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Abstract

Dobzhansky stated that nothing in biology makes sense except in the light of evolution. A close corollary, and
the central theme of this paper, is that everything makes a lot more sense in the light of phylogeny. Systematics
is in the midst of a renaissance, heralded by the widespread application of new analytical approaches and the
introduction of molecular techniques. Molecular phylogenetic analyses are now commonplace, and they have
provided unparalleled insights into relationships at all levels of plant phylogeny. At deep levels, molecular studies
have revealed that charophyte green algae are the closest relatives of the land plants and suggested that liverworts
are sister to all other extant land plants. Other studies have suggested that lycopods are sister to all other vascular
plants and clarified relationships among the ferns. The impact of molecular phylogenetics on the angiosperms
has been particularly dramatic – some of the largest phylogenetic analyses yet conducted have involved the
angiosperms. Inferences from three genes (rbcL, atpB, 18S rDNA) agree in the major features of angiosperm
phylogeny and have resulted in a reclassification of the angiosperms. This ordinal-level reclassification is perhaps
the most dramatic and important change in higher-level angiosperm taxonomy in the past 200 years. At lower
taxonomic levels, phylogenetic analyses have revealed the closest relatives of many crops and ‘model organisms’
for studies of molecular genetics, concomitantly pointing to possible relatives for use in comparative studies and
plant breeding. Furthermore, phylogenetic information has contributed to new perspectives on the evolution of
polyploid genomes. The phylogenetic trees now available at all levels of the taxonomic hierarchy for angiosperms
and other green plants should play a pivotal role in comparative studies in diverse fields from ecology to molecular
evolution and comparative genetics.

Introduction

During the past 10–15 years, molecular phylogenetics
has dramatically reshaped our views of organismal re-
lationships and evolution. This impact has been man-
ifested at all taxonomic levels of the hierarchy of life,
from the species level (and below) to kingdoms (and
above). New inferences include relationships among
strains of viruses, such as HIV, the potential sister
relationship between fungi and animals, and the recog-
nition of two divergent groups of prokaryotes, with the
Archaea being the sister group of the eukaryotes [260,
261]. Phylogenetic analyses have also revealed the
closest relatives of many crops and ‘model organisms’
for genetic and molecular genetic studies and point to

possible relatives for use in comparative studies and
plant breeding.

At the upper end of the taxonomic hierarchy, mole-
cular phylogenies have not only provided insights into
the origin of land plants [12, 107, 127], but have
also clarified relationships among: (1) all green plants
[114]; (2) all major groups of extant land plants [126,
127, 146, 184, 225]; and (3) major groups of an-
giosperms [27, 204, 219, 222]. At the highest level,
molecular phylogenies indicate the presence of three
major groups of life: eubacteria, archaebacteria, and
eukaryotes [72, 260, 261]. Revised concepts of re-
lationship based on phylogenetic analyses are also
resulting in revised classifications in many groups
of plants. For example, our concept of the major
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groups of angiosperms and their interrelationships has
changed dramatically from traditional views [37, 39–
41, 242, 243, 245]. Traditional classifications of the
angiosperms inaccurately portray some relationships
and therefore should not serve as the basis for com-
parisons in molecular evolutionary studies; instead,
recent phylogenetic trees should be consulted [27,
164, 204, 219, 222], as should the first attempt at a
new classification that is based on these (and other)
phylogenetic trees [5].

Although molecular systematists, molecular evo-
lutionists, and developmental geneticists potentially
have much in common in a broad sense, they often
are not aware of the ongoing developments and con-
troversies in each other’s fields. One general purpose
of this paper, therefore, is to review some of the recent
developments in the field of molecular systematics.
A second purpose is to illustrate the major impact
of molecular phylogenetics on plant systematics. We
hope both to direct the nonsystematist to the appro-
priate literature so that his/her study organism can be
better placed in the appropriate phylogenetic context
and to promote the value of phylogenetic thinking in
other disciplines.

Why phylogeny matters

Most systematists and evolutionary biologists agree
that phylogenies should be the central underpinning
of research in much of biology. For example, it is
critical to place model organisms in the appropriate
phylogenetic context to obtain a better understanding
of both patterns and processes of evolution. Com-
parisons of taxa in a phylogenetic context provide
the most meaningful insights into biology [6, 95].
Dobzhansky [48] stated that nothing in biology makes
sense except in the light of evolution. A close corol-
lary is that everything makes a lot more sense in the
light of phylogeny [6]. For example, the fact that
tomato,Lycopersicon esculentum, is actually embed-
ded within a well-marked clade ofSolanumspecies
and is therefore really a species ofSolanumrather than
a distinct genus, is a powerful evolutionary statement.
This discovery is of great importance to geneticists and
molecular biologists, as well as plant breeders, in that
it reveals the closest relatives ofLycopersicon esculen-
tum(now known asSolanum lycopersicon; see below)
and points to these relatives as the focal points for de-
tailed future studies. Similarly, the phylogenetic infer-
ences that the model organismArabidopsis thalianais

actually part of a broadly circumscribed Brassicaceae
that also includes Capparaceae, and that Brassicaceae
are, in turn, part of a well-supported ‘glucosinolate
clade’ (a group of plants traditionally considered dis-
tantly related) are important to those hoping to test
the applicability of the ABC model of floral develop-
ment [16, 17, 34]. If this model holds throughout a
broadly defined Brassicaceae, then the closest relatives
of the family [199] become the focal point for future
studies. Robust phylogenetic hypotheses for Asteridae
[2, 169] and related studies demonstrating the poly-
phyly of Scrophulariaceae [170, 172] similarly lay
the foundation for studies of floral development and
evolution based on the developmental genetics of the
snapdragon,Antirrhinum majus[52, 188].

Current themes in molecular systematics

Multiple data sets and phylogenetic incongruence

Systematists have become increasingly aware that re-
liance on a single data set may result in insufficient
resolution or an erroneous picture of phylogenetic re-
lationships. As a result, it is now common practice to
use multiple data sets (preferably both molecular and
nonmolecular) for phylogenetic inference. This aspect
of systematics has been facilitated by automated DNA
sequencing, which has made the rapid acquisition of
multiple molecular data sets relatively straightforward.
In fact, numerous DNA regions representing the nu-
clear and chloroplast genomes are now routinely used
for phylogenetic inference for plants, and mitochon-
drial DNA sequence data are being used more fre-
quently [42, 68, 145, 217].

In addition to DNA sequence data and nonmolec-
ular data sets, molecular systematists have recognized
for nearly a decade the phylogenetic potential of struc-
tural rearrangements of the chloroplast genome, as
well as deletions and losses of genes and introns [67,
217]. There is currently great interest in these types
of characters in that they may be particularly valuable
in marking major evolutionary splits and in clarify-
ing deep phylogenetic branches where gene sequence
data alone have, to date, provided inadequate resolu-
tion. For example, a 30 kb inversion in the chloroplast
genome is shared by bryophytes, but is absent from
from all vascular plants except the lycopsids [187].
The fact that the lycopsids have the cpDNA structure
of the bryophytes suggests that the former represent
the sister group to all other vascular plants. Simi-
larly, three introns in the mitochrondrial genesnad1
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andcox2are absent from liverworts, green algae, and
other eukaryotes, but are present in mosses, hornworts,
and all vascular plant lineages [182–184]. These data
therefore suggest that liverworts are the sister to all
other extant land plants. A unique pattern oftrans-
splicing for the loss of an intron in the mitochondrial
genenad1 may help elucidate relationships among
some of the first-branching angiosperms [183]. Spe-
cific genes have also been occasionally lost from the
chloroplast genome, with the sequence transferred to
the nucleus; such gene transfer events can mark ma-
jor clades. For example, the genetufA resides in the
chloroplast genome of algae, but occurs in the nuclear
genome of all land plants [45].

Although multiple data sets are needed for estimat-
ing phylogenetic relationships reliably, different genes
may possess different histories. Consequently, incor-
porating multiple data sets into phylogenetic studies
is not a casual undertaking. Essential tasks in the
analysis of multiple data sets include assessing con-
gruence between different phylogenetic trees and data
sets and ascertaining whether multiple data sets should
or should not be combined into a single data matrix
prior to phylogeny reconstruction.

Three alternatives have been proposed for handling
multiple data sets in phylogenetic analyses: thecom-
binedapproach, theconsensusapproach, and thecon-
ditional combinationapproach [106]. Kluge [121] and
Kluge and Wolf [122], among others, advocate the first
alternative, suggesting that all available data should
be combined into a single matrixbeforephylogenetic
analyses. Because the phylogenetic information from
all characters is considered simultaneously in such
analyses, and conflict between individual characters
can be assessed [133], this method has also been re-
ferred to as thetotal evidenceor character congruence
approach. In contrast, Miyamoto and Fitch [160] argue
that multiple data sets should be analyzed separately
and the different phylogenetic estimates compared.
This method seeks similarities between independent
analyses for phylogenetic corroboration and assesses
taxonomic congruence. Conditional combinationin-
volves combining data except in those instances in
which significant heterogeneity exists between data
sets and that heterogeneity appears to be attributable
to different branching histories [19, 46, 47, 143].

There has been considerable debate regarding the
advantages and limitations of the combined, consen-
sus, and conditional combination approaches [19, 47,
70, 78, 105, 106, 111, 112, 121, 132, 143, 157,
160]. From our standpoint, and that of many others,

the conditional combination method is a very reason-
able approach. In some cases, however, it may be
appropriate to combine data immediately. For exam-
ple, because the chloroplast genome is uniparentally
inherited as a unit and not subject to recombination,
multiple cpDNA sequences and restriction sites can
be readily combined [217]. Empirical examples of as-
sessing congruence of data sets in plants are provided
in several recent papers [111, 148, 211].

Several authors have stressed, and we emphasize
this point again here, that statistical tests for congru-
ence may not provide a definitive answer as to whether
it is appropriate to combine data sets [111, 238]. That
is, even if congruence tests reveal some low level
of heterogeneity between data sets, the investigator
may be justified in combining data sets. This should
not be viewed pessimistically with a ‘why bother’ at-
titude toward congruence tests. Instead, congruence
tests represent a means for exploring data, providing
the information needed to make informed, justifiable
decisions regarding how best to handle multiple data
matrices. Furthermore, while incongruence among
data sets does present problems for phylogenetic in-
ference, incongruence can also provide important
insights into evolutionary (including molecular evolu-
tionary) processes [254]. For example, incongruence
between a chloroplast and nuclear-gene phylogeny
may be indicative of past introgression. One important
type of introgression involves the chloroplast genome
and a process referred to as chloroplast capture [193].
As a result of hybridization and subsequent backcross-
ing to one parent, the chloroplast genome of species A
can be moved to species B, which still has the nuclear
genome of B; such chloroplast capture events have oc-
curred frequently in plants [193]. Lineage sorting can
also lead to discordance between data sets.

