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Preface

Ever since Darwin, biologists have been interested in understanding the intricacies of natural

variation patterns and the evolutionary forces that shape this diversity. Although these dual

objectives have long been central goals in evolutionary biology, they recently have assumed a

new prominence arising from the development of breathtaking new genomic technologies and

their application to natural systems. These technological leaps have invigorated the already

thriving discipline variously referred to as molecular evolution, or genome evolution, or

sometimes evolutionary genomics, empowering it with a vastly expanded insight into the

diversity of genomes and their evolutionary dynamics. As a result, excitement in the discipline

has never been higher. Notwithstanding this vibrancy and the attendant meteoric rise in the

number of published papers and professional journals devoted to molecular evolution, remark-

ably few books on the topic are available. To be sure, there are a number of classic texts,

written more than a decade ago, just as the genomics revolution was ramping up, and a larger

suite of hybrid books variously combining aspects of bioinformatics, genome evolution,

population genetics, and methods of phylogenetic inference. To date, however, there exists

no single modern treatment of what we have learned about the diversity and evolution of plant

genomes and their various genomic residents.

It was to fill this void that the present project was initiated. Inspired by the seemingly ever-

expanding pace of insights into the evolution of plant genomes, and motivated by the desire to

provide for students and researchers a single point of entry into a burgeoning literature, we

invited leading authorities in plant molecular evolution to participate in a project aimed at

providing a comprehensive (but not encyclopedic) yet accessible introduction to the current

state of the art in the field. This is accomplished here in a total of 16 chapters that collectively

cover the discipline. Although these are arranged in a logical progression and are

interconnected, each chapter also serves as a stand-alone introduction and review, thus

providing a text that may flexibly be used by advanced undergraduate students, graduate

students, and professionals in many fields in the plant sciences and beyond.

The volume appropriately begins (Flagel and Blackman, Chap. 1) with a review of the

immense insights that have been gleaned from plant genome sequencing projects, as well as a

prospective view of both the promises and challenges that lie ahead. This is followed by two

complementary chapters on the primary constituents of plant genomes, namely, transposable

elements (TEs); the first of these (Kejnovsky et al., Chap. 2) focuses on the diversity of TEs,

their genomic ecology, and their role in genome size evolution, whereas the second (Slotkin

et al., Chap. 3) reviews the remarkable role TEs play in genetic and epigenetic regulation, and

as evolutionary fodder for the origin of novel genes and for chromosomal evolution. Perhaps

the most obvious features of chromosomes are centromeres and telomeres, for which our

knowledge regarding structure and evolution have been dramatically increased by genomic

technologies, as reviewed by Hirsch and Jiang (centromeres, Chap. 4) and Siomos and Riha

(telomeres, Chap. 5).
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Having described the major structural features and organization of plant genomes, we turn

our attention to smaller genomic residents, including small RNAs, for which Lee et al. (Chap. 6)

present a synopsis of the diversity, regulatory roles, and evolution of the different classes of

small RNAs. This is followed by a chapter on genic evolution, with a special focus on rate

variation within and among lineages and the utility of this information for timing divergence

events (Burleigh, Chap. 7), and on the detection and significance of conserved non-coding

DNA (Subramaniam and Freeling, Chap. 8). Mowers et al. (Chap. 9) and Wolf (Chap. 10)

offer timely reviews of the structure and evolutionary dynamics of plant mitochondrial and

plastid genomes, respectively.

One of the key emergent realizations of the genomics era has been that plant genomes are

replete with evidence of historical and ongoing duplications, large and small. Barker et al.

(Chap. 11) review the processes that generate duplications as well as their longer term

evolutionary outcomes, whereas Nieto-Feliner and Rossello (Chap. 12) present an update on

a curious non-Mendelian consequence of sequence multiplicity, namely, sequence homogeni-

zation via one or more means of “concerted evolution’’. Paterson et al. (Chap. 13) further

describe the consequences of genome duplication and divergence on longer-term colinearity

and synteny relationships among divergent lineages. A final consequence of genome diver-

gence, variation in base composition, is considered by Šmarda and Bureš (Chap. 14), who

provide an overview of the phenomenon and its possible causative forces. We close with two

chapters devoted to the vibrant new frontier of plant epigenomics, one (Zhang, Chap. 15)

describing the epigenetic landscape in plants and the various forms of chromatin modification,

and the second (Richards et al., Chap. 16) devoted to the evolutionary signification of

epigenetic variation.

We are living in a tremendously exciting time to be a biologist, perhaps one that in the

future will be thought of as having been a “golden era’’, replete with technological and

conceptual breakthroughs. We hope that you find this volume evocative in this sense, as

stimulating to read as it was to produce, and inspiring in the promise of its content.

Of course there are many people to thank for bringing this project to fruition. First and

foremost are the many authors, who are experts in their field and hence are very busy people.

Yet they willingly and generously set aside the time to imagine and create their contributions.

To them I offer my sincere appreciation. I also offer thanks to many of my professional

colleagues, who reviewed drafts of the manuscripts and offered numerous insights and

suggestions for improvement. It should go without saying that this book would not have

been possible without the vision of the publisher, Springer-Verlag, who recognized that this

volume would fill an important and presently largely vacant niche, and for moving the project

along expeditiously toward completion. Finally, I need to express my delighted gratitude to

my co-editors of this soon-to-be two volume set, Ilia Leitch, Jaroslav Doležel, and especially

Editor-in-Chief Johann Greilhuber, for their many modes of assistance throughout project

conception and execution.

Ames, Iowa (United States) Jonathan Wendel
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1.1 Introduction

The genome of Arabidopsis thaliana, the first completed

plant genome sequence, was published in December of

2000 (The Arabidopsis Genome Initiative 2000). This

event marked the beginning of the plant genomics era.

Over the next 10 years, there has been swift and striking

progress in the field of plant genomics. An outpouring of

effort coupled with technological advances has made it

possible to sequence, assemble, and analyze the genomes

of many additional plant species, including several genomes

far larger and more complex than Arabidopsis. These

changes have ushered in comparative plant genomics, the

study of relationships between genomes of different species.

Comparative genomic analysis has proven particularly

enlightening in revealing recent and ancient events that

have impacted the structure and contents of plant

genomes; and this field is poised to grow rapidly with the

advent of high throughput “Next-Generation” sequencing

technologies.

In this chapter we revisit some of the breakthroughs and

insights that have emerged from the first decade of plant

genomics. We summarize our current understanding of plant

genomes, based on more than a dozen published sequences.

This is followed by a discussion of the opportunities and

challenges that we anticipate over the next decade. We have

organized these topics in three chronological phases. In the

first phase we focus the on A. thaliana genome, which on its

own yielded a plethora of discoveries and set the stage for

further plant genome sequencing. In the second phase we

look beyond Arabidopsis to the next wave of plant genomes

and the lessons learned from comparing them to A. thaliana

and to one another. Finally we look forward, into a future

where the cost of sequencing a plant genome may be orders

of magnitude cheaper than it is today, and we consider the

rewards and challenges that this new technological capabil-

ity will bring.
L.E. Flagel (*)

Department of Biology, Duke University, 90338, Durham, NC 27708,
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1.2 Arabidopsis: The Beginning of the Plant
Genomics Era

Scientific studies of A. thaliana began in its native Europe in

the early 1900s. Seminal research was conducted by

Friedrich Laibach and colleagues who developed the first

mutants and promoted A. thaliana as a tractable species

for experimentation (Somerville and Koornneef 2002;

Koornneef and Meinke 2010). Arabidopsis thaliana
possesses a suite of life history traits that make it a conve-

nient study system, including prodigious seed production,

small stature, modest growth requirements, cross- and self-

pollination compatibility, and a short life cycle. Interest

grew steadily among other European researchers who were

attracted by the convenience of working with Arabidopsis
and by stimulating early experiments that demonstrated

the power of this new system (Meinke et al. 1998;

Somerville and Koornneef 2002; Koornneef and Meinke

2010). By the late 1970s Arabidopsis research communities

were well-established in the United States and elsewhere,

and by the early 1990s—following a string of major

discoveries—A. thaliana had cemented itself as the model

organism for many forms of basic plant research (Somerville

and Koornneef 2002; Koornneef and Meinke 2010). By this

time Arabidopsis researchers had developed a rapid genetic

transformation system (Feldmann and Marks 1987), and

work was well underway toward characterizing thousands

of mutants and assessing the natural variation of the species.

