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Ever since the origin of life, the evolution of living organisms and their hereditary information
has been accompanied by the development of genetic machinery capable of storing, utilizing,
and transmitting this information between generations. Importantly, this machinery has had to
be flexible, able to respond to the environment and evolve. A characteristic feature of the
genetic machinery in eukaryotes is the partitioning of the hereditary information into smaller
portions—chromosomes. Indeed, the appearance of linear chromosomes was one of the great
evolutionary inventions and paved the way for the formation of large and complex genomes, in
plants as well as in animals. Any consideration of plant genome structure, evolution, and
function is thus incomplete if it does not take into account its higher-order structure and the
behaviour of its principal units—the chromosomes.

The chromosome theory of heredity, which linked the behaviour of Mendel’s “factors”
(units of inheritance) with that of chromosomes, was coined by Walter S. Sutton more than a
century ago. This was followed, only a few decades later by Cyril D. Darlington’s demonstra-
tion that the behaviour of chromosomes and meiotic crossing over in particular, was the main
force behind evolution as opposed to single gene mutations and deletions. This set in motion
the quest to understand the nature of inheritance, leading to the discovery of the structure of
DNA and the advent of molecular biology and genomics. At this point the goal seemed clear—
all that was needed was to establish the sequence of bases in the DNA. However, as increasing
amounts of DNA sequences were generated, it became obvious that there was still a lot to
discover about how DNA was organized within chromosomes and how the DNA sequence
information was interpreted, processed, and utilized in the nuclear and cellular environments.
The days when the DNA sequence itself was considered a holy grail are over and we now
know that things are considerably more complicated.

Luckily, progress in genomics has been complemented by advances in understanding the
dynamic structure of chromatin, the organization of interphase nuclei, and the behaviour of
chromosomes during mitosis and meiosis. The latter includes novel insights into modified cell
cycles, which may lead to chromosomes with more than two chromatids. Impressive progress
has also been made in understanding the origin and function of specialized chromosomes (e.g.,
B chromosomes and sex chromosomes) and in appreciating the extent and significance of
polyploidy in plant evolution. Although the frequent occurrence of polyploidy has been known
for a long time based on chromosome counts and behaviour, the advent of DNA sequencing
and comparative genomics has been instrumental in uncovering evidence of further rounds of
polyploidy buried within the genome and now no longer visible at the chromosome level. Such
studies have reinforced and extended our understanding of the significance of this mechanism
as one of the main forces underlying the evolution and large diversity of many plant genomes.
The effect has been multiplied by the extensive structural chromosome changes, which,
together with alterations in chromosome number and genome size, can accompany plant
speciation.
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To fully understand and appreciate the diversity, functioning, and evolution of plant
genomes, a holistic knowledge of the current status in each of these individual areas is vital,
yet there is no single accessible source of information currently available. Thus, we felt it
timely to fill this gap.

This book is the second volume of a two-volume set on Plant Genome Diversity. Our aim is
to assist students and researchers by providing as complete an overview as possible of each
respective area of research. We have succeeded in engaging leading experts in each field who
describe the current state-of-the-art knowledge without overwhelming the reader with details
that can be found elsewhere. What we offer in the present volume are 20 chapters whose topics
have been chosen carefully to provide a complete picture. Each chapter can stand on its own
and thus the reader does not need to read all chapters if he/she is only interested in a specific
area. We sincerely hope that this model serves our readers well. It is up to them to decide if we
have succeeded.

The 20 chapters deal with individual aspects of plant genome structure, function, and
evolution and they are divided into five informal sections.

Evolutionary Framework for Studying the Diversity of Plant Genomes

Although we do not necessarily expect our readers to read all chapters, we do recommend that
those interested in the evolution of plant genomes read the first chapter by Soltis and Soltis
(Chap. 1) who provide an overview of plant phylogeny, with an emphasis on angiosperms.
Among other things, they highlight research projects that have deposited phylogenetic trees in
public databases and can be downloaded for analysis.

Architecture and Dynamics of the Plant Cell Nucleus

In nondiving cells, the chromosomes are organized within the nucleus, although the structural
and functional complexity of this organization is still poorly understood. One can hardly
imagine the intricacy of interactions of DNA with various molecules necessary to control tens
of thousands of genes and process transcripts of genic and non-genic DNA. In addition, this is
all taking place in a tightly packed nuclear environment, which also harbors structures needed
for DNA synthesis and repair, chromosome reduplication, posttranscriptional modifications,
and synthesis of ribosomal subunits, to name but a few. Jones and Langdon (Chap. 2) review
nuclear organization and discuss the consequences of interspecific hybridization, which results
in two different genomes being accommodated within a single nucleus. This cohabitation may
not be peaceful and can result in dramatic structural and epigenetic reorganizations in
subsequent generations.

The way DNA is organized and packaged into chromatin, particularly at the higher-order
level has never been entirely clear although numerous models have been proposed. However,
recent discoveries question even the existence of the 30-nm fibre, which traditionally has been
considered to originate by folding the 11 nm nucleosome fibre. In Chap. 3, Takata et al.
address this topic by describing the composition of chromatin in relation to chromosome
condensation and DNA packing. Moreover, they present a novel model for chromosome
structure, which suggests that the nucleosome fibres exist in a highly disordered state and do
not form 30-nm chromatin fibres at all.

Preface
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In addition to separating the nuclear environment from the cytoplasm, the nuclear envelope
performs many important functions; one of which is the control of molecular traffic between
both cellular compartments. Kiseleva et al. (Chap. 4) describe the composition of the nuclear
envelope, the nuclear pore complexes, and their assembly and function and discuss possible
interactions of the envelope with the cytoplasmic and nucleoplasmic components.

Nuclei are known to contain a variety of nuclear bodies, but only the nucleolus can be easily
identified by optical light microcopy. It is where the cell produces ribosomes, which are
required by the cell in large numbers. Shaw (Chap. 5) summarizes the current state of
knowledge of the nucleolus, which is formed on nucleolar organizing regions of chromo-
somes.

For plants to grow and reproduce, the cells must divide either through mitosis or meiosis.
The aim is that the hereditary material is faithfully transmitted to the daughter cells. Not only
must the chromosomes be fully reduplicated but their chromatids must separate at the right
moment and move in the right direction to form daughter nuclei. In addition, the nuclear
envelope breaks down during cell division and this represents an additional major challenge
for the genetic apparatus. Magyar et al. (Chap. 6) provide an insightful review on molecular
events underlying the mitotic cell cycle and mitosis itself.

