Chapter 6
Transposons in Cereals: Shaping Genomes
and Driving Their Evolution

Jan P. Buchmann, Beat Keller and Thomas Wicker

6.1 Introduction

A molecular understanding of genome evolution depends on the availability
of the complete DNA sequence of an organism, ideally in the form of a com-
plete sequence or at least as good datasets of partial sequences. Thus, evolution-
ary genomics and specifically our understanding of the role of transposons in
the evolution of (cereal) genomes have been intimately linked to the progress in
whole genome analysis. The first completely sequenced plant genome was from
the model plant Arabidopsis thaliana with a size of ~120 Mbp (AGI 2000). Two
years later, the complete sequences of the first grass genomes were published:
Oryza sativa L ssp. japonica and Oryza sativa L ssp. indica (Goff et al. 2002;
Yu et al. 2002). These first genomes were sequenced by the “BAC-by-BAC”
approach: constructing a BAC library of the genomes, fingerprinting the BAC
clones and assembling them into a minimum tiling path which was then sequenced
by shotgun-sequencing. This approach creates a high quality sequence which is
ordered along the chromosomes, but is very laborious and expensive.

The rapid development in the field of DNA sequencing technology has
resulted in faster and cheaper methods, allowing to sequence and assemble de
novo entire genomes using a whole-genome shotgun (WGS) approach. This
approach was used to sequence the genomes of the two grass species Sorghum
and Brachypodium, as well as soybean (Paterson et al. 2009; IBI 2010; Schmutz
et al. 2010). However, WGS sequencing has limits in cases where size and com-
plexity of the analyzed genomes are large, e.g. the sequencing of the large and
repetitive genomes from barley or wheat will critically depend on anchoring

J. P. Buchmann - B. Keller () - T. Wicker

Institute of Plant Biology, University of Zurich, Zollikerstrasse
107, 8008 Ziirich, Switzerland

e-mail: bkeller@botinst.uzh.ch

P. K. Gupta and R. K. Varshney (eds.), Cereal Genomics II, 127
DOI: 10.1007/978-94-007-6401-9_6,
© Springer Science+Business Media Dordrecht 2013



128 J. P. Buchmann et al.

shotgun sequences or individual BACs to genetic maps. The largest plant genome
sequenced so far is the 2,300 Mbp genome of maize (Schnable et al. 2009).

The goal of each sequencing project is to retrieve the so called “pseudomole-
cules” which represent the chromosomes of the sequenced organism. However, the
obtained sequence will not be one complete molecule per chromosome, whatever
sequencing strategy and method is used. Problematic sequences which introduce
gaps in genomic sequences are usually highly repetitive regions, e.g. centromeric
regions or ribosomal DNA clusters. Therefore, genome sequences are gradually
and continuously improved after the first release and even high quality genomes
like those from rice and Arabidopsis, which are now in the sixth and ninth release,
still contain gaps (Table 6.1). Not all plant genomes have yet reached such high
quality standards. For example, the genomes of Physcomitrella patens (Rensing
et al. 2008), a moss plant species, poplar (Tuskan et al. 2006) or grapevine (Jaillon
et al. 2007) went through only one initial round of shotgun sequencing and the
resulting assemblies consist of “supercontigs” or “scaffolds”, which in many cases
have not yet been assigned to specific chromosomes and contain thousands of
sequence gaps (Table 6.1). Newer sequencing techniques, e.g. 454 and Illumina,
create an enormous amount of sequence reads in every run and those assem-
blies are still a great challenge for existing software. In addition, these low-cost
and faster sequencing techniques led to a rapid growth in the number of available
genomes which show different levels of completeness. At the end of 2011, there
were 25 genome projects listed on www.phytozome.org, of which five are from
the grass family (Mayer et al. 2011; Berkman et al. 2011).

Chain et al. (2009) proposed a classification system, where the genomic
sequences are classified into five categories depending upon technology used and
the quality of the assembly. The categories range from the lowest Standard Draft
(category 1), which represents a basic automated assembly of raw sequences to
the highest Finished (category 5) with no gaps and less than 1 sequence error in
100 kb. Some microbial genomes have reached the Finished status, while plant
genomes are found between the categories 1 through 4.