Simultaneous advances in DNA sequencing technology

made whole genome sequencing a reasonable proposition.

With an active community and an enviable collection of

research tools now in place, it became clear that A.
thaliana—with its diminutive 125 million base pair

genome—was the top plant candidate for whole genome

sequencing.

The Arabidopsis Genome Initiative (AGI) was formed in

1996 (Bevan 1997), putting in place the funding, organiza-

tional, and intellectual apparatus needed to sequence and

analyze the genome. The AGI elected to sequence the acces-

sion “Columbia”, a fecund inbred line that had been used as

the wild type strain in many studies dating back to the 1960s

(Koornneef and Meinke 2010). AGI also chose the genome

sequencing strategy, the so-called BAC-by-BAC method,

which involves recapitulating the linear order of the genome

in a series of large genomic fragment clones. Initial reports

of the second and fourth chromosome assemblies (Lin et al.

1999; Mayer et al. 1999) were followed by reports of the

remaining three chromosomes and a detailed analysis of the

complete genome in December of 2000 (The Arabidopsis

Genome Initiative 2000; the publications of first, third and

fifth chromosomes referenced therein). At the time of publi-

cation A. thaliana was the third multicellular eukaryote to

have its entire genome sequenced, following the nematode

(Caenorhabditis elegans) and fruit fly (Drosophila

melanogaster).
The genome assembly consisted of approximately 115.4

million nucleotides. The estimated genome size of A.

thaliana is approximately 125 million base pairs, however,

indicating that approximately 10 million base pairs remained

unassembled (The Arabidopsis Genome Initiative 2000). A

substantial portion of this unassembled sequence likely

originates from highly repetitive areas such as centromeres,

and consequently the finished assembly is arranged in ten

linear molecules, each representing a chromosome arm from

one of A. thaliana’s five chromosomes. Now, even a full

decade later, much of this unassembled sequence is still

unaccounted for, and may remain so for some time to

come. Despite this limitation, the assembled portion of the

Arabidopsis genome would prove to be invaluable to the

plant research community.

It is difficult to overstate the novelty and transformative

impact of the AGI’s findings. Their analyses offered numer-

ous insights, many of which may now seem almost self-

evident given the rapid pace of plant genomics research.

With the benefit of hindsight, we must consider the weight

of these discoveries and basic descriptions at a time when

there was little knowledge regarding plant genome architec-

ture. For example, the basic genome organization offered

interesting perspectives. Prior to the availability of the

Arabidopsis genome, cytogeneticists had determined that

plant genomes had two well-defined domains, heterochro-

matin and euchromatin. Heterochromatin consists of densely

packed DNA, whereas euchromatin is loosely packed, and

both are easily distinguished by chromosome staining

techniques. This cytogenetic work suggested that genes

would largely be found in euchromatin, because regulatory

machinery could access them within the loosely packed

structure. In Arabidopsis, genes were largely found in

regions between the centromere and telomere that closely

matched cytogenetically identified euchromatin (Lin et al.

1999; Mayer et al. 1999; The Arabidopsis Genome Initiative

2000). Moreover, transposable elements showed the oppo-

site pattern, being most abundant near the heterochromatic

centromeres and rare in gene-rich euchromatin. Despite

being an anticipated result, this finding confirmed the gen-

eral layout of a plant genome and provided a link between

the cytogenetic and physical landscapes of the genome. Only

a decade ago the aforementioned plant chromosomal orga-

nization was an unconfirmed hypothesis; the Arabidopsis

genome provided the first concrete support.

Additional major insights came from cataloging gene

content. As previously mentioned, A. thaliana has a small

genome, in fact one of the smaller genomes known in plants.

It was initially reported that approximately 25,500 genes

reside within this relatively small genome (The Arabidopsis

2 L.E. Flagel and B.K. Blackman



Genome Initiative 2000). Since that time, this number has

been revised slightly upward to approximately 27,400

(TAIR 9 genome release; www.arabidopsis.org), reflecting

improvements in gene discovery and annotation. Nonethe-

less, given its small genome size, the A. thaliana genome is

densely populated with genes, having approximately one

gene every 4.5 kilobases (kb) on average (The Arabidopsis

Genome Initiative 2000). A surprising amount of insight

derives from this simple finding. For one, the total number

of genes in A. thaliana is greater than in some eukaryotes (D.

melanogaster and Saccharomyces cerevisiae, for example),

and comparable to others (for example, C. elegans and

several mammals). Plants are sessile and must adapt to

their local environment, while at the same time maintaining

all the necessary equipment needed to generate their own

energy and synthesize scores of complex biomolecules. In

light of these demands, it is impressive that A. thaliana
accomplishes these feats with such a modest number of

genes. A second implication of this finding is that plants

with much larger genomes than A. thaliana must either have

many more genes or considerably lower gene density. As we

know now, the answer appears to be primarily the latter

alternative, as no diploid plant genome sequenced to date

has more than approximately 60,000 genes (Velasco et al.

2010) despite haploid genome sizes more than an order of

magnitude greater than A. thaliana (Fig. 1.1).

Beyond simply counting genes, the initial Arabidopsis

genome analysis focused on the functional characteristics

and evolutionary relationships of these genes. By comparing

the gene content of A. thaliana to other major lineages avail-

able at the time (bacteria: Haemophilus influenzae, fungi: S.
cerevisiae, animals: D. melanogaster and C. elegans), the

100

100000

1000

10000

Arabidopsis thaliana

maize (Zea mays)

alfalfa (Medicago sativa)

bamboo (Phylolostachys nigra)

eucalyptus (Eucalyptus grandis)

oilseed rape (Brassica napus)

potato (Solanum tuberosum)

pine (Pinus taeda)

soybean (Glycine max)

snapdragon (Antirrhinum majus)

Amborella trichopoda

pineapple (Ananas comosus)

tulip (Tulipa gesneriana)

licorice fern (Polypodium glycyrrhiza)

bread wheat (Triticum aestivum)

blue agave (Agave tequilana)

papaya (Carica papaya)

rice (Oryza sativa)

cucumber (Cucumis sativus)

Sorghum bicolor 

Physcomitrella patens

Genome Sequence Published Genome Sequence Unpublished 

Estimated 1C Genome Size (Mbp on logarithmic scale)

Fig. 1.1 Comparison of plant genome sizes for selected species,

including some with (left side) and some without (right side) sequenced
genomes. All plant genome size estimates were taken from the Kew

Plant C-values Database (Bennett and Leitch 2010), and are plotted in

millions of base pairs (Mbp) on a logarithmic scale
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AGI concluded that about 150 major protein families were

unique to A. thaliana (The Arabidopsis Genome Initiative

2000). At first blush this seems surprisingly low. The diver-

gence of the plant lineage from an ancestral eukaryote is

estimated to have occurred 1.5 billion years ago (Yoon

et al. 2004), leaving a very long time period for plants to

invent new kinds of genes. Two factors likely explain this

result. First, there are a large number of basic processes

conserved among most organisms—signaling, transcription,

genomic maintenance, and metabolic functions are good

examples—and these processes involve conserved genes

and gene families that encode the core metabolic functions

of a living cell. For example, a collection of orthologous

eukaryotic proteins show that A. thaliana shares 3,285 gene

families with at least one other anciently-derived lineage,

including the animals C. elegans, human, and D.

melanogaster, the fungi Schizosaccharomyces pombe and

S. cerevisiae, and a basal eukaryote Encephalitozoon
cuniculi (accessed at NCBI’s KOG server: www.ncbi.nlm.

nih.gov/COG/). A second explanation for the relative rarity

of gene families unique toA. thaliana is ascertainment bias. It

is easier to annotate known gene families in a newly assem-

bled genome than it is to discover unknown genes. In any

case, despite more than a billion years of independent evolu-

tion and despite all of the outward differences between plants

and other eukaryotes, the A. thaliana genome demonstrates

that these lineages havemuch in common at the genetic level.