Following cell division, cell and tissue differentiation is often accompanied by modified
cell cycles in which the mitosis step is omitted and the nuclear envelope does not break down.
Maluszynska et al. (Chap. 7) outline these different types of endopolyploidy and describe the
molecular pathways involved in switching from the mitotic to the endopolyploidization cycle
and how the number of endocycles are regulated. They also review the occurrence of
endopolyploidy, its biological significance, and the structure of endopolyploid nuclei.

The production of gametes provides an important means to generate genetic variation via
recombination of parental chromatids and their random segregation. Given the complexity of
the process, it is not surprising that it is unclear exactly how the mitotic machinery is modified
for the purpose of meiosis. Nevertheless, Jenczewski et al. (Chap. 8) describe the current
knowledge in this area, covering chromosome dynamics during meiosis, initiation of meiotic
recombination, regulation of double strand break repair, crossover formation and interference,
genetic control of crossing-over formation, and its distribution in polyploids.

Karyotype Diversity Across Plants and Trends in Evolution

One of the ways in which the diversity of plant genomes is manifested is through a wide range
of chromosome numbers. Lysak and Schubert (Chap. 9) explain that in many cases this
originates via chromosome rearrangements. The authors outline in detail the mechanisms of
chromosome rearrangements detectable by microscopic techniques and highlight those that
have had an impact on the alteration of chromosome number and structure during evolution
and thus may have played a role in speciation.

The compartmentalization of genomes into chromosomes has provided opportunities for
the development of specialized chromosomes. One such example is the B chromosome (often
called supernumerary chromosome), and Houben et al. (Chap. 10) describe its structure, DNA
composition, and evolution. The authors explain peculiarities in the behaviour of Bs during
mitosis and meiosis and list various drive mechanisms responsible for retaining Bs in the
population.

Sex chromosomes are another classic example of specialized chromosomes, and Janousek
et al. (Chap. 11) review sex determination systems in various plant groups and, based on
taxonomic distribution, argue that dioecy has originated independently many times during
evolution. The authors introduce the genus Silene as an excellent system to study the evolution
of sex chromosomes and present the first ever evidence of sex dimorphism in dioecious plants.
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Bures et al. (Chap. 12) describe holocentric chromosomes which differ from the more
common monocentric chromosomes by the way in which spindle microtubules attach along
the whole chromosome length through kinetochores that cover a substantial part of their
poleward surfaces during mitosis. They review the occurrence of holocentric chromosomes
in plants and describe their chromatin structure and behaviour during mitosis and meiosis and
the evolutionary processes that have contributed to the diversity of holocentric karyotypes.

The remaining three chapters in this section analyse karyotype diversity in three different
groups of plants. Weiss-Schneeweiss and Schneeweiss (Chap. 13) provide a comprehensive
account of karyotype diversity and evolutionary trends in angiosperms. They discuss in detail
how changes in chromosome number, including dysploidy and aneuploidy, as well as changes
in chromosome morphology contribute to the karyotype diversity observed. They also outline
various cytogenetic methods which can be used to characterize chromosomes in a karyotype
and study their changes during evolution and speciation. Murray (Chap. 14) presents a survey
of chromosome numbers and size variation in gymnosperms, the sister group to angiosperms,
and describes the methods used to analyse karyotype diversity in this group of seed plants.
After reviewing available data, the author concludes that in contrast to angiosperms, gymnos-
perms are characterized by much greater uniformity in chromosome number and karyotype.
The third chapter in this block is by Barker (Chap. 15) who focuses on karyotype and genome
evolution in pteridophytes (monilophytes and lycophytes). He draws attention to the high
chromosome numbers typical of many ferns, particularly the homosporous species, which on
average contain over three-fold more chromosomes than the average flowering plant. Interest-
ingly, there is currently no conclusive answer as to why this should be so although it is
expected that the availability of complete genome sequences will contribute to solving this
long-standing mystery.

Generative Polyploidy

The three chapters in this section evaluate various features of generative polyploidy, which is
widespread in land plants. Husband et al. (Chap. 16) examine patterns of polyploid occur-
rence, such as the variation among taxonomic groups at or above the species level, intraspe-
cific variation, variation in mechanisms of formation, geographic and ecological patterns of
polyploid incidence, and associations between ploidy and reproduction.

Thanks to the advances in DNA sequencing and genomics there is now evidence to suggest
that most seed plants have undergone at least one episode of poylploidization. Thus, one
cannot consider the evolution of land plants without understanding polyploidy. Fawcett et al.
(Chap. 17) explain how the episodes of ancient polyploidization can be identified and dated
and describe the immediate consequences of polyploidization to genes and genomes. They
also discuss changes within polyploid genomes during evolution and the contribution of
polyploidization to the evolutionary success of descendant lineages.

While the majority of studies on polyploidy have focused on angiosperms, Rensing et al.
(Chap. 18) consider the importance of polyploidy in haploid-dominant land plants, the
bryophytes. Here, polyploidy may play an even more essential evolutionary role than in
other evolutionary lineages, rendering a bryophyte more robust against somatic mutations,
while changes in chromosome number through polyploidy can lead to changes in the sexual
system. The need for more genomic data and model species is paramount and the sequencing
of the genome of the moss Physcomitrella patens together with the eagerly anticipated
genome sequences from other moss species and the liverwort Marchantia polymorpha in the
near future should shed further light on genome evolution and the role of polyploidy in these
haploid-dominant land plants.

Preface
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Genome Size Diversity and Consequences

The book closes with chapters that consider the whole genome in bulk. Leitch and Leitch
(Chap. 19) take advantage of the recent increase in the number of species with genome size
data and provide a comprehensive review on diversity of genome sizes across all groups of
land plants. Evaluation of individual groups suggests that most plant genomes are rather small,
probably due to strong selection pressure to limit genome size. Importantly, the chapter also
considers how the diversity in genome size might have evolved. The last chapter of this
volume by Greilhuber and Leitch (Chap. 20) examines the phenotypic correlates of variation
in genome size, which include cell size and cell division rate. It also discusses the theories to
explain the causality behind this variation observed, considers alternative views, and puts
important studies into focus.