Table 6.1 Numbers of scaffolds and gaps in a selection of publicly available plant genomes

Organism Size (Mbp) Version Scaffolds® Gaps®  Gaps/Mbp References
Arabidopsis 119 9 5 96 0.8 AGI (2000)
Brachypodium 271 1 5 1,625 5.9 IBI (2010)

Rice 372 6 12 203 0.5 IRGSP (2005)
Physcomitrella 462 1.6 506 14910 322 Rensing et al. (2008)
Poplar 405 2 236 13,341 329 Tuskan et al. (2006)
Sorghum 659 1 10 6,907 10.4 Paterson et al. (2009)
Grapevine 342 1 32 165,717 25.7 Jaillon et al. (2007)
Maize 2,066 5b.60 11 125,338 60.8 Schnable et al. (2009)
Wheat 3B 14 1 10 282 19.8 Choulet et al. (2010)

4Scaffolds or supercontigs larger than 100 kb
Total number of gaps longer than 5 bp
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The availability of complete sequences from several grass genomes has allowed
genome-wide studies on genome structure. Gene content can be compared and
analyzed and the repetitive part of the genomes can be analyzed in great detail.
This has allowed us to get a deep insight into the structure of grass genomes. In
addition, this knowledge about genomes has allowed us to develop approaches for
comparative and evolutionary genomics. This has resulted in new insight into the
evolution of plant genomes, both concerning genes and well as repetitive elements.
For example, the comparison of the Brachypodium and rice genomes revealed a
model for chromosome fusion which could explain variation in chromosome num-
bers in the family of grasses (Paterson et al. 2009; IBI 2010). Thus, comparative
and evolutionary analysis of genomes can result in new and exciting insights into
genome structure and its evolution. In this chapter, we will focus on the role of
transposons or repetitive elements on genome structure and evolution, a particu-
larly active research field which is profiting from genome-wide analysis.

6.2 Comparative and Evolutionary Genomics in Grasses:
The Early Studies

In the mid 1980s, restriction fragment length polymorphism (RFLP) markers
were developed for applications in plant breeding and genetic research (Gale and
Devos 1998). This resulted in the first genetic maps of cereal crop species. The
potential of RFLP probes to hybridize to highly similar, but not perfectly identical
sequences and lack of abundance of available markers at that time, stimulated the
use of probes from one species for genetic studies in related species. Colinearity
across genomes was first reported in the late 1980s between tomato and potato
(Bonierbale et al. 1988) and between the three diploid genomes of hexaploid
wheat (Chao et al. 1988). Soon after, RFLP-based genetic maps were developed
for homoeologous chromosomes of group 7 of bread wheat (Triticum aestivum),
revealing a high colinearity of marker order between them (Chao et al. 1989). This
early work was followed by a number of studies using RFLP markers to estab-
lish complete maps of the wheat genome. The first consensus map in the grasses,
known today as the ‘crop circle’, was published in 1995 by Moore et al. (1995a, b),
providing the foundation of much of the later research, elaborating and refining the
concept and establishing the grasses as a single genetic system. These early studies
also revealed some rearrangements between similar genomes, starting the highly
productive field of evolutionary genomics. In one such study, cross—hybridization
of RFLP markers derived from bread wheat with rye (Secale cereale) and barley
revealed evidence for a few translocations of chromosome arms in the rye genome
if compared to the wheat genomes, while most probes showed that the order of the
loci was conserved between those three species (Devos et al. 1993; Moore et al.
1995b).

