Palmer (1999) and Chaw et a. (2000).
All but one of the atpA (= atpl) sequences are from Bowe, Coat, and de-
Pamphilis (2000); the atpA sequence for Welwitschia isfrom Qiu et a. (1999).
The coxl sequences are from Bowe, Coat, and dePamphilis (2000). The align-
ments for atpA and cox| are those of Bowe, Coat, and dePamphilis (2000).
Known or presumed RNA editing sites were excluded (Bowe, Coat, and
dePamphilis, 2000; C. dePamphilis, Penn State University, personal commu-
nication). Sequences of four chloroplast genes were used: rbcl, psaA, psbB,
and atpB. Most of the rbcL sequences are from Chase et al. (1993) and Qiu
et al. (1993); others are from Hasebe et a. (1992, 1995). The psaA and pshB
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sequences are from Sanderson et al. (2000). The atpB sequences are from
Yoshinaga et al. (1992), Wolf (1997), Wolf et al. (1998), Qiu et a. (1999),
Savolainen et al. (2000), and Pryer et a. (2001) (Table 1). Alignment of
sequences was straightforward and accomplished by eye (see Chase et al.,
1993; Sanderson et al., 2000; Savolainen et al., 2000; Pryer et al., 2001).

The lengths of the aligned sequences were: 18S rDNA = 1738 bp: mtSSU
= 7189 bp; atpA = 1584 bp; coxl = 1553 bp; rbcL = 1321 bp; psaA =
2265 bp; psbB = 1530 bp; atpB = 1504 bp. The chloroplast partition was
6620 bp, the mitochondrial partition was 7189 bp, and the total aligned se-
quences were 15772 bp.

To construct this data set, different congeneric species or closely related
generawere occasionally used for different genes as placeholders for alineage
(Table 1). For example, Cryptomeria represents the conifer family Taxodi-
aceae for three genes (18S rDNA, rbcL, and mtSSU), whereas Metasequoia
was used for atpA, coxl, and atpB and Sequoia was used for psaA and psbB.
For Pinaceae, Pseudotsuga was used for 18S rDNA, rbcl, and mtSSU, and
Pinus was used for atpA, coxl, psaA, psbB, and atpB (Table 1). In trees
derived from multigene analyses, the name of the taxon included for 18S
rDNA is provided.

Sequences of 18S rDNA, rbcl, and mtSSU were available for al 19 taxa.
However, sequences of the remaining genes were not available for al taxa
Angiopteris lacks coxl, and Araucaria is missing atpB. The largest numbers
of missing sequences are for psbB (Podocar pus, Nymphaea, Illicium, Gnetum,
Cryptomeria), atpA (Angiopteris, Asplenium, Taxus, Ephedra), and psaA (Po-
docarpus, Nymphaea, Illicium, Gnetum). To examine the impact of missing
data, a second eight-gene data set was constructed for 13 taxa (11 seed plants,
two outgroups), with only a single taxon missing any gene. For this smaller
data set, phylogenetic analyses of the 18S rDNA, combined mtDNA, com-
bined cpDNA, and combined eight genes were conducted. Although the re-
sults of these analyses are not shown, the topologies and conclusions are
identical to those obtained using the 19-taxon data set and will not be dis-
cussed further.

Phylogenetic analyses: maximum parsimony—Maximum parsimony (MP)
analyses were conducted on the genomic partitions separately and on the
entire data set. The cpDNA genes were also analyzed by codon position.
Heuristic searches were conducted using PAUP* 4.02 (Swofford, 1999), with
tree-bisection-reconnection (TBR) branch swapping and 1000 random taxon
addition replicates, saving al most parsimonious trees. For analyses of indi-
vidual plastid genes, searches that did not complete were terminated after a
minimum of 20000 shortest trees were obtained. Internal support for rela-
tionships was assessed using fast bootstrap analyses with 1000 replicates. Fast
bootstrapping provides equivalent values to bootstrapping with branch swap-
ping when support is high and dlightly lower values when support is less
(Mort et a., 2000).

Phylogenetic analyses: maximum likelihood—Maximum likelihood (ML)
analyses were conducted using PAUP 4.0b2 (Swofford, 1999) and an HKY 85
+ I' model of nuclectide substitution (Hasegawa, Kishino, and Yano, 1985;
Yang, 1994). The MP tree (if more than one) with the greatest —In score was
used to estimate the model parameters and base frequencies. We used one of
the most parsimonious trees and ten equiprobable random trees as starting
trees and swapped on al trees, saving al optimal trees. The cpDNA data were
analyzed in three ways: (1) all sites; (2) first and second codon positions; and
(3) third codon postions.

