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Plastid matK gene sequences for 374 genera representing all angiosperm orders and 12 genera of gymnosperms were analyzed using
parsimony (MP) and Bayesian inference (BI) approaches. Traditionally, slowly evolving genomic regions have been preferred for
deep-level phylogenetic inference in angiosperms. The matK gene evolves approximately three times faster than the widely used plastid
genes rbcL and atpB. The MP and BI trees are highly congruent. The robustness of the strict consensus tree supercedes all individual
gene analyses and is comparable only to multigene-based phylogenies. Of the 385 nodes resolved, 79% are supported by high jackknife
values, averaging 88%. Amborella is sister to the remaining angiosperms, followed by a grade of Nymphaeaceae and Austrobaileyales.
Bayesian inference resolves Amborella 1 Nymphaeaceae as sister to the rest, but with weak (0.42) posterior probability. The MP
analysis shows a trichotomy sister to the Austrobaileyales representing eumagnoliids, monocots 1 Chloranthales, and Ceratophyllum
1 eudicots. The matK gene produces the highest internal support yet for basal eudicots and, within core eudicots, resolves a crown
group comprising Berberidopsidaceae/Aextoxicaceae, Santalales, and Caryophyllales 1 asterids. Moreover, matK sequences provide
good resolution within many angiosperm orders. Combined analyses of matK and other rapidly evolving DNA regions with available
multigene data sets have strong potential to enhance resolution and internal support in deep level angiosperm phylogenetics and provide
additional insights into angiosperm evolution.
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Phylogenetic analysis of gene sequences has significantly
impacted views of angiosperm relationships (Dahlgren, 1980;
Takhtajan, 1987; Cronquist, 1988; Thorne, 1992). Consequently, the overall phylogeny of angiosperms has been radically
revised at all levels. Some subclasses, such as Dilleniidae and
Hamamelidae, have been shown to be polyphyletic with their
constituent families now placed (APG, 1998; APG II, 2003)
in several distantly related clades. The composition of other
groups has also been altered to varying degrees, e.g., Rosidae,
Asteridae, Ericales, Cornales, and Saxifragales. Contributions
toward this reassessment of angiosperm phylogeny have come
primarily from large data sets of individual genes or combined
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analyses of these data sets (e.g., Chase et al., 1993; Qiu et al.,
1998, 1999, 2000; Hoot et al., 1999; Soltis et al., 1999, 2000,
2003; Olmstead et al., 2000; Savolainen et al., 2000a, b; Zanis
et al., 2002). In addition, extensive analyses of morphological,
anatomical, and phytochemical characters from across angiosperm families (Nandi et al., 1998) have also contributed to
modern views of angiosperm relationships. Consequently, a
new concept for the overall phylogeny of flowering plants has
emerged, depicting a basal grade of Amborellaceae, Nymphaeaceae (sensu APG II, 2003), and Austrobaileyales, followed by eumagnoliids (sensu APG II, 2003, to include Canellales, Laurales, Magnoliales, and Piperales), monocots, Ceratophyllales, Chloranthaceae, and eudicots. However, a number of questions remain unanswered due to variable or
unresolved positions and weak support for various lineages.
This situation is particularly true for the eudicots, which constitute about 75% of angiosperm species diversity (Drinnan et
al., 1994). Among eudicots, the basal grade lacks convincing
bootstrap (BS)/jackknife (JK) support (Qiu et al., 1998; Hoot
et al., 1999; Savolainen et al., 2000a, b; Soltis et al., 2000,
2003). Moreover, relationships among the major clades of core
eudicots (i.e., Berberidopsidaceae/Aextoxicaceae, Saxifraga-
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les, Caryophyllales, rosids, asterids, and Santalales) remain
uncertain (Hoot et al., 1999; Savolainen et al., 2000a, b; Soltis
et al., 2000, 2003). Phylogenetic relationships among rosids
also remain unclear (Savolainen et al., 2000a; Soltis et al.,
2000, 2003). For basal angiosperms, there are still questions
concerning the position of eumagnoliids, monocots, Ceratophyllaceae, and Chloranthaceae. In addition, alternative hypotheses, albeit with weak support, for the position of Amborella as sister to all other angiosperms have emerged, depicting waterlilies alone or along with Amborella in that position (Parkinson et al., 1999; Barkman et al., 2000; Graham
and Olmstead, 2000; Mathews and Donoghue, 2000; Zanis et
al., 2002). Resolving relationships among these groups is not
only essential for a comprehensive systematic treatment of angiosperms, but also for understanding patterns of species diversification and character evolution.
Angiosperm phylogenetic studies based on individual genes
have faced two difficulties: limited resolution and low internal
support for major clades and topological incongruence (Olmstead and Sweere, 1994; Soltis et al., 1997, 2000, 2003; Mathews and Donoghue, 1999, 2000; Savolainen et al., 2000a).
Combining data sets in multigene analyses improved resolution and internal support (Soltis et al., 2000, 2003; Parkinson
et al., 1999; Graham and Olmstead, 2000; Qiu et al., 2000;
Savolainen et al., 2000a, b; Zanis et al., 2002; Sauquet et al.,
2003). Combined analyses of genes from different subcellular
compartments are considered to be a good method to estimate
organismal phylogeny (e.g., Donoghue and Sanderson, 1992;
Hillis, 1996, 1998; Kim, 1998), a view supported by empirical
studies (Qiu et al., 1999, 2000; Soltis et al., 2000, 2003; Zanis
et al., 2002). Consequently, the consensus tree based on combined rbcL, atpB, and 18S rDNA sequences of Soltis et al.
(2000; henceforth referred to as the three-gene analysis) may
be considered the most reliable overall angiosperm phylogeny
so far available.
In the majority of broad angiosperm phylogenetic studies,
authors have emphasized using sequence information from
slowly evolving genes based on the notion that the number of
multiple hits and levels of homoplasy are expected to be relatively low (Farris, 1977; Swofford et al., 1996; Olmstead et
al., 1998; Graham et al., 2000). However, use of slowly evolving genomic regions can result in severe limitations in taxon
sampling due to need for sequencing a large number of nucleotides per species to obtain sufficient number of variable
characters. Consequently, it restricts the number of taxa that
can reasonably be sequenced and analyzed cladistically, introducing a new set of phylogenetic problems as pointed out in
several recent studies (e.g., Graybeal, 1998; Rannala et al.,
1998; Pollock et al., 2002). For example, Graham and Olmstead (2000) sequenced 13.4 kilobases (kb) of slowly evolving
cpDNA genes, but as a result could only include 19 taxa in a
study of basal angiosperms. This raises the problem of taxon
density, an issue addressed by several authors (e.g., Graybeal,
1998; Hillis, 1998; Bremer et al., 1999; Zwickl and Hillis,
2002). Therefore, genomic regions that can provide sufficient
signal in deep level phylogeny reconstruction without compromising taxon representation are essential for accurate assessment of evolutionary histories. The rapidly evolving matK
gene satisfies these prerequisites.
The matK gene is ;1600 base pairs (bp) in most angiosperms, located within the trnK intron, and functionally may
be involved in splicing group II introns coding for tRNALys
(UUU; Neuhaus and Link, 1987; Ems et al., 1995). Believed
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to code for a maturase based on structural similarities to other
such genes (Neuhaus and Link, 1987; Mohr et al., 1993), matK
is the only maturase of higher plant plastids (Vogel et al.,
1997). The trnK intron, including the matK exon, is transcribed in one piece (Chiba et al., 1996) and is expressed at
the protein level in Solanum (Du Jardin et al., 1994). The matK
open reading frame (ORF) is maintained intact except at the
39 end where frameshift substitutions slightly alter the length
with apparently minimal impact on function (Hilu and Alice,
1999). These data and the analysis of the RNA-binding activity of a trnK-encoded polypeptide from Sinapis (Liere and
Link, 1995) further support a matK function in splicing group
II introns. The presence of matK as a free-standing ORF in
the plastid genome of the parasitic Epifagus virginiana (Ems
et al., 1995), which has lost ;65% of its genes (Wolfe et al.,
1992), also points to the functional significance of matK.
The matK gene stands out among genes used in angiosperm
systematics in its substantially greater number of: (1) nucleotide substitutions, (2) nonsynonymous mutations, and (3) insertion/deletion events or indels (Johnson and Soltis, 1994,
1995; Olmstead and Palmer, 1994; Hilu and Liang, 1997; Soltis and Soltis, 1998; K. W. Hilu, K. Müller, and T. Borsch,
unpublished data). The gene also exhibits a relatively high
proportion of transversions, with the transition/transversion ratio (ti/tv) approaching unity (Olmstead and Palmer, 1994; Hilu
and Liang, 1997). The percentage amino acid substitution for
matK between the monocot rice and the eudicot tobacco is up
to sixfold higher than for rbcL and atpB (41% vs. 7–8%; Olmstead and Palmer, 1994). Among-site rate variability for the
three codon positions shows that matK is not skewed toward
the third position as is the case in most protein-coding genes
used in angiosperm systematics. Substitution rates in the first
and second codon positions in matK approach those of the
third position (Johnson and Soltis, 1994, 1995; Hilu and
Liang, 1997; Hilu et al., 1999), a situation that elevates the
rate of nonsynonymous changes. These data point to either a
low correlation between structure and function with a rather
small core being functionally important (e.g., domain X; Mohr
et al., 1993; Hilu and Liang, 1997), or that the enzyme’s function as a maturase might require a particular stereochemistry
in which the actual amino acid sequence is of reduced importance. Therefore, matK has evolutionary patterns and tempo
that distinguish it from most genes used in angiosperm phylogeny reconstruction (Olmstead and Palmer, 1994; Hilu and
Liang, 1997).
Some of these attributes of matK may have discouraged
researchers from using matK sequences in broad studies such
as overall angiosperm relationships. Another reason for infrequent use of matK at broad levels may be that taxon-specific
primers are usually required. The location of matK within the
trnK intron and its close proximity to psbA provide nearly
universal primers for its amplification, and the need to design
primers for sequencing is counterbalanced by the quality of
the data provided. Effective sequencing strategies for matK are
discussed in Materials and Methods.
This analysis provides an angiosperm tree based on the largest data set so far compiled for matK. We compare the topology obtained with this gene to previously published topologies
based on single gene and multigene data sets. We also examine
patterns of variability in matK. A parsimony approach has
been chosen for data analysis to allow for direct comparison
with the three-gene analysis of Soltis et al. (2000). We evaluated the effect of including Gnetales as an outgroup on the
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topology; the angiosperms and Gnetales represent the two
most divergent groups of seed plants (e.g., Bowe et al., 2000).
In addition, a Bayesian analysis (Huelsenbeck and Ronquist,
2001; Huelsenbeck et al., 2002) was performed.
MATERIALS AND METHODS
Taxon sampling and plant material—This study includes representatives
of 374 angiosperm genera from 240 families and all orders recognized by
APG II (2003) and 12 gymnosperm genera (Appendix 1; see Supplemental
Data accompanying the online version of this article). Large families are represented wherever possible by more than one genus. A large proportion of
the matK sequences was generated specifically for this study, and additional
sequences were taken from GenBank (Appendix 1).
DNA isolation, polymerase chain reaction (PCR) amplification, and sequencing—Total cellular DNA was isolated from fresh, silica-dried, or herbarium specimens using the hexadecyltrimethylammonium bromide (CTAB)
procedure of Doyle and Doyle (1987) or its modification (Borsch et al., 2003).
Because a large number of the sequences available cover a region from around
position 400 through the stop codon of matK, this region (;1200 bp) became
the focus of this study to avoid potential problems associated with large
amounts of missing data. For gene amplification, either the entire trnK intron
was amplified using primers trnK3914F and trnK2R (Johnson and Soltis,
1995) or, in most cases, the 39-two-thirds of the trnK intron was amplified
with a forward primer located approximately 480 bp into the coding region
and trnK2R (for information on primers see Appendix 2 in Supplemental Data
accompanying the online version of this article). By amplifying this region,
the PCR primers could also be used for sequencing because primer annealing
was guaranteed within the otherwise rather variable coding region of matK.
Primer NYmatK480F (Borsch et al., 2003), originally designed for Nymphaea,
turned out to be useful for many angiosperms. For highly divergent taxa, such
as Gnetum and Welwitschia, the whole trnK intron was amplified and sequenced first with the amplification primers; specific internal sequencing primers were subsequently designed by ‘‘walking’’ into the region. For some taxa,
internal primers 390F and 1326R were used (Johnson and Soltis, 1994, 1995).
Cycle sequencing was performed using a Big Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystems, Foster City, California, USA),
and extension products were electrophoresed on ABI 310, 373, and 377 automated sequencers (Applied Biosystems).
Sequence alignment and phylogenetic analysis—Sequences were aligned
using QuickAlign (Müller, 2003) or ClustalX (Thompson et al., 1997) followed by manual adjustments. All sequences were translated into amino acids
and their ORFs checked. Several in-frame gaps were inserted to align the
sequences. Frame-shift mutations near the stop codon formed a mutational
hot spot 15 bp upstream of the stop codon; this section was excluded from
the analysis. Due to differences in amplification procedures used by the collaborators, the sequences of some taxa lack ca. 200 bp at the 39 end of the
matK gene.
All aligned positions were given equal weight, and gaps were treated as
missing data. Parsimony analyses were conducted using PAUP* 4.0b6 (Swofford, 2001) and PRAT (Müller, 2002). PRAT is a program written for this
study; it generates command files that execute parsimony ratchet searches
(Nixon, 1999) using PAUP*. Program options include random addition cycles
of the ratchet and parsimony jackknifing, applying the ratchet in each replicate. In this study, 10 random addition cycles of 150 ratchet iterations each
were used. Each iteration is comprised of two rounds of tree-bisection-reconnection (TBR) swapping, one on a randomly reweighted data set and the other
on the original matrix, saving one minimum-length tree. Random upweighting
affected 25% of the positions. Because each random addition cycle soon converged on the same tree score, cycles were not extended beyond 150 iterations
and further cycles were not added. Shortest trees collected from the different
tree islands were subjected to a final TBR swapping with 5000 saved trees,
from which a strict consensus tree was computed. To estimate internal support,
parsimony jackknifing with 500 cycles was carried out according to the ap-
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proach and parameters suggested by Farris et al. (1996) for large data sets,
with TBR swapping on five saved trees per cycle. The deleted fraction of
characters was e21, which means that bootstrap frequencies agree with jackknife frequencies (Farris et al., 1996). This allows us to compare jackknife
support values obtained here with bootstrap values reported in other studies.
We also compare jackknife values from studies that used the same deletion
percentage, e.g., by employing the program JAC (J. S. Farris, unpublished
program). Two searches were performed on the matK data set; one on a matrix
that included Gnetales among the outgroup taxa (matrix A) and the other on
a matrix that excluded this order (matrix B). The second analysis was performed to evaluate the potential effects of Gnetales on the analysis.
Bayesian inference used the program MrBayes (Huelsenbeck and Ronquist,
2001). Calculations of likelihood were based on a general time reversible
model of nucleotide substitution, assuming different stationary nucleotide frequencies and site-specific rate categories for each codon position. The posterior probability (PP) was estimated by sampling trees from the PP distribution, using Metropolis-coupled Markov chain Monte Carlo simulations.
Four chains were run for 500 000 generations, starting with one of the shortest
trees found with the parsimony ratchet, and the temperature of heated chains
was set to 0.2. Chains were sampled every 10 generations. Likelihood scores
converged on a stable value after generation 100 000 (the ‘‘burn in’’ of the
chain), and calculations of PP were based upon the trees sampled after this
generation.
Number of steps and consistency, retention, and rescaled consistency indices (CI, RI, and RC, respectively;) (Kluge and Farris, 1969; Farris, 1989)
for the three codon positions of matK were calculated with PAUP*. Lists of
steps for each codon position were subjected to the nonparametric MannWhitney U test to evaluate differences in nucleotide substitutions at these
positions. Because the underlying sample distribution is largely unknown, no
parametric test was applied.