Another major finding revealed by examining the gene

families in the A. thaliana genome was their incredible size

and redundancy. For example, about 41% of A. thaliana genes
belong to a gene family with five or more members (The

Arabidopsis Genome Initiative 2000), a value considerably

higher than what is observed in animal species, where single-

ton genes are abundant (Lockton and Gaut 2005). Since the

publication of the genome sequence, reverse genetic analysis

ofA. thaliana gene families has become something of a cottage

industry, with research groups around the world using tools

such as T-DNA insertion mutant collections, cDNA and tiling

microarrays, and genetic transformation to explore the

functions of numerous gene families. Amazingly, some of

the largest gene families were scarcely detected before the A.

thaliana genome sequence became available. One example,

the pentatricopeptide repeat genes (PPRs)—including approx-

imately 450 genes in A. thaliana and believed to play a role in

RNA processing in the mitochondria and chloroplasts—were

virtually unknown to plant geneticists prior to a careful analy-

sis of the genome (Aubourg et al. 2000; Small and Peeters

2000; Schmitz-Linneweber and Small 2008). Since their dis-

covery, knockouts of some members of the PPR gene family

have been shown to cause disparate and severe mutant

phenotypes (e.g., Lurin et al. 2004; Cushing et al. 2005),

indicating that they did not escape notice for lack ofmeaningful

function. Another example are the S1 self-incompatibility-like

proteins (Ride et al. 1999), which account for approximately 80

genes in the Arabidopsis genome and are predicted to be

involved in signaling via protein–protein interactions. Despite

their large sizes, these gene families “came out of the blue”

following whole genome sequencing. These findings speak to

the importance of whole genome sequencing in gene discovery

and also underscore the enormous role that the Arabidopsis

genome played in this regard.

The expansion of A. thaliana gene families can be largely

attributed to duplicated chromosomal segments, many of

which are predicted to have arisen via whole genome dupli-

cation (polyploidy) (The Arabidopsis Genome Initiative

2000; Vision et al. 2000; Tang et al. 2008a, b). The initial

analysis of the A. thaliana genome identified 24 large

duplications, which in total make up approximately 60% of

the genome (The Arabidopsis Genome Initiative 2000).

Contemporary A. thaliana is a diploid; thus these polyploidy

events, apparent from their enduring gene duplications, must

have occurred in a distant ancestor (a condition termed

paleopolyploidy), with the corollary that the genome has

since mutationally eroded back to diploidy. The AGI

concluded that the duplications were likely the result of an

ancient tetraploidy event, as they found evidence for only

two pairs of duplicates. As we will see in the next section,

comparative genomics has greatly enriched our understand-

ing of paleopolyploidy in plants, and we now have convinc-

ing evidence that Arabidopsis has experienced multiple

rounds of whole genome duplication including an ancient

hexaploidy (Ming et al. 2008; Tang et al. 2008a, b).

Beyond sequencing and assembling the genome of the

Columbia accession, AGI also partially shotgun sequenced

another A. thaliana accession, Landsberg erecta (The

Arabidopsis Genome Initiative 2000). With both genome

sequences in hand, these accessions were compared to assess

basic parameters of diversity and polymorphism within the

species. AGI found that Columbia and Landsberg erecta
have a single nucleotide polymorphism (SNP) every 3.3 kb,

on average, in addition to approximately 14,500 insertion/

deletion (indel) polymorphisms scattered throughout the

genome. These polymorphisms were found within genes

and in intergenic regions. After combining SNPs and indels,

the AGI found that 7% of exons had a polymorphism, includ-

ing numerous indels and amino acid changing substitutions,

providing a sizable number of coding region differences that

distinguish the two accessions. Finally, they found evidence

for more significant structural changes, including transposi-

tion events and gene rearrangements. These data were the

first assessment of genome-wide polymorphism in a plant

species, and ushered in the era of plant population genomics

(population genetics extended to a genome-wide scope), now

a major thrust of plant genome research.

One final virtue of the Arabidopsis genome project that

merits attention is the path it blazed for future plant genome
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sequencing efforts in terms of its community structure and

public accessibility. At the time of publication there was

little precedent for funding, sequencing, and data access

for genome sequencing projects. In the late 1990s and

early 2000s many differing ideologies and funding models

were in circulation, ranging from full public funding with

open data access to private funding and data access fees. The

Arabidopsis genome project presented a model of collabora-

tion that has guided many subsequent plant genome

initiatives. It was organized and paid for through a large,

multinational collaboration between academic, governmen-

tal, and corporate interests, each sharing data and

contributing expertise. The genome sequence and annotation

were released to the public without access fees. Furthermore,

the Arabidopsis community organized a web portal called

The Arabidopsis Information Database (TAIR; www.

arabidopsis.org) shortly following publication. This site

continues to serve as a primary hub for Arabidopsis infor-
mation, allowing access to sequence data, a genome

browser, gene annotations, and ordering information for

Arabidopsis germplasm. By fostering interaction, sharing,

and the foresight to freely distribute genomic information

through a centralized hub, the AGI can be credited with

putting forth an effective model that has been built upon

by many subsequent plant genome sequencing projects.

1.3 The Next Series of Plant Genomes
and the Beginning of Comparative Plant
Genomics

Arabidopsis opened the floodgates for plant genome

sequencing. To our knowledge, the primary descriptions of

15 plant genomes have been published at the time of this

writing. Table 1.1 lists these species along with their year of

publication and citation, while Fig. 1.2 shows their

hypothesized phylogenetic relationships. Beyond these 15

plant species, there are dozens more with genome projects

underway, at stages ranging from early planning to near-

completion. Indeed, 5 of the 15 published plant genomes in

Table 1.1 were released in 2010, and we can expect 2011 and

beyond to be equally productive given the large number of

ongoing sequencing projects.

As more plant genomes become available, the possibility

emerges for functional and evolutionary comparisons among

species. Many interesting developments have emerged from

this comparative approach to plant genomics. In this section

we highlight three key findings—conserved gene order,

ancestral polyploidy, and conserved gene content—each

with relevance to the future of plant genome sequencing.

For in-depth coverage of these topics, as well as other topics

in comparative plant genomics, see other chapters in this

volume.