Genetic processes, including intragenic recombi-
nation, interlocus interactions, concerted evolution,
rate heterogeneity among sites, base composition bi-
ases, and RNA editing [254], may also lead to dis-
cordance between trees. Gene duplication presents
the problem of identifyingorthologousgenes (genes
related directly by descent) vs.paralogousgenes
(genes resulting from duplications). Unintentionally
sampling a mixture of orthologous and paralogous
genes, as well as erroneous assessments of orthology
and paralogy, can lead to incongruence and erroneous
phylogenetic interpretations [201, 254].
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Large groups of organisms and large data sets

The rapid acquisition of multiple molecular data sets
has also had important implications for the analy-
sis of large data sets. Phylogenetic relationships in
many large groups of organisms have remained enig-
matic despite intensive study. Classic examples in
plants include relationships among major groups of
green plants, and relationships within green algae,
land plants, ferns, and angiosperms. A current theme
in systematics is the analysis of large data sets, in-
volving many taxa and many characters (additional
gene sequences as well as nonmolecular characters),
to elucidate phylogenetic relationships. As examples,
Källersjö et al. [114] analyzed a data set of 2538
rbcL sequences representing all major groups of green
plants, and Soltiset al. [219] analyzed a data set of
sequences of three genes (rbcL, 18S rDNA, atpB),
providing an aligned matrix of over 4700 bp of se-
quence, for each of 560 angiosperm species. These
are among the largest data sets analyzed phylogenet-
ically. Combining multiple data sets has also been
employed to elucidate relationships in other large,
enigmatic groups of green plants, including the ferns
[263] and green algae [23]. One noteworthy aspect
of most of these analyses of major groups of land
plants is that they have often involved numerous col-
laborators who have willingly contributed previously
unpublished data to accomplish broad phylogenetic
goals not easily achieved by one or a few investigators
[23, 27, 204, 219, 222]. In many cases, the first authors
of these papers have sought permission (without suc-
cess) from publishers and journals for special methods
of citation to give credit to the first three or four
authors, rather than have these important individual
contributions buried under ‘et al.’. This was the stimu-
lus, for example, for the multiauthored reclassification
of angiosperms (discussed below) published under the
authorship of Angiosperm Phylogeny Group (APG)
[5]. These large collaborative ventures are a tribute to
the spirit of cooperation that exists among plant sys-
tematists and often contrast sharply with systematic
efforts in other groups of organisms.

Although the phylogenetic analysis of large data
sets is becoming increasingly common, the feasibility
of analysis of large data sets has been much debated
[104, 179]. Large data sets pose problems for parsi-
mony analyses because of the large number of trees
that must be examined – the number of potential solu-
tions increases logarithmically as taxa are added [79].
Because of the large number of possible trees for even

a modest number of taxa (e.g. 282 million rooted trees
for 10 taxa [79]), the analysis of large data sets was
considered a serious problem. Based on simulation
studies, Hillis et al. [104] suggested that in some
instances correct phylogeny estimation for only four
taxa would require over 10 000 bp of DNA sequence.
This degree of complexity implied much greater dif-
ficulty with much larger data sets and stimulated the
suggestion that large phylogenetic problems be broken
into a series of smaller problems [92, 158, 189].

Despite the dire predictions noted above, recent
simulation studies as well as phylogenetic analyses
involving hundreds of species of angiosperms have
important implications for the analysis of large data
sets [103, 221]. Simulation studies [93, 103] indi-
cate the importance of adding taxa; additional taxa
can break up long branches that would otherwise at-
tract each other and can actually make the problem
easier to solve. Empirical studies involving parsimony
and bootstrap [80] analyses of separate and combined
data sets using three genes (a total of 4733 bp) and
190 angiosperms support the findings of the simu-
lation studies and also demonstrate the importance
of adding more characters. Furthermore, analyses of
the combined data sets showed great improvements
in computer run times compared to the separate data
sets; the combined data sets also have higher inter-
nal support for clades [221]. The general conclusion
from these studies is that more is better: more taxa
and more characters. The approach of employing mul-
tiple data sets and numerous taxa to infer phylogenetic
relationships in large clades of plants has been ap-
plied to angiosperms [24, 25, 27, 204, 214, 219,
222], ferns [263], green algae [23], and all green
plants (Green Plant Phylogeny Research Coordination
Group, ongoing research).

Other solutions to the problems posed by large
data sets involve improvements in computer software.
These should not be considered mutually exclusive
from the addition of characters and taxa, but instead
should be used in concert. For example, parsimony
analysis (see the paper by Doyle and Gaut in this
issue for more information on general methods of
data analysis) of the 560-taxon angiosperm data set
for three genes was greatly facilitated by the com-
puter program NONA [87] and the ratchet method
(Nixon, unpublished data). These programs quickly
found trees shorter than those obtained using PAUP∗
4.0 [241]. Large data sets can also be analyzed with
parsimony jackknifing [76, 77] and the ‘fast’ boot-
strap and jackknife options of PAUP∗. A consensus
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of the trees produced via the bootstrap or jackknife
approach depictsonly well-supported clades; these
methods provide a rapid assessment of branch support.

Revised views of plant phylogeny

In this section we present an overview of the con-
tributions of molecular systematics to inferences of
phylogeny on a broad scale: land plants, seed
plants, and angiosperms. Results of research on
green plant phylogeny are also available through the
Green Plant Phylogeny Research Coordination Group
(http://ucjeps.berkeley.edu/bryolab/greenplantpage.ht-
ml). In addition, the Tree of Life provides a summary
of phylogenies (http://phylogeny.arizona.edu/tree/phy-
logeny.html), and TreeBASE (http://herbaria.harvard.
edu/treebase/) archives both phylogenetic trees and
references. The latter two web sites do not contain
all available plant phylogenies but are valuable start-
ing points for relevant references and for the names of
systematists working on various groups of plants.

Land plants: origin and relationships

For many broadly based studies of molecular evolu-
tion, phylogenetic hypotheses for all major lineages
of land plants, as well as comparison with the clos-
est relatives of land plants, are essential. As examples
of such molecular evolutionary studies, investigators
have attempted to examine the diversification of gene
families, including genes encoding heat shock proteins
[251], phytochrome [124, 208], and actin [11, 156,
161] across land plants.

A wealth of data indicates that the closest rela-
tives of land plants are from the charophycean lineage
of green algae [23, 90, 127, 184]. These consist of
the orders Coleochaetales, Charales, Zygnematales,
and Klebsormidiales. The charophycean algae and
land plants together are monophyletic [11, 12, 23,
62, 107, 129, 145, 146, 184]. Which of the charo-
phycean algae is the immediate sister group of the land
plants is less certain, however. For example,rbcL se-
quence data indicate that two orders of charophycean
algae, Coleochaetales and Charales, are each mono-
phyletic groups closely related to the land plants, but
the branching order among Coleochaetales, Charales,
and land plants is not well resolved; the remain-
ing orders of charophycean algae, Zygnematales and
Klebsormidiales, are then the sister to the above [23].
In contrast, 18S rDNA sequence data show a grade

of charophyte algae as sister to the land plants. The
immediate sister group to the land plants in 18S rDNA
trees [12, 23, 107] is a clade of Coleochaetales, Zygne-
matales, and Klebsormidiales, with Charales sister to
all of the above (Figure 1).

Several studies using gene sequence data (18S
rDNA sequences, or 18S rDNA plus partial 26S
rDNA), as well as cpDNA rearrangements and gene
or intron loss data, have focused on the placement of
specific groups in the phylogeny of land plants as a
whole [68, 98, 107, 126, 136, 159, 181, 184, 187].
Recent reviews of attempts to reconstruct phylogeny
among land plants are provided by Kenrick and Crane
[119, 120], Doyle [53], and Qiu and Palmer [184].
A summary tree that attempts to synthesize these data
and depict relationships among land plants is provided
in Figure 2.

Among the land plants (embryophytes), the three
groups of bryophytes (liverworts, hornworts, and
mosses) are paraphyletic [53, 119, 120, 159, 184].
Both molecular and morphological analyses indicate
that vascular plants (tracheophytes) are a well-defined
subclade among the land plants as a whole. How-
ever, the relationships among the bryophyte lineages
are unclear, as is the immediate sister to the vascular
plants (tracheophytes). In fact, the studies conducted
to date often portray very different patterns of re-
lationships among major clades of land plants and
therefore cannot accurately provide a general frame-
work of land-plant phylogeny. For example, recent
studies emphasizing bryophytes [20, 21, 98] produced
trees that fundamentally disagree on the relationships
among the major lineages of bryophytes. However, a
recent survey of the distribution of introns in two mito-
chondrial genes suggests that liverworts are the sister
to all other extant land plants [181, 184] (Figure 2), a
result supported by several analyses of DNA sequence
data [136, 159].

Although progress has been made in resolving re-
lationships among the clades of vascular plants, many
questions remain. cpDNA structural data suggest that
the lycopods represent the sister group to all other
vascular plants [187], a result supported by mtDNA
sequence data [68]. Considerable progress has also
been made in reconstructing phylogeny across the
ferns and their allies. There is some evidence, both
molecular and nonmolecular, that suggests thatEquis-
teummay be closely related to the ferns [53, 68, 119,
120].

Researchers of fern phylogeny have combined data
from morphology,rbcL, andatpB gene sequences to
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Figure 1. Phylogeny of green plants based on 18S rDNA sequences. The tree depicted is the shortest tree resulting from a weighted parsimony
analysis.Cyanophora paradoxaserved as outgroup. Bootstrap values are indicated by branch thickness. The tree depicts a paraphyletic
Charophyceae as sister to the land plants (Bryophyta, Pteridophyta, Gymnospermae, Dicotyledonae, and Monocotyledonae). Charophyceae
and land plants= Streptophyta (from Bhattacharya and Medlin [12]; see also Huss and Kranz [168]).

provide a well-supported phylogenetic tree for these
plants. Significantly, several studies have placed the
enigmatic vascular plant family Psilotaceae with the
fern group Ophioglossales [97, 147, 176, 262, 263].
This is noteworthy in that Psilotaceae (consisting only
of Psilotum and Tmesipteris) have sometimes been
considered the most ancient extant land plants due to a
suite of morphological characters that resemble those
of some of the first vascular plants.