There is no doubt that it was an ambitious goal to cover the broad range of biological
phenomena related to the structure, function, and evolution of plant genomes. However, we
were motivated by the lack of a single resource, which is so needed in this era of rapid DNA
sequence data generation. The chapters included in this volume deliver exciting facts from the
history and life of plant genomes and present unanswered questions and hypotheses. We hope
that the readers will find that the time spent with the book is both enjoyable and stimulating.

This volume would not exist without the contribution of the authors of individual chapters.
Busy leaders in their areas of research, they spared precious time to share with us their
knowledge and visions. We cannot be grateful enough for this and we appreciate their efforts
and patience when responding to our requests for revisions. The only reward for them may be a
response from the readers. So why not contact them? Sincere thanks go to the publisher,
Springer-Verlag, Vienna and New York, who initiated and accompanied this project and made
the publication of this volume possible. We appreciate the careful and professional manage-
ment of the project.

RBG Kew, United Kingdom Ilia. J. Leitch
Vienna, Austria Johann Greilhuber
Olomouc, Czech Republic Jaroslav Dolezel
Ames, Iowa, USA Jonathan F. Wendel

March, 2012
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1.1 Introduction

The angiosperms—or flowering plants—comprise an
estimated 260,000 (Takhtajan 1997)-400,000 (Raven in
Jarvis 2007) extant species and occupy nearly all habitats
on Earth except the coldest arctic and polar regions and the
deepest oceans. Their diversification has occurred over a
relatively short timespan, with the fossil record placing the
earliest angiosperms in the early Cretaceous, approximately
132 million years ago. Molecular clock estimates suggest
that the angiosperms are perhaps older, dating to the Jurassic
(e.g., Sanderson et al. 2004; Bell et al. 2005; Bell et al. 2010)
or even the Triassic (Magallon 2010; Smith et al. 2010).

Our understanding of the phylogeny of angiosperms has
improved dramatically in recent years through large-scale
collaborative analyses (e.g., Chase et al. 1993; Soltis et al.
1999; Soltis et al. 2000; Hilu et al. 2003; Soltis et al. 2011) and
the application of molecular data, from single genes to entire
plastid genomes (e.g., Jansen et al. 2007; Moore et al. 2007,
Moore et al. 2010). Likewise, many clade-specific analyses
have clarified relationships within some of the largest groups
of angiosperms: e.g., Monocotyledoneae (monocots sensu
Cantino et al. 2007; subsequent italicized names refer
to phylogenetically defined clades in Cantino et al. 2007),
Chase et al. (2006); Caryophyllales, Brockington et al.
(2009); Eudicotyledoneae (eudicots), Moore et al. (2010);
Campanulideae (campanulids), Tank and Donoghue (2010).
In less than 20 years time, our view of angiosperm phylogeny
has been transformed from a nebulous series of possible
transitions to a well-supported and well-resolved tree of
explicit sister-group relationships (summarized in Fig. 1.1).
The stability of this tree is reflected in the modest changes to
the classification of the Angiosperm Phylogeny Group
(APG) over the past decade (1998, 2003, 2009; summarized
by Stevens 2001 onward) and in the development of
a phylogenetic nomenclature for angiosperms (Cantino
et al. 2007).
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Phylogenetic trees of angiosperms have been used to
address a range of evolutionary and ecological questions,
such as the causes of diversification (Davies et al. 2004), the
evolution of reproductive systems (e.g., Culley et al. 2002),
the evolution of syncarpy and its role in pollination
(Armbruster et al. 2002), and the relationship among phy-
logeny, biogeography, and biodiversity (Donoghue 2008). In
addition, trees for which internal nodes have been dated (e.g.,
Wikstrom et al. 2001; Bell et al. 2005; Bell et al. 2010) have
supplied a framework for many additional studies (Slingsby
and Verboom 2006; Vamosi et al. 2006; Edwards et al. 2007;
Webb et al. 2008).

Recent advances in angiosperm phylogenetics have also
played a significant role in selecting taxa for genetic analysis
and genome sequencing (e.g., Pryer et al. 2002; Soltis et al.
2008). For example, studies of gene family evolution have
focused on representatives of basal angiosperm clades, basal
eudicots, and selected monocots and eudicots (e.g., Kim et al.
2004; Kim et al. 2005; Zahn et al. 2005) to investigate patterns
of gene duplication and loss. The results yield complex
patterns of gene family dynamics—patterns that are not
apparent through analysis of model systems alone. Likewise,
genomic resources (e.g., BAC libraries) have been developed
for a set of phylogenetically important plant species in antici-
pation of eventual genomic analysis and sequencing. Most
recently, genome sequencing of Amborella trichopoda, the
sister to all other extant angiosperms (e.g., Soltis et al. 1999;
Soltis et al. 2000; Hilu et al. 2003; Leebens-Mack et al. 2005;
Jansen et al. 2007), has been initiated, to provide an evolu-
tionary reference for genome analysis within the angiosperms
and across all green plants (Soltis et al. 2008; Chamala et al.

2011). The genome sequence of Aquilegia of Ranunculales,
the sister to all other eudicots, will similarly provide an
evolutionary reference for eudicots and a further point of
comparison among the genomes of Amborella, monocots,
and model eudicots.

Here we provide an overview of plant phylogeny, with an
emphasis on angiosperms, based on the past two decades of
research, to serve as the basis for investigating patterns of
genome evolution. We give a summary, as well as many
original citations, with an emphasis on those analyses that
have deposited trees in public databases, such as TreeBASE,
where they are available for download and analysis.