Phylogenetic analyses: Bayesian approach—The Bayesian phylogenetic
analyses were conducted using MrBayes version 1.10 (Huelsenbeck, 2000).
We used uniform prior probabilities, the general time-reversible + I model
of molecular evolution, and a random starting tree. The Markov chain was
run for 41 000 generations and sampled every 100 generations. We ran four
chains of the Markov Chain Monte Carlo, sampling every 100 generations
for 41000 generations, starting with a random tree. Stationarity was reached
at approximately generation 5500; thus, the first 55 trees were the *“burn in”
of the chain, and phylogenetic inferences are based on those trees sampled
after generation 5500.
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TaBLE 1. Sources of DNA sequences used. NO = no sequence available. GenBank numbers are given in original references.
Species Reference
18S rDNA
Lycopodium inundata Soltis et al. (1999)
Angiopteris lygodiifolia Chaw et al. (1997)
Asplenium nidus Chaw et al. (1997)
Zamia pumila Chaw et al. (1997)
Cycas taitungensis Chaw et al. (1997)
Taxus mairei Chaw et al. (1997)
Cryptomeria japonica Chaw et al. (1997)
Podocarpus costalis Chaw et al. (1997)
Araucaria excelsa Chaw et al. (1997)
Pseudotsuga menziesii Chaw et al. (1997)
Ginkgo biloba Chaw et al. (1997)
Ephedra sinica Chaw et al. (1997)
Welwitschia mirabilis Soltis et al. (1999)
Gnetum gnemon Soltis et al. (1997)
Nymphaea sp. Soltis et al. (2000)
Illicium parviflorum Soltis et al. (2000)
Magnolia tripetala Soltis et al. (2000)
Glycine max Chaw et al. (1997)
Nicotiana tabacum Soltis et al. (2000)

rbcL

Lycopodium digitatum
Angiopteris lygodiifolia
Asplenium nidus
Zamia pumila

Cycas circinalis
Taxus mairei
Cryptomeria japonica
Podocarpus costalis
Araucaria excelsa
Pseudotsuga menziesii
Ginkgo biloba
Ephedra tweediana
Welwitschia mirabilis
Gnetum gnemon
Nymphaea variegata
Ilicium parviflorum
Magnolia tripetala
Pisum sativum
Nicotiana tabacum

mtSSU

Lycopodium digitatum
Angiopteris lygodiifolia
Asplenium nidus
Zamia floridana

Cycas revoluta

Taxus mairei
Cryptomeria japonica
Podocarpus costalis
Araucaria excelsa
Abies homolepis
Ginkgo biloba
Ephedra tweediana
Welwitschia mirabilis
Gnetum gnemon
Nymphaea variegata
Schisandra spenanthera
Magnolia grandiflora
Pisum sativum
Nicotiana tabacum

AtpA

Lycopodium inundata
Angiopteris lygodiifolia
Asplenium nidus
Zamia pumila

Cycas taitungensis
Taxus mairei

Hasebe et al. (1995)
Yoshinaga et al. (1992)
Hasebe et al. (1995)
Chase et al. (1993)
Chase et al. (1993)
Chase et al. (1993)
Chase et al. (1993)
Chase et al. (1993)
Chase et al. (1993)
Chase et al. (1993)
Hasebe et al. (1992)
Chase et al. (1993)
Chase et al. (1993)
Chase et al. (1993)
Chase et al. (1993)

Qiu et a. (1993)
Qiu et a. (1993)

Chase et a. (1993)
Chase et al. (1993)

Chaw et a. (2000)
Chaw et a. (2000)
Chaw et al. (2000)

Parkinson, Adams, and Palmer (1999)
Parkinson, Adams, and Palmer (1999)

Chaw et a. (2000)
Chaw et al. (2000)

Parkinson, Adams, and Palmer (1999)

Chaw et a. (2000)

Parkinson, Adams, and Palmer (1999)
Parkinson, Adams, and Palmer (1999)

Chaw et a. (2000)
Chaw et al. (2000)
Chaw et al. (2000)

Parkinson, Adams, and Palmer (1999)
Parkinson, Adams, and Palmer (1999)
Parkinson, Adams, and Palmer (1999)
Parkinson, Adams, and Palmer (1999)
Parkinson, Adams, and Palmer (1999)

Bowe, Coat, and de Pamphilis (2000)

NO
NO

Bowe, Coat, and de Pamphilis (2000)
Bowe, Coat, and de Pamphilis (2000)

NO
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Species

Reference

Metasequoia glyptostroboides
Podocarpus costalis
Araucaria excelsa

Pinus luchuensis

Ginkgo biloba

Ephedra sinica
Welwitschia mirabilis
Gnetum gnemon
Nymphaea sp.

Illicium parviflorum
Magnolia tripetala
Pisum sativum
Lycopersicon esculentum

cox|
Lycopodium sp.
Angiopteris lygodiifolia
Polystichum sp.
Zamia pumila
Cycas taitungensis
Taxus sp.
Metasequoia glyptostroboides
Podocarpus macrophyllus
Araucaria sp.
Pinus strobus
Ginkgo biloba
Ephedra viridis
Welwitschia mirabilis
Gnetum leyboldii
Nymphaea odorata
Ilicium lanceolatum
Magnolia grandiflora
Pisum sativum
Lycopersicon esculentum
psaA
Huperzia squarrosum
Angiopteris evecta
Adiantum capillus-veneris
Encephalartos Iebobombensis
Cycas taiwaniana
Torreya californica
Sequoia sempervirens
Podocarpus costalis
Araucaria araucana
Pinus thunbergii
Ginkgo biloba
Ephedra tweediana
Welwitschia mirabilis
Gnetum gnemon
Nymphaea sp.
Illicium parviflorum
Drimys winteri
Pisum sativum
Nicotiana tabacum

psbB
Huperzia squarrosum
Angiopteris evecta
Adiantum capillus-veneris
Encephalartos Iebobombensis
Cycas taiwaniana
Torreya californica
Sequoia sempervirens
Podocarpus costalis
Araucaria araucana
Pinus thunbergii
Ginkgo biloba
Ephedra tweediana
Welwitschia mirabilis
Gnetum gnemon

Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
NO

and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)

Qiu et al. (1999)

Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,

Bowe, Coat,
NO

Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,
Bowe, Coat,

and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)

and de Pamphilis (2000)

and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)
and de Pamphilis (2000)

Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)

NO

Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)

Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)

Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)

Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)
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Species Reference
Nymphaea sp. NO
Illicium parviflorum NO

Drimys winteri
Pisum sativum
Nicotiana tabacum
atpB
Huperza lucidula
Angiopteris lygodiifolia
Adiantum capillus-veneris
Zamia pumila
Cycas revoluta
Taxus baccata
Metasequoia glyptostroboides
Podocarpus costalis
Araucaria excelsa
Pinus thunbergiana
Ginkgo biloba
Ephedra tweediana
Welwitschia mirabilis
Gnetum gnemon
Nymphaea odoratum
Ilicium parviflorum
Magnolia tripetala
Pisum sativum
Nicotiana tabacum

Sanderson et al. (2000)
Sanderson et al. (2000)
Sanderson et al. (2000)

Wolf (1997)

Yoshinaga et al. (1992)
Wolf et al. (1998)

Qiu et al. (1999)

Pryer et al. (2001)
Savolainen et al. (2000)
Qiu et al. (1999)

Qiu et al. (1999)

NO

Savolainen et al. (2000)
Savolainen et al. (2000)
Savolainen et al. (2000)
Savolainen et al. (2000)
Savolainen et al. (2000)
Savolainen et al. (2000)
Hoot et al. (1997)
Savolainen et al. (2000)
Savolainen et al. (2000)
Deno, Shinozaki, and Sugiura (1983)

Likelihood ratio and Shimodaira-Hasegawa tests of alternative topolo-
gies—We used two methods to investigate the degree to which alternative
phylogenetic hypotheses were supported by the cpDNA data, the likelihood
ratio (LR) test using the parametric bootstrap (e.g., Swofford et a., 1996;
Goldman, Anderson, and Rodrigo, 2000) and the Shimodaira-Hasegawa test
(SH test; Shimodaira and Hasegawa, 1999).

Likelihood ratio test—Our MP analysis of first and second codon positions
of cpDNA genes place Gnetales within the conifers sister to Pseudotsuga, in
agreement with several other analyses (see Results). We tested the hypothesis
that for first and second codon positions there is no significant difference
between the placement of Gnetales as sister to all conifers (conifers mono-
phyletic) and a topology in which Gnetales are sister to Pseudotsuga (conifers
nonmonophyletic). We first approximated the null distribution using para-
metric bootstrapping (Huelsenbeck and Hillis, 1996). To conduct the para-
metric bootstrap we constructed a constraint tree with Gnetales as sister to a
monophyletic conifer clade. We then performed MP analysis, enforcing the
constraints imposed by the placement of Gnetales sister to a conifer clade.
The constrained analysis found a single most parsimonious tree, from which
we estimated, using maximum likelihood, parameter values for the HKY 85
+ I' model of molecular evolution and base frequencies (Hasegawa, Kishino,
and Yano, 1985; Yang, 1994). We then used the most parsimonious tree found
in the constrained analysis (Gnetales as sister to monophyletic conifers) to
simulate 500 data sets using seg-gen (Rambaut and Grassly, 1997), with the
size of the data set identical to the 19-taxon data set (i.e., 19 taxa, 15772 bp),
for each of the two hypotheses under consideration: Gnetales sister to Pseu-
dotsuga (conifers nonmonophyletic) vs. Gnetales sister to al conifers (coni-
fers monophyletic).

Each of the simulated data sets was analyzed via MP using methods similar
to those described above: TBR branch swapping, 100 random taxon addition
replicates, and saving al most parsimonious trees. We enforced a topological
constraint of Gnetales sister to Pseudotsuga and saved all tree scores and
trees. These analyses of the simulated data allowed us to calculate the null
distribution of the likelihood-ratio test statistic, delta = (log L, — log L)
where log L, is the —In tree score of the unconstrained tree using data sim-
ulated under the assumption that Gnetales are sister to a monophyletic conifer
clade and log L, is the —In tree score of the tree(s) obtained from the con-

strained analysis, with Gnetales sister to Pseudostuga and the data simulated
assuming that Gnetales are sister to monophyletic conifers. We then tested
whether delta calculated from analysis of the real 19-taxon data set fell within
this null distribution of delta