Resolution and support of the basal nodes for land
plants in general, and the vascular plants in particular,
are often weak in trees derived from separate analyses
of 18S rDNA andrbcL sequences. Problems in phy-
logenetic inference using 18S rDNA at deep levels of
plant phylogeny may result from constraints imposed
by the secondary structure of the rRNA [224, 225].
Other difficulties in reconstructing phylogeny across
all land plants, or even vascular plants, may be due to
insufficient characters and taxa. Therefore, addition of
taxa and characters [93, 103, 221] should help to re-
solve differences between land plant trees and identify
the immediate sister group of the land plants among

the charophycean algae (although a data set of 100 18S
rDNA sequences was not sufficient to do this [225]).

Still another difficulty in reconstructing phylogeny
across all land plants involves the extinction of many
ancient lineages. Thus, simply adding living taxa and
additional characters will not necessarily resolve this
fundamental problem. The importance of adding fos-
sils to these efforts to reconstruct phylogeny at such
deep levels has been noted [53–57]. Ultimately, analy-
sis of a combined DNA sequence data set, other DNA
characters (e.g., cpDNA structural changes, gene and
gene intron loss), nonmolecular data sets (e.g. mor-
phology and anatomy), and fossils (when available)
would likely be most informative regarding both the
sister group of the land plants and relationships among
major groups of land plants. This approach (encour-
aged and facilitated by the Green Plant Phylogeny
Research Coordination Group) should provide the best
estimate of plant phylogeny.
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Figure 2. A composite phylogeny of extant land plants constructed
based on molecular and morphological phylogenetic studies so far
conducted (see text). The tree depictsChara and Coleochaeteas
possible sisters to the land plants.

Seed plants

Knowledge of the relationships among the extant
lineages of seed plants (cycads,Ginkgo, conifers,
Gnetales (Gnetum, Ephedra, Welwitschia), and an-
giosperms), is relevant to many investigations. Partic-
ularly critical to many studies of molecular evolution
and developmental genetics is an understanding of
the closest relatives of the angiosperms. However,
phylogenetic analyses based on morphological and
molecular data disagree on the relationships among
the extant lineages of seed plants; a sample of the
alternative relationships is given in Figure 3 [53, 54].

We focus briefly on the uncertain position of Gne-
tales [54]. Most analyses of morphological data sug-
gest that angiosperms and Gnetales are sister groups
(Figure 3A-C) (e.g. [36, 53–57, 140]). In contrast, the
morphological cladistic analyses of Nixonet al. [166]
and Hickey and Taylor [102] nest the angiosperms
within a paraphyletic Gnetales. For example, in Nixon
et al. [166], GnetumandWelwitschiaappeared as the
closest relatives of the angiosperms, withEphedrathe
sister of theGnetum-Welwitschia-angiosperm clade
(Figure 3C). These results from analyses of morphol-
ogy have given rise to the widely accepted view that at

Figure 3. Phylogenetic relationships among extant seed plants illus-
trating some of the morphologically based and DNA-based topolo-
gies that have been published to date (see also Doyle [53]). A.
Morphology [36, 55, 57]. B. Morphology [55, 57]. C. Morphology
[140]. D. rbcL [96]. E. 18S and 26S rRNA [94]. F. cpITS [88]; 18S
rDNA [30]; cox3mRNA [145].

least some Gnetales are the closest living relatives of
flowering plants.

Most molecular phylogenetic studies indicate, in
contrast, that the angiosperms and Gnetales arenot
sister groups (Figure 3D-F). The phylogenetic analysis
of 500 rbcL sequences of seed plants [27] suggested
to some that Gnetales are sister to the angiosperms,
but this result was achieved only by rooting the seed
plants with cycads. Other analyses ofrbcL sequences
[96] indicate thatGinkgo, conifers, cycads, and Gne-
tales are monophyletic and sister to the angiosperms,
with Gnetales variously placed as sister to cycads
or as sister to all other living gymnosperms (Fig-
ure 3D). Additional molecular phylogenetic analyses
involving sequences from the nuclear (18S rDNA [30,
225]), chloroplast (cpITS [88]), and mitochondrial
(cox3 [145]) genomes all suggest that (1) the gym-
nosperms are monophyletic, (2) cycads andGinkgo
are sister taxa, and (3) conifers and Gnetales are sisters
(Figure 3F). At this point, therefore, Gnetales should
not be considered asthe extant sister group of the
angiosperms; their position is still uncertain.

Clearly, additional research is needed to resolve the
relationships among the extant lineages of seed plants.
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Reconstructing phylogeny among extant seed plants is
made difficult by several factors, including the pos-
sibility that the seed plants radiated rapidly in the
Paleozoic, the presence of extinct lineages known only
from the fossil record, and long branches to many ex-
tant lineages. Some of these same problems also exist
in reconstructing phylogeny across all land plants (see
above). Again, we stress the importance of adding fos-
sils to the morphological data matrices and combining
morphological and multiple DNA sequence data sets
[53–57]. As noted above for land plants, this approach
is currently facilitated by the Green Plant Phylogeny
Research Coordination Group.

Angiosperms

The impact of molecular phylogenetics on the an-
giosperms has been particularly dramatic. The most
comprehensive phylogenetic analyses ever conducted
for any group of organisms have involved the an-
giosperms. Källersjöet al. [114] recently analyzed
2538 taxa representing all photosynthetic life using
rbcL sequences. Soltiset al. [219] compiled a gene
sequence data set for 560 angiosperms based on three
genes (ca. 4700 bp per species; the complete data
set and shortest trees obtained are available at the
Green Plant Phylogeny Research Coordination Group
website). Phylogenetic analysis of the latter data set
has provided for the first time a well-resolved and
strongly supported topology for the angiosperms. As
a result, the big picture of angiosperm relationships
has solidified during just the past few years.

From a historical standpoint, the phylogenetic
analysis of 500rbcL sequences [27] provided the
first molecular-based hypothesis for all major groups
of angiosperms. Controversy surrounded this analy-
sis, however; because of the large number of taxa
involved, no optimal (shortest) tree (or set of trees)
was found. Subsequent reanalyses of that data set
have yielded slightly shorter trees [189] and suggested
some relationships that differ from those portrayed
in Chaseet al. [27]. However, these differences are
slight, and none are strongly supported [24]. Hence,
the overall picture of angiosperm relationships re-
mained unchanged following the analysis of Riceet al.
[189].

Soltis et al. [222] provided a nuclear-based phy-
logenetic hypothesis for angiosperms for comparison
with the rbcL tree [27]. Using 18S rDNA sequences
and 228 species, their analyses yielded topologies that
largely agreed with therbcL trees. Although the place-

ment of some taxa differed between the 18S rDNA and
rbcL trees, none of these differences was strongly sup-
ported, and the overall picture is one of concordance
[24, 25, 214].

Phylogenetic trees derived from a second chloro-
plast gene (atpB) agreed closely with those obtained
from rbcL and 18S rDNA. These multiple, concordant
molecular data sets for angiosperms prompted com-
bined analyses of theserbcL, atpB, and 18S rDNA
data sets [204, 214, 221]. As noted above, these analy-
ses suggest that one solution to the computational
and analytical dilemmas posed by large data sets is
the addition of nucleotides (and other nonmolecular
characters) as well as taxa [93, 221].

Nandi et al. [164] constructed a data set for 161
species based on morphology, chemistry, and other
non-DNA characters and combined this data set with
an rbcL data set for a comparable suite of taxa. Al-
though the trees recovered in the analysis of non-DNA
characters clearly differ in some respects from those of
the above-noted molecular studies, there are also many
patterns congruent with the trees based on gene se-
quence data. This analysis, as well as similar ongoing
efforts in ferns [263], green algae [23], and bryophytes
[159], illustrate well the current trend of integrating
nonmolecular and DNA characters in phylogenetic
analyses.

Phylogenetic analyses of the large data sets of 18S
rDNA, rbcL, andatpBsequences have also facilitated
studies of the molecular evolution of these three genes
[24, 25, 117, 173, 224]. Researchers should con-
sult these papers as a starting point for information
regarding the molecular evolution of these three genes.

These phylogenetic analyses of angiospems have
also resulted in a reclassification of the angiosperms
[5]. This ordinal-level reclassification is perhaps the
most dramatic and important change in higher-level
angiosperm taxonomy in the past 200 years. Further-
more, this system represents one of the few times to
date that a major group of organisms has been re-
classified based on explicit phylogenetic trees (another
example is provided by molecular phylogenetic stud-
ies that indicate the presence of three major groups
of life: eubacteria, archaebacteria, and eukaryotes [72,
260, 261]).

The picture of angiosperm relationships that has
emerged (Figure 4) agrees with some facets of tra-
ditional classifications [37, 39–41, 242, 243, 245]
and disagrees with others. Because of significant
differences between relationships inferred in recent
phylogenetic analyses and those implied by earlier
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Figure 4. Summary of angiosperm relationships depicting major clades based on phylogenetic analysis of a combined 18S rDNA,rbcL, atpB
data set for 560 angiosperms. Seven gymnosperms served as outgroups. This is a summary tree based on parsimony jackknife analysis [27].
Jackknife values≥50% are provided above branches; branches not receiving jackknife support≥50% are reduced to a polytomy (from Soltis
et al. [219]).

classifications, long-standing taxonomies should not
be assumed to reflect relationships among these large
groups; caution is also needed in relying on traditional
family circumscriptions (see below). Rather, the re-
cent, improved views of angiosperm phylogeny and
the Angiosperm Phylogeny Group [5] classification
should be consulted when questions of broad evolu-

tionary patterns are addressed. This reclassification
of the angiosperms is viewed as an ongoing process;
improved or refined classifications will be published
by the Angiosperm Phylogeny Group in the future as
more data become available.