1.2  Methods of Phylogenetic Analysis:

A Primer

The development of phylogenetic methods during the past
decade has produced a perhaps baffling array of approaches,
algorithms, and software. The state of the art a mere decade
ago was maximum parsimony, with numerous options, e.g.,
TNT (Goloboff 1999), parsimony ratchet (Nixon 1999), to
allow for analysis of perhaps several hundred taxa to a few
thousand (Kallersjo et al. 1999) and one or a handful of genes.
Concerns that sufficient tree space was searched were para-
mount, given the restrictions in memory and speed of most
computers at the time. Maximum likelihood analyses were
possible for only tens of taxa. In the early 2000s, major shifts
occurred to model-based approaches as Bayesian methods
(MrBayes, Huelsenbeck and Ronquist 2001; Huelsenbeck
et al. 2001; and then BEAST, Drummond and Rambaut
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2007), along with maximum likelihood approaches using new respectively). Parallelization has helped to reduce run times
algorithms (e.g., genetic algorithm, GARLI, Zwickl 2006; dramatically for large problems, but has not been universally
RAxML, Stamatakis 2006; Stamatakis et al. 2008), made it implemented to date (although dividing bootstrap analyses
possible to reconstruct large trees (hundreds of taxa) with among an array of processors in a cluster is a form of parallel
confidence scores (posterior probabilities or bootstrap values, analysis that can considerably shorten run times).
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Our assessment is that most projects today employ both
parsimony and at least one model-based approach (typically
RAXML or MrBayes).

Whereas many analyses of phylogeny reconstruction
have embraced model-based methods, most analyses of
character evolution continue to rely on parsimony, despite
the implementation of both maximum likelihood and Bayes-
ian methods for inferring ancestral states and mapping char-
acter variation. Although the reason for this bias is unclear, it
may be that researchers are more comfortable applying
statistical methods to tree selection than to character
mapping, in which parsimony has an intuitive appeal.
Although as in tree selection, likelihood, Bayesian, and
parsimony methods typically produce similar patterns of
character evolution, parsimony results may differ from like-
lihood and Bayesian reconstructions, particularly when
branch lengths are short. We encourage expanded use of
likelihood and/or Bayesian methods for character
reconstructions, at least for comparison with parsimony
results.

Most analyses of plant phylogeny to date have focused on
plastid genes, with an emphasis at deep levels on rbcL, atpB,
ndhF, and to some extent matK. The former two have similar
rates of evolution and are easily alignable, ndhF tends to evolve
slightly more rapidly and is longer (although only part of the
gene is sometimes used), and marK has a higher rate of both
nucleotide substitution and indels, leading to more difficult
alignment. Of course, plastid genes provide only the evolution-
ary history of the plastid, and although this may not be a
concern at the deepest levels of plant phylogeny, one must
consider how well a plastid gene tree may reflect the organis-
mal tree. To date, at deep levels, the only nuclear genes that
have been used widely are the 18S and 26S ribosomal RNA
genes. A number of MADS-box genes have been shown to
track angiosperm phylogeny (Litt and Irish 2003; Kim et al.
2004; Kim et al. 2005; Zahn et al. 2005), but these genes have
not yet been applied solely for the purpose of phylogeny
reconstrution. However, a number of other nuclear genes (or
their introns) have been used at more shallow levels: LEAFY,
APETALA3, PISTILLATA, ALCOHOL DEHYDROGENASE,
GLYCERALDEHYDE 3-PHOSPHATE DEHYDROGENASE,
CHALCONE SYNTHASE, and WAXY, to name a few. All of
this latter set of genes tend to have regions of 1,000 bp (plus or
minus a few hundred) and are generally fairly easy to amplify
with standard primers. However, the use of nuclear genes
carries its own concerns, most notably issues of orthology,
allelic diversity, and recombination, often requiring extensive
cloning, sequencing of clones, and analyses of recombination
prior to phylogenetic analysis. A set of mitochondrial genes
(e.g., matR, atpl, nads, rps3) has also been applied to plant
phylogeny. These genes tend to evolve more slowly than either
plastid or nuclear genes used to date and can supply characters
that are wuseful deep in plant phylogeny. However,
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mitochondrial-based trees have shown evidence of horizontal
transfer of mitochondrial genes (e.g., Won and Renner 2003;
Bergthorsson et al. 2004; Davis and Wurdack 2004) and should
therefore be used in conjunction with other markers, particu-
larly in groups that contain parasites.

1.3  The Phylogeny of Embryophytes:

An Abbreviated Overview

A thorough summary of plant phylogeny is beyond the scope
of this chapter; instead, we present a simple overview to set
the stage for further discussion of genome evolution in plants
and the phylogenetic placement of angiosperms, the focus of
this chapter. Although important for understanding major
patterns of plant evolution, especially in morphological and
anatomical characters, the fossil record plays a less crucial
role in understanding genome evolution, and we have there-
fore largely confined our discussion of plant phylogeny to
extant taxa. However, the fossil record provides a requisite
timeframe on our interpretation of phylogeny, and the phy-
logenetic placement of fossil groups may affect the topology
of extant groups; we therefore introduce data from fossils as
needed in this brief overview but we recognize that our
treatment is incomplete.

The “green plants” (sometimes referred to as
Viridiplantae or viridophytes) are a clade of at least half a
million species with a fossil record that extends back nearly
one billion years. They share a common cyanobacterial
endosymbiotic event with red algae and glaucophytes and
can be diagnosed by chlorophyll b, starch as the storage
product for photosynthesis, and a stellate flagellar structure
(e.g., Judd et al. 2008). A basal split in the green plants
produced two clades, the chlorophytes (mostly marine
“green algae”) and streptophytes (which include freshwater
“green algae” and embryophytes). Mesostigma, a freshwater
“alga”, has been identified as the sister to all other
streptophytes. Subsequently branching lineages include the
Klebsormidiales, the Zygnematales, and the Coleochaetales
and Charales, the limits of which are not completely clear.
Chara (and relatives) and Coleochaetales seem to be the
sister group(s) of the embryophytes, although some recent
studies place Zygnematales in this position (e.g., Timme
et al. 2012). Embryophytes, or land plants, trace their history
to at least the Ordovician and began to diversify extensively
in the Silurian and Devonian. Morphological and anatomical
synapomorphies of the embryophytes are a multicellular
sporangium, thick-walled spores, multicellular gametangia,
an embryo, and a cuticle.

Within the embryophytes, the phylogeny of the major
clades is not fully resolved (Fig. 1.la). For example,
although traditionally recognized as a single taxonomic
group, the bryophytes (consisting of mosses, liverworts,
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and hornworts) are paraphyletic, and the branching order of
these clades relative to the tracheophytes is not yet clear. All
possible branching orders have been proposed. Most mor-
phological and molecular data support liverworts as sister to
all other embryophytes, and the major remaining disagree-
ment is between the topology of (liverworts, (hornworts,
(mosses + tracheophytes))), which is supported by the
shared feature of a sporophyte apical meristem in mosses
and tracheophytes, and (liverworts, (mosses, (hornworts +
tracheophytes))), which is supported by the persistently
green sporophyte in hornworts and tracheophytes (reviewed
in Judd et al. 2008).