RESULTS
Sequence variability and substitution patterns—The
;1200-bp sequenced region of matK resulted in 1749 aligned
characters due to the insertion of gaps. Except for the 15-bp
region upstream of the stop codon, all indels occurred in multiples of three nucleotides (up to 9 bp in length). Three genera
in Caryophyllales (Anredera-Basellaceae, Halophytum-Halophytaceae, and Rhipsalis-Cactaceae) had an inversion 6–24 bp
in length. Due to its location in a palindromic region, the actual size of the inversion could not be determined. Inversions
are often associated with such palindromic motifs (see Graham
et al., 2000; Kelchner, 2000). Of the aligned characters, 1221
(70%) are variable and 1083 (62%) are potentially parsimonyinformative (based on matrix A). The distribution of variable
sites among codon positions is 414, 386, and 421 for the first,
second, and third codon positions, respectively. The overall
nucleotide p distance is 0.216 and translates into an amino
acid p distance of 0.339 using MEGA (Kumar et al., 2001).
Thus, amino acid variation in matK is higher than nucleotide
variability. The p distance at synonymous sites is 0.351, which
is twice as high as the p distance at nonsynonymous sites
(0.176). Based on unambiguous transitions and transversions
traced on a single tree from matrix A, the ti/tv ratio in matK
is 1.275. According to Holmquist (1983), a ratio of 0.4 and
below is an indication of highly saturated sequences, a ratio
that is certainly not reached here. However, saturation is a
complex issue, and its magnitude may differ depending on
nucleotide and codon positions along a genomic region; a
more complete analysis will be presented elsewhere. Nevertheless, the ratio obtained in this analysis does not point towards a high level of saturation in matK. Base substitutions
are fairly evenly distributed across the length of matK (Fig.
1). The low nucleotide variability depicted for the end of the
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Fig. 1. Distribution of substitutional changes along the coding region,
starting with position ;500 in matK (begin sector 1) and ending at the stop
codon (end sector 36). Sectors represent 50 bp.