Investigating the genomic relationships of wheat in maize and rice, Moore et al.
(1995a) showed that, despite the divergence of those species ~60—70 million years



130 J. P. Buchmann et al.

ago (MYA) and their massive differences in genome size, the gene order was still
conserved along large stretches of the chromosomes. Assuming that the colinear-
ity between rice and wheat is preserved, the genetic map of rice, the smallest grass
genome known at that time, was divided into linkage groups and aligned against the
genetic maps of wheat and maize. Indeed, it was possible to reconstruct the wheat
and maize genome with the rice linkage groups (Moore et al. 1995a). This approach
was extended to sugarcane and foxtail millet and led to the first version of the crop
circle mentioned above, which has been updated and expanded later (Devos 2005;
Salse and Feuillet 2011). The crop circle indicates that the grasses diverged from a
common ancestor and that the gene order seems to be well conserved during evolu-
tion even after millions of years, despite chromosomal reorganization and remarkable
changes in genome sizes.

However, due to the use of only relatively few DNA probes, the genetic resolu-
tion of the original crop circle was quite low and did not necessarily reflect the
situation at the genomic level. The advances in sequence technology and the sub-
sequent drop in costs created a vast amount of sequence information which offered
a unique opportunity to investigate colinearity at the molecular level. In fact,
already the first studies of genomic colinearity at the sequence level revealed vari-
ous exceptions, demonstrating that genes were not always found at the expected
position and, therefore, the hypothesis of gene movement was formulated (Gallego
et al. 1998; Guyot et al. 2004).

The further comparative analysis of grass genomes revealed many surprising
insights into genome evolution. For example, it was found the intergenic regions
diverge completely within a few million years. Only in case of very recent evolu-
tionary divergence, both genes and intergenic regions are still conserved. The find-
ing that the intergenic space is changing at a faster pace than the genic space can
easily be explained by the lower evolutionary pressure for conservation compared
to the genes (Petrov 2001). Therefore, insertions by transposable elements (TE)
or deletions caused by illegitimate recombination or unequal crossing over drive
the fast turnover of intergenic sequences (Devos et al. 2002; Wicker et al. 2003).
These first discoveries laid the foundation for much of the later work in genome-
wide analysis described below.

6.3 Discovery of Transposons in Plants: Selfish DNA
and Beyond

The research on transposable elements (TEs) in plant genomes has two different
historical origins, each with independent lines of research. Their findings con-
verged only relatively recently. First, in her pioneering work Barbara McClintock
discovered the existence of jumping genes based on the careful analysis of several
biological phenomena observed in maize genetic studies. B. McClintock suggested
that genetic factors can move in the genome, thereby modifying gene expres-
sion and contributing to genome evolution (McClintock 1950 and summarized
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in McClintock 1984). At that time, the molecular basis of the proposed mobile
genetic elements remained unknown. It was later found that DNA transposons
caused the observed effects (e.g. the Activator (Ac)/Dissociator (Ds) elements)
(Fedoroff et al. 1983). Second, in an independent line of research, the analysis of
complete genomes resulted in the discovery that some plant genomes have very
high contents of repetitive DNA. Mostly, such studies were done in the 1970s and
1980s by DNA reassociation experiments (Cot analysis) which are based on DNA
hybridization (Britten et al. 1974). The observation of a rapidly annealing fraction
of genomic DNA suggested that many plant genomes are highly repetitive (Flavell
et al. 1974). Only later it was found that this highly repetitive part of the genome
consists mostly of transposon and retrotransposon DNA. Based on the history of
this discovery, transposons are frequently also called repetitive elements.

Transposons were identified in many different organisms and in cases such as the P
and / elements in Drosophila, they were found to have dramatic negative effects for the
survival of the organism under certain conditions. In general, transposons did not have
obvious adaptive value and were described as “selfish” DNA based on their ability to
multiply (Doolittle and Sapienza 1980). Indeed, TEs are small genetic units, actual
“minimal genomes”, which contain exactly enough information to be able to repli-
cate, move around in the genome, or both. They use the DNA replication and transla-
tion machinery of their “host” and thrive within the environment of the genome. In
their paper, Doolittle and Sapienza (1980) made an argument for the hypothesis that
the only function of transposable elements is the survival in the genome. However,
they explicitly included the possibility that this “raw material” can have some adap-
tive value later in evolution. The concept of “selfish” DNA was rapidly adapted by
the community. In addition, the term “junk DNA” was introduced, reflecting the idea
that what is present in such enormous amounts in the genome without obvious conse-
quences on the phenotype must be useless junk. Of course, this contrasts with the orig-
inal findings of biological function of transposons and the hypothesis of B. McClintock
that transposable element contribute to evolution by stimulating chromosomal and
genomic rearrangements, resulting in new configurations of genes and changes in
gene expression. Interestingly, and a main topic in this chapter below, it was recently
found that transposons are major factors in moving around genes in genomes (Wicker
et al. 2010). This is a highly relevant finding for understanding the evolution of plant
genomes and fits perfectly with the earlier arguments of McClintock. Thus, the jury is
out on the final decision on the role of transposable elements in evolution, i.e. selfish
DNA verses adaptive value, and there are some arguments for both hypotheses.