The tracheophytes (Tracheophyta) comprise two major
clades, lycophytes (Lycopodiophyta) and euphyllophytes
(Euphyllophyta). Lycopodiophyta comprises Isoetes, Selagi-
nella, and Lycopodiaceae and forms a clade with some of the
most prominent early vascular plants: Cooksonia,
zosterophytes, and Lepidodendrales (Judd et al. 2008).
Extant Euphyllophyta is united by a plastid genome inver-
sion, multicellular sperm, overtopping, and terminal
sporangia on lateral branches. The clade contains two
major clades, Monilophyta and Lignophyta. The former is
composed of Psilotales, Ophioglossales, Equisetales,
Marattiales, and the leptosporangiate ferns (Leptospor-
angiatae). This assemblage of monilophytes was recognized
by Kenrick and Crane (1997) on the basis of stem anatomy
and was later supported by molecular data as well (Pryer
et al. 2001; Pryer et al. 2004). The Lignophyta comprises
several fossil lineages and the Spermatophyta, the seed
plants.

Relationships among seed plants perhaps remain the most
challenging in plant phylogeny. Extensive extinction within
this clade has undoubtedly contributed to the difficulty of
phylogeny reconstruction. The “gymnosperms” as typically
recognized are paraphyletic and include several clades with
extant members (cycads, Ginkgo, conifers, and gnetophytes)
and several other groups that are only found in the fossil record
(Medullosa, seed ferns, glossopterids, Caytonia, Bennetittales).
However, the paraphyly of the “gymnosperms” is not apparent
in molecular-based trees that typically (but not always) recover
reciprocally monophyletic gymnosperms and angiosperms.
When fossils are included in phylogenetic analyses of seed
plants, disagreements exist with regard to both the placement
of many of the non-flowering seed plants and in the sister group
of the angiosperms, and there is little consensus on the overall
phylogeny of all seed plants. It appears that glossopterids,
Caytonia, and Bennetittales are more closely related to
angiosperms than to other “gymnosperms” but beyond that,
there is little resolution. When only extant seed plants are
considered, disagreement still abounds. Most recent studies
have found a topology in which extant gymnosperms and
angiosperms are sister groups, with cycads either sister to all
other extant gymnosperms or sister to Ginkgo, and with

conifers and gnetophytes either sister to each other, or more
often, gnetophytes nested within conifers or within Pinaceae.
Despite extensive study using many sources of data and modes
of analysis, the phylogenetic relationships among extant seed
plants remain unresolved. For analyses that seek to examine
patterns of evolution among angiosperms, this frustrating result
precludes identification of the appropriate outgroup for com-
parative studies.

1.4  The Phylogeny of Angiosperms:
An Overview
1.4.1 Major Clades

Angiosperm phylogeny has been studied extensively in
recent decades, from the perspective of deep-level branching
patterns to clades of closely related species. Ultimately and
ideally, these results will be linked, either through supertree
methods that combine published trees via shared taxa or
through new supermatrix analyses that combine all data
into a single matrix for analysis (see below). Here we will
provide only an overview of the major clades and their
interrelationships, followed by further discussion on some
of the emergent patterns from analyses conducted to date.
Nearly all molecular-based analyses of the past decade
have identified Amborella as the sister to all other extant
angiosperms, most often alone or occasionally with
Nymphaeales (Fig. 1.1b). All analyses are consistent in then
placing Austrobaileyales (comprising Austobaileya, Trimenia,
lllicium, and Schisandraceae) as the sister group to all
other extant angiosperms. This large remainder, the
Mesangiospermae,  comprises  Magnoliidae + Chloranth-
aceae as sister to Monocotyledoneae + Eudicotyledoneae +
Ceratophyllum (Moore et al. 2007). Although long recognized
as an ancient group, the placement of Chloranthaceae has been
elusive, but recent analyses place them as sister to
Magnoliidae. The relationship among magnoliids,
monocots, and eudicots has been very difficult to disentan-
gle, but plastid genome sequences support the sister-group
relationship of monocots and eudicots (+ Ceratophyllum).
Relationships among major clades of monocots are now
clear, but they do not follow traditional taxonomic
circumscriptions. Acorales are sister to all other extant
monocots, and a grade that includes Alismatales, followed
by Petrosaviaceae, subtends a clade comprising the majority
of monocot species diversity. Pandanales + Dioscoreales are
sister to a clade of (Liliales, (Asparagales + Commelinidae)).
One of the most substantial reorganizations of monocot
classification is based on new understanding of relationships
of the former Liliaceae. Although dismantling of this
large family was proposed many years ago, the placements
of its components have not always been clear. Progress has



been substantial, but questions remain. Likewise, relationships
within Asparagales have been difficult to resolve, and
although recent analyses have done much to resolve phylog-
eny, few morphological characters have been idenitifed to
diagnose the component clades. The Commelinidae are
diagnosed by starchy pollen, UV-fluorescent ferulic and
coumaric acids in the cell walls, and Strelitzia-type epicuticu-
lar wax. The clade is large, comprising over 25,000 species,
with diversity spanning grasses to palms. Component clades
are Commelinales, Zingiberales, Arecales, and Poales
(+ Dasypogonaceae).

Within eudicots, a basal grade consisting of Ranunculales,
Proteales, Sabiales, Trochodendrales, and Buxales subtends the
“core eudicots”, or Gunneridae. Gunnerales are sister to the
remaining Gunneridae, the Pentapetalae, which fall into
two major clades (Moore et al. 2010; Soltis et al. 2011):
Superrosidae and Superasteridae (sensu Soltis et al.
2011). Superrosidae comprises Saxifragales, Vitaceae, and
Rosidae, whereas Superasteridae contains Santalales,
Berberidopsidales, Caryophyllales, and Asteridae.
Dilleniaceae, which has been associated with Caryophyllales
in some previous analyses and unplaced in many others,
remains unplaced, with alternative placements in Superrosidae
and Superasteridae (see below). The positions of most major
clades of core eudicots (Gunneridae) remain unchanged rela-
tive to earlier studies (e.g., Soltis et al. 1999; Soltis et al. 2000;
Soltis et al. 2005), although additional resolution has been
obtained in both the Rosidae and Asteridae (see Soltis et al.
2011, and references therein).