sequenced region corresponds in part to the conserved domain
X (Mohr et al., 1993; Hilu and Liang, 1997). However, this
decrease in variability may be accentuated by the amount of
missing data at the end (see Material and Methods).
Measured on one of the shortest trees, the number of steps
is greater at third positions compared to first and second positions (Table 1). Moreover, in third codon positions, the overall level of homoplasy is higher than in second positions, but
lower than in first. The U test shows that equality of the distributions for steps at third positions vs. those at first and second positions can be rejected (Table 1, P , 0.0001).
Phylogenetic results—Parsimony trees were 20 646 and
20 192 steps in length for matrices A and B, respectively. The
CI, RI, and RC values were identical to two decimal places in
both searches (CI 5 0.14, RI 5 0.64, RC 5 0.09). In matrix
A, the performance of the ratchet using PAUP* and PRAT
was compared to the strategy of random addition replicates,
saving a limited number of trees per cycle (maxtrees 5 1000,
nreps 5 1000). The latter approach resulted in minimumlength trees of 20 651 steps after several weeks of computation
on a 350 Mhz Macintosh G4. In contrast, shorter trees were
encountered after only 3 min when PAUP* executed a PRAT
command file on the same computer; tree collection from 1500
islands was completed in about 22 h. A summary tree containing the major angiosperm lineages based on the strict consensus of 5000 trees from matrix A is provided in Fig. 2, with
detailed strict consensus trees depicted in Figs. 4–12. A total
of 305 of 385 nodes (79%) receive jackknife support greater

Fig. 2. Summary of angiosperm strict consensus tree based on parsimony
analysis of matK gene sequences using gymnosperms as the outgroup. Numbers above branches are jackknife values derived from heuristic-based searches on matrices A and B (A/B, Gnetales included or excluded, respectively,
from outgroup). Large clades are indicated by triangles.

than 50%, and support levels average 88%. Deletion of Gnetales (matrix B) increased support for some clades (Fig. 2).
Homoplasy levels are comparable to those obtained with the
analyses of other large matrices. For example, Soltis et al.
(2000) reported a CI of 0.12 for their combined three-gene
data set (567 taxa) compared to a CI of 0.14 here (374 taxa).
Overall internal support for a tree based on third codon positions is higher than for trees produced from analyzing first
or second positions only (Table 1). In the former case, 234
nodes received jackknife support greater than 50%, whereas
first and second positions yield 223 and 180 supported nodes,
respectively. These data underscore the phylogenetic utility of

TABLE 1. Characteristics of the different codon positions in matK. Values are based on the first shortest tree (20 192 steps) found in search B.
Jackknife support for phylogenies based on individual codon positions was estimated as described in text, using 100 replicates. Support values
in the ‘‘Total’’ column are based on the 500 jackknife replicates of search A. Pi, parsimony informative; CI, consistency index; RI, retention
index; RC, rescaled consistency index; U, U statistic derived from the U test, comparing steps at first and second codon positions with those
at third codon positions; P, corresponding probabilities (P , 0.0001 in both tests).
Codon

Characters
Variable characters
% Variable
Pi
% Pi
CI
RI
RC
Steps
U (vs. 3rd)
P values
Supported nodes
% Average support

Position 1

583
414
71%
362
62%
0.149
0.638
0.095
6459
31 075
2.204 3 1025
223
81.2

Position 2

583
386
66%
334
57%
0.176
0.646
0.114
4958
25 327
7.048 3 10210
180
82.6

Position 1 1 2

Position 3

1166
800
69%
696
60%
0.161
0.642
0.103
11 417
—
—
273
85.3

583
421
72%
387
66%
0.114
0.634
0.072
9384
—
—
234
83.6

Total

1749
1221
70%
1083
62%
0.140
0.638
0.089
20 801
—
—
305
88.4
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ter to the remaining angiosperms. These lineages correspond
to the ANITA grade sensu Qiu et al. (2000). Monocots are
(85/99%) sister to Chloranthus (74/81%). A weakly supported
eumagnoliid clade (58/56%) consists of Piperales 1 Canellales
(56/61%) and Laurales 1 Magnoliales (58%). Ceratophyllum
is sister to eudicots (71%). The eumagnoliids, monocots 1
Chloranthaceae, and Ceratophyllum 1 eudicots diverge after
the Austrobaileyales and their relationships are unresolved in
the strict consensus tree. Eudicots are strongly supported
(96%) and include a basal grade of Ranunculales, Sabiaceae,
Proteales, Trochodendraceae, and Buxaceae (including Didymelaceae; APG II, 2003) that are subsequent sister to the core
eudicots. The sister group relationship of Ranunculales to the
remaining eudicots and Buxaceae to the core eudicots receive
the highest support yet (82% and 91%, respectively). Within
the core eudicots, Gunnerales are sister to a trichotomy of
Saxifragales, rosids, and a clade comprising Dilleniaceae 1
Vitaceae, Berberidopsidaceae 1 Aextoxicaceae, Santalales,
and Caryophyllales 1 asterids. Internal support is low for
many core eudicot lineages.
DISCUSSION
Fig. 3. Summary of angiosperm phylogeny based on Bayesian inference
from the matK gene sequences using gymnosperms as the outgroup. Numbers
above branches are posterior probabilities. Large clades are indicated by triangles.

third codon positions as demonstrated by Chase et al. (1995),
Källersjö et al. (1999), Savolainen et al. (2000a), and others
and are correlated with the number of informative sites at the
different positions (66% in third vs. 62% and 57% in first and
second positions). In addition, levels of homoplasy (CI, Table
1) are not on average higher in 3rd codon positions than in first
and second positions. Therefore, differences in numbers of
steps, variable sites, and phylogenetic structure are not as high
among codon positions in matK as they are in more conserved
genes such as rbcL (Källersjö et al., 1999; K. W. Hilu, K.
Müller, and T. Borsch, unpublished data).
Analyses of matrices A and B result in consensus trees with
identical topologies, although jackknife support for the basal
nodes increases when Gnetales are excluded (Fig. 2). The
Bayesian analysis produced a tree that is similar in topology
to the MP tree (Fig. 3). Noteworthy differences in the Bayesian tree compared to the parsimony tree are the sister group
relationship of Amborella 1 Nymphaeaceae to the remaining
angiosperms in the former, though support is low (0.42 PP),
and the positions of Canellales/Piperales and Saxifragales
(Figs. 2, 3). The discussion is based on the MP matrix A;
results from both matrix B and Bayesian analysis will be contrasted only when relevant. Bootstrap and/or jackknife support
of 50–74% is considered low, 75–84% moderate, and .85%
high (Chase et al., 2000). Posterior probabilities for nodes in
the Bayesian tree are interpreted as reliable when above 0.95.
In cases for which considerable differences exist in JK percentages between matrices A and B, both percentages are reported as A/B.
The MP tree depicts the angiosperms as monophyletic
(100%) with the New Caledonian Amborella trichopoda (Amborellaceae) as sister to the rest of the flowering plants (69/
86%), followed successively by Nymphaeaceae and an Austrobaileya-Illicium-Schisandra (Austobaileyales) clade as sis-