6.4 Genome Size of Plants: Genes and Repetitive Elements

In the 1970s, it was found that eukaryotic genomes show an extreme variation in
size (Bennett and Smith 1976). Some studies reported an over 200,000-fold varia-
tion in genome size, namely between the Amoeba Amoeba dubia which was found
to have a genome size of 670,000 Mbp (Gregory 2001) and the 2.9 Mbp genome
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of the microsporidium Encephalitozoon cuniculi (Biderre et al. 1995; Katinka
et al. 2001). Plant genomes in particular show a vast variation in genome sizes,
even between very closely related species. Most interestingly, there is almost no
correlation between genome size and phylogenetic distance in plants (Fig. 6.1).
Among the dicotyledonous plants, Arabidopsis has one of the smallest genomes
known with only about 120 Mbp (AGI 2000). In contrast, the closely related
Brassica species which diverged from Arabidopsis only 15-20 MYA(Yang et al.
1999) have 5-10 times larger genomes. In monocotyledonous plants, variation is
even more extreme: The grasses Brachypodium dystachion, rice and sorghum have
genome sizes of 273, 389 and 690 Mbp, respectively, considerably larger than the
Arabidopsis genome but roughly an order of magnitude smaller than the genomes
of some agriculturally important grass species such as diploid wheat or maize
with haploid genome sizes of 5,700 and 2,500 Mbp, respectively. And even they
are still dwarfed by the genomes of some lilies, among them Fritillaria uva-vulpis
which has a genome size of more than 87,000 Mbp, over 700 times the size of
the Arabidopsis genome (Leitch et al. 2007). Also among Dicotyledons, closely
related species often differ dramatically in their genome sizes. Maize and sorghum,
for example, diverged only about 12 MYA (Swigonova et al. 2004), but the maize
genome is more than 4 times the size of the sorghum genome (Tables 6.1 and 6.2).
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Fig. 6.1 Phylogenetic relationships and genome sizes in selected plant species. Divergence
times of specific clades are indicated in grey numbers next to the corresponding branching. These
numbers are averages of the published values provided in Table 6.1. The scale at the bottom indi-
cates divergence times in million years ago (MYA). Major taxonomic groups that are discussed in
the text are indicated at the left
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Table 6.2 Plant genome sizes and gene numbers in a selection of publicly available genomes

Plant genomes Size (Mbp) Genes Reference
Arabidopsis thaliana 120 26,200 AGI (2000)
Brachypodium distachyon 273 25,500 IBI (2010)

Fritillaria uva-vulpis 87,400 ? Leitch et al. (2007)
Hordeum vulgare 5,700 32,000 Mayer et al. (2011)
Oryza sativa 372 40,600 IRGSP (2005)
Physcomitrella patens 462 35,900 Rensing et al. (2008)
Populus trichocarpa 410 45,500 Tuskan et al. (2006)
Sorghum bicolor 659 34,500 Paterson et al. (2009)
Triticum aestivum 16,000 50,000 Choulet et al. (2010)
Vitis vinifera 342 30,400 Jaillon et al. (2007)
Zea mays 2,061 30,000 Schnable et al. (2009)