Phylogenetic analyses of the angiosperms at these deep
levels have resulted in new classifications, such as the
Angiosperm Phylogeny Group’s (APG) (1998, 2003, 2009)
classifications at the familial and ordinal levels, with rank-
free names assigned to clades corresponding to groups larger
than recognized orders. An alternative rank-free classifica-
tion has also emerged (Cantino et al. 2007), with phyloge-
netic definitions provided for many of the clades that
correspond to those recognized at the ordinal level and
above in the APG system.

1.4.2 Repeated Radiations

A prominent pattern apparent in the angiosperm phyloge-
netic trees is a series of polytomies interspersed by regions
of well-resolved relationships (see Soltis et al. 2005; Soltis
et al. 2008; Wang et al. 2009; Soltis et al. 2010). Although
polytomies may be due to insufficient data or taxon sam-
pling, they may also represent real radiations. Within the
angiosperms, several apparent radiations have persisted
through the addition of new data and more taxa, suggesting
that in fact these radiations are real.
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The origin of the angiosperms themselves has often been
considered a rapid radiation, based on the fossil record and
Darwin’s words themselves: “The rapid rise and early
diversification of angiosperms is an abominable mystery. ..”
(Darwin 1903). However, phylogenetic reconstructions sug-
gest instead that the angiosperms radiated, not immediately
upon their origin, but a few nodes subsequent to the common
ancestor of all extant angiosperms (Mathews and Donoghue
1999; Soltis et al. 1999; Soltis et al. 2005). This radiation
corresponds to the diversification of the Mesangiospermae
(sensu Cantino et al. 2007), the clade comprising
magnoliids, Chloranthaceae, monocots, Ceratophyllaceae,
and eudicots—in other words, all angiosperms except
Amborella, Nymphaeales, and Austrobaileyales (see Moore
et al. 2007). Subsequent radiations appear to follow the
origin and early diversification of many large clades of
angiosperms: for example, within the eudicots (Eudicoty-
ledoneae), within the core eudicots (Gunneridae), within
Rosidae (and within the fabid and malvid clades, Fabidae
and Malvidae, of Rosidae), within the Asteridae, and within
clades of monocots, to name a few.

Attempts to find causes for these apparent radiations have
met with mixed success. One of the most extensive analyses
of possible factors associated with radiations addressed both
the early radiation of the angiosperms themselves and
subsequent radiations (Davies et al. 2004). Davies et al.
(2004) tested a range of traits reflecting prominent
hypotheses for the “success” of the angiosperms on rates of
diversification and found no significant association at any
level of the tree. Despite the lack of significance of specific
features, radiations within the angiosperms may be
explained by biotic factors and cospeciation with other
clades. For example, modern ferns diversified alongside
angiosperms, suggesting either that angiosperms provided
new habitats for ferns or that the same causal factors allowed
diversification of both clades (Schneider et al. 2004). More-
over, within the angiosperms, the radiation of the rosids is
associated with radiations in several other clades, such as
ants, amphibians, and even primates (see Wang et al. 2009,
for review). Other possible biotic interactions, such as those
with mycorrhizal fungi, may also have contributed to
radiations of angiosperms.

Recent observations of gene duplications at or near nodes
associated with radiations are suggestive of a causal role of
genetic or genomic factors in these radiations themselves.
For example, coincident gene duplications in multiple
subfamilies of the MADS-box gene family prior to the origin
of the angiosperms raised hypotheses about the role that
these duplications in genes important in the specification of
floral organ identity and other features of the flower may
have played in the early evolution of angiosperms (Buzgo
et al. 2005; De Bodt et al. 2005; Zahn et al. 2005). Likewise,
similar patterns of duplication appear to be associated with
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the early evolution of the eudicots, again suggesting a causal
role in the floral changes that occurred at that point in
angiosperm phylogeny and a further role in diversification
(for reviews see Soltis et al. 2006; Soltis et al. 2009b).
Finally, duplications in the CYCLOIDEA gene family sug-
gest possible roles in both floral and species diversification
in asterids (Howarth and Donoghue 2006).

Coincident gene duplications at specific nodes are sug-
gestive of whole-genome duplications (WGD; see Buzgo
et al. 2005; De Bodt et al. 2005; Zahn et al. 2005; reviewed
in Soltis et al. 2009a; Soltis et al. 2009b), and it may be that
WGD rather than duplications of specific floral genes trig-
gered radiation. Whole-genome duplication (polyploidy)
has, in fact, been suggested as the impetus for angiosperm
success following the K-T boundary (Fawcett et al. 2009).
Genomic data have revealed unsuspected episodes of WGD
throughout green plants (see below; Blanc and Wolfe 2004;
Cui et al. 2006; Soltis et al. 2009a; Jiao et al. 2011 for
review). In several instances, the clade marked by WGD is
more species-rich than the sister clade that lacks the dupli-
cation; however, genomic data are lacking for a sufficient
number of species to allow for thorough statistical analyses
of heterogeneity of diversification rates (Soltis et al. 2009a).
Additional data for more species, so that WGD events can be
plotted more accurately on a phylogenetic tree, are needed.

1.4.3 Unresolved Relationships

Given the recent progress in angiosperm phylogenetics, few
major issues of deep-level relationships remain, although
problems abound within clades recognized as “orders” and
“families” sensu APG. Among deep-level problems, one of
the most perplexing placements is that of Dilleniaceae,
which occupies different positions depending on the data
set and analysis, from sister to Superrosidae (sensu Soltis
et al. 2011), to sister to Superasteridae (sensu Soltis et al.
2011), to sister to Superasteridae + Superrosidae (see Soltis
et al. 2011, for discussion). Other prominent areas requiring
further analysis include: (1) the branching order among basal
eudicots; (2) relationships among major clades of rosids; (3)
relationships within Malpighiales; (4) Lamiales. Most of
these regions can most likely be resolved with additional
taxa and DNA sequence data, although problem areas such
as Malpighiales have recently received substantial attention,
with at least some progress (Wurdack and Davis 2009).