Conserved gene order within and between various

plant lineages is a major revelation that has emerged

over the last several decades. The first hints came from

comparing marker order among genetic maps of related

species in clades such as the grasses and the Solanaceae

(Moore et al. 1995; Gale and Devos 1998). These compara-

tive mapping efforts showed that marker order was

often conserved, though in many cases the species being

compared no longer shared orthologous chromosomes

because of rearrangements. Thus, even over significant evo-

lutionary timescales—encompassing chromosome structural

modifications—an ancestral gene order is found between

many contemporary plant species. This shared gene order

is termed synteny, and it is useful to establish as it helps

assign orthology and paralogy, the first step in describing

evolutionary relationships between genomic regions. Com-

parative mapping, however, has a limited resolution that

Table 1.1 Published plant

genomes
Species Citation

1 Arabidopsis thaliana The Arabidopsis Genome Initiative (2000)

2 Rice (Oryza spp.) Goff et al. (2002) and Yu et al. (2002)

3 Poplar (Populus trichocarpa) Tuskan et al. (2006)

4 Grape (Vitis vinifera) Jaillon et al. (2007)

5 Papaya (Carica papaya) Ming et al. (2008)

6 Physcomitrella patens Rensing et al. (2008)

7 Maize (Zea mays) Schnable et al. (2009)

8 Sorghum (Sorghum bicolor) Paterson et al. (2009)

9 Apple (Malus � domestica) Velasco et al. (2010)

10 Brachypodium distachyon International Brachypodium Initiative (2010)

11 Castor bean (Ricinus communis) Chan et al. (2010)

12 Cucumber (Cucumis sativus) Huang et al. (2009)

13 Soybean (Glycine max) Schmutz et al. (2010)

14 Cacao (Theobroma cacao) Argout et al. (2011)

15 Strawberry (Fragaria vesca) Shulaev et al. (2011)
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does not permit assessment of the extent to which gene order

is conserved at the nucleotide level. Fortunately, following a

proliferation of plant genome sequences, we now have a

wealth of fine-scale synteny analyses (see the chapter by

Paterson et al. (2012, this volume)). The first genomic search

for synteny came in the wake of the publication of the

second plant genome sequence, rice (Oryza sativa spp.)

(Goff et al. 2002; Yu et al. 2002), which could be compared

to A. thaliana. Rice and Arabidopsis diverged approximately

200 million years ago—a considerable length of time for

the accumulation of chromosomal gains, losses, and

rearrangements—and some pre-genomic investigations

predicted that little synteny would remain (Devos et al.

1999). This prediction was corroborated by the rice genome

sequence, where it was determined that only modest

stretches of synteny remained between rice and A. thaliana

(Goff et al. 2002); the longest stretch contained 119

Arabidopsis proteins. Interestingly, among the identified

syntenic segments, rice frequently showed a one-to-many

relationship with A. thaliana, indicating that whole genome

duplications in Arabidopsis occurred subsequent to its diver-

gence from a common ancestor with rice (Goff et al. 2002).

This limited synteny cast doubt over the feasibility of

constructing a robust ancestral gene order among the

monocots (rice) and eudicots (Arabidopsis) and contrasted

with previous findings, as noted above, of strong evidence

for synteny at closer phylogenetic distances. With the

release of several genome sequences more closely related

to Arabidopsis and rice (Table 1.1 and Fig. 1.2), intra-rosid

and intra-monocot searches for synteny could be performed.

Within each clade, these comparisons were typically

updated with each new genome release, increasing in turn

the power and sophistication of the analyses. Looking back,

it is apparent that every additional genome sequenced has

sharpened our still slightly hazy picture of gene order and its

evolutionary dynamics across plants. We need not elaborate

this story here, as this has been well covered in the chapter

by Paterson et al. (2012, this volume). We will instead jump

ahead to highlight pertinent aspects of contemporary knowl-

edge of synteny within the rosids.

At present the rosids—featuring ten published genomes

(Fig. 1.2)—offer the most complete view of genomic

synteny. The evolutionary history stored within these

genomes is a convoluted one. This should not be surprising,

in that the rosids include approximately 75,000 species in 17

diverse orders and are found in great abundance in virtually

all parts of the world. Moreover, rosid chromosome counts

and genome sizes range over at least an order of magnitude

(Goldblatt and Johnson 1979; Bennett and Leitch 2010), and

concomitant with this structural divergence, gene order also

has been greatly disrupted. Arabidopsis thaliana in particular
has had a wonderfully convoluted genomic history. It is the

product of at least three detectable rounds of polyploidy, the

last two occurring after its relatively recent divergence from

papaya (Carica papaya) (Tang et al. 2008a), yet despite

multiple genome duplication events, it also has suffered

enormous genomic downsizing, both in terms of DNA con-

tent and chromosome number. The apparent conflict between

this duplication rich history and modest contemporary

genome size can only be remedied by invoking massive

amounts of genomic loss. Remarkably, Arabidopsis still

shares tracts of clear synteny with its relatives, and with

substantial cutting and pasting its gene order can be projected

onto the gene order of other rosid species (Jaillon et al. 2007;

Fig. 1.2 Phylogeny of

sequenced land plant genomes.

The moss P. patens is listed in

black; all monocots are in green;
and rosids are in purple. Several
important lineages lacking a

published genome sequence are

listed in grey. Phylogenetic
relationships follow the AGP III

system (The Angiosperm

Phylogeny Group 2009)
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Ming et al. 2008; Tang et al. 2008a). Like A. thaliana, poplar
(Populus trichocarpa) also appears to have a recent history

of whole genome duplication, with a single polyploidy event

occurring within the salicoid lineage (Tuskan et al. 2006). In

contrast to Arabidopsis and poplar, the genomes of grape

(Vitis vinifera) and papaya have had a more static duplication

history, showing only a widely shared hexaploidy event

embedded at a deep and poorly resolved position within the

angiosperm phylogeny (Ming et al. 2008; Tang et al. 2008a,

b). Together these findings highlight several intriguing facts.

First, there is a predicted hexaploidy event deep within the

eudicots, and this hexaploidy may be correlated with the

rapid expansion and radiation of these species (De Bodt

et al. 2005). Second, through processes that are still poorly

understood, some polyploid plant genomes (e.g.,

Arabidopsis and poplar) break down over time and return

to diploidy (Wolfe 2001). Finally, some species—like grape

and papaya—appear to have been unduplicated for an exten-

sive period of time. These findings bring to light fundamental

mysteries about synteny and plant genome structure. For

example, how important was polyploidy in driving plant

diversification? Also, why do some lineages appear to have

dynamic and punctuated genome content evolution while

other lineages appear to have maintained a fairly static geno-

mic architecture for millions of years? Answers to these

vexing questions are likely to emerge from multiple avenues

of investigation, including a continuation and extension of

comparative investigations of plant genomes.

Plant researchers have long sought to understand the

genetics underlying many of the biological features that

are specific to plants. The age of comparative plant geno-

mics has cast a bright light on this area by making it possible

to catalog and compare diverse plant gene repertoires. As

mentioned earlier, many genes and gene families perform

essential tasks and are conserved among living organisms.

This is also true within plants; both generic and plant-

specific gene families are broadly conserved. Notably,

gene structure is also broadly conserved due to low rates

of intron gain and loss. For instance, only approximately 5%

of genes differ in intron content between A. thaliana and

rice (Roy and Penny 2007), and exon–intron structure is

also highly conserved among poplar, soybean, and grape

(Schmutz et al. 2010). However, because of gene duplica-

tion and loss, the size of conserved genes families varies

widely between plant species (Velasco et al. 2007; Rensing

et al. 2008). These observations have led some to suggest

that amplification and reduction in gene family size could

be a more important contributor to evolution and diversifi-

cation in plants than is the production of novel genes (Flagel

and Wendel 2009). In light of this viewpoint, understanding

the evolutionary history of plant gene family expansion and

contraction can be seen as a tool for elucidating functional

evolution.

Early diverging plant lineages—such as the green algae,

bryophytes, and lycophytes—offer an enlightening perspec-

tive on the dynamic nature of plant gene family size. When

compared to angiosperms, these early diverging lineages

reveal extensive gene family conservation. For example,

the moss Physcomitrella patens, which diverged from the

angiosperms approximately 450 million years ago, shares

5,809 gene families with Arabidopsis, a tally that accounts

for approximately 69% of the genes in the A. thaliana
genome (data extracted from Phytozome version 5.0;

www.phytozome.org). In Fig. 1.3 we compare gene family

size between some early diverging plants, monocots, and

rosids. These comparisons reveal several interesting trends.