Shimodaira-Hasegawa test—Using the Shimodaira-Hasegawa test (SH test;
Shimodaira and Hasegawa, 1999) as implemented in PAUP 4.02 we tested
three topologies using both the full cpDNA data set (all codon positions) and
the partition containing the first and second codon positions of the cpDNA
data set. We compared the optimal tree obtained (Gnetales sister to Pseudot-
suga; conifers nonmonophyletic) to: (1) Gnetales sister to al other seed plants
(the topology obtained in MP analyses of third codon positions—see Results),
(2) Gnetales sister to a conifer clade (conifers monophyletic), and (3) Gnetales
sister to angiosperms. In ML analyses of first and second codon positions, as
well as in ML analyses of al codon positions, we found Gnetales sister to
Pseudotsuga (see Results). For the other hypotheses of relationships, we per-
formed ML analyses in which we constrained Gnetales to be sister to: (1) all
other seed plants, (2) monophyletic conifers, and (3) angiosperms. For the SH
test, we obtained the test distribution using the re-estimated log likelihoods
(RELL) approximation with 1000 nonparametric bootstrap replicates.

RESULTS

Nuclear 18S rDNA—Maximum parsimony analysis of the
18S rDNA data set yielded a single tree (length = 833 steps;
consistency index [Cl] = 0.591; retension index [RI] =
0.672), in which the gymnosperms are not monophyletic. The
cycads (Cycas and Zamia) and Ginkgo are subsequent sisters
to the remaining seed plants. However, these deep-level rela-
tionships are not well supported (Fig. 1). Gnetales are sister
to the conifers (81% bootstrap value), and this Gnetales and
conifers clade is the sister group of the angiosperms. The
monophyly of Gnetales, conifers, and angiosperms are each
well supported (Fig. 1). Both MP and ML analyses of larger
18S rDNA data sets with greater taxon sampling found the
gymnosperms to be monophyletic and Gnetales as sister to
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Fig. 1. The single shortest tree obtained in a parsimony analysis of 18S
rDNA sequence data. Numbers above branches are branch lengths; those be-
low are bootstrap values. Tree length = 883; Cl = 0.610; RI = 0.633.

conifers (Chaw et a., 1997, 2000; Soltis et a., 1999). The
difference between our MP tree and the topologies from these
earlier studies likely reflects the smaller taxon sampling we
used; the sequences included here are taken from the previous
studies.

Mitochondrial DNA sequences—Parsimony analysis of the
combined data set of three mtDNA genes yielded three short-
est trees (length = 2721 steps; Cl = 0.770; Rl = 0.654). The
topology (Fig. 2) is identical to those obtained in previous
analyses of mtDNA sequence data using both MP and ML
methods (Bowe, Coat, and dePamphilis, 2000; Chaw et al.,
2000). Furthermore, also as in earlier analyses, bootstrap sup-
port is very high. The mtDNA tree provides strong support
(93%) for the monophyly of the gymnosperms, which appear
as the sister group to a well-supported angiosperm clade
(100%). Within the gymnosperms, there is also strong support
for cycads (95%) followed by Ginkgo (96%) as successive
sisters to the remaining gymnosperms and for a conifer clade
that includes Gnetales (96%). The sister-group relationship of
Gnetales and Pseudotsuga of the Pinaceae (the ‘‘gne-pine”’
hypothesis of Chaw et al., 2000) is also strongly supported.

Chloroplast DNA sequences—For each of the four cpDNA
genes we analyzed al sites, first and second codon positions,
and third codon positions with both MP and ML. Relevant
aspects of the topologies reconstructed for the cpDNA posi-
tions are summarized in Table 2. For atpB, MP analyses of all
codon positions, as well as first and second positions only, and
third positions alone, did not resolve the relationships of Gne-
tales. Even the majority-rule consensus of shortest trees placed

TABLE 2.
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Fig. 2. One of three shortest trees obtained in a parsimony analysis of a
combined mtDNA data set of three genes (coxl, 19S, atpA). The arrows in-
dicate the nodes that collapse in the strict consensus tree. Numbers above
branches are branch lengths; those below are bootstrap values. Tree length =
2721; Cl = 0.770; Rl = 0.654.

Gnetales in a polytomy with other seed plant lineages. In con-
trast, ML analysis of all three codon positions retrieved a gym-
nosperm clade with Gnetales derived from within conifers and
sister to a clade of Podocarpus and (Taxus and Cryptomeria).
ML analysis of first and second positions for atpB resulted in
a gymnosperm clade with Gnetales derived from within co-
nifers and sister to a clade of Taxus and Cryptomeria. In the
ML analysis of third codon positions of atpB, Gnetales ap-
peared as sister to the angiosperms.

Maximum parsimony analyses of rbcL sequences suggested
that Gnetales are sister to all other seed plants (Table 2). In
contrast, MP analyses of first and second positions only and
third positions aone did not resolve the relationship of Gne-
tales. Maximum likelihood analyses of al codon positions
placed Gnetales sister to Pseudotsuga; the same topology was
obtained in ML analyses of third positions. However, ML anal-
yses of first and second positions placed Gnetales sister to all
other gymnosperms.