All major classifications of angiosperms [37, 39–
41, 242, 243, 245] recognize a primary divergence
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between monocots (Class LiliopsidasensuCronguist
[37]) and dicots (Class MagnoliopsidasensuCron-
quist [37]). However, phylogenetic analyses based
on both molecular and morphological data fail to
support this division. Instead, most molecular phy-
logenetic trees reveal a grade of successive branches
at the base of the angiosperms (Figure 4). Although
not monophyletic, these basal angiosperms have, for
convenience, been referred to as the ‘monosulcates’,
reflecting the fact that many of these plants possess
uniaperturate pollen (pollen with one groove or line
of weakness), the same condition observed in non-
flowering seed plants. Most basal lineages are dicots,
but the monocots are embedded within this grade. The
basal grade is then followed by a large, well-supported
clade, referred to as the ‘eudicots’ or true dicots [58];
these plants share triaperturate or triaperturate-derived
pollen. Hence, as Figure 4 clearly illustrates,there is
no monocot-dicot split in the angiosperms; to make
monocot-dicot comparisons or to discuss molecular or
genome evolution in terms of the monocot-dicot split
is inappropriate. Monocot remains a useful term in that
it refers to a monophyletic group, but the dicots are
clearly not monophyletic. More useful comparisons
would involve comparisons of monocots with eudi-
cots, or of early-branching angiosperms with lower
eudicots and core eudicots (see below).

Among the basal branches of the angiosperm tree
are several well-supported clades, including the mono-
cots and several groups formerly classified as ‘prim-
itive’ dicots, such as Magnoliales, Laurales, and
Piperales (Figure 4). The first few branches of the
angiosperm tree, based on analyses of both DNA se-
quences [219] and phytochrome gene duplication data
[150], appear to be Amborellaceae, Nymphaeaceae,
Schisandraceae, Illiciaceae, and Austrobaileyaceae, a
result first suggested by analysis of 18S rDNA se-
quences [222]. Although other data are needed to sub-
stantiate whether these actually arethefirst-branching
extant angiosperms, the possible placement of these
taxa on the early branches of the angiosperm tree
nonetheless has major implications. Those investiga-
tors comparing developmental genetics or molecular
evolution across seed plants or angiosperms should in-
clude at least some of these early-branching taxa, such
asAmborella, Illicium, Austrobaileya, andNymphaea.
Investigators interested in the molecular evolution
of genes controlling petal and stamen development
(APETALA 3and PISTILLATA) have started to ana-
lyze basal angiosperms, includingNymphaea, and are
comparing the results to findings for eudicots [125].

Within the large eudicot clade, several groups
(e.g., Ranunculales, Trochodendraceae, Platanaceae,
Sabiaceae, Proteaceae) form a grade, followed by
a well-supported clade of core eudicots. Just as the
early-branching angiosperms are critical for interpre-
tations of evolutionary patterns in the angiosperms
as a whole, these early-branching eudicots are criti-
cal for investigations of morphological and molecu-
lar evolution in the core eudicots. The composition
of Proteales (Proteaceae, Platanaceae, and Nelum-
bonaceae) illustrates well in microcosm the value of
these broad phylogenetic analyses in that this has to
be one of the major surprises of molecular phylogenet-
ics; these three families were not considered closely
related in any classification scheme [37, 39–41, 242,
243, 245]. Yet, the combined three-gene analysis pro-
vides very strong support for this clade; furthermore,
the monophyly of this clade is supported by several
morphological and anatomical features [163, 204].

Within the core eudicots are several well-supported
major clades (Figure 4). These include (1) Saxifra-
gales, which are sister to (2) a large rosid clade,
and two other large clades: (3) the asterids and
(4) the caryophyllids (or CaryophyllalessensuAn-
giosperm Phylogeny Group [5]). These rosid, as-
terid, and Carophyllales clades are expanded versions
of their counterparts from traditional classifications
(e.g. [37]). The DNA-based rosid clade contains,
in addition to traditional Rosidae (sensuCronquist
[37]), members of subclasses Hamamelidae and Dil-
leniidae. Molecular phylogenies also provide strong
support for an expanded asterid clade that, in addi-
tion to traditional Asteridae, includes some traditional
rosids (e.g. Apiaceae, Araliaceae, Pittosporaceae,
Cornaceae, Hydrangeaceae), dilleniids (e.g., Eri-
caceae, Actinidiaceae, Theaceae, Sarraceniaceae) and
a hamamelid (Eucommia). Phylogenetic analyses of
DNA sequences also recover an expanded Caryophyll-
idae (Caryophyllales of Angiosperm Phylogeny Group
[5]) that includes the traditional Caryophyllales, as
well as Plumbaginaceae and Polygonaceae, plus two
families of carnivorous plants (Droseraceae and Ne-
penthaceae), as well as several other families of tradi-
tional Dilleniidae (e.g. Tamaricaceae, Frankeniaceae).
The traditionally recognized subclasses Hamamelidae
and Dilleniidae are polyphyletic and comprise several
phylogenetically distant lineages [24, 25, 27, 214,
222]; both terms have been abandoned [5].

Several major subclades within the angiosperms,
including the asterids and the monocots, have also
been the focus of additional detailed phylogenetic
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analysis using several different molecular markers.
The most detailed analysis of the asterid clade yet
conducted employed four genes (atpB, rbcL, ndhF,
18S rDNA) and 158 species [2]; this analysis provides
the greatest resolution and support for clades within
the asterids. All of these studies support the mono-
phyly of a broadly defined asterid clade (Asteridae
s.l. [169]). Ericales and Cornales are early-branching
clades within the asterids; the monophyly of each of
these clades is strongly supported. The remaining as-
terids also form a well-supported clade that, in turn,
consists of two large subclades, euasterid I and eu-
asterid II. The morphological and chemical features
shared by members of this asterid clade, as well as
non-DNA characters supporting euasterid I and II,
have been discussed elsewhere [2, 164, 169, 204].

The monocots have also been the focus of a num-
ber of phylogenetic analyes [26, 28, 29, 42, 69].
Readers are urged to consult Chaseet al. [28], who
analyzed a combined data set of three genes for 126
monocots, for the most thorough phylogenetic analy-
sis of monocots so far conducted. The studies con-
ducted to date have not identified a clear sister group
to the monocots. However, both Soltiset al. [219] and
Chaseet al. [28] place the monocots in a large clade
in which Chloranthaceae are sister to a grade of mono-
cots, Piperales, Laurales, Winteraceae/Canellaceae,
and Magnoliales. These two analyses are the first to
provide any measure of internal support for this large
clade, which includes the monocots. The monocots,
includingAcorus, form a well-supported clade in these
studies.

In Chaseet al. [28] and Soltiset al. [219] the
monophyly of the remaining monocots, excluding
Acorus, is also strongly supported. FollowingAcorus,
a strongly supported Alismatales clade appears as
the sister to the remaining monocots. Alismatales,
including Tofieldiaceae, Araceae, and a strongly sup-
ported subclade of Zosteraceae, Hydrocharitaceae,
and Aponogetonaceae are sister to the remaining
monocots. These remaining monocots also form a
well-supported clade that, in turn, comprises sev-
eral subclades that correspond to the circumscriptions
given in Angiosperm Phylogeny Group [5]: commeli-
noids, Dioscoreales, Japonoliriaceae/Petrosaviaceae,
Pandanales, Liliales, and Asparagales. Relationships
among these major subclades of monocots are unclear,
however.

The importance of consulting recent phylogenetic
analyses of the angiosperms, as well as the An-
giosperm Phylogeny Group [5] classification, is also

evident at the family level. Many well-known fam-
ilies are now known to be nonmonophyletic; they
are either polyphyletic or require merger with other
families to form a monophyletic group. Hence, a
number of families require a circumscription that dif-
fers fundamentally from traditional views, illustrating
again the problems in relying solely on traditional
treatments (e.g. [87]). An excellent example of a
well-known angiosperm family that is now known to
be polyphyletic is Scrophulariaceae, which contain
the model organismAntirrhinum (see below). Sim-
ilarly, Brassicaceae in the traditional sense are now
known to be nested within a paraphyletic Cappa-
raceae [197–199]. They have been combined into a
single large Brassicaceae [5, 113], a result of inter-
est to those studying the model organismsBrassica
and Arabidopsis(see below). As another example,
the distinction of Malvaceae (which containsGossyp-
ium, cotton) from the related families Bombaceae,
Tiliaceae, and Sterculiaceae has not been supported
by recent phylogenetic studies [4, 10]. These analy-
ses suggest, instead, a single broadly defined family
Malvaceae that includes Bombacaceae, Tiliaceae, and
Sterculiaceae. Other angiosperm families also known
to be nonmonophyletic, requiring revised circumscrip-
tions (either splitting into several separate families or
merger into one larger family), include Portulacaceae
[101], Santalaceae [165], Sapindaceae [83], Lami-
aceae and Verbenaceae [249], Euphorbiaceae, Fla-
courtiaceae [219], Escalloniaceae, Chenopodiaceae,
Amaranthaceae, Grossulariaceae, and Saxifragaceae
[27, 204, 219, 222]. Again, readers are encouraged to
consult the Angiosperm Phylogeny Group [5] reclassi-
fication and subsequent updates for these family level
changes.

Although plant molecular systematists have the
greatest respect for authors of traditional classifica-
tion schemes [37, 39–41, 242, 243, 245] and their
enormous contributions to angiosperm systematics,
the results summarized above illustrate clearly why
it is no longer appropriate to use these classifica-
tion schemes to infer higher-level relationships in the
angiosperms. Readers interested in angiosperm rela-
tionships should refer to recent phylogenetic trees [27,
204, 219, 222] and consult the recent ordinal classi-
fication of angiosperms that is phylogenetically based
[5].
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Where do model organisms fit in?

In this section, we point the reader to phylogenetic
studies that encompass many ‘model’ plant species.
This is not a comprehensive overview, but it deals
with the best-known model plants that have been the
focus of considerable genetic research; many of the
plants discussed are also major crops. Interested read-
ers are encouraged to consult the authors of the papers
cited below for more recent (perhaps still unpublished)
phylogenetic trees.

Arabidopsis, Brassica(Brassicaceae), and the
mustard oil clade

Several members of Brassicaceae serve as model sys-
tems, Arabidopsis for developmental genetics and
some members ofBrassica for genome and poly-
ploid evolution (see below and the paper by Wendel
in this volume). Phylogenetic inferences for Brassi-
caceae and relatives will allow theArabidopsismodel
of floral development [16, 17, 34] to be tested fur-
ther. A well-supported clade of 15 families, including
Brassicaceae in the broad sense, has been identified
(Figure 5), although most of these families are mor-
phologically diverse and were not considered to be
close relatives of Brassicaceae in traditional classifi-
cations [195–199] (see above). However, the closest
relatives of Brassicaceae are still unresolved.