Early-diverging angiosperms—Phylogenetic relationships
among early-diverging (basal) angiosperms have been well
studied due to their importance in understanding character
evolution and early diversification in angiosperms (Parkinson
et al., 1999; Qiu et al., 1999, 2000; Mathews and Donoghue,
2000; Zanis et al., 2002; Borsch et al., 2003). Most recent
phylogenetic analyses of angiosperms, including this study,
have converged on a basal assemblage of lineages characterized by monosulcate or monosulcate-derived pollen. This is in
contrast to the eudicots, a group that comprises the remaining
angiosperms defined by their triaperturate or triaperturate-derived pollen. Amborellaceae, Nymphaeaceae, and Austrobaileyales have emerged with strong support as successive sisters
to other angiosperms (Figs. 2–3). In contrast, relationships
among eumagnoliids, monocots, Chloranthaceae, and Ceratophyllaceae remain uncertain.
The position of Ceratophyllum has varied in previous analyses from sister to all angiosperms, monocots, Chloranthaceae,
eudicots, or in an unresolved position (Chase et al., 1993; Qiu
et al., 2000; Savolainen et al., 2000a; Zanis et al., 2002). Similarly, Chloranthaceae has appeared as sister to either monocots or eudicots or in an unresolved position with other lineages (Chase et al., 1993; Mathews and Donoghue, 1999; Graham and Olmstead, 2000; Savolainen et al., 2000a; Soltis et
al., 2000; Zanis et al., 2002). Increased number of characters
has not enhanced our understanding of relationships among
these lineages. The eumagnoliids, monocots, Ceratophyllum,
and Chloranthaceae were unresolved in the five-gene study of
Qiu et al. (2000). The combined 11-gene data set (Zanis et al.,
2002) showed Ceratophyllum 1 monocots diverging after Illiciales (5 Austrobaileyales), followed by Chloranthaceae, but
with only 52% BS as sister to a clade comprising eumagnoliids
1 eudicots. A recent analysis of combined sequence data for
basal angiosperms from the relatively fast-evolving noncoding
trnT-trnF plus matK (K. W. Hilu, K. Müller, and T. Borsch,
unpublished data) shows 99–100% JK support for the Amborellaceae, Nymphaeaceae, and Austrobaileyales grade, but
weak support for the relationships among the rest. Therefore,
resolving the relationships among these enigmatic lineages re-
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mains one of the major challenges in angiosperm phylogenetics.
Amborellaceae, Nymphaeaceae, and Austrobaileyales—A
general consensus exists on the branching pattern of these
three most basal nodes (Parkinson et al., 1999; Qiu et al.,
1999, 2000; Soltis et al., 1999, 2000; Mathews and Donoghue,
2000; Zanis et al., 2002; Borsch et al., 2003). Nevertheless,
alternative relationships depicting Nymphaeaceae alone or
Amborella 1 Nymphaeaceae as sister to the rest have been
recovered by some methods of analysis (Parkinson et al., 1999;
Barkman et al., 2000; Graham and Olmstead, 2000; Qiu et al.,
2000; Zanis et al., 2002). The position of Amborella as the
first branching angiosperm is supported here with 69% JK value in MP (matrix A, Fig. 4). Exclusion of Gnetales from the
outgroup (matrix B) increases support for this node to 86%,
comparable to analyses based on five genes (Qiu et al., 1999,
2000) and 11 genes (Zanis et al., 2002). Similar JK results
were obtained for the Nymphaeaceae as successive sister to
the rest (Fig. 2). The three-gene analysis of Soltis et al. (2000)
provided only moderate jackknife support for the same topology. The jackknife support achieved by matK is substantial
considering that the number of variable characters in this matK
data set is less than one quarter of those analyzed in the threegene matrix. Among other individual genes, only 18S rDNA
(Soltis et al., 2000; ,50% JK), atpB (Savolainen et al., 2000a;
,50% BS), and trnT-trnF (Borsch et al., 2003; 94–100% JK)
identify Amborella and Nymphaeaceae in these positions.
In contrast with the MP topology, BI places Amborella 1
Nymphaeaceae as sister to all other angiosperms, although
support for this clade is very low (0.42 PP, Fig. 3). The meaning of such a low posterior probability is particularly dubious
given the recent simulations of Suzuki et al. (2002). KishinoHasegawa tests (Kishino and Hasegawa, 1989) carried out by
Parkinson et al. (1999) and Qiu et al. (2000) on other matrices
of combined genes could not reject this position for Amborella
1 Nymphaeaceae. Neighbor-joining analyses of the six- and
nine-gene matrices (Barkman et al., 2000) in which ‘‘noisy’’
positions were removed with relative apparent synapomorphy
analysis (RASA; Lyons-Weiler et al., 1996) provided high
bootstrap support value for an Amborella 1 Nymphaeaceae
clade. However, recent studies suggest that RASA introduces
errors when used in removing noisy sites (Farris, 2002; Simmons et al., 2002). Analyses of an expanded 11-gene data set
(Zanis et al., 2002) showed high bootstrap and posterior probabilities for Amborella as sister to all other angiosperms,
whereas Amborella 1 Nymphaeaceae as sister to all other angiosperms could be rejected in two of the three tests. The matK
data favor the hypothesis that Amborella is sister to all other
angiosperms.
Eumagnoliids—As recognized by APG II (2003), eumagnoliids include Canellales, Laurales, Magnoliales, and Piperales. Evidence from matK is in line with combined multigene
analyses (Graham and Olmstead, 2000; Qiu et al., 2000; Zanis
et al., 2002), the strict consensus trees based on analyses of
phyA 1 phyC (Mathews and Donoghue, 2000), and trnT-trnF
sequences (Borsch et al., 2003) in supporting this definition
of eumagnoliids.
Savolainen et al. (2000a) and Soltis et al. (2000) recognized
the magnoliids to include Chloranthaceae and monocots in addition to these four orders but with low support; we will refer
to this clade here as eumagnoliids sensu lato (s.l.). Although
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the MP analysis of matK shows monocots 1 Chloranthaceae
as an unresolved lineage with eumagnoliids and Ceratophyllum 1 eudicots (Fig. 4), the Bayesian analysis (Fig. 3) recovers eumagnoliids s.l. with low probability (0.73), encompassing monocots 1 Chloranthaceae (,0.5 PP) and eumagnoliids
(1.0 PP). Eumagnoliids s.l. was also recovered with similar
topology in a combined matK 1 trnT-trnF data analysis, but
with ,50% JK support (K. W. Hilu, K. Müller, and T. Borsch,
unpublished data). Whereas stronger evidence points to the
composition of eumagnoliids to include only the LauralesMagnoliales-Canellales-Piperales, the hypothesis of an expanded eumagnoliids to include monocots and Chloranthaceae
cannot be disregarded. Accepting the hypothesis of a eumagnoliid s.l. clade implies that carpel evolution in Chloranthaceae
is secondarily ascidiate as pointed out by Doyle and Endress
(2000) and Endress and Igersheim (2000).
Although MP support for the Magnoliales and Laurales sister group relationship was weak (58/56% JK), the Bayesian
approach infers the same node but with 0.96 PP. This relationship has been inferred from a number of molecular data
sets (Mathews and Donoghue, 1999, 2000; Qiu et al., 1999,
2000; Barkman et al., 2000; Graham and Olmstead, 2000; Graham et al., 2000; Zanis et al., 2002; Borsch et al., 2003). In
addition, Sauquet et al. (2003) found particularly good support
for this relationship from parsimony analysis of molecular and
combined molecular and morphological data (decay index 14
and 17, BS 99%) based on unrooted trees in which all four
orders were represented. However, support for this relationship
from morphological data alone has been either lacking (Doyle
and Endress, 2000) or weak (Sauquet et al., 2003). The internal structure of Magnoliales inferred from matK differs from
the multigene-based results of Sauquet et al. (2003) in the
arrangement of the five families above Myristicaceae; however, this inconsistency is not well supported (JK # 51%) and
may be explained by extremely short branches. The internal
structure of Laurales based on matK is congruent with the
minimum evolution tree in Renner and Chanderbali (2000),
but not with the trees retrieved using MP in the same study
or in Renner (1999).
The MP analysis shows a Piperales 1 Canellales relationship,
but with low support. However, Bayesian analysis (Fig. 3) depicts Piperales as sister to Canellales (74% PP) and Laurales 1
Magnoliales. The sister group relationship of Piperales to Canellales is consistent with other molecular analyses (Graham
and Olmstead, 2000; Mathews and Donoghue, 2000; Qiu et al.,
2000; Zanis et al., 2002; Borsch et al., 2003). The internal structure of Piperales in the matK tree shows Aristolochiaceae paraphyletic to Lactoridaceae and Saururaceae-Piperaceae in both
parsimony (Fig. 4) and Bayesian approaches (tree not shown).
A similar situation also occurred in analysis of atpB (Savolainen
et al., 2000a). Phylogeny reconstruction in Piperales is complicated by the presence of several long branches. Results of higher sampling density using sequences of the complete trnK intron
and other genomic regions are congruent with those of matK in
showing a Piperaceae 1 Saururaceae clade sister to an Aristolochiaceae 1 Lactoridaceae clade (S. Wanke, University of
Bonn, personal communication).
Monocots—The matK sequences provide good support
(85% JK, Fig. 5) for the monophyly of monocots, with Acorus
followed by Alismatales as sisters to other monocots. Individual gene analyses, such as rbcL and atpB (Chase et al., 1993,
1995; Savolainen et al., 2000a) and 18S (Soltis et al., 1997),
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Fig. 4. Strict consensus tree highlighting relationships among basal angiosperm lineages. Numbers above branches are jackknife values derived from heuristic
searches of matrix A. Large clades are indicated by triangles.
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Fig. 5. Strict consensus tree highlighting relationships among monocots. Numbers above branches are jackknife values derived from heuristic searches of
matrix A.