Analyses of psaA and psbB sequences provided nearly iden-
tical topologies in all analyses, except one. The MP analyses
of all three codon positions for psaA, as well as psbB, did not
resolve the position of Gnetales. However, the MP analyses of
first and second positions of psaA, and of pshB, indicated that
Gnetales are sister to Pseudotsuga, whereas MP analyses of
third codon positions for psaA, as well as psbB, suggested that
Gnetales are sister to all other seed plants. Using ML and both
psaA and pshB, analyses of al codon positions and first and
second codon positions found Gnetales sister to Pseudotsuga.
In ML analysis of third codon positions for psaA, Gnetales

Results of phylogenetic analyses of cpDNA data partitions describing the position of Gnetales, listing the taxa that appear as sister to

Gnetales under maximum parsimony (MP) and maximum likelihood (ML).

All positions First and second Third
MP ML MP ML MP ML
atpB All other seed plants  Pseudotsuga Unresolved Taxus + Cryptomeria Unresolved Angiosperms
rbecL All other seed plants  Pseudotsuga Unresolved All other gymnosperms  Unresolved Pseudotsuga
psaA All other seed plants  Pseudotsuga Pseudotsuga  Pseudotsuga All other seed plants  Pseudotsuga
psbB All other seed plants  Pseudotsuga Pseudotsuga  Pseudotsuga All other seed plants  All other seed plants
All cpDNA  All other seed plants  Pseudotsuga Pseudotsuga  Pseudotsuga All other seed plants  Pseudotsuga
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indicates the node that collapses in the strict consensus of two shortest trees.
Numbers above branches are branch lengths; those below are bootstrap values.
Tree length = 6314; Cl = 0.570; Rl = 0.476.

again appeared as sister to Pseudotsuga. However, ML anal-
ysis of third codon positions of psbB placed Gnetales sister to
all other seed plants.

Maximum parsimony searches of the combined data set of
four cpDNA genes yielded two shortest trees (Ilength = 6314;
Cl = 0.570; Rl = 0.476). The two MP trees differed only in
the placement of Araucaria, which appeared as sister to either
Podocarpus or Taxus and Cryptomeria. The relationships in
the MP trees are strongly supported but differ from those ob-
tained with either 18S rDNA or mtDNA sequence data. Ghe-
tales are sister to all other extant seed plants, the monophyly
of which receives very strong support (99%). The angiosperms
(100% support) are sister to a well-supported (100%) clade of
cycads, Gingko, and conifers. Within this clade, the cycads are
sister to Ginkgo and conifers, the latter clade receiving boot-
strap support of 91% (Fig. 3). Thus, MP analyses of the com-
bined cpDNA data appear to be in strong conflict with mtDNA
data and 18S rDNA data, both of which suggest that the gym-
nosperms are monophyletic and that Gnetales are related to
conifers (see also Chaw et al., 1997, 2000; Soltis et al., 1999;
Bowe, Coat, and dePamphilis, 2000).

For the ML analysis of the cpDNA partition, model param-
eter values estimated from a single MP tree (—In =
36582.83402) are as follows: (1) base frequencies, A:
0.274863, C: 0.199218, G: 0.205064, T: 0.320856; (2) ti/tv
= 3.515509; and (3) the gamma shape parameter a =
0.256015. The ML tree (—In = 36519.52472) is essentially
identical to that obtained with mtDNA gene sequence data.
The gymnosperms are monophyletic and sister to the angio-
sperms. Within the gymnosperms, cycads are sister to Ginkgo
and the remaining gymnosperms. Gnetal es are embedded with-
in the conifers and appear as sister to Pseudotsuga (Fig. 4).

MP analysis of first and second codon positions yielded two
most parsimonious trees (length = 2102; CI = 0.623; Rl =
0.524) that differed only in the placement of Araucaria, which
appeared as sister to either Podocarpus or Taxus and Cryp-
tomeria. Both trees placed Gnetales as sister to Pseudotsuga.
In the ML analysis of first and second codon positions, model
parameter values estimated using a single most parsimonious
tree with a score of —In 16704.27212 were: (1) base fre-
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Fig. 4. Tree obtained in maximum likelihood analysis of combined
cpDNA data set (—In = 36519.52472).

guencies, A: 0.257 348, C: 0.218534, G: 0.253843, T:
0.270275, (2) ti/tv: 2.436609, and (3) the gamma shape pa-
rameter « = 0.150712. The ML tree was the same as the MP
tree from which the parameters were estimated. Gnetales again
appeared as sister to Pseudotsuga.

Maximum parsimony analysis of the cpDNA third positions
produced a single most parsimonious tree (length = 4189; Cl
= 0.547; Rl = 0.460) in which Gnetales appeared as sister to
the rest of the seed plants. Maximum likelihood parameter
values estimated from the single most parsimonious tree were:
(1) base frequencies, A: 0.295411, C: 0.171523, G: 0.151 231,
T: 0.381834; (2) ti/tv: 4.915934; and (3) gamma shape param-
eter a« = 0.810807. In contrast to the MP topology, the ML
tree (—In 18794.58221) placed Gnetales as sister to Pseudo-
tsuga and cycads as sister to the angiosperms.