1.4.4 "Big Trees”

Until recently, most tree reconstruction algorithms could not
handle data sets of 1,000 or more terminals. However, recent
modifications have yielded trees with many thousands of

species (e.g., Goloboff et al. 2009; Smith et al. 2009;
Smith et al. 2011). The most recent tree generated by
Smith et al. (2011)—with 55,000 taxa!—used a newly
adapted version of RAXML, demonstrating the ability to
use model-based approaches for “big tree” reconstruction.
The concern with such large trees, however, is their accu-
racy: with so many terminals, the thoroughness of the
searches is reduced, raising the question of the accuracy of
the results. The overall structure of the Smith et al. (2011)
55,000-taxon tree is quite similar to trees based on far fewer
taxa (such as the 640-taxon tree of Soltis et al. 2011),
suggesting that for many purposes, this very large tree will
be very useful. However, without further diagnostics on the
performance of tree reconstruction at this large scale, many
close relationships may require cautious acceptance. And
this may be an issue for studies aimed at reconstructing the
evolution of genes or specific genomic traits at a fine scale.
Nevertheless, breakthroughs in tree reconstruction will
undoubtedly lead to new and exciting opportunities for
learning about the evolution of plant genomes.

An alternative to the supermatrix approach described
above is the construction of a supertree from smaller trees
with overlapping taxa (see Sanderson et al. 1998; Davies
et al. 2004). Supertree methods take advantage of vast
amounts of data collected and analysed in the past to produce
a summary of phylogenetic inferences contained in
published trees. Although not without their own problems,
supertrees offer a solution to generating large phylogenies.
Recent methods that combine elements of supermatrix and
supertree approaches show particular promise.

Studies of Genome Evolution
in Angiosperms

1.5

Hypotheses on patterns of chromosomal evolution in the
angiosperms abound. Classical perspectives were based on
integrated inferences on ancient and recent polyploidy, pro-
cesses of chromosomal fission and fusion, and relative
“advancement” of a taxonomic group. More recently, it has
been possible to test hypotheses of increases and decreases in
chromosome number and genome size by mapping these
characteristics across an explicit phylogenetic tree.
Longstanding hypotheses of chromosomal evolution have
suggested that the ancestral chromosome number for
angiosperms ranged from x = 6-9, with x = 7 a commonly
proposed base number (e.g., Stebbins 1950; Ehrendorfer et al.
1968; Stebbins 1971; Raven 1975; Grant 1981). Chromosome
numbers in angiosperms vary dramatically, from 2n = 4
(e.g., Haplopappus gracilis, Asteraceae) to 2n = c. 640
(Sedum suaveolens, Crassulaceae), a 160-fold difference
(Unl 1978). However, it is clear that genome size varies
independently of chromosome number, with genome size



ranging from 1C = 0.065 pg to 1C = 152.23 pg, a c. 2,400-
fold difference (Greilhuber et al. 2006; Pellicer et al. 2010;
Leitch and Leitch, 2013 this volume). Previous reconstructions
of genome size across angiosperms found that the ancestral
genome was “very small”, with 1C < 1.4 pg (Leitch et al.
1998; Soltis et al. 2003), with multiple increases and decreases
in genome size from this ancestral condition.

Another clear attribute of angiosperm genomes is poly-
ploidy, and events of whole-genome duplication have also
been mapped across an angiosperm tree (Soltis et al. 2009a).
Whereas polyploidy has long been recognized as an impor-
tant speciation mechanism in angiosperms, events of
genome duplication were long considered to be confined to
the tips of the tree, with a few putative cases of ancient
polyploidy, e.g., Magnoliaceae, Lauraceae, Salicaceae
(Stebbins 1950; Stebbins 1971). Remarkably, genome
sequencing studies have revealed multiple rounds of genome
duplication throughout the evolutionary history of
angiosperms. The surprising finding that the very small
genome of Arabidopsis thaliana has undergone multiple
rounds of duplication set the stage for investigations of
other unsuspected events of genome duplication, and all
other angiosperms sequenced to date likewise exhibit
signatures of ancient duplication (see Soltis et al. 2009a;
Fawcett et al. 2013, this volume). As more genome
sequences are generated, it will be possible to map these
duplication events more clearly onto a phylogenetic tree.
From there, hypotheses of possible causal effects of genome
duplication may be tested.

1.6 Future Prospects
1.6.1 New Scope, New Tools
Despite the progress in reconstructing the major

relationships within the angiosperms, much remains to be
done to produce a comprehensive phylogeny. One approach
to increasing taxon sampling is to include all species that are
represented in GenBank, regardless of gene. Methods such
as those explored by Driskell et al. (2004) have proven that
even very sparse matrices can yield reasonable phylogenetic
trees. A modification of this approach that includes only
species for which any of a small, specified set of genes has
been sequenced (Smith et al. 2009; Smith et al. 2011) has
resulted in a 55,000-taxon tree, generated using maximum
likelihood (via RAxXML, Stamatakis 2006), that has been
used to address the evolution of various traits (Smith et al.
2011). The ability to generate trees of this size is a recent
breakthrough and sets the stage for future large-scale
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analyses. Whereas until recently, the limitation in
phylogenetics was computational power, the bottleneck
very soon will be a lack of data. Tools being developed by
the iPlant Collaborative (iplantcollaborative.org) will soon
be available for large-scale tree reconstruction and post-tree
analyses.

An alternative approach to using data fortuitously avail-
able from GenBank is the deliberate generation of new data
for taxa not represented in GenBank. For example, only a
fraction of the estimated 15,000 genera of angiosperms are
included in GenBank. Although most genera are likely not
monophyletic (Judd et al. 2008), generic-level classification
reflects a loose assessment of diversity and therefore a
framework for ongoing phylogenetic analysis. However,
substantial specimen collecting, including samples for
DNA analysis, is needed to conduct such a study. Thus,
given new developments in phylogenetic software, perhaps
the major limitation to a comprehensive angiosperm phylo-
genetic tree is the lack of material for molecular analysis.