have indicated such a topology but with low or ,50% support.
Support for these relationships with matK is comparable to
data sets that combined three or more genes (Table 2; Chase
et al., 2000; Soltis et al., 2000; Zanis et al., 2002). The cir-

cumscription and internal structure of most monocot orders,
particularly Liliales and Dioscoreales, revealed by matK is
congruent with those suggested by the three-gene analysis,
with similar or higher JK/PP support (Figs. 5–6).
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TABLE 2. Comparative bootstrap/jackknife values for various nodes in angiosperm trees based on single and combined genes analyses. Large-scale
analyses that covered most major angiosperm lineages are compared. Support value for the monophyly of a clade is reported when its name
is cited alone, whereas support values for the others are given for a specified position in the tree. In a grade, the support by which a taxon is
excluded from remaining clades (i.e., its sister group) is that at the node representing the common ancestor of the clade from which the taxon
is excluded. For example, support for Amborella as the first clade in angiosperms refers to the node that separates Amborella from remaining
angiosperms. ‘‘nr’’ (not resolved) denotes unresolved node, whereas ‘‘—’’ refers to taxa/clades that were not sampled. Data for rbcL, atpB,
and rbcL/atpB were obtained from Savolainen et al. (2000a), 18S rDNA from Soltis et al. (1997), rbcL/aptB/18S from Soltis et al. (2000), and
rbcL/atpB/18S/26S rDNA from Soltis et al. (2003). Savolainen et al. (2000a) used bootstrap, whereas remaining studies employed jackknife.
For comparability see Materials and Methods.
Node

rbcL

atpB

18S

Angiosperms
Amborella first clade in angiosperms
Nymphaeaceae second clade in angiosperms
Austrobaileyales third clade in angiosperms
Eumagnoliids s.str.
Piperales sister to Canellales
Monocots
Eudicots
Ranunculales first clade in eudicots
Ranunculales
Sabiales second clade in eudicots
Proteales
Core eudicots
Gunnerales first clade in core eudicots
Gunnerales
Rosids
Eurosids I
Eurosids II
Asterids
Euasterids I
Euasterids II
Caryophyllales
Saxifragales
Santalales
Dilleniaceae/Vitaceae
Berberidopsidales
Cornales
Ericales
Supported nodes (.50)

53
nr
nr
nr
nr
nr
59
72
,50
51
nr
,50
,50
,50
57
,50
,50
,50
,50
,50
,50
84
,50
,50
nr
,50
52
,50
24%

60
,50
,50
,50
,50
,50
,50
,50
,50
,50
nr
,50
,50
nr
nr
,50
,50
,50
66
,50
,50
74
,50
,50
nr
95
74
,50
14%

100
nr
nr
nr
nr
nr
,50
,50
nr
,50
nr
nr
,50
nr
—
nr
nr
nr
nr
nr
nr
,50
68
66
nr
—
nr
nr
7%

Acorus has been inferred as sister to Ceratophyllum (Savolainen et al., 2000a, b, with atpB alone), sister to remaining
monocots (Soltis et al., 2000), or placed within Alismatales
(Qiu et al., 2000); monocot sampling was sparse in both studies and support in both cases was weak or lacking. Compared
to three-gene analyses (Chase et al., 2000; Soltis et al., 2000),
matK provides better support for the Alismatales as sister to
the commelinoid/lilioid clades (88% vs. 78% JK) and for the
monophyly of the Alismatales (92% vs. 75% JK).
Following Alismatales, the matK consensus tree depicts
(53% JK; Fig. 5) Dioscoreales and Pandanales (lilioids) in a
clade sister to remaining monocots that appear in a polytomy
of two commelinoid lineages (Arecales 1 Zingiberales and
Poales) and the two remaining lilioid clades (Liliales and Asparagales). Clarification of the phylogenetic relationships
among the lilioid orders Asparagales, Dioscoreales, Liliales,
and Pandanales, as well as within the commelinoids (Poales,
Commelinales, Zingiberales, and Arecales), has been a major
problem because previous molecular studies, including the detailed three-gene analysis of monocots (Chase et al., 2000),
did not yield topologies with high internal support. The emergence in the MP analysis of a Dioscoreales 1 Pandanales
clade (53% JK; Fig. 5) as sister to the remaining lilioid and
commelinoid lineages is supported by 1.0 PP in the BI analysis
(Fig. 6). Therefore, matK data also indicate paraphyly of the

rbcL/atpB

rbcL/aptB/
18S

rbcL/atpB/
18S/26S

100
nr
nr
nr
,50
nr
86
89
67
94
nr
60
91
,50
80
61
,50
,50
92
,50
51
97
,50
86
nr
97
96
97
55%

100
65
72
71
nr
nr
95
99
59
98
100
84
100
nr
75
99
77
95
99
56
88
100
98
100
nr
100
98
98
83%

—
—
—
—
—
—
—
100
87
100
nr
73
100
84
85
79
,50
88
99
58
87
100
100
100
nr
100
100
100
82%

matK

100
69
74
78
58
56
85
96
82
90
,50
64
99
,50
100
95
52
nr
98
,50
91
99
62
99
55
100
99
98
83%

lilioids to the commelinoids, a hypothesis that requires further
evaluation. Significantly, Liliales and most Asparagales
uniquely share a particular type of epicuticular wax (parallel
platelets; Barthlott et al., 2003). The commelinoids do not
form a clade in the MP analysis of the matK data. In contrast,
this lineage was resolved with 1.0 PP in the Bayesian tree (Fig.
6), in line with the three-gene analyses of Chase et al. (2000)
and Soltis et al. (2000) that resolved this group with weak
support. The sister group relationship between Commelinales
and Zingiberales as inferred earlier by the three-gene studies
with moderate support is well supported with matK sequences
(89% JK, 1.0 PP). Moreover, matK places Arecales as sister
group to the Commelinales-Zingiberales clade (Figs. 5, 6;
,50% MP, 0.88 BI).
Chase et al. (1995, 2000) defined Asparagales in a broad
sense to include the astelioids, Boryaceae and Orchidaceae.
However, the combined rbcL, atpB, and 18S rDNA analyses
of Soltis et al. (2000) and Chase et al. (2000) only recovered
the core Asparagales (sensu Chase et al., 1995) as a monophyletic group with high support. Hypoxidaceae, Asteliaceae,
Boryaceae, Blandfordiaceae, and Orchidaceae appeared in
their strict consensus tree as unresolved at the base of the
Asparagales s.l. clade. The matK study recovers core Asparagales (Ixoliriaceae to Convallariaceae, Figs. 5, 6) with better
support (99% JK, 1.0 PP). At the base of Asparagales, two
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Fig. 7. Strict consensus tree highlighting relationships among basal eudicots. Numbers above branches are jackknife values derived from heuristic
searches of matrix A.
Fig. 6. Summary of monocot relationships inferred from Bayesian analysis. Numbers above branches are posterior probabilities.