The analysis of the combined cpDNA data set using a
Bayesian approach yielded a tree (Fig. 5) comparable to that
obtained with ML. Most clades, including the angiosperms
(2.0), all gymnosperms (1.0), Gnetales and Pinaceae (0.987),
and the successive sister-group relationships of cycads fol-
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Fig. 5. One of the 691 best trees (also equivalent to the majority rule tree)
obtained in a MrBayes analysis (Huelsenbeck, 2000) of a combined plastid
data set of four genes (rbcL, atpB, psaA, psbB). Numbers below branches are
the frequency of recovery of each clade.
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lowed by Ginkgo were supported by posterior probabilities of
1.0 or nearly 1.0.

Combined 18S rDNA, mtDNA, and cpDNA sequences—
Parsimony analysis of all eight genes representing all three
genomes yielded a single shortest tree (length = 13736; Cl =
0.649; Rl = 0.511). The topology recovered in this analysis
(Fig. 6) is nearly identical to that retrieved with mtDNA se-
guences and in the ML analysis of cpDNA genes. However,
bootstrap support for relationships in the eight-gene tree isin
some cases much lower than obtained in the mtDNA analyses.
The angiosperms are again strongly supported (100%) and are
sister to the gymnosperms, but the monophyly of the gym-
nosperms is only weskly (62%) supported. Within the gym-
nosperms, there is weak support for a clade of cycads plus
Ginkgo, rather than a grade of cycads, Ginkgo, and the re-
maining extant gymnosperms. Gnetales are derived from with-
in the conifers, but the monophyly of this conifer/Gnetales
clade is only weakly supported (61%). Gnetales appear as Sis-
ter to Pseudotsuga, but with low support (61%). The lower
support for relationships in this eight-gene tree reflects the
conflict in parsimony analyses between the cpDNA and
mtDNA partitions, each of which yields strongly supported,
yet differing, topologies (compare Figs. 2-5).

Analysis of the combined data set using ML resulted in a
tree (not shown) similar to that retrieved using MR Gymno-
sperms are monophyletic, with Gnetales sister to Pinaceae. Cy-
cads and Ginkgo appear as successive sisters to the conifer
and Gnetales clade. The analysis of the combined data set of
all genes using a Bayesian approach yielded atree (Fig. 7) in
which a sister group of Gnetales and Pinaceae was strongly
supported (probability of 1.0). As in the eight-gene MP tree,
cycads and Ginkgo form a clade with weak support (0.72 prob-
ability), rather than appearing as successive sisters to conifers
and Gnetales. The gymnosperms form a clade, but their mono-
phyly is also only weakly supported (0.72). The single differ-
ence between the Bayesian tree and that obtained with MP
involves the placement of Magnolia, which is sister to other
angiosperms in the Bayesian analysis, but is sister to Nicotiana
and Glycine in the MP tree (compare Figs. 6 and 7).
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Likelihood ratio and Shimodaira-Hasegawa tests—The
likelihood ratio (LR) test with the parametric bootstrap indi-
cates a significant difference in the MP tree length between
the two topologies examined, Gnetales as sister to all conifers
(conifers monophyletic), and a topology in which Gnetales are
sister to Pseudotsuga (conifers non-monophyletic). The pre-
ferred topology based on this test is that Gnetales are sister to
Pseudotsuga; conifers are therefore nonmonophyletic (Fig. 8).

The SH tests of first and second codon positions and all
codon positions provided similar results. The tree topologies
we examined are: Gnetales sister to al other seed plants, Gne-
tales sister to a conifer clade (conifers monophyletic), Gnetales
sister to Pseudotsuga (conifers nonmonophyletic), and Gne-
tales sister to the angiosperms. Analyses of first and second
codon positions indicated that there is a significant difference
in —In score between the best topology (Gnetales sister to
Pseudotsuga) and two of these alternative topologies (see Ta-
ble 3). The P value for Gnetales sister to a conifer clade is
0.257 and clearly not significant (Table 3); however, the P
value for Gnetales sister to all other seed plants (0.018) is
significant (critical value is 0.05), as is the P value for Gne-
tales sister to angiosperms (0.006). Analyses of the full cp-
DNA data set (all codon positions) similarly indicated that
there is no significant difference in —In score between the
optimal tree and a topology in which Gnetales are sister to
conifers. As with first and second codon positions, however,
there is a significant difference in —In score between the best
topology and the topology in which Gnetales are sister to the
rest of the seed plants and the topology in which Gnetales are
sister to angiosperms (Table 3).

DISCUSSION

Plastid genes—Although analyses of mtDNA genes have
provided strong support for a monophyletic gymnosperm clade
with Gnetales sister to Pinaceae (Bowe, Coat, and de-
Pamphilis, 2000; Chaw et al., 2000), phylogenetic studies of
seed plants employing cpDNA genes have yielded varying to-
pologies depending on the sampling of taxa, the method of
analysis, and the codon positions analyzed (e.g., Hasebe et al.,
1992; Albert et al., 1994; Goremykin et a., 1996; Chaw et al.,
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2000; Sanderson et a., 2000). The difference in signal we
observed between first and second vs. third positions for
cpDNA genes is a pattern observed for seed plants in other
studies. Sanderson et al. (2000) found strongly supported, but
conflicting, topologies with psaA and psbB gene sequences
when the data were partitioned into first and second vs. third
codon positions. In our MP analyses of first and second po-
sitions, both genes supported the monophyly of the gymno-

[Vol. 89

sperms, with Gnetales related to Pinaceae; with third positions,
Gnetales were sister to all other seed plants. The ML analyses
of first and second as well as third positions of psaA yielded
a topology with Gnetales sister to Pinaceae, but ML analyses
of pshB third positions placed Gnetales as sister to al other
seed plants.