1.6.2 Improved Access to Data, Trees,

and Tools

Until now, most phylogenetic reconstructions of morpholog-
ical, physiological, ecological, or other characters have
involved, initially, sharing of trees and data sets by
systematists and, more recently, downloading published
trees and data from public databases such as TreeBASE
(treebase.org) and Dryad (datadryad.org). These analyses
have been necessarily limited to those taxa included in
prior phylogenetic trees, without representation of those
taxa that might be of greater interest from the perspective
of morphology or other traits. A solution is to reconstruct a
new tree that includes such taxa, but large phylogenetic
analyses may not be feasible for those interested in
reconstructing patterns of character evolution. New
approaches, such as an automatically generated tree with
each new GenBank release (every 2 months) and the avail-
ability of data matrices and computational resources for tree
estimation, are being developed by the iPlant Collaborative.
Implementation of these tools will facilitate customized
phylogenetic analyses and lead to ‘“democratization” of
angiosperm phylogenetics. Continued investment in phylo-
genetic cyberinfrastructure to address such issues as reticu-
lation, horizontal gene transfer, and patterns of character
evolution will lead to further advancements in our under-
standing of angiosperm evolution.
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2.1 Introduction

The organization of the plant nucleus has been seen as a key to
understanding the workings of plants themselves for the past
two centuries. This aspiration seems to be being finally realised
as new sequencing technologies are helping to draw together
old strands of research as well as supporting novel approaches
to bridge the gap between cytological and molecular scales of
description; and recent advances in understanding epigenetic
processes and mechanisms are providing a fresh perspective on
studies of interphase organization. The inevitable caveat is that
new questions may need to be answered, as the comparative
detail now available throws up additional complexities which
were previously hidden. Chief among these is the extent to
which the genome is not constant within a species. Limited
surveys of genes and genomic regions in maize revealed some
years ago that there was more genetic diversity within this one
species than between humans and chimpanzees; and a more
recent genome wide survey indicates that if anything this was
an underestimate (Gore et al. 2009). More generally in both
animals and plants, intragenic copy number variation in non-
repetitive sequences is being found to rival that seen in hetero-
chromatic repeats; 10% or more of coding sequences show
copy number variation in maize and rice (Ding et al. 2007,
Springer et al. 2009). Nuclear organization in many plants must
therefore be capable of accommodating a wide range of struc-
tural and nucleotide polymorphisms without suffering detri-
mental effects; indeed, maize itself demonstrates that the
hybridization of divergent parents may be strongly advanta-
geous (Shull 1948). This plasticity may explain the ability of
many wide crosses to eventually generate stable derivatives,
which in turn is likely to underpin many of the numerous
examples of reticulate evolution being found. Nevertheless,
interspecific hybridizations have often been shown to trigger
genome wide reactions, frequently followed by structural and
epigenetic reorganization in subsequent generations, which can
be seen as a war between parental genomes. Here we review
some of the aspects of nuclear organization that may underlie


mailto:rnj@aber.ac.uk

Chromosome territories in an
Arabidopsis interphase nucleus,
for one pair of chromosomes.

N = nucleolus
@ = centromeres
@ = telomeres

Fig. 2.1 Highly schematic representation of the disposition of
chromosomes in species with a small (a) (Arabidopsis) and a large
(b) (hexaploid wheat) genome. Probes identify the centromeres (red)
and telomeres (green). The chromosome territories in Arabidopsis are
visualized with chromosome-specific probes from pools of BAC

incompatibilities, and indicate some of the changes that may be
required to restore if not peace, then at least a truce.

2.2  General Aspects of Organization

in the Peaceful Nucleus

A number of significant discoveries on the structure of the
nucleus were made early on, at the limits of what could
then be observed with the light microscope. In 1885 Rabl
first described the arrangement of the chromosomes of
salamanders in terms of the orientation of their centromeres
and telomeres. He explained how the anaphase configuration,
with the telomeres at the nuclear periphery of adjacent daugh-
ter cells and the centromeres at the relic poles, was maintained
through to the following interphase (Rabl 1885). Laibach
(1907) later made the remarkable finding that the number of
chromocentres in Arabidopsis corresponded to the number of
chromosomes, and Heitz (1928) demonstrated the continuity
of the structure of chromosomes throughout the cell cycle in
Pellia endiviifolia, using blocks of constitutive heterochroma-
tin as markers for the identity of individual chromosomes. An
early inference was that the interphase nucleus would be
made up of discrete chromosomal territories (CTs) (Boveri
1909), and each subsequent development of microscopic
techniques has improved our understanding of the nuclear
architecture of CTs and its impact on gene expression
(reviewed in Rouquette et al. 2010). Most recently, direct
3D analysis of living cells using green fluorescent protein
(GFP) tags and BACs, and of accurately fixed material by
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A pair of telophase nuclei showing the
string-like organisation of rye chromosomes
and the maintenance of the Rabl orientation
through mitosis in wheat-rye addition lines.
& = centromeres

&= telomeres

contigs; whereas in wheat individual chromosomes, present as a
wheat/rye addition line 1R, can be seen by probing with whole genome
DNA which discriminates between the dispersed repeats of wheat and
rye chromatin

confocal methods, has been extended by indirect analysis via
sequencing of DNA retrieved from common pools of cross
linked proteins (3C, 4C, 5C and HiC methods), which is
providing resolution beyond the limits of microscopy
(Rajapakse and Groudine 2011). Nevertheless, the role and
even the extent of CTs remains unclear, and it appears that
this is as much because of inherent variability as because of
technical limitations.

This variability is well illustrated by the inconsistent
occurrence even of Rabl arrangements. They do appear to
be a fixture of plant species with relatively large genomes
(such as wheat, oat, barley, Vicia faba and Allium cepa, all
with genomes in excess of 1C = 5,000 Mb), where probes
identifying alien segments can be used to show chromosome
arms assuming a string-like form running between the
centromeric and telomeric nuclear poles (Abranches et al.
1998) (Fig. 2.1). On the other hand, plant species with small
genomes (such as sorghum, rice, Arabidopsis, and brassicas,
with genomes of less than 1C = 1,000 Mb) generally lack
the Rabl arrangement. This can be observed, for example,
by 3D reconstruction of living cells of A. thaliana after
tagging with a GFP probe, where the centromeres are pre-
dominantly dispersed around the nuclear periphery in dif-
ferent cell types (Fang and Spector 2005) although the
telomeres are associated within the nucleus core around
the nucleolus (Armstrong et al. 2001). As a result individual
Arabidopsis chromosomes appear as radial euchromatic
loops emanating from the heterochromatic centromeric
chromocentres when painted with specific BAC markers
(Fransz et al. 2002). Maize, with 1C = 3,000 Mb of