clades, Boryaceae 1 Orchidaceae and Blandfordiaceae 1 Asteliaceae 1 Lanariaceae 1 Hypoxidaceae (the latter group was
termed the astelioid clade by Fay et al., 2000; Fig. 5) were
found successive sisters to the rest in MP but with ,50% JK
support (annotated as lower Asparagales in Fig. 5). This topology is identical to the one inferred from the second search
of the three-gene data set by Chase et al. (2000), although
none of the relevant nodes received good support. The matK
places Boryaceae as sister to Orchidaceae in the MP tree with
,50% JK and shows it nested within the astelioid clade in the
Bayesian tree with high PP (the sucessive branching order is
Blandfordia, Borya, Astelia, and Rhodohypoxis plus Lanaria;
all nodes receive 1.0 PP; details are not shown in Fig. 6). The
orchids appear as sister to the commelinoids in the Bayesian
tree (Fig. 6). A recent combined rbcL 1 atpB 1 trnL-F parsimony analysis of Asparagales (Fay et al., 2000) showed Boryaceae sister to the astelioid clade, which are in turn sister to
the core Asparagales. Orchidaceae appear basal in the latter
analysis, but none of these basal nodes within lower Asparagales are well supported. As a result, the order of the first
branches within the Asparagales and their broader circumscription to include the orchids are still in need of further
testing.
Eudicots—The eudicots include over 200 000 species and
comprise about 75% of all angiosperm species (Drinnan et al.,
1994). This clade has consistently been recovered in all recent
single-gene and multiple-gene phylogenetic analyses of angiosperms (e.g., Chase et al., 1993; Hoot et al., 1999; Barkman
et al., 2000; Graham and Olmstead, 2000; Mathews and Donoghue, 2000; Qiu et al., 2000; Savolainen et al., 2000a, b;
Borsch et al., 2003; Soltis et al., 2003) and in nonmolecular
phylogenetic analyses (Drinnan et al., 1994; Nandi et al.,
1998). The strong support (100%) for eudicot monophyly
achieved by combining genes from several genomes is corroborated by matK (Figs. 2, 3). The eudicot clade encompasses
a basal grade and a strongly supported core clade that includes
the large rosid and asterid clades and the smaller Gunnerales,
Caryophyllales, Santalales, Berberidopsidaceae/Aextoxicaceae, and Saxifragales clades. Eudicots have tricolpate or tricolpate-derived pollen (e.g., tricolporate, pantoporate; e.g.,

Nandi et al., 1998). Morphologically similar pollen having
three apertures in Austrobaileyales have been identified as trisyncolpate (Takahashi, 1994), but these are apparently convergent.
Early-diverging eudicots—The same lineages of early-diverging eudicots (Ranunculales, Proteales, Sabiaceae, Trochodendraceae including Tetracentron, and Buxaceae including Didymelaceae) have been consistently recovered (e.g.,
Chase et al., 1993; Soltis et al., 1997, 2000, 2003; Hoot et al.,
1999; Savolainen et al., 2000a), although relationships among
them are unclear. In addition, support for the nodes is low in
several cases (Table 2). Both MP and BI analyses of our matK
data yield identical topologies with good support for a grade
of Ranunculales/Sabiaceae/Proteales/Trochodendraceae (Fig.
7). The matK tree is for the most part in agreement with those
obtained from the combined three- and four-gene analyses
(Soltis et al., 2000, 2003). However, matK data provide considerably higher support for relationships in this group than in
previous studies (Hoot et al., 1999; Savolainen et al., 2000a;
Soltis et al., 2000), particularly for the position of Ranunculales as sister to all other eudicots (82/76% JK, 1.0 PP). Within
Ranunculales, the exact position of Eupteleaceae and Papaveraceae at the base is method dependent in matK. Euptelea is
sister to all other Ranuncuales though without support in MP,
whereas Papaveraceae were basal in MB, excluded with 75%
PP from the rest of Ranunculales. Family relationships among
remaining Ranunculales are identical in both approaches
(Bayesian not shown) and in agreement with the results from
the multigene analyses of Hoot et al. (1999) and Soltis et al.
(2000, 2003).
The divergence of Sabiaceae after Ranunculales gains
,50% JK support but 1.0 PP. The position of Sabiaceae and
its inferred affinity to Proteales has varied (Hoot et al., 1999;
Qiu et al., 2000; Savolainen et al., 2000a; Soltis et al., 2000,
2003), but with weak or no support. Although matK presents
a potential position for Sabiaceae branching after Ranunculales, the hypothesis of a Sabiaceae 1 Proteales clade (see Soltis
et al., 2000) cannot be excluded.
In line with previous studies (Hoot et al., 1999; Savolainen
et al., 2000a; Soltis et al., 2000), the matK tree places Nelumbo
as the sister to the rest of Proteales. Also evident is the high
support for a sister group relationship of Proteaceae and Platanaceae (94% JK, 1.0 PP). Several anatomical and morpho-
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logical synapomorphies have been identified for Proteales (see
Nandi et al., 1998; Savolainen et al., 2000a).
Buxaceae and Trochodendraceae exchanged positions in the
basal eudicot grade in previous studies; these nodes always
received low support (Table 2). This matK study shows for
the first time good support for a Trochodendraceae/Buxaceae/
core eudicot including Gunnerales (Figs. 2, 3, 7) successive
branching. The support is particularly strong for Buxaceae being sister to core eudicots (91% JK, 1.0 PP).
Core eudicots—Core eudicots, composed of Gunnerales,
Caryophyllales, Berberidopsidales, Saxifragales, Santalales,
Vitaceae, Dilleniaceae, asterids, and rosids, received 100% JK
and 1.0 PP support with matK. The core eudicots were recovered with high support in the combined rbcL/atpB analysis,
and 100% support was achieved with the addition of 18S and
26S rDNA sequences (Hoot et al., 1999; Soltis et al., 2000,
2003). Thus, the core eudicots stand now as one of the bestsupported major clades of angiosperms (Figs. 2, 3). Soltis et
al. (2003) discussed the implications for character evolution
of Gunnerales sister to the rest of the core eudicots.
The matK data provide more structure for the major branches within core eudicots than previous single or combined gene
analyses (Figs. 8, 9; Table 2). A crown group comprising Berberidopsidales/Santalales/Caryophyllales/asterids is inferred
here (65% JK and 1.0 PP; Figs. 2, 3, 8). The sister group
relationship of asterids and Caryophyllales is weakly supported (62% JK, 0.79 PP). The study based on 18S rDNA sequences (Soltis et al., 1997) showed Caryophyllales nested
within asterids (BS , 50%), but combined analysis of 18S
rDNA and rbcL sequences placed the order within rosids (Soltis and Soltis, 1997); sparse sampling in the latter study might
have affected Caryophyllales placement. All previous analyses
have indicated affinities of Caryophyllales to Dilleniaceae (see
discussion under Dilleniaceae/Vitaceae), but never with high
support. Santalales and Berberidopsidaceae/Aextoxicaceae
change positions depending on method of analysis. This unstable position is reflected by the low posterior probability
(0.55) for the node uniting Berberidopsidaceae/Aextoxicaceae
and asterids/Caryophyllales.
Gunnerales—Support for the monophyly of Gunnerales
(i.e., the sister group relationship of Gunnera and Myrothamnus) with matK is also high compared to all previous analyses
(1.0 PP and 100% JK; Figs. 2, 3, 8), exceeding the 85% JK
support achieved by the four-gene analysis (Soltis et al., 2003).
The matK analysis provides strong support (99/100% JK and
1.0 PP) for the inclusion of Gunnerales in core eudicots (Figs.
2, 8). However, Gunnerales being sister to the remaining core
eudicots receives ,50% JK support in MP, yet is highly probable (1.0 PP) in the Bayesian analysis. This position for Gunnerales in the core eudicot clade is in agreement with studies
based on individual and combined sequence data analyses
(Chase et al., 1993; Hoot et al., 1999; Savolainen et al., 2000a;
Soltis et al., 2000). The solidified relationship of the Gunnera
1 Myrothamnus clade is important for future analyses of the
remarkable evolutionary diversification of these two genera.
Myrothamnus comprises two species of small, poikilohydric
shrubs on African inselbergs, whereas Gunnera (40 species)
includes hemicryptophytes, living in symbiosis with the cyanobacterium Nostoc for nitrogen fixation and inhabiting more
or less wet habitats, mostly in the Southern Hemisphere.
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Saxifragales—In Saxifragales, four well-supported clades of
interest are resolved with matK. One (97%) includes Iteaceae
as sister to Grossulariaceae/Saxifragaceae (95%). These three
families were part of a large polytomy in trees based on individual and combined analyses of rbcL, atpB, and 18S rDNA
(Savolainen et al., 2000a; Soltis et al., 2000). The inclusion
of the 26S rDNA sequence data improved resolution for Saxifragales with the sister group relationship of Iteaceae (plus
Pterostemonaceae) and Saxifragaceae receiving 100% JK. A
clade with similar topology and support was recovered in a
combined analysis of data from five nuclear and plastid genes
(Fishbein et al., 2001). A second clade resolved here includes
Cercidiphyllaceae and Daphniphyllaceae (78% JK), which
were unresolved in previous large-scale analyses. A third clade
includes Haloragaceae, Tetracarpaeaceae, and Aphanopetalum
(formerly included in Cunoniaceae; 95%). A similar clade was
recovered in the five-gene study of Fishbein et al. (2001). A
fourth, weakly supported clade (61% JK) encompasses Altingiaceae (Rhodoleia and Altingia). Rhodoleia has been placed
in Rhodeliaceae, Hamamelidaceae, or Altingiaceae.
Vitaceae/Dilleniaceae—Dilleniaceae is sister here to Vitaceae, although support for this relationship varies with the
method applied (weak using MP, but 1.0 PP in BI). The phylogenetic positions of these families among core eudicots have
been difficult to assess and differ in each analysis. Floral and
endosperm characters were proposed as potential synapomorphies for the relationship of Dilleniaceae to Caryophyllales
and Vitaceae to rosids (Savolainen et al., 2000a). In contrast,
several features are shared by Dilleniaceae and Vitaceae, such
as calcium oxalate raphides (Metcalfe and Chalk, 1950), an
endotesta containing radially elongate cells and a tracheidal
endotegmen (Corner, 1976). Similarities of Dilleniaceae to Vitaceae have also been pointed out by Nandi et al. (1998).
Berberidopsidales—The sister group relationship of Berberidopsidaceae and Aextoxicaceae is another case in which matK
provides the greatest support (100% JK; Fig. 8) among singlegene analyses. The results are in close agreement with trees
inferred from multigene data sets (e.g., Savolainen et al.,
2000a; Soltis et al., 2000, 2003).
Santalales—The strong support (99% JK; Fig. 8) for the
monophyly of Santalales and internal relationships are in
agreement with previous molecular studies. This analysis provides the highest support (66/71% JK and 1.0 PP) for the sister
group relationship of Santalales to Caryophyllales 1 asterids.
The position of Santalales has varied considerably in previous
molecular studies. Soltis et al. (2000) noted that Santalales and
Caryophyllales may be related and in turn be sister to the
asterids; both relationships receive weak support in this study.
Caryophyllales—The matK sequence data strongly support
the broadly circumscribed Caryophyllales (99% JK, 1.0 PP)
as first indicated by analyses of rbcL alone (Savolainen et al.,
2000b) and in later studies (Savolainen et al., 2000a; Soltis et
al., 2000, 2003; Cuénoud et al., 2002). Two Caryophyllales
clades, here named Caryophyllales I and II, are recognized
with matK (Fig. 8).
In Caryophyllales I, Rhabdodendron (Rhabdodendraceae)
and Simmondsia (Simmondsiaceae) emerge in a polytomy with
a clade containing the rest of Caryophyllales I (Fig. 8), which
is in agreement with Cuénoud et al. (2002). Core Caryophyl-
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Fig. 8. Strict consensus tree highlighting relationships among core eudicots. Numbers above branches are jackknife values derived from heuristic searches
of matrix A.
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Fig. 9. Strict consensus tree highlighting relationships among rosids. Numbers above branches are jackknife values derived from heuristic searches of
matrix A.
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cluded from the rest by 0.99 PP), Geraniales, with Myrtales
and eurosid I forming the terminal clade (0.54 PP). Low support for such relationships was also evident in previous molecular studies. In contrast to the ambiguous relationships
among the major rosid lineages, the rosid orders are generally
well supported by matK data. All orders receive 1.0 PP (Fig.
10) and 96–100% JK except for Malpighiales (71%). For most
orders, this level of confidence was achieved only by two or
more genes (Savolainen et al., 2000a; Soltis et al., 2000,
2003).