Phylogenetic analyses [199] also demonstrate that
Capparaceae, long consideredthe closest relative of
Brassicaceae, are paraphyletic relative to Brassicaceae
in the traditional sense (Figure 5). That is,Cleomeand
Capparis are successive sisters to traditional mem-
bers of Brassicaceae (Figure 5);Setchellanthus(also
of Capparaceae) is more distantly related. As a result,
Brassicaceae and Capparaceae have been combined
to form a more broadly defined Brassicaceae, and
Setchellanthushas been placed in its own family,
Setchellanthaceae [5]. Further study is needed to clar-
ify the closest relatives of this more broadly defined
Brassicaceae.

Arabidopsis
Given the importance ofArabidopsis thalianaas a
model organism, it is surprising that its phylogenetic
relationships have not been thoroughly investigated;
only recently has this species been included in a phy-
logenetic analysis that encompassed most of its likely
close relatives [123]. The first phylogenetic analy-
sis involving Arabidopsisemployed cpDNA restric-
tion sites [181], but sampling of close relatives was

low. Arabidopsishas often been placed in the tribe
Sisymbrieae; however, phylogenetic trees based on
cpDNA restriction site data suggest instead thatAra-
bidopsisis part of an expanded tribe Arabideae. This
cpDNA-based tree further suggests thatCardaminop-
sis arenosaand Arabis lyrata are more closely re-
lated toA. thalianathan are some other species now
assigned toArabidopsis. O’Kane et al. [168] re-
constructed a phylogeny forA. thalianaand several
presumed close relatives inCardaminopsiswhile in-
vestigating the origin of the allotetraploidArabidopsis
suecica.

The most detailed and well-supported topology to
date forA. thalianaand relatives [123] involved 33
taxa and employed sequences of the internal tran-
scribed spacers of the nuclear 18S–26S rDNA (ITS-
1 and ITS-2). A major result of this study is that
some species traditionally classified as members of the
genusArabidopsisare not actually closely related to
A. thaliana; conversely, several species traditionally
placed in genera other thanArabidospsisnow appear
to be closely related toA. thaliana. Molecular biolo-
gists need to be aware of these new insights (see also
[168]).

To summarize the work of Kochet al.[123] briefly,
an Arabidopsisclade was identified (Figure 6). The
closest relatives ofA. thaliana (with a chromosome
number ofn = 5) are several self-compatible species
with n = 8, recently reclassified intoArabidopsis(and
including species ofCardaminopsis), such asA. lyrata
andA. halleri, followed byA. griffithianaandA. kor-
shinskyi. Sister to thisArabidopsisclade is a clade that
includes some species ofArabis, which is polyphyletic
in this analysis,Halimolobus, and Arabidopsis hi-
malaica. Future research will benefit greatly from the
publication of phylogenetic trees that not only suggest
the closest relatives ofArabidopsis, but also provide
broader coverage of the entire Brassicaceae in the
broad sense.

Brassica
Several species ofBrassicaare of considerable eco-
nomic importance:B. rapa (turnip), B. junceaand
B. nigra(source of the condiment mustard), andB. ol-
eracea(collards, kale, cauliflower, broccoli, kohlrabi,
Brussels sprouts). All of these species are part of
the well-knownBrassicatriangle or ‘Triangle of U’
[246], which provides an excellent example of the
complexity of polyploid genomes (Figure 7). The
members of this triangle have also been the focus of
detailed mapping of the nuclear genome and studies
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Figure 5. Phylogenetic relationships among mustard-oil taxa (names in bold) and putative relatives based on analysis of a combinedrbcL
and 18S rDNA data set. The tree depicted is one of four shortest trees resulting from parsimony analysis withEuphorbiadesignated as root.
Bootstrap values are provided above the branches; branch lengths followed by decay values are provided below the branches. Arrows mark the
major mustard-oil clade and the second, unrelated lineage ofDrypetes(from Rodmanet al. [199]). Note that Brassicaceae and Capparaceae
were still considered distinct families in Rodmanet al. [199], whereas now they are combined into a single, broadly defined family Brassicaceae
(see text and Angiosperm Phylogeny Group [5]).
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Figure 6. Relationships ofArabidopsis thalianabased on ITS sequence data. The tree depicted is one of 12 shortest trees resulting from a
parsimony search usingBrassica napusas outgroup (not shown). Bootstrap support≥50% is provided below branches and branch lengths
above branches. Weakly supported clades are highlighted by a broad line (from Kochet al. [123]).

Figure 7. Triangle of U [246], depicting relationhips among cul-
tivated diploid and allotetraploid species ofBrassica. The triangle
has been updated to show the maternal parents of each allotetraploid
(indicated by arrows). The origin ofB. napusis complex, involving
multiple origins with reciprocal maternal parentage.

of genome organization and evolution [85, 130, 131,
185, 186]. Phylogenetic information has contributed to
new perspectives on polyploid evolution (see below).
This model system is based on three diploid species:
B. rapa (A genome),B. oleracea(C genome), and
B. nigra (B genome), and their allopolyploid deriva-
tivesB. juncea(AB), B. napus(AC), andB. carinata
(BC). Numerous lines of evidence have confirmed the
Triangle of U [75, 178]; restriction site analyses have
also provided information on the maternal parent of
each allotetraploid [227, 228] (Figure 7).

Warwick and Black [250] have helped to place the
parental diploids of the Triangle of U in the appro-
priate phylogenetic framework. Two of the diploids,
B. oleraceaandB. rapa, are sister taxa within a larger
‘Rapa/Oleracea’ lineage. However, the third diploid,
B. nigra, is distantly related to the Rapa/Oleracea
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lineage and appears as part of a second clade of bras-
sicas (the ‘Nigra’ lineage [250]). This information
is useful in interpreting observations on cytoplasmic-
nuclear interactions in the allopolyploids, discussed
below. The phylogenetic tree of Warwick and Black
[250] also places other genera, such asSinapisand
Raphanus(which includes radish), withinBrassica.
As in the case of the tomato (Lycopersicon), which
is derived from withinSolanum(see below), members
of Sinapisand Raphanusappear to be derived from
within a more speciose genus.

Mustard-oil glucosides, or glucosinolates, are
oxime-derived sulfur-containing compounds; the
breakdown products of these compounds are respon-
sible for the pungent principles of mustard, radish,
and capers [81]. The hydrolysis of glucosinolates to
mustard oils is catalyzed by myrosinases, a family
of thioglucoside glucohydrolases concentrated in spe-
cial myrosin cells. The biosynthesis of glucosinolates
and subsequent catalysis by myrosinases has been of
great interest to molecular biologists (see paper by
Rasket al., this volume). The feeding of herbivores
is thought to bring enzyme and substrate into contact,
releasing the toxic mustard oils [71, 198].

While this ‘mustard oil bomb’ [142] is best known
in Brassicaceae in the broad sense (which includes
Capparaceae), including the model organismAra-
bidopsis, it occurs as well in 15 other angiosperm
families (Akaniaceae, Bataceae, Bretschneideraceae,
Setchellanthaceae, Caricaceae, Putranjivaceae (for-
merly part of Euphorbiaceae), Gyrostemonaceae,
Koeberliniaceae, Limnanthaceae, Moringaceae, Pen-
tadiplandraceae, Resedaceae, Salvadoraceae, Tovari-
aceae, and Tropaeolaceae). Traditional classifications
[37, 242, 243, 245; but see 39–41] place these 16 fami-
lies in several widely separate orders, implying that the
glucosinolate-myrosinase defense system arose sev-
eral times in the angiosperms. This view, in turn, has
influenced the study of host fidelity and evolution by
herbivores and pathogens adapted to glucosinolate-
producing plants [32, 198, 199].

Rodman and coworkers have addressed the rela-
tionships of mustard oil plants [194–198]. Phyloge-
netic analysis of sequences of the chloroplast gene
rbcL [198] and the nuclear 18S rRNA gene [199] con-
cur in demonstrating the presence of a single major
clade of mustard-oil plants comprising 15 of the 16
families noted above, with one phylogenetic outlier,
Drypetes(Putranjivaceae, formerly part of Euphor-
biaceae). Phylogenetic analysis of a combinedrbcL
and 18S rDNA data set yields strong support (Fig-

ure 5) for the dual origins of glucosinolate biosynthe-
sis, once inDrypetesand once in the common ancestor
of the other 15 families. In short, the mustard oil bomb
was invented twice [199].

Antirrhinum (snapdragon)

The snapdragon,Antirrhinum majus (Scrophulari-
aceae), represents one of the best model systems for
the study of floral ontogeny and developmental ge-
netics [18, 22, 209, 210]. Much of this research has
focused on the MADS box gene family, members of
which specify organ identity during floral morphogen-
esis [9, 16, 17, 34].Antirrhinum majushas also been a
model for the study of genes involved in the develop-
ment of zygomorphic flowers [3, 141]. Several papers
have discussed the importance of understanding the
phylogenetic relationships ofAntirrhinum to clarify
the process of floral diversification [52, 73, 74, 188].

Although Antirrhinum has long been placed in
the family Scrophulariaceae, molecular phylogenetic
studies have revealed that Scrophulariaceae are poly-
phyletic (Figure 8), comprising at least three distinct
lineages [170, 172]. One lineage contains the parasitic
members of the family (Pedicularis, Castilleja), as
well as the family Orobanchaceae, which is also para-
sitic. A second lineage containsVerbascumandScro-
phularia (and hence must ultimately retain the name
Scrophulariaceae). A third lineage contains many
well-known ‘scrophs’, includingDigitalis, Veronica,
and genera that have typically been placed in their own
families (PlantagoandCallitriche); this last clade also
containsAntirrhinum.

Recent research in the genetics of floral develop-
ment has focused on distantly related angiosperms,
most notablyArabidopsisandAntirrhinum. One of the
next challenges in evaluating current models of floral
development is the intensive study of a clade whose
members exhibit extensive floral variation. Donoghue
et al.[52] and Reeves and Olmstead [188] have extrap-
olated from what is known about the genetics of floral
development inAntirrhinumto other asterids, doing so
in a phylogenetic context. These studies thus provide
important examples of the value of molecular system-
atics in framing hypotheses of floral development and
evolution.