A differencein phylogenetic signal between first and second
vs. third positionsis also apparent for rbcL. Chaw et al. (2000)
obtained different topologies for seed plants depending on the
treatment of third positions. With all positions equally weight-
ed, ML analyses of rbcL placed Gnetales as sister to the other
seed plants, whereas MP analyses placed Gnetales as sister to
the angiosperms. However, when third position transitions
were excluded, both ML and MP placed Gnetales as sister to
Pinaceae.

Our analyses of cpDNA gene sequences likewise indicate
that the signal of third codon positions differs from that of first
and second codon positions (see also Chaw et a., 2000; San-
derson et a., 2000). Sanderson et al. (2000) concluded that a
factor potentially contributing to bias and inconsistency in
their analyses of psaA and pshB is the combination of extreme-
ly short branches at the base of the seed plants as well as
extremely high rates of molecular evolution in Gnetales and
the outgroups. Sanderson et a. (2000) suggested that the dif-
ference in topology obtained with MP for first and second
codon positions vs. third codon positions of these two cpDNA
genes might be the result of saturation of third position sites
at this deep phylogenetic level (i.e., all seed plants). Further-
more, analyses of the cpDNA genes rbcl, atpB, and rps4
across all tracheophytes indicate heterogeneous rates of evo-
[ution in first, second, and third codon positions (Soltis et al.,
2002) that could translate into conflicting phylogenetic signal.

Our results, coupled with those of Chaw et al. (2000) and
Sanderson et a. (2000), provide an intriguing paradox in that
recent studies have pointed to the value of third codon posi-
tions of cpDNA genes in phylogeny reconstruction (e.g., Lew-
is, Mishler, and Vilgalys, 1997; Kallergo et a., 1998; Kal-
lers0, Albert, and Farris, 1999; Olmstead, Reeves, and Yen,
1998). Even at very deep phylogenetic levels, such as all pho-
tosynthetic life, third positionsin rbcL sequences provide most
of the phylogenetic signal (Kallergo et al., 1998; Kallergo,
Albert, and Farris, 1999). However, our results suggest that
third codon positions of cpDNA genes may be misleading in
phylogenetic analyses of seed plants.

The conflict between first and second vs. third codon posi-
tions in plastid genes that we observed has similarly been re-
ported in other investigations of seed plant relationships (San-

TaBLE 3. Results of Shimodaira-Hasegawa (SH) test (Shimodaira and Hasegawa, 1999).

Tree =InL Diff — InL P

First and second position SH test

Gnetales + Pseudotsuga 16 704.272 25 Best

Gnetales sister to all other seed plants 16 743.052 74 38.780 62 0.018*

Gnetales sister to conifer clade 16 716.749 59 12.477 47 0.257

Gnetales sister to angiosperms 16 752.911 68 48.639 56 0.006*
Full data set SH test

Gnetales + Pseudotsuga 36 518.896 81 Best

Gnetales sister to all other seed plants 36 555.701 50 36.804 69 0.010*

Gnetales sister to conifer clade 36 530.728 06 11.831 26 0.233

Gnetales sister to angiosperms 36 572.061 47 53.164 66 0.001*

* Significant at the 0.05 level.
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derson et al., 2000; Rydin, Kalergo, and Friis, 2002). The
nature of this conflict appears to be complex. Sanderson et al.
(2000) reported conflict between first and second vs. third co-
don positions in the plastid genes psaA and psbB. Rydin, Kal-
lergjo, and Friis (2002) analyzed the plastid genes rbcL and
atpB across seed plants and found that the conflict in codon
position is more pronounced in rbcL than in atpB, but the
conflict in these genes is less than that observed for psaA and
psbB. Although third codon positions of plastid genes gener-
ally have most of the phylogenetic signal (e.g., Kallerso et
al., 1998; Olmstead, Reeves, and Yen, 1998), it may be that
third positions are saturated in some, but not all, instances.
Chaw et a. (2000) found that third positions of rbcL were
saturated based on transition/transversion ratios across seed
plants. In contrast, however, Sanderson et al. (2000) found that
for psaA the third codon positions were not sufficiently satu-
rated to generate a misleading phylogenetic result. Adding to
the complexity of the conflict between first, second, and third
positions is the fact that transitions within each codon position
conflict with transversions (Rydin, Kallergo, and Friis, 2002).