The green algae Chlamydomonas reinhardtii and the

lycophyte Selaginella moellendorffii—both early diverging

plant lineages—generally have fewer genes per shared gene

family when compared to angiosperm species (Fig. 1.3).

Physcomitrella patens, on the other hand, has many

conserved gene families that are larger than those found in

the angiosperms (Fig. 1.3), which is consistent with the fact

that P. patens has approximately the same number of

predicted genes as Arabidopsis (Rensing et al. 2008), while

C. reinhardtii and S. moellendorffii have fewer. Finally,

within the angiosperms the grasses rice and maize (Zea
mays)—which both have a large number of genes (Goff

et al. 2002; Yu et al. 2002; Schnable et al. 2009)—also

tend to have larger conserved gene families when compared

to the rosids Arabidopsis and papaya. Taken as a whole these

patterns indicate that increases in gene content often result

from gene family expansion, rather than novel gene creation.

By looking at the types of genes that have expanded or

contracted in each lineage, we may be able to gain insights

into the selective pressures plant genomes face. For exam-

ple, following recent genome duplications in A. thaliana and

maize lineages there is strong evidence for biased retention

of transcription factors (Blanc and Wolfe 2004; Seoighe and

Gehring 2004; Schnable et al. 2009). Moreover, in A.

thaliana, genes involved in basic enzymatic processes and

DNA repair appear to have been preferentially lost following
duplication (Blanc and Wolfe 2004; Seoighe and Gehring

2004). Notably, different conclusions were reached regard-

ing the functional categories preferentially retained in dupli-

cate subsequent to polyploidy events in the Compositae

(Barker et al. 2008). Here, transcription factors are under-

represented and genes associated with structural or cellular

organization are overrepresented. Finally, a comparison of

A. thaliana, poplar, rice, and moss revealed that when

paralogs arise by tandem duplication rather than polyploidy,

genes responsive to abiotic and biotic environmental stimuli

are preferentially preserved over evolutionary time (Hanada

et al. 2008).

These observations, derived from distantly related spe-

cies, give an indication that not all duplicated genes have the
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same probability of retention following duplication. One

emerging perspective is that gene family expansion and

contraction proceeds in a non-random fashion, and can

have secondary effects on interacting genes (Paterson et al.

2010). These patterns may emerge because plants are con-

stantly subjected to new biotic and abiotic stresses, and

retaining genes that recognize and react to these agents is

adaptively favorable, though neutral processes such as

subfunctionalization (the division of ancestral functions

among duplicated genes) may also contribute. Because

nearly all genes and gene families are embedded within

genetic networks—be they regulatory or metabolic—their

expansion and contraction can have effects on their

interacting partners. Again, looking at the most recent

genome duplication in Arabidopsis lineage, there is evidence

that certain suites of interacting genes are preferentially

retained, while their paralogous counterparts are preferen-

tially lost (Thomas et al. 2006). Thus, there is a need to

consider gene family expansion and contraction in a net-

work-informed context. Over evolutionary time-scales,

these processes can greatly alter gene content, giving rise

to highly skewed gene family sizes, and ultimately shaping

the entire composition of the genome.

The availability of many plant genome sequences has

given rise to an era of comparative plant genomics. By

comparing the structure and contents of various species in

a phylogenetic context we are beginning to discover the

evolutionary forces that have shaped modern plant genomes.

This work has shown that plants possess a conserved gene

repertoire, yet each species experiences significant gains and

losses of genetic material. This occurs in the form of recent

and ancient genome duplication, as well as lineage-specific

gene family expansion and contraction. Future work will

continue to shed light on these unique aspects of genomic

evolution in plants.

1.4 Moving Forward: The Second Decade
of Plant Genomics

After considering the great strides plant genomics has made

in the last decade, we now take the opportunity to imagine

the potential triumphs and challenges that lie ahead. But,

before we delve into these topics, it is worth considering the

rationale for continued plant genome sequencing. As

documented in the previous section, full genome sequences

C.reinhardtii vs. P.patens

Percent of conserved gene families larger in the first species

Percent of conserved gene families larger in the second species

-50% -40% -30% -20% -10% 0% 10% 20% 30% 40% 50%

C.reinhardtii vs. S.moellendorffii

C.reinhardtii vs. O.sativa

P.patens vs. O.sativa

S. moellendorffii vs. O.sativa

O.sativa vs. A.thaliana

O.sativa vs. C.papaya

Z.mays vs. C.papaya

Z.mays vs. A.thaliana

S. moellendorffii vs. A.thaliana

P.patens vs. A.thaliana

C.reinhardtii vs. A.thaliana

Fig. 1.3 Gene family size comparison between early diverging plant

species and angiosperms. Early diverging species include the green

alga Chlamydomonas reinhardtii, the bryophyte Physcomitrella
patens, and the lycophyte Selaginella moellendorffii. Angiosperms

are represented by the monocots Oryza sativa and Zea mays, and the

eudicots Arabidopsis thaliana and Carica papaya. Select pairwise

comparisons of these species are presented, showing the percent of

conserved gene families with more genes in the first species (black)
versus the second species (white). Families of the same size in both

species are omitted from this tally. All data extracted from Phytozome

version 5.0 gene family database (www.phytozome.org)
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are available or in development for several plant research

models and many of the world’s major crop species. Not-

withstanding these many accomplishments, existing genome

descriptions remain in some respects incomplete. That is,

every genome assembly contains missing or inaccurate

information, and this incompleteness is exacerbated by the

fact that all available genome sequences, even A. thaliana,

contain thousands of annotated genes that lack an experi-

mentally determined function. Thus, it could be argued that

we have already surpassed our capacity to study the genomic

information we have in hand, or to put it another way, the

first decade of plant genomics has created an information

reservoir sufficient to fuel decades of follow-up research.

Based on this, an argument could be made that new

resources might be more optimally diverted toward a more

complete analysis of existing genomes. In contrast to this

perspective, here we present the case that continued invest-

ment in plant genome sequencing is warranted. Our primary

reasoning is based on the recognition that genome sequenc-

ing is both a tool for new discovery and a means of achieving

functional insight. In this section we discuss the power of

genome sequencing in both of these capacities,

demonstrating how genome sequencing can be used to

reveal the functions of known genes, in addition to enabling

new and unexpected discoveries.

Genome sequencing itself is merely a starting point in the

analysis of the molecular and cellular function of genes.

Immediately after release, many useful tools can be devel-

oped to open up an array of new research questions. Classic

examples include sequence-based marker development,

gene-targeted mutational forward genetics, and microarray

platform design for gene expression and copy number varia-

tion studies (e.g. Schmid et al. 2005; Borevitz et al. 2007;

Springer et al. 2009). In addition, sophisticated tools can be

developed to access small RNAs and probe epigenetic

modifications (e.g. Zhang et al. 2006; Lister et al. 2009).

All of these tools have consistently led to new discoveries,

and they will continue to be a primary impetus for further

genome sequencing. Moreover, the benefits of plant genome

sequencing continue to emerge with the addition of new

technologies. For example, with a high-quality reference

genome, additional individuals can be cost effectively

resequenced (generating and aligning short Next-Generation

sequence reads from a new genotype to a reference genome

to produce a novel draft genome sequence). Genomic infor-

mation from resequenced individuals can in turn be used

understand genetic diversity within species. We are now

beginning to see this concept in action and once again

Arabidopsis has taken the lead with the 1001 Genomes

Project, which aims to sequence and disseminate genome-

wide diversity data from 1001 Arabidopsis accessions

(Ossowski et al. 2008). Today, a researcher interested in an

Arabidopsis gene can scan polymorphism data at the 1001

Genomes Project website (www.1001genomes.org), and

identify accessions with interesting polymorphisms without

ever entering a laboratory. As expected, this resource is

quickly replacing the time consuming process of cloning

and sequencing a gene of interest from various Arabidopsis

accessions. A major lesson has been learned from the initial

genome sequencing projects: one genome representing an

entire species is simply not sufficient for many research

questions. More powerful forms of analysis, utilizing

principles from population genetics, can be performed

when multiple genome sequences are available for a species.