Fig. 10. Summary of relationships among rosids based on Bayesian inference. Numbers above branches are posterior probabilities.

lales (83% BS, 1.0 PP) sensu Cuénoud et al. (2002) includes
Asteropeia (Asteropeiaceae) as sister to a polytomy comprising Caryophyllaceae, an Amaranthaceae-ChenopodiaceaeAchatocarpaceae clade that was also resolved in Kadereit et
al. (in press), and a higher core Caryophyllales clade (Fig. 8).
The latter group in turn consists of two major clades, higher
core Caryophyllales I and II. Caryophyllaceae appears unresolved in MP, but emerges sister to the rest in BI (0.59 PP), a
position also reflected by the matK-MP analysis of Cuénoud
et al. (2002) and rbcL 1 atpB analysis of Savolainen et al.
(2000a). Relationships revealed here for Caryophyllales are in
general agreement with Cuénoud et al. (2002).
In Caryophyllales II, two subclades are recovered. One encompasses the carnivorous families Ancistrocladaceae, Drosophyllaceae, Droseraceae, and Nepenthaceae in a subclade
(96% JK, 1.0 PP) and the Polygonaceae (including Coccolobaceae), Plumbaginaceae, Frankeniaceae, and Tamaricaceae in
another (90% JK, 1.0 PP).
Rosids—The rosid clade (not including Vitaceae) corresponds to ‘‘eurosids’’ of Soltis et al. (2000). The strong support for rosids with matK (95% JK and 1.0 PP) is only comparable to that obtained from the combined atpB, rbcL, and
18S rDNA sequence data (99% JK; Soltis et al., 2000). However, the addition of 26S rDNA data to the three-gene data set
(Soltis et al., 2003) decreased the JK value for rosids to 79%.
Among single data sets, only rbcL (Chase et al., 1993; Savolainen et al., 2000a, b) and 18S rDNA (Soltis et al., 1997)
demonstrated a rosid clade of similar circumscription but with
,50% support. In this circumscription, the rosids include eurosids I and II plus Myrtales, Crossosomatales, and Geraniales
(Fig. 9).
Relationships among eurosid I, eurosid II, Crossosomatales,
Geraniales, and Myrtales varied among all previous single
gene (Chase et al., 1993; Soltis et al., 1997; Savolainen et al.,
2000a, b) and multigene (Soltis et al., 2000, 2003) analyses.
In this study, topological differences are evident between the
MP and Bayesian trees (Figs. 9, 10), reflecting low levels of
internal support. The Geraniales/Myrtales plus eurosid II/Crossosomatales/eurosid I grade found in the MP analysis is contrasted with the BI tree that resolves Crossosomatales as sister
to the remaining rosids (0.75 PP), followed by eurosid II (ex-

Eurosid I—Weak support (52%) is obtained for this clade
in the MP analysis. In contrast, support in BI is high (1.0 PP).
Previous molecular studies mostly yielded ,50% support for
the eurosid I clade except for the combined three-gene analysis
(77% JK; Soltis et al., 2000). However, support declined to
,50% when 26S rDNA sequences were added. Within eurosids I, matK reveals two major clades. The first comprises Celastrales, Oxalidales, and Malpighiales, which are weakly supported by MP (60%, Fig. 9) but with 1.0 PP. The other eurosid
I clade includes Rosales, Fagales, Fabales, and Cucurbitales
(the nitrogen-fixing clade; Soltis et al., 1995) as well as Zygophyllales. This clade recently received some support in the
three-gene analysis (68% JK; Soltis et al., 2000). The Bayesian
tree shows 1.0 PP support for this clade (Fig. 10). The MP
topology differs from that of the corresponding Bayesian tree
by depicting Zygophyllales as sister to Fabales, albeit with
,50% JK support. Anthroquinones are a potential synapomorphy for Zygophyllaceae and the nitrogen-fixing clade
(Sheahan and Chase, 2000). Because none of the previous topologies demonstrated good internal support, the position of
Zygophyllales remains questionable.
Malpighiales is currently recognized to include at least 30
families, among which relationships have been difficult to establish. The two analyses of matK (Figs. 9, 10) agree upon the
arrangement at the basal nodes, with Rhizophoraceae and Balanopaceae as successive sisters to the rest (0.60 and 0.87 PP,
respectively; ,50% JK). In the most extensive sampling of
the order thus far (Savolainen et al., 2000b; rbcL only), Rhizophoraceae were sister to Erythroxylaceae (not included here)
and the pair sister to the rest. No resolution, however, was
provided for such relationships with three genes (Soltis et al.,
2000). For other clades in Malpighiales, support is only
achieved for Passifloraceae 1 Salicaceae in the BI tree (1.0
PP).
Eurosid II—A eurosid II clade is not recovered in the matK
MP tree, but instead its components appear in two well-supported clades that form a polytomy with Myrtales (Figs. 9,
10). The three- and four-gene analyses (Soltis et al., 2000,
2003) recovered eurosids II, but relationships among its members lacked internal support. The eurosid II taxa resolved with
matK appear in two subclades, Sapindales (100% JK) and
Brassicales 1 Malvales (89% JK). In contrast, the Bayesian
analysis inferred the three orders in a clade with 1.0 PP support (Fig. 1). The matK data provide high internal support for
a sister group relationship of Brassicales and Malvales (89%
JK, 1.0 PP); such a relationship was obtained in the atpB and
rbcL/atpB analyses, although support in those cases was
,50% and 62%, respectively (Savolainen et al., 2000a). In
contrast, the three- and four-gene analyses (Soltis et al., 2000,
2003) weakly or moderately depicted Sapindales and Malvales
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Fig. 11. Strict consensus tree highlighting relationships within Cornales
and Ericales of the asterid clade. Numbers above branches are jackknife values derived from heuristic searches of matrix A.