Antirrhinum majus is part of a well-supported
clade that contains other species with highly divergent
floral morphologies [188]; in fact, the members of
this clade were not previously thought to be closely
related. In addition toAntirrhinum, with showy, zy-
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Figure 8. Phylogenetic relationships among Scrophulariaceae based on analysis of a combinedrbcL, ndhF, rps2data set. The tree depicted is
one of 80 shortest trees resulting from parsimony analyses withBorago, Nicotiana, andGentianaas outgroups. Branch lengths are provided
above branches, bootstrap values below branches. A star indicates that a node collapses in the strict consensus tree. Numbers correspond to
proposed names provided. From Olmsteadet al. [170].
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gomorphic flowers, the clade also containsPlantago,
which has actinomorphic, wind-pollinated flowers, as
well as several enigmatic aquatic plants,Hippurisand
Callitriche. Hippuris is missing one perianth whorl;
three whorls are missing inCallitriche, and the plants
are monoecious.

Using their hypothesis of phylogenetic relation-
ships (Figure 8), Reeves and Olmstead [188] note the
value of the topology for inferring the changes in floral
morphology that have evolved from anAntirrhinum-
like ancestor. They also use these derived floral condi-
tions observed inPlantago, Hippuris, andCallitriche
to pose hypotheses of floral evolution that can be
tested using the ABC model of floral organogenesis.
For example, inHippurisa three-whorled floral gound
plan has evolved; the floral organs associated with one
perianth whorl have been lost. It is unclear, however,
whether the perianth organs that remain are sepals or
petals: either whorl could have been lost in the course
of evolution. These hypotheses can be tested [188]: be-
cause B class MADS box genes are expressed in petals
and not sepals, potential insights could be garnered
via in situ hybridization studies to detectHippuris or-
thologues of B class genes fromAntirrhinum(such as
DEFICIENSandGLOBOSA).

Hypotheses regarding the evolution of zygomor-
phy within asterids can also be addressed [52]. Phy-
logenetic trees for asterids imply that zygomorphic
(bilaterally symmetrical) flowers have evolved sev-
eral times from actinomorphic (radially symmetrical)
flowers and that there have been several reversals to
actinomorphy. Mutations in the genesCYCLOIDEA
andDICHOTOMAresult in the development of radi-
ally symmetrical flowers inAntirrhinum[22, 52, 188].
Although it is tempting to speculate that mutations in
these genes have resulted in many of the actinomor-
phic flowers present in Asteridae, Donoghueet al.
[52] caution that there are likely several mechanisms
by which reversals to actinomorphy have occurred. It
will be interesting to determine whether orthologues
of CYCLOIDEAand DICHOTOMA are involved in
the production of at least some of the actinomorphic
flowers of Asteridae s.l.

Gossypium (cotton)

Gossypium(Malvaceae) encompasses about 50 species,
including four of considerable economic importance
(the cultivated cottons). To investigate cotton fiber
evolution and disease resistance, genomic maps have
been constructed to determine the chromosomal lo-

cation of QTLs [110, 264]. Seelananet al. [211]
explored phylogenetic relationships within the entire
tribe to which Gossypiumbelongs using both nu-
clear and chloroplast gene sequences (see also [129]).
The closest relatives ofGossypiumidentified by these
analyses (Kokia and Gossypioides) were unexpected
based on previous morphological studies.

Molecular data have provided critical insights into
relationships withinGossypiumand the origin of the
allotetraploid members of the genus [253, 255–257]
(Figure 9). Most species ofGossypiumare diploid,
and previous studies recognized eight distinct diploid
genome groups (A through G, and K). Phylogenetic
analyses suggest that the diploid genomes are dis-
tinct lineages (Figure 9). The origins of the New
World allotetraploid species have long been of in-
terest. Molecular analyses also indicate that all al-
lotetraploids inGossypiumshare a common ancestry
and combine an Old World A genome and a New
World D genome, suggesting that polyploid forma-
tion may have occurred only once. These inferences
are now supported by over 10 kb of sequence per
species [257]. Furthermore, all allopolyploids in the
genus contain Old World (A-genome) chloroplast and
mitochondrial genomes, indicating that the maternal
parent (cytoplasmic donor) for the allopolyploids (AD
genome) was an A-genome diploid [255, 257]. Mole-
cular data also suggest that the allopolyploids origi-
nated relatively recently, perhaps within the last 1–2
million years. Comparisons of nuclear and chloroplast
DNA phylogenies demonstrate frequent episodes of
hybridization between species and also indicate that
the genetic architecture of the allotetraploidG. hirsu-
tum, the most important species of cotton commer-
cially, has also been affected by hybridization and
introgession [257].

Grasses (e.g. maize, wheat)

The grass family, Poaceae, includes a number of plants
of major economic importance, as well as species that
are important genetic and evolutionary models. Re-
cently, for example, the family has served as one focal
point for comparative genetic studies involving the or-
ganization of genes within and among genomes [84,
85].

At a higher taxonomic level, the closest rela-
tives of Poaceae have been controversial. Several
recent molecular phylogenetic studies [26, 28, 29,
61, 69, 118, 229] point to Joinvilleaceae, followed
by Restionaceae, as perhaps the closest relatives of
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Figure 9. Evolutionary history of diploid and allopolyploidGossypium. Phylogenetic relationships of the major groups of diploid cotton are
shown, as inferred from multiple molecular data sets from the chloroplast and nuclear genomes, using other genera in the tribe Gossypieae
as phylogenetic outgroups. Each diploid clade (alln = 13) is congruent with classically recognized ‘genome groups’ that have been assigned
designations (A through G and K) based on chromosome size variation and meiotic pairing behavior in interspecific hybrids. 2C genome sizes
are shown in circles for each genome group. Outgroup analysis indicates that Australian diploids (C-, G-, K-genomes) are basal within the
genus. A-genome species are African-Asian whereas D-genome species are endemic to the New World subtropics, primarily Mexico. Based on
molecular dataGossypiumis suggested to have originated ca. 10–20 million years ago. After trans-oceanic dispersal of an A-genome taxon to the
New World, hybridization between the immigrant A-genome taxon and a D-genome taxon led to the evolution of the New World allopolyploids
(AD-genome). This reunion among two diploid genomes (in an A-genome cytoplasm) permitted the evolution of novel and agronomically
important fiber traits. Arrows are shown as originating from the taxa most often implicated in allopolyploidization, i.e.,G. herbaceumand
G. raimondii. Subsequent to allopolyploid formation, the allopolyploids radiated into the three lineages shown, which include the commercially
most important species,G. hirsutum(upland cotton) andG. barbadense(pima cotton). Sequence divergence data and the palynological record
suggest that the A-genome and D-genome groups diverged from a common ancestor 5 to 10 million years ago, and that the two diverged diploid
genomes became reunited in a common nucleus, via allopolyploidization, in the mid-Pleistocene, or 1 to 2 million years ago [257].

Poaceae. The recent phylogenetic analyses of 126
monocot species for three genes (rbcL, atpB, 18S
rDNA) [28] reveal a clade that includes the grasses
and Anarthriaceae, Ecdeiocoleaceae, Restionaceae,
and Flagellariaceae (Joinvilleaceae were not included
in the analysis). These families, together with Xyri-
daceae, Typhaceae, Cyperaceae, Juncaceae, Thur-
niaceae, Mayacaceae, and Sparganiaceae, form a
well-supported Poales. Readers should consult Chase
et al. [28] and Angiosperm Phylogeny Group [5] for a
recent reclassification of the monocots.

Several phylogenetic studies within the Poaceae
have also been published [8, 33, 38, 50, 94, 115, 162,
229]. Perhaps the best resolved and supported phy-
logenies to date are those of Clarket al. [33] based
on ndhF sequence data and Soreng and Davis [229]
based on both cpDNA restriction sites and non-DNA
characters. As a result of these studies, the phylogeny
of the family is becoming well understood. Not only

do phylogenetic analyses [33, 229] reveal two pri-
mary subdivisions within Poaceae (the ‘BOP’ clade of
bambusoids, orzyzoids, and pooids versus the ‘PACC’
clade of panicoids, arundinoids, chloridoids, and cen-
tothecoids), but the topologies also place in a very
general sense the economically important genera such
asOryza (rice), Zea (maize),Hordeum(barley), and
Avena(oats).

Phylogenetic trees for Poaceae have served the
dual purpose of resolving relationships and clarify-
ing the evolution of various characters, thus illus-
trating one of the themes of our review. A particu-
larly useful study is that of Soreng and Davis [229]
who examined the evolution of a number of features,
including morphological and anatomical characters,
self-incompatibility, and chromosome numbers. In ad-
dition, phylogenetic hypotheses for Poaceae have been
used to investigate the evolution of C4 photosynthesis
in the family. Although C4 photosynthesis is thought
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to involve complex anatomical and metabolic changes,
mapping the evolution of this trait onto existing phy-
logenies [8, 33, 229] suggests that the pathway has
arisen at least four times in the grass family alone
[212]. In addition, Poaceae have been the focus of
considerable effort for genome mapping and compar-
ative genetic studies. Maps of the nuclear genomes of
wheat, barley, rye, oats, maize, sugar cane, sorghum,
rice, pearl millet, and other grasses are now avail-
able, with others in progress [84, 85]. Phylogenetic
hypotheses afford the opportunity to place studies of
genome evolution in the proper context. Kellogg [115]
has attempted to do just this and suggests possible
evolutionary patterns of genome rearrangement in the
family.

One tribe of Poaceae, the Triticeae, includes wheat,
barley, rye, and several hundred other related species
of grasses. Wheat and barley have been of partic-
ular interest in terms of their origins and genome
evolution; other members of the tribe are important
sources of germplasm. A clear picture of phyloge-
netic relationships within the Triticeae would point to
wild taxa that may serve as sources of novel genes
for cultivated members [115, 116]. Comparing gene
trees among diploid Triticeae based on sequences
representing three nuclear genes, as well as cpDNA
restriction sites, Kellogget al. [116] found four dif-
ferent phylogenetic histories for diploid members of
tribe Triticeae. Several possible explanations for the
incongruence were noted, one of which is repeated
hybridization and introgression.

Molecular systematic studies have clarified phy-
logenetic relationships withinZea [49, 51]. These
analyses support the division ofZeainto two sections,
ZeaandLuxuriantes, and agree with the theory that
maize,Zea maysssp. mays, is a domesticated form
of teosinte; these data further suggest thatZ. mays
ssp. parviglumis is the ancestor of maize. Other re-
cent studies have provided compelling evidence that
maize is an allopolyploid, having undergone extensive
chromosomal rearrangement. The pattern of sequence
divergence among duplicated genes suggests that the
maize genome is the product of a segmental allote-
traploid that formed about 11.4 million years ago [86,
258].