Along with the continued development of classical genomic

tools, projects similar to the Arabidopsis 1001 Genomes

Project have been initiated for a few major plant research

models and crops (Huang et al. 2010; Lai et al. 2010; Lam

et al. 2010). With the steadily falling price of DNA sequenc-

ing, we expect this to be an area of great growth in the next

decade.

Additional information can be extracted from genomic

data once it is put in an evolutionary context because geno-

mic features can be analyzed in a phylogenetic manner.

Consequently, the accumulation of new genomes enriches

the value of existing genome sequences. Notably, plants

have possibly the best-resolved phylogeny of any major

eukaryotic lineage (Savolainen and Chase 2003), which

provides a powerful framework for evolutionary compari-

son. The first available plant genome sequences came from

distantly related species, making them only appropriate for

broad evolutionary comparisons. As discussed in the previ-

ous section and in additional chapters throughout this vol-

ume, these broad comparisons have proved fruitful. The next

phase of comparative genomics will likely harness the evo-

lutionary information found in closely related species, per-

haps at the relatively shallow taxonomic depths of

populations or genera. These analyses will benefit greatly

from the strong evolutionary signal that is maintained at

relatively close phylogenetic proximity. With multiple

genome sequences available at the genus level we may

someday be able to study genome evolution with sufficient

precision to ascertain the exact spectrum and perhaps

sequence of molecular evolutionary events that have shaped

chromosome organization or gene family composition. As

an example of the potential of fine-scale evolutionary analy-

sis, various monocot genomes were utilized to demonstrate a

history of chromosome fusions within the Brachypodium
distachyon genome (International Brachypodium Initiative

2010). This example shows that some plant lineages are

approaching the critical mass of fully sequenced species

needed to make precise evolutionary comparisons (notably

the Brassicaceae and Poaceae; Fig. 1.2). In the future,

expanded plant genome sequencing efforts will only con-

tinue to add more power to this approach, further enabling

our ability to discover new aspects of plant genome
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evolution. Similarly, combining new computational tools

with the evolutionary signal from additional plant genomes

of intermediate phylogenetic distance will substantially

enhance our power to functionally annotate the coding and

regulatory portions of the genome (Wang et al. 2009; Picot

et al. 2010). For many species we are, or will soon be able, to

annotate and analyzed their genomes in a phylogenetic

framework. In the future this approach will dramatically

benefit the quality and utility of plant genome sequences.

1.5 Challenges That Lie Ahead

Though the plant genomics community has made impressive

progress in the decade following the release of the

Arabidopsis genome, many critical plant species remain to

be sequenced (some can be found in Figs. 1.1, 1.2). Among

the species without a sequenced genome are important crop

plants, including, for example, coffee (Coffea arabica),
common bean (Phaseolus vulgaris), cotton (Gossypium

hirsutum), potato (Solanum tuberosum), and sugarcane

(Saccharum spp.). Other species lacking genome sequences

are important research models such as snapdragon (Antirrhi-

num majus) and tobacco (Nicotiana tabaccum; both a crop

and research model). Finally, there are large clades in the

angiosperm tree of life that have yet to be included in the

tabulation of sequenced genomes, including early diverging

angiosperms, asterids, and several anciently diverged

lineages such as the ferns, cycads, and gymnosperms

(Fig. 1.2; note some of the aforementioned species have

ongoing genome sequencing projects). Most striking

among these might be the asterids, one of the two major

eudicot clades, which at present have no representative

members with a published genome sequence (Fig. 1.2).

The asterids include over 60,000 species and contain numer-

ous crop species, including coffee, potato, sunflower

(Helianthus annuus), and olive (Olea europaea), to name

just a few. Interestingly, the other comparably large and

diverse eudicot clade, the rosids, makes up the majority of

published plant genome sequences (Fig. 1.2). This contrast

will likely soon end, as draft asterid genome sequences are in

the finishing stages for the monkey flower (Mimulus

guttatus) and tomato (Solanum lycopersicum) (pers. comm.

T.J. Vision). Over the next decade many of the pockets of

uninvestigated plant diversity will likely be explored,

because there are important species in these clades and

because understanding the full biodiversity of plant life is a

major goal of many research organizations around the world.

Possibly the greatest future challenge in plant genome

sequencing will be tackling the massive genomes found

among some of the world’s most important plants. Figure 1.1

displays the genome sizes of a number of published plant

genome sequences, compared to a range of unpublished

plant species selected for their economic, cultural, or

research significance. Clearly we have only completed

genome sequencing projects at the bottom of the range of

plant genome sizes. Some exceptionally important plants

have very large genome sizes, and sequencing these

genomes will be a great challenge. As an example, upland

cotton (Gossypium hirsutum), bread wheat (Triticum

aestivum), and pines (species in the genus Pinus) have

genome sizes that are approximately 21, 108, and 138

times the size of Arabidopsis, respectively (Bennett and

Leitch 2010). Many essential human activities are reliant

on these species, and it seems imperative that at some

point we will endeavor to sequence their genomes. What

we might find in the complex genomes of these species will

be quite exciting. We know that, in part, upland cotton and

bread wheat have large genome sizes because they are

polyploids (cotton is an allotetraploid while bread wheat is

an allohexaploid). To our knowledge, no recent polyploid

plant genome sequence has been published (though some

recent paleopolyploids have, such as maize and soybean

(Schnable et al. 2009; Schmutz et al. 2010)). The duplicate

nature of polyploid genomes creates several hurdles for

accurate assembly. For example, polyploids with divergent

genomes (allopolyploids, such as cotton and bread wheat)

add complexity as both co-resident genomes will need to be

differentiated and assembled separately. Difficulties aside,

many critically important plant species are polyploid, creat-

ing a strong motivation to surmount these challenges. Nota-

bly, despite their massive genome size, most pines are

thought to be diploid, and what makes their genome so

large is a fascinating mystery. The pine genome could be

beset with enormous numbers of transposable elements or

replete with segmental duplications. At present, producing a

quality pine genome would be a tremendous undertaking,

both technically and monetarily, but if the next decade

witnesses similar technological improvements and cost

reductions as the last, the feasibility of completing a pine

genome sequence could be just on the horizon (Neale and

Kremer 2011).

The discussion of massive and complex plant genomes

raises another interesting question: is it necessary to have a

nearly complete genome assembly, or could great advances

be stimulated by much less expensive and less technically

demanding low-coverage sequencing scans? The answer, of

course, depends on how the research community intends to

use the information. Many of the first genome sequences

originated from model organisms, and the research

communities backing these species often required a robust

and detailed understanding of genomic structure and con-

tent. On the other hand, a low-coverage and incomplete

assembly may be all that is needed to aid some forms of

plant improvement, like marker-based selection. In the next

decade, plant genome sequencing endeavors will move
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beyond the most utilized model species and the smallest

genome sizes, and we may see a concomitant adjustment in

the level of genomic detail that is sufficient for the research

goals of these communities. Some movement in this direc-

tion is already evident from the great abundance of plant

expressed sequence tag (EST) projects. EST sequencing is

simply the capture and sequencing of mRNA transcripts, an

effective way to isolate the expressed portion of the genome.

Surely, EST sequencing—like low-coverage genome

sequencing—has major limitations; however, for some

research questions these low cost alternatives may provide

sufficient data. Nevertheless, we anticipate a future where

most research communities will seek whole plant genome

sequences, because this resource facilitates the greatest

range of genomic tools and analyses and offers insights

that cannot be matched by low-coverage alternatives.