in a clade. No clear morphological synapomorphies for this
clade are evident (Judd et al., 1994; Gadek et al., 1996).
Asterids—This study reveals a strongly supported (98% JK,
1.0 PP) asterid clade sensu Olmstead et al. (1992, 1993) that
includes four major lineages: Cornales, Ericales, and euasterid
I and II (Figs. 2, 11). Bremer et al. (2002) referred to euasterid
I and II as Lamids and Campanulids, respectively. Internal
support within asterids using matK is surpassed only by the
analysis of six-genomic region by Bremer et al. (2002) and is
similar to what was obtained in the combined three- and fourgene analyses (Soltis et al., 2000, 2003; Albach et al., 2001).
Our matK data alone show Ericales as sister to remaining asterids (79% JK; Fig. 11). In contrast, most other studies depict
Cornales (Albach et al., 2001, ndhF tree; Bremer et al., 2002;
Soltis et al., 2003) or Cornales 1 Ericales (Savolainen et al.,
2000a; Soltis et al., 2000) in this position.
Ericales/Cornales—The monophyly of Ericales and of Cornales each receives strong support in the matK tree (98–99%
JK and 1.0 PP; Fig. 11). The backbone of Ericales remains
unresolved in this and all other molecular studies including
Bremer et al. (2002) and Anderberg et al. (2002). In Cornales,
Nyssaceae and Cornaceae are successive sisters to other members of the order, which is in agreement with Xiang et al.
(1998), Soltis et al. (2000), and Albach et al. (2001).
Euasterid I (Lamids)—The euasterid I clade (consisting of
Garryales, Oncothecaceae, Boraginales, Gentianales, Solanales, and Lamiales including Plocospermataceae) has a 1.0 PP
but ,50% JK support with MP (Fig. 12). Lack of support in
MP is in line with other studies, including multigene data sets

Fig. 12. Strict consensus tree depicting relationships among higher asterids. Numbers above branches are jackknife values derived from heuristic
searches of matrix A.

(e.g., Soltis et al., 2000, 2003; Albach et al., 2001; Bremer et
al., 2002). The matK data provide moderate support for a sister
position of Aquifoliales to euasterids I in both MP and BI.
The sister group relationship of Garryales and Oncothecaceae
to remaining euasterid I in the matK tree (Fig. 12) is in agreement with Bremer et al. (2002); however, BI shows 1.0 PP
support compared to the low MP support (56–.50% JK) in
both studies. Support for relationships among the remaining
orders of euasterid I (Boraginaceae, Gentianales, Lamiales,
and Solanales) is weak, a situation that has been encountered
in all previous studies (Olmstead et al., 1992, 1993, 2000;
Chase et al., 1993; Cosner et al., 1994; Savolainen et al.,
2000a; Soltis et al., 2000, 2003; Albach et al., 2001; Bremer
et al., 2002).
Gentianales are well resolved and strongly supported as
monophyletic (mostly 100% JK, 1.0 PP) with Rubiaceae being
sister to the rest. Support within Gentianales has been either
very weak or moderate, except for the ndhF study of Olmstead
et al. (2000) and the six-gene-region study of Bremer et al.
(2002). A sister-group relationship between Lamiales and Solanales is inferred by matK (Fig. 12), receiving 0.8 PP (tree
not shown), but only 50% JK.
Monophyly of Lamiales is supported by 99% JK, and the
first branching position of Plocospermataceae in the Lamiales
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receives strong support here (81% JK, 1.0 PP) and in Bremer
et al. (2002). This position for Plocospermataceae was suggested by a broad sampling of rbcL (Savolainen et al., 2000a),
but with only 56% BS. Plocospermataceae is a small family
(one genus, three species) from Central America. The sister
group relationship of Paulownia to a clade comprising parasitic and hemi-parasitic tribes of the former Scrophulariaceae,
as well as the holoparasitic former family Orobanchaceae sensu stricto (s.s.), is congruent with the topology found by Olmstead et al. (2001) using ndhF, rbcL, and rps2. The Bayesian
approach provides more resolution in Lamiales (see Müller et
al., in press).
Euasterid II (Campanulids)—Within euasterids II, the Apiales, Asterales, and Dipsacales form a strongly supported clade
(91% JK, 1.0 PP; Fig. 12) that basically corresponds to euasterids II excluding Aquifoliales. This alliance of Aquifoliales
with euasterids II based on matK data is not well supported
(76% JK, 0.81 PP; Fig. 12). Aquifoliales appeared as the first
branching lineage in euasterids II in most previous studies with
highest support achieved in combined analyses of 3–6 genomic regions (Soltis et al., 2000, 2003; Bremer et al., 2002).
The relationships among the three euasterids II orders remain
unclear.
PROSPECTS OF USING MATK IN
ANGIOSPERM PHYLOGENETICS
Sequence information from the matK gene produce an angiosperm tree that is considerably more robust than any previous single gene tree. Congruence is high between our matK
tree and those based on multiple genes representing one, two,
or all three genomes (Qiu et al., 1999; Savolainen et al., 2000a,
b; Soltis et al., 2000, 2003; Zanis et al., 2002). The analyses
of Qiu et al. (1999) and Zanis et al. (2002) were based on
8733 (five genes) and over 15 000 (11 genes) nucleotides, respectively, and thus represent approximately eight and 13
times the number of characters used here. Congruence between
our matK phylogenies and the various multigene/multigenome
phylogenies of angiosperms underscores the utility of matK in
angiosperm phylogenetics.
When clades from the backbone phylogeny of angiosperms
are compared in various molecular phylogenetic studies (Table
2), 83% received jackknife support .50% with matK compared with 7–24% for individual analyses of rbcL, atpB, and
18S rDNA. Relationships revealed by matK data are more robust than those derived from combining rbcL and atpB sequences (Savolainen et al., 2000a). The number of nodes receiving .50% support with matK is in the same range as the
combined analyses of 3–4 genes from two genomic compartments (also see Table 2). Examples where matK stands out in
terms of support are the backbone of the angiosperms, basal
eudicots, core eudicots, asterids, eurosid II, and Cornales.
The topology of the angiosperm tree was not influenced by
the exclusion of the Gnetales from the outgroup taxa (matrix
B), but JK support generally increased at various nodes, implying a higher level of homoplasy introduced by Gnetales
relative to other outgroup taxa. In contrast, the Bayesian approach, although it yields results largely congruent with the
most parsimonious trees, provides alternative hypotheses for
some relationships. However, alternative topologies were confined to areas of the tree at which internal support (JK or BS)
has always been low.
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Patterns of molecular evolution in matK that make it notable
among other genes used in studying plant phylogenetics are
quantity of information (number of parsimony-informative
sites/rate of change at variable positions) and quality of characters (signal vs. noise). The matK gene differs from coding
genes used in phylogenetic reconstruction in the nearly equitable rates of nucleotide substitution among its three codon
positions and the high relative rate of nonsynonymous substitution. This evolutionary mode was previously demonstrated
in smaller-scale analyses (Olmstead and Palmer, 1994; Johnson
and Soltis, 1995; Hilu and Liang, 1997; Soltis and Soltis,
1998; Cuénoud et al., 2002). Such a pattern would imply relatively relaxed selection on amino acid composition in relation
to function as determined by physiochemical and structural
properties. In an initial analysis comparing different plastid
regions in basal angiosperms, K. W. Hilu et al. (unpublished
manuscript) demonstrated that purifying selection was determined to be less significant in matK than in other protein coding genes, whereas phylogenetic signal at informative positions was found to be highest.
Although progress has been achieved in understanding angiosperm relationships in this study, several parts of the tree
remain unresolved or unsupported. Outstanding among these
are the positions of monocots, Chloranthaceae, eudicots, and
Ceratophyllum among basal angiosperms. Within eudicots, relationships among the major lineages of the core eudicots remain for the most part unclear. Combining matK sequences
with other gene sequences has strong potential to provide more
information for inference of angiosperm phylogeny. Using additional rapidly evolving genomic regions is desirable to provide insight needed to improve our understanding of angiosperm evolution.
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