The preponderance of evidence—gene trees based on (1)
first and second positions of four cpDNA genes, as well as
third positions with ML and all positions with ML and Bayes-
ian approaches, (2) nuclear 18S rDNA, and (3) three mtDNA
genes—supports a relationship between Gnetales and conifers,
although 18S rDNA suggests that Gnetales are sister to al
conifers rather than to Pinaceae (Soltis et al., 1999; Chaw et
al., 2000).

General conclusions—An overall conclusion of our anal-
yses is that some aspects of relationship among extant seed
plants appear to be largely resolved. We conclude that extant
gymnosperms are monophyletic and that cycads and Ginkgo
are sisters to the remaining gymnosperms, with Gnetal es sister
to Pinaceae (if not embedded within Pinaceae) within the co-
nifers. However, the relationship between cycads and Ginkgo
differs in our analyses; in some analyses, cycads and Ginkgo
are successive sisters to a clade of conifers and Gnetales,
whereas in others, Ginkgo and cycads form a clade that is
sister to the other gymnosperms.

Most of the conflict observed in our own analyses, as well
as in previous analyses, involves the difference between first
and second vs. third codon positions of cpDNA genes. When
ML analyses of cpDNA genes are conducted, or third postions
are excluded in MP analyses, a topology highly similar to
those obtained with mtDNA genes emerges: gymnosperms are
strongly supported as monophyletic and are sister to the an-
giosperms. Within the gymnosperms, cycads and Ginkgo are
successive sisters to the remainder of the clade; Gnetales are
closely related to conifers. However, the precise relationship
of Gnetales to conifersis unclear. Some analyses of both plas-
tid and mitochondrial genes support a placement of Gnetales
within conifers as sister to Pinaceae (the ‘‘gne-pine”’ hypoth-
esis, Bowe, Coat, and dePamphilis, 2000; Chaw et a., 2000).
However, with 18S rDNA sequences (Chaw et a., 1997; Soltis
et al., 1999) and with multiple genes that include a broad rep-
resentation of conifers (Rydin, Kalergo, and Friis, 2002),
Gnetales are sister to all conifers. Hence, the gne-pine hy-
pothesis may be an artifact of inadequate taxon sampling in
some analyses (Rydin, Kallerso, and Friis, 2002).

Hypothesis tests using the LR and SH tests and the cpDNA
data provide conflicting results. The LR test based on first and
second positions indicates that there is a significant difference
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in the MP tree length between the two topologies examined,
Gnetales as sister to all conifers (conifers monophyletic) and
a topology in which Gnetales are sister to Pseudotsuga (co-
nifers non-monophyletic). The preferred topology based on the
LR test isthat Gnetales are sister to Pseudotsuga. The SH test
based on first and second codon positions and al codon pos-
itons indicated that there is no significant difference in —In
score between the best topology (Gnetales sister to Pseudot-
suga) and Gnetales sister to a conifer clade. However, thereis
asignificant difference in —In score between the best topology
and the topology in which Gnetales are sister to the rest of the
seed plants and the topology in which Gnetales are sister to
the angiosperms. Thus, we found that the alternative place-
ment of Gnetales as sister to conifers (rather than as sister to
Pinaceae) could not be rejected consistently, in agreement with
Rydin, Kalergo, and Friis (2002), who, in some analyses,
recovered Gnetales as sister to a monophyletic conifer clade.
Lastly, a structura mutation in the chloroplast genome (Rau-
beson and Jansen, 1992) also suggests that a Gnetal es-conifer
sister-group relationship may be a more parsimonious expla-
nation of the data.

Future considerations—With 15772 bp of sequence data
representing all three plant genomes, relationships among the
five lineages of extant seed plants are not yet fully resolved.
The value of additional molecular studies of a restricted num-
ber of taxa therefore needs to be carefully considered. The
precise relationship of cycads and Ginkgo—are they sister taxa
or subsequent branches to the remaining gymnosperms?—has
yet to be answered. Furthermore, athough most molecular
data suggest a close relationship between conifers and Gne-
tales, the exact nature of this relationship is unclear: Are Gne-
tales derived from within conifers or are they the sister group
to conifers? To determine the placement of Gnetales relative
to conifers we suggest that additional conifers be added to
existing gene sequence data sets, rather than simply adding
sequences of more genes.

Although molecular data can provide some additional in-
sights into the relationships among extant seed plants, efforts
at achieving a better understanding of relationships among ex-
tant seed plants would be better placed by integrating fossil
taxa into comprehensive anayses of seed plant phylogeny. For
example, DNA data strongly support the monophyly of extant
gymnosperms, but is this a valid conclusion when fossil taxa
are included? If no single extant lineage of gymnosperms is
the sister group of angiosperms, can a fossil lineage be iden-
tified that fills this role? More attention must be paid to fossils
and morphological features, with future efforts directed at the
integration of fossils into phylogenetic analyses based on both
morphological and molecular data (see also Doyle, 1998; Don-
oghue and Doyle, 2000). Such analyses will require a careful
reconsideration of the morphological characters included in
previous studies of seed plant phylogeny. Clearly, the homol-
ogy of those characters that linked angiosperms and Gnetales
must be reevaluated. Analyses that integrate fossils and mor-
phology with molecular characters may be more fruitful than
further analyses of molecular data alone.
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