Helianthus (sunflower)

Helianthus, a North American genus of approximately
49 species, contains the sunflower,H. annuus, a
species of economic importance as an oil crop.He-

lianthus annuusand other annual species have also
served as models for genetic and evolutionary studies
of hybridization and introgression [99, 190–192, 194]
(see paper by Rieseberget al., this volume). Phylo-
genetic trees of the entire Asteraceae, the family to
which Helianthusbelongs, have been estimated most
recently by Jansen and Kim [108]. Phylogenetic analy-
ses ofHelianthusand putative close relatives, based
on cpDNA restriction sites and ITS sequences [205–
207], suggest a close relationship betweenHelianthus
andPhoebanthus. Based on the geographic distribu-
tions of the closest relatives ofHelianthus, Schilling
et al. [206] suggest that the genus likely originated in
Mexico, with subsequent migration throughout North
America. Although the ITS and cpDNA topologies
agree on some relationships, they differ in other in-
stances. The annual species of sectionHelianthus
form a clade that in turn comprises several weakly
supported subclades; one of these subclades contains
H. annuus, as well asH. argophyllusand H. bolan-
deri. Several species ofHelianthusare known to be of
hybrid origin [190–192, 194]. In some instances in the
ITS analyses, these hybrid species exhibit diagnostic
bases of one or the other parent or are polymorphic
(these sequences were termed ‘intermediate’ types by
Schilling et al. [206]); these hybrid species were
sometimes placed in an unresolved phylogenetic po-
sition, whereas in other cases they were placed with
one or the other parent [206]. These results further
illustrate the need for extreme caution in the phylo-
genetic analysis of groups that include hybrids and
hybrid species, as stressed by McDade [152–155] and
Rieseberg [191].

Legumes (e.g. soybean,Phaseolus, Pea) and
symbiotic nitrogen fixation in angiosperms

Numerous legumes are of economic importance, and
some have been studied intensively in terms of genetic
mapping and genome evolution. These include mem-
bers ofArachis, Glycine, Lens, Phaseolus, Pisum, and
Vigna [15, 212, 252]. Phylogenetic analyses of the
Fabaceae have been conducted at several different lev-
els although, due to the enormous size of the family
(the third largest angiosperm family), much work re-
mains to be done. At higher levels, the relationships
of the family have long been debated. However, broad
phylogenetic analyses of angiosperms point to Poly-
galaceae+ Stylobasiaceae as the sister group to the
Fabaceae [27, 204, 219, 222] (Figure 10).
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Figure 10. Phylogenetic relationships among taxa that engage in
nodular nitrogen-fixing symbioses (the nitrogen-fixing clade) based
on analysis of a combined 18S rDNA+ rbcL+ atpBsequence data
set for 567 taxa [219]. The tree depicted shows only the well sup-
ported nitrogen-fixing clade and relationships within that clade. All
families having representatives engaged in nodular nitrogen-fixing
symbioses are indicated by an asterisk. In Celtidacae, nitrogen fix-
ation is known to occur only inParasponia(a member of what was
once subfamily Celtoideae of Ulmaceae, now recognized as a sepa-
rate family, Celtidaceae). Celtidaceae are represented by the related
generaCeltis and Trema. Gunnera, which hosts nitrogen-fixing
cyanobacterial symbionts in leaf glands rather than root nodules,
is not closely related to the nitrogen-fixing clade. Values above (or
sometimes below with arrows) branches are jackknife values.

Phylogenetic analyses of the Fabaceae suggest that
of the three subfamilies, Mimosoideae and Papil-
ionoideae are probably monophyletic whereas Cae-
salpinioideae are paraphyletic [59, 63]. These phylo-
genetic analyses also place, in a general sense, several
important crop genera, includingArachis, Medicago,
Glycine, Vigna, and Pisum [63]. Other noteworthy
phylogenetic studies of genera or tribes of legumes
include those of Sanderson and Wojciechowski [202]

and Lavinet al. [134]. Phylogenetic estimates for the
family have also been used to analyze the evolution of
nitrogen-fixing symbioses; these studies suggest that
root nodulation has arisen several times independently
within the family [60, 63].

At lower levels, several phylogenetic studies have
focused on the evolution of genera containing cul-
tivated legumes, includingGlycine [64–66], Vigna
[247], Phaseolus[43, 44, 62],Lens[151], andPisum
[177]. The results of these phylogenetic analyses are
generally consistent with patterns of morphological
variation. The clades retrieved and relationships de-
picted in these studies should be of value in breed-
ing programs; the trees are also of potential value
to those pursuing analyses of molecular evolution
in these plants and their relatives. For example, a
cpDNA-based phylogenetic tree forPisum supports
the idea that the cultivated pea,Pisum sativum, was
domesticated primarily from northern populations of
P. humile[177]. Evidence was also obtained for sec-
ondary hybridization involving cultivatedP. sativum
and eitherP. elatiusor southern populations ofP. hu-
mile; this hybridization may have occurred during the
domestication process [177].

The legumes are the best known of the fami-
lies that form symbiotic associations with nitrogen-
fixing bacteria, but nitrogen-fixing symbioses involv-
ing root nodules also occur in some (but not all)
members of Celtidaceae (formerly considered part of
Ulmaceae), Betulaceae, Casuarinaceae, Elaeagnaceae,
Myricaceae, Rhamnaceae, Rosaceae, Datiscaceae,
and Coriariaceae [7, 162]. Nodules are induced and
inhabited by either of two very different groups of bac-
teria. Species of Rhizobiaceae nodulate the legumes
[60] andParasponia(Celtidaceae), whereas species of
Frankianodulate hosts in the remaining eight families,
plants referred to collectively as actinorhizal [1].

Traditional classifications suggest that many of the
10 ‘nitrogen-fixing’ families are distantly related [37,
39–41, 242, 243, 245], implying that nitrogen-fixing
symbioses evolved independently several, if not many,
times [7]. This view has in turn influenced attitudes
regarding the likelihood of transferring genes respon-
sible for symbiotic nitrogen fixation to crop species
that do not possess this ability [233]. In other words,
the great phylogenetic distance these traditional clas-
sifications suggested among host plants suggested that
the bacterial symbionts can adapt to a wide range of
genetic backgrounds.

Understanding the relationships among these 10
angiosperm families is not only of interest from an
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evolutionary standpoint, but is also of critical impor-
tance to those interested in elucidating the complex
process of nodulation (see paper by Gualtieri and Bis-
seling, this volume). Phylogenetic analyses ofrbcL
sequences first suggested that representatives of all
10 families with nitrogen-fixing symbioses actually
group together, with several families lacking this asso-
ciation (e.g. Begoniaceae, Cucurbitaceae), in a single
‘nitrogen-fixing clade’ [220]. A more recent study
involving 560 angiosperms and sequences for three
genes also reveals the same ‘nitrogen-fixingclade’, but
with high internal support [219]. Hence, phylogenetic
studies indicate that only one lineage of closely related
taxa achieved the underlying genetic architecture nec-
essary for symbiotic nitrogen fixation in root nodules
(Figure 10). Increased sampling of taxa from within
the nitrogen-fixing clade and additional phylogenetic
analyses suggest that within this single well-supported
clade, nitrogen-fixing symbioses may have evolved
more than once [239]. As noted above, phylogenetic
hypotheses for Fabaceae suggest, in fact, that mul-
tiple origins of this symbiotic relationship may have
occurred just within the legume family alone [60, 63].

Solanaceae (tomato, potato, and tobacco)

The family Solanaceae contains a number of well-
studied plants, as well as species of considerable
economic importance, inlcudingPetunia, Nicotiana
(tobacco),Lycopersicon esculentum(Solanum lyco-
persicon; tomato),Solanum tuberosum(potato),Cap-
sicum (peppers), andPhysalis. The family has also
served as a model for the study of incompatibility (see
paper by Richman and Kahn, this volume) and for nu-
clear genome organization and evolution [244]. There
are several new genetic maps for Solanaceae: one for
Capsicum[139] and one forSolanumsectionEtubero-
sum[180], the immediate sister to the clade of tomato
and potato.

Initial attempts have been made to reconstruct
phylogeny across this large family using 17 repre-
sentatives and multiple genes [174]. These analyses
suggest, for example, thatSolanum(which includes
Lycopersicon; see below),Capsicum, Datura, and
Physalisform a well-supported clade, whereasPetu-
nia is an early-branching member of the family.

At lower taxonomic levels within Solanaceae, a se-
ries of molecular phylogenetic analyses has examined
the relationships of potatoes and tomatoes [13, 171,
230–232]. Tomato, formerly classified asLycopersi-
con esculentum, is clearly embedded within the large

genusSolanumand therefore does not represent a dis-
tinct genus (Figure 11).Lycopersicon esculentumhas
been formally transferred toSolanumasSolanum ly-
copersicon[230]. Molecular systematic studies further
suggest that species formerly placed inLycopersicon
are members ofSolanumsectionPotatoe; in fact, a
sister-group relationship of potatoes and tomatoes is
suggested [13, 171, 230]. These phylogenetic results
also help place other data in a new light. For example,
earlier genetic linkage studies of tomato and potato
had suggested a close relationship [14]. The phyloge-
netic trees demonstrate that potato and tomato share
very similar linkage maps because they share a recent
common ancestor. This phylogenetic information also
sets the stage for further studies of genome evolution
in Solanum.

Pinus (pines)

Most model plant species are angiosperms, but some
conifers are notable exceptions, having attracted great
interest because of their considerable economic impor-
tance. The genusPinus (the pines) includes a large
number of economically important species. Phylo-
genetic analyses of restriction sites (cpDNA [237]
and nuclear [89]) support the morphologically based
division of the genus into two well-separated sub-
groups, subgenusPinus(the hard pines) and subgenus
Strobus(the soft pines). Strauss and Doerkson [237]
maintained that the high molecular similarity of taxa
within each of these two subclades suggested a rela-
tively recent radiation. More recently, a phylogenetic
analysis of restriction sites and rearrangements within
the chloroplast genome has helped to elucidate re-
lationships within subgenusPinus [128]. This tree
reveals a major division within subgenusPinus be-
tween the North American and the Eurasian species.
Many of the clades detected correspond to specific ge-
ographic areas, suggesting a biogeographic hypothesis
for cladogenesis [128]. This study also reveals a num-
ber of well-supported clades and helps place several
economically important species, includingP. taeda,
P. contorta, andP. ponderosa. The strongly supported
DNA phylogeny calls into question portions of the tax-
onomic scheme of Little and Critchfield [137]; this
is another example of how traditional classifications
must be used with caution.