Indeed, in many cases, low-coverage sequences are likely

to be used as a stepping-stone toward the eventual goal of

producing a complete genome sequence.

Current and future plant genome sequencing projects are

greatly aided by new sequencing technologies, which have

caused a precipitous drop in the price per base pair of DNA

sequence (Huang et al. 2009; Argout et al. 2011; Shulaev

et al. 2011). In a just a matter of weeks, a small group of

researchers can now produce billions of nucleotides of

sequence for only thousands of US dollars. Though the

price of sequencing has fallen dramatically, assembling a

new plant genome is far from routine or easy. Assembly still

requires significant infrastructure, technological proficiency,

and effort. The assembly issue has become even thornier

with current Next-Generation sequencing technologies, pri-

marily because these platforms produce short reads (gener-

ally between 30 and 500 base pairs in length). For most plant

genomes it is unlikely that reads of these lengths will assem-

ble into large contiguous pieces, instead producing a highly

fragmented assembly that offers more limited utility. In

large part this fragmentation occurs because many plant

repeats are significantly longer than these short read lengths

and thus cannot be traversed, effectively terminating any

non-arbitrary elongation from the point of the repeat onward

(Pop and Salzberg 2008). A greater depth of sequence cov-

erage—the area in which Next-Generation technologies

excel—cannot alleviate this problem. Instead, alternative

library construction and sequencing techniques, often

acquired at a far greater cost, must be used to bridge these

large repeats. Thus, despite the impressive technological

gains of the last few years, producing a high-quality genome

remains an expensive and laborious task. One obvious way

to overcome this limitation is the development of sequencing

technologies that can produce longer reads (for example

>1,000 base pairs, approximately the current ceiling for

Sanger sequencing technology) in a rapid and cost effective

manner. Exceptionally long reads (>10,000 base pairs),

could potentially be an even larger advance, as they are

likely to span many plant repeats and consequently greatly

reduce the complexity of genome assembly. Single-mole-

cule sequencing (Eid et al. 2009), is emerging as a potential

front-runner in this area. Single-molecule sequencers that

produce read lengths comparable to Sanger sequencing are

beginning to appear, though it is too early to predict where

the technology might be headed. It does, however, seem

likely that over the next decade DNA sequencing devices

with tremendous throughput and exceptionally long read

lengths will be developed. This will prove to be a break-

through for plant genome sequencing efforts. It will precipi-

tate new strategies for genome sequencing and assembly,

and likely open up the door for plant genome sequencing in

species that have largely been neglected by funding

agencies.

Finally, to better utilize future plant genome sequences,

researchers will need to integrate data between research

groups. At present, a research community typically conducts

in-house genome assembly and annotation, and stores this

information in a species-specific database. So far this model

has served each community well, but has also created some

impediments to multi-species comparative analyses. The

plant community would benefit greatly from unified data

annotation terminology and distribution models. For exam-

ple, in some species probable pseudo-genes are left in the

final gene catalog, while in other species they are systemati-

cally excluded. If one wishes to compare genes between

these species, one must first perform a tedious filtering

task. Fortunately, genome database experts have undertaken

some of this data integration. A few good examples of well-

curated, multi-species, comparative plant genome databases

include Phytozome (www.phytozome.org), Plant Genome

Database (www.plantgdb.org), and Plant Genome Duplica-

tion Database (http://chibba.pgml.uga.edu/duplication/).

The research community behind each newly sequenced spe-

cies will want to rapidly integrate their new sequence into a

framework with existing plant genome sequences for com-

parative purposes. This creates an incentive to adopt a com-

mon framework. We anticipate that this motivation will

stimulate researchers to gravitate toward packaging their

data in a standardized way, which will ultimately benefit

the entire research community.

Conclusions

Tremendous resources have been devoted to plant

genome sequencing. This outlay has thus far rewarded

us with 15 published sequences. Today—one decade into

the plant genomics era—comparative plant genomics is

beginning to realize its promise, revealing the nature of

the evolutionary forces that have shaped the structure

and contents of modern plant genomes. In the future,

with the advent of improved sequencing technologies,
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comparative plant genomics will continue to be a major a

source of new insights. Existing plant genomes have also

greatly benefited plant research as a platform for gaining

functional insights. Work along these lines will continue

to flourish, including greater within-species genome

resequencing, which will prove to be a key method for

elucidating the genetic consequences of population level

processes. There is cause for continued optimism about

future developments in these areas, particularly as we

surmount the challenges inherent in sequencing and

assembling massive and redundant plant genomes. Simi-

larly, we anticipate continued progress in integrating

genomic data from disparate sources, creating new

opportunities for comparative discovery. Because of

this, we anticipate that the second decade of plant geno-

mics will surpass the first in terms of scientific

breakthroughs and advances to our knowledge of plant

diversity.
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2.1 Introduction

Beginning with the pioneering work in the 30s and 40s

of Barbara McClintock, R.A. Brink, Rollins Emerson,

Marcus Rhoades, and other prominent maize geneticists,

transposable elements (TEs) have come to occupy a central

position in the study of plant genomes. Not only did

McClintock’s discovery of the Activator/Dissociation

(Ac/Ds) system of maize change forever our appreciation

of the dynamic nature of chromosomes, her seminal character-

ization of the regulatory influence of ‘controlling elements’

(such as Ac/Ds and later the Enhancer/Suppressor-Mutator

(En/Spm) system) on adjacent gene expression paved the

way for decades of exciting research on the control, both

genetic and epigenetic, of gene regulation in plants and other

eukaryotes.

It took four decades after McClintock’s groundbreaking

discoveries and the rise of recombinant DNA technology for

the first TEs to be cloned and sequenced in the 1980s. One of

the surprises from these early molecular studies was the

striking similarity in structure, genetic organization, and

even sometimes nucleotide sequence, among the first TEs

characterized in maize, snapdragon, Drosophila and bacteria

(Green 1980; Fedoroff et al. 1983; Levis et al. 1984; Saedler

et al. 1984). At that time, and over the next two decades, the

biology of TEs was assessed primarily on the basis of the

mutations they engendered. Myriad mutant alleles caused by

insertions and/or rearrangements of transposons were col-

lected by geneticists in the field, the greenhouse and the fly

room, and meticulously analyzed at the molecular level in

the lab. Although this era furnished many crucial insights

regarding the mechanistic underpinnings and mutagenic

capabilities of transposition (for review, Berg and Howe

1989), it yielded little information regarding the abundance

and diversity of TEs, much less the long-term evolutionary

impact of TE activity.

The advent of large-scale DNA sequencing over the last

two decades, combined with advances in functional
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genomics and bioinformatics, has transformed the study of

TE biology. This “genomics revolution” has resulted in a

greater understanding of the many ways that TEs influence

the function and evolution of genes and genomes, and con-

sequently, their host organisms. In particular the genomics

era has revealed that, although only a tiny fraction of TEs are

transpositionally active, most eukaryotic genomes, and espe-

cially plant genomes, are packed with a plethora of seem-

ingly dormant or inactivated TE families (Feschotte et al.

2002). Given the inherent mutagenic potential of active

transposition, it should come as no surprise that the majority

of these TEs are either defective, fossilized copies or poten-

tially active copies that are restrained by host silencing

systems; however, active transposition, as evidenced by

instances of mutagenic (yet potentially evolutionarily signif-

icant) insertions, has been demonstrated. For example, TEs

have been shown to silence or alter expression of genes

adjacent to insertion sites, become integrated into functional

genes as newly acquired exons (exapted), acquire host gene

sequences and insert them into new genomic locations, con-

tribute to chromosomal rearrangements via recombination,

epigenetically alter regional methylation patterns, and pro-

vide template sequences for RNA interference (Feschotte

et al. 2002; Bennetzen 2005; Morgante et al. 2007; Weil

and Martienssen 2008; and see Slotkin et al. 2012, this

volume). This diverse functional impact of TEs, and their

intrinsic contribution to genomic plasticity, suggests that

these elements play a major role in molecular diversification

and, ultimately, species divergence.