Other phylogenetic analyses have considered the
relationships ofPinus on a broader scale, providing
hypotheses of phylogenetic relationships of Pinaceae,
as well as other gymnosperm lineages [30, 234].
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Figure 11. Relationships of tomato (Lycopersicon esculentum= Solanum lycopersicon) and potato (S. tuberosum) based on analysis of cpDNA
restriction site data; depicted here is the strict consensus tree for species ofSolanum(outgroups not depicted). The three major clades identified
(Clades I, II, II) are indicated by brackets; ? indicate sections unassigned to subgenus. Bootstrap values are indicated above branches (from
Olmstead and Palmer [171]).

For example, partial 26S rDNA sequences showed
a monophyletic conifer clade with Pinaceae the first
branching family, being the sister to the remaining
conifers; Taxaceae are nested within the conifer clade,
closely related to Cephalotaxaceae [234].

Polyploidy

Polyploidy is a major force in plant evolution. Perhaps
70% of all angiosperms have experienced one or more

episodes of polyploidy [91, 149, 235, 236]; the fre-
quency of polyploidy in pteridophytes (ferns and their
allies) could be as high as 95% [91]. Many crop plants
are of polyploid origin, including wheat, maize, cot-
ton, and apples. Some of these same crops also serve
as models for developmental and genetic studies, as
discussed above. However, the fact that some study
organisms are polyploid is sometimes overlooked by
nonsystematists and systematists alike. Nonetheless,
polyploid genomes offer special challenges and op-
portunities to those studying molecular evolution and
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developmental genetics. Molecular systematics has
played a pivotal role in elucidating the parents of
polyploids, but perhaps more importantly, molecu-
lar approaches have dramatically reshaped views of
polyploid evolution. The topic of polyploidy is con-
sidered in more detail in the paper by Wendel; we will
therefore only cover several pertinent issues here.

Perhaps one of the more significant recent dis-
coveries involving polyploid species is that many are
polyphyletic, having reformed recurrently from differ-
ent populations of their progenitors [215, 216, 218].
In addition, these multiple origins can involve, in part,
reciprocal origins with different progenitor species
serving as the maternal and paternal parent, respec-
tively. Reciprocal parentage can result in differing
morphologies as well as differing nuclear-cytoplasmic
gene interactions. For example, the allotetraploid
Tragopogon miscellus(Compositae) has formed mul-
tiple times from the diploid parentsT. dubiusand
T. pratensis[35, 223]. WhenT. dubiusis the ma-
ternal parent, the allotetraploid produces flowering
heads with long-ray flowers; whenT. pratensisis the
maternal parent, the tetraploid bears flowering heads
with short-ray flowers [175, 223]. These allopoly-
ploid plants of reciprocal derivation are very different
morphologially and could be mistaken for different
species. Studies ofBrassicasuggest that the reciprocal
parentage of allopolyploids can also affect nuclear-
cytoplasmic interactions [227, 228]. Thus, not all
populations of a given allopolyploid are ‘equal’; the
population or accession chosen for analysis can have a
major impact in molecular evolutionary studies.

Recent studies of a few polyploid species com-
plexes are changing our views of the evolution of
polyploid genomes. Instead of the static polyploid
genomes envisioned by Stebbins [235, 236] and Wag-
ner [248], polyploid genomes may change very rapidly
(for reviews see [218]; and paper by Wendel, this vol-
ume), as evidenced by polyploid species ofBrassica
andGossypium. Polyploid evolution in these genera is
reviewed below.

Brassica

The nuclear genomes of the allopolyploidsB. juncea
(AB), B. napus(AC), andB. carinata(BC) have ap-
parently experienced considerable reshuffling since
their origins [131, 185, 186]. Songet al. [227, 228]
suggest that the cytoplasmic genomes of the allopoly-
ploids have played important roles in the subsequent
evolution of the nuclear genomes of these polyploids.

That is, they observed that the nuclear DNA compo-
sition of each allotetraploid is more closely related
to the diploid that contributed the cytoplasm than to
that tetraploid. Thus, for example, the nuclear RFLP
pattern ofB. juncea(AB) was very similar to that
of the maternal parent,B. campestris(A genome),
and less similar to that of the paternal parent,B. ni-
gra (B genome). When the cytoplasmic genomes of
the parental diploids are highly differentiated and dis-
tantly related (as measured, for example, by cpDNA
restriction site data [250]), the nuclear contribution
of the male donor has been altered much more than
the nuclear contribution of the female parent. Thus,
because the B cytoplasm is very distinct from the A
and C cytoplasms, the nuclear genomes ofB. carinata
(BC) andB. juncea(AB) are more similar to that of the
diploid that contributed the cytoplasm. That is,B. cari-
nata(BC) andB. juncea(AB) exhibit highly modified
B genomes that have been altered in the direction of
B. oleracea(C genome) andB. rapa (A genome),
respectively. The A and C cytoplasms, donated by
B. rapaandB. oleracea, in contrast, are very similar
and closely related phylogenetically [250], and thus
the A and C genomes inB. napus(AC) have evolved
at similar rates.

Songet al. [226] also examined genome change in
two pairs of synthetic allopolyploidBrassicaspecies
with reciprocal parentage (AB and BA; AC and CA).
Extensive changes in the nuclear genome of each
synthetic polyploid occurred during just five genera-
tions. In contrast, there was no evidence of change in
the chloroplast and mitochondrial genomes of these
synthetic polyploids. Furthermore, the frequency of
genome change differed between the two pairs of syn-
thetic polyploids – that is, twice as many genome
changes were detected in the AB and BA polyploids as
in the AC and CA polyploids. When the phylogenetic
relationships of the diploid parents are considered, the
data suggest that the higher the degree of divergence
between the parental diploid genomes, the greater
the frequency of nuclear genomic change in the re-
sulting polyploid. Lastly, based on preliminary data,
chromosome rearrangements involving intergenomic
(homoeologous) recombination could be a major fac-
tor contributing to the extensive genome change seen
in these syntheticBrassicapolyploids.

Comparative genetic data indicate that ‘diploid’
Brassicaspecies are themselves ancient polyploids,
with genomes so extensively reorganized that their
polyploid nature was not obvious. Ancient polyploidy
was determined by cross-mapping of the genes of the
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model organismArabidopsisonto the diploidBras-
sica genomes. These studies revealed that ‘diploid’
Brassica genomes consist of three complete, but
rearranged, copies of an ancestralArabidopsis-like
genome [130]. Based on their data, Quiros and
coworkers [185, 186] suggest that the ‘diploid’Bras-
sica species may be ancient tetraploids (rather than
hexaploids). The data not only suggest that ‘diploid’
brassicas are ‘diploidized’ polyploids, perhaps rep-
resenting ancient hexaploids, but also indicate that
Brassicagenomes have evolved through chromosomal
fusions and frequent rearrangements.

Gossypium

The comprehensive studies of Wendel and coworkers
on polyploid cottons have also provided important in-
sights into polyploidization and molecular evolution.
Wendelet al. [256] analyzed five allopolyploid (AD
genome) species of cotton and their A- and D-genome
diploid progenitors for sequence variation in the nu-
clear ITS regions and the 5.8S gene of the rDNA
cistron. These arrays occur at four chromosomal loci
in allopolyploid cotton, two in each of the A and D
parental genomes. Initially, rDNA sequences repre-
senting both the A and D subgenomes must have been
present in allotetraploid cotton. However, these rDNA
arrays have been homogenized in the allotetraploids
by interlocus concerted evolution: only one repeat type
is present in each allotetraploid. This homogenization
has been in different directions in different species;
phylogenetic analyses indicate that the rDNA from
four polyploid cottons has been homogenized to a D-
genome repeat type whereas that of the fifth species
studied is an A-genome type. If not recognized, such
bidirectional interlocus concerted evolution following
hybridization or polyploidy could lead to erroneous as-
sessments of relationship and inferences of molecular
evolution. However, concerted evolution has not ho-
mogenized the rDNA of other polyploid species. Both
parental ITS sequences are still present, for example,
in polyploid species ofPaeoniathat are approximately
one million years old [203].

Other investigations have also revealed the dy-
namic nature of polyploid genomes following their
formation. For example, GISH [31, 109, 135] and
comparative genome mapping [100, 130, 138, 185,
186, 259] have demonstrated extensive reorganization
of some polyploid genomes (for reviews see [135,
218]; paper by Wendel, this volume). Multiple origins
of polyploids and genomic reshuffling are important

sources of genetic diversity in polyploid species; they
are also features of polyploids that must be taken into
consideration by those studying molecular evolution
and conducting genetic studies of polyploids.

Summary

Phylogenetic trees provide a critical underpinning, not
only for systematic studies, but also for investiga-
tions of molecular evolution and comparative genetics.
Hypotheses of relationships, whether based on mole-
cular data (including DNA sequence data, structural
changes, and gene/intron loss), morphology and other
non-DNA characters or a combination of characters,
provide the framework for the most meaningful evo-
lutionary comparisons. Considerable progress in re-
constructing phylogeny has been made at all levels
in the green plant hierarchy of life, including among
green algal lineages, ascertaining the closest relatives
of land plants, across all land plants, among ferns,
and particularly among the angiosperms. From a his-
torical standpoint, this current period during which
phylogenetics has become a central discipline will
likely be remembered as one of the golden ages of
systematics. Phylogenetic analyses conducted at all
taxonomic levels and in all major groups of plants
have provided some of the most dramatic changes in
classification and concepts of relationship to have oc-
curred in the past 100–200 years. The importance of
consulting these and other recent phylogenetic analy-
ses is exemplified well by the angiosperms, where
it is no longer appropriate to use traditional classi-
fication schemes to infer higher-level relationships.
Furthermore, many well-known angiosperm families
are now known to be nonmonophyletic; they are either
polyphyletic or require merger with other families to
form a truly monophyletic group. Phylogenetic hy-
potheses present excellent opportunities for broadly
based investigations of molecular evolution, includ-
ing studies of the diversification of gene families. In
addition, a number of so-called model organisms as
well as a number of crops have now been placed in
the appropriate phylogenetic context; sister taxa and a
clade of closest relatives have been identified. Phylo-
genetic hypotheses provide the opportunity to extend
the knowledge garnered from the study of such model
organisms to the closest relatives of these plants in
natural populations.
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