In this chapter, we provide the reader with the funda-

mentals of TE biology, with an emphasis on plant elements.

We begin with an overview of TE classification and transpo-

sition mechanisms, followed by an examination of the exten-

sive variability in both inter- and intra-specific TE content

across diverse plant taxa. Finally, we explore some of the

general principles characterizing and influencing the geno-

mic distribution, activity and evolution of TEs.

2.2 Transposable Element Classification

TEs can be broadly defined as DNA segments capable of

chromosomal movement, either via replicative or conserva-

tive (cut-and-paste) mechanisms (discussed in more detail

below). The TE classification system that we present here is

similar to the one proposed byWicker et al. (2007) and to the

one implemented in Repbase, the most popular database of

repetitive DNA sequences (http://www.girinst.org/). At the

highest level, eukaryotic TEs comprise two major classes,

and each class can be divided into subclasses based on their

mechanism of chromosomal integration, which is reflective

of the protein-coding capabilities and organizational struc-

ture of each class and subclass of elements (Figs. 2.1, 2.2).

Class I elements, also known as retrotransposons, transpose

via an RNA intermediate, which must be reverse transcribed

prior to integration into the genome, while Class II elements

transpose via a DNA intermediate (Finnegan 1989). Trans-

position of both classes of elements may result in a heritable

increase in genomic copy number; hence, individual TE

types are found in multiple copies (often referred to as a

TE family) and comprise the majority of the repetitive frac-

tion of eukaryotic genomes (e.g. Adams et al. 2000; The

Arabidopsis Genome Initiative 2000; Lander et al. 2001;

International Rice Genome Sequencing Project 2005). TEs

have been found in virtually every organism studied to date

(with few exceptions, such as Plasmodium falciparum and

other Apicomplexa), although significant qualitative and

quantitative variation abounds, even among closely related

organisms (see below for a comparison among selected plant

species).

The genomes of plants are packed with many and diverse

TEs, and continue to serve as excellent models to yield some

of the most significant advances in the field of transposon

biology. The vast majority of repetitive DNA in the nuclear

genomes of plants is derived from the proliferation of TEs,

most often Class I RNA elements (Fig. 2.1) (e.g. SanMiguel

et al. 1996; Vicient et al. 1999; Hawkins et al. 2006;

Neumann et al. 2006; Vitte and Bennetzen 2006). Two

major subclasses of Class I elements have been identified

in plants: (1) Long terminal repeat (LTR) retrotransposons,

whose reverse-transcription and subsequent integration as

double-stranded DNA is mediated by an element-encoded

reverse transcriptase and integrase, respectively, (2) non-

LTR retrotransposons (sometimes called retroposons),

which include long and short interspersed elements (LINEs

and SINEs) and use target-primed reverse transcription, a

mechanism coupling reverse transcription and integration.

DIRS-like elements (named after Dictyostelium intermedi-

ate repeat sequence) represent a third subclass of

retrotransposons integrated through an element-encoded

tyrosine recombinase. They are relatively common in

animals and fungi, but have yet to be found in flowering

plants. Class II elements have been identified in every plant

genome that has been thoroughly examined, and these can be

divided in two major subclasses: (1) classic ‘cut-and-paste’

DNA transposons, characterized by terminal inverted

repeats (TIRs), which are excised and reintegrated as dou-

ble-stranded DNA by the action of an element-encoded

transposase and (2) Helitrons, or rolling-circle transposons,

which most likely transpose via a replicative mechanism

involving a single-stranded DNA intermediate and which

encode recombinase with Replicator initiator motif (Rep)

and DNA Helicase domains (Fig. 2.1).

In plants, Class I elements (particularly LTR retro-

transposons) make up the largest fraction of the TE comple-

ment (SanMiguel et al. 1996, 1998; Vicient et al. 1999;
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Hawkins et al. 2006; Neumann et al. 2006; Vitte and

Bennetzen 2006). The LTRs flanking a retrotransposon

can range from just a few hundred base pairs to as much as

6 kb, and usually begin with 50-TG-30 and end with 50-CA-30.
The LTR retrotransposons typically contain GAG and

POL protein coding ORFs, which encode several enzymes

(reverse transcriptase – RT; protease – PR; RNaseH – RH;

integrase – INT) responsible for reverse transcription and

integration of daughter sequences into new chromosomal

locations. Two major superfamilies of LTR retrotransposons

are found in plants, gypsy-like and copia-like (also known as
Metaviridae and Pseudoviridae, respectively). Both types of

LTR retrotransposons contain the same protein coding

domains, but these are arranged in a different order. Their

ancient origin is evidenced by the fact that they form deeply

diverged monophyletic clades in phylogenetic analyses of

reverse transcriptases (Eickbush and Malik 2002; Havecker

et al. 2004). Non-LTR retrotransposons (LINEs and SINEs)

are, as their name indicates, not flanked by LTRs, but com-

plete LINEs can reach several thousand base pairs in length,

contain coding sequences responsible for transposition,

and often display a stretch of adenines or a simple sequence

repeat at their 30 end (Figs. 2.1, 2.2c).

Class II DNA elements are found in most eukaryotes, and

despite their conservative transposition mechanism, have

been capable of attaining relatively high copy numbers in

some plants (see Sect. 2.3.1, Feschotte and Pritham 2007).

Class II elements encode the machinery to facilitate their

own transposition, usually in the form of a transposase

(TPase) encoded by a single gene. “Cut-and-paste” trans-

position is associated with Subclass 1 DNA transposons,

and occurs via TPase binding to the terminal inverted repeats

(TIRs) of the element (Fig. 2.1), followed by excision and

reintegration of the transposon at a new chromosomal loca-

tion (Craig et al. 2002). The transposition mechanism of

Helitrons has not been investigated in functional detail, but

these elements are believed to employ a mechanism where

only one DNA strand is cut, displaced and which serves as a

template for replication of the element at a new locus

(Kapitonov and Jurka 2007).

Both Class I and Class II TEs may be further divided

into autonomous or non-autonomous elements dependent

upon their ability to encode the enzymatic machinery res-

ponsible for movement. Non-autonomous elements may

still be mobilized in trans if they retain the capacity to

be recognized by the enzymes encoded by autonomous

LTR retrotransposon:

LTR GAG LTR
PR     RT     RH     INT

PBS PPTPOL

LTR GAG LTRPBS PPTPOL

LTR GAG LTRPBS PPTPOL ENV

gypsy

copia PR     INT     RT     RH

PR RT RH INTretrovirus

ORF1

non-LTR retrotransposon:

PR RT RH INT

EN         RT 
POL/ORF2ORF1 poly(A)5’UTR 3’UTR

DNA transposon:
TIR TIRTPase

Helitron:

3‘ hairpinHELRPA

CTAGT
16-20b

Fig. 2.1 Structure of main types of transposable elements. GAG

and POL genes of LTR retrotransposons, ORF1 of non-LTR

retrotransposons, transposase (TPase) of DNA transposons and repli-

cative protein A (RPA) and helicase (HEL) of Helitrons are marked.

Long terminal repeats (LTRs), primer-binding site (PBS) and

polypurine tract (PPT) of LTR retrotransposons, 50 UTR, 30 UTR

and poly(A) of non-LTR retrotransposons, terminal inverted

repeats (TIR) of DNA transposons and 30 hairpin of Helitrons are

labeled. LTR retrotransposons are exemplified by gypsy, copia and

retrovirus superfamilies. Protease (PR), reverse transcriptase (RT),

RNaseH (RH), integrase (INT) and endonuclease (EN) domains

are marked
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