Abbreviations in references: AGI Arabidopsis Genome Initiative, CSC C. elegans Sequencing
Consortium, /BI International Brachypodium Initiative, /ICGSC International Chicken Genome
Sequencing Consortium, /HGSC International Human Genome Sequencing Consortium, /RGSP
International Rice Genome Sequencing Consortium, MGSC Mouse Genome Sequencing
Consortium

Despite the vast differences in genomes sizes among plants, the number of
genes is almost similar in all species investigated so far. In fact, in recent years, a
consensus began to transpire that probably all angiosperm plants contain between
25,000 and 30,000 genes per haploid genome equivalent. This includes only pro-
tein-coding genes and excludes other components of gene space such as the highly
repetitive ribosomal DNA clusters, tRNAs and small nucleolar and small interfer-
ing RNAs as well as conserved non-coding sequences (Freeling and Subramaniam
2009). However, the discussion about the actual gene number of plant genomes is
far from over because of the technical difficulties of reliably predicting genes and
the mere challenge of defining what a gene actually is.

6.5 Transposable Elements Determine Genome Size

The differences in genome sizes are caused by variation in the number and size
of TEs. Especially in large genomes like barley, wheat or maize, TE contribute at
least 80 % to the total genomic DNA (Schnable et al. 2009; Wicker et al. 2009b).
Already early on, it became clear that there must be hundreds or even thousands
of different TE families populating these large genomes (SanMiguel et al. 1998;
Wicker et al. 2001). Thus, it has become an important research area to catego-
rise and characterise at least the most abundant TE families in the different plant
species. This is necessary for two practical reasons: first, TEs display such an
enormous variety that some more exotic ones are often mistaken for genes and
annotated as such and, second, transposable elements can cause problems during
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sequencing, especially in large genomes. Good knowledge of TEs can therefore
help order sequence fragments and close sequence gaps.

Although the necessity and practical value of databases of repetitive elements
are apparent to researchers, in recent years, classification and characterisation of
these repeats was done very much on a species-by-species level and no common
guidelines and classification systems were ever consistently applied. In 2002,
Jorge Dubcovsky (UC Davis, CA, USA), David Matthews (Cornell University,
NY, USA) and Thomas Wicker (University of Zurich, Switzerland) initiated the
first database for TE sequences from Triticeae (TREP, Triticeae repeat database).
TREP originally included only sequences from wheat and barley (Wicker et al.
2002), but has been expanded to include other species since then. The 11th release
of TREP contained over 1,500 DNA sequences of plant TEs plus 291 predicted
TE protein sequences. Databases for TEs from A. thaliana (tigr.org) and rice
(retroryza.org) have also become publicly available later.

In 2007, a group of TE experts met at the Plant and Animal Genome
Conference in San Diego (California, USA) with the goal to define a broad con-
sensus for the classification of all eukaryotic transposable elements. This included
the definition of consistent criteria in the characterisation of the main superfami-
lies and families and a proposal for a naming system (Wicker et al. 2007a). The
proposed system is a consensus of a previous TE classification system that groups
all TEs into two major classes, 9 orders and 29 superfamilies (Fig. 6.2). Class 1
contains all TEs which replicate via an mRNA intermediate in a “copy-and-paste”
process, while in Class 2 elements, the DNA itself is moved analogous to a “cut-
and-paste” process. One novel aspect of the classification system is that the TE
family name should be preceded by a three-letter code for class, order and super-
family (Fig. 6.2). This allows to immediately recognise the classification when
seeing the name of TE. The proposed classification system is open to expansion as
new types of TEs might still be identified in the future.

6.6 TE-Driven Genome Expansion

The most abundant TE class in plant genomes are long terminal repeat (LTR) retro-
transposons. They replicate via an mRNA intermediate which is reverse transcribed
and integrated elsewhere in the genome. Thus, each replication cycle creates a new
copy of the element. Most of the probably hundreds of LTR retrotransposon fami-
lies in a genome are present in low or moderate copy numbers. However, especially
the large plant genomes contain retrotransposon families which are extremely suc-
cessful colonisers. For example, BARE! elements contribute more than 10 % to the
barley genome (Vicient et al. 1999; Kalendar et al. 2000; Soleimani et al. 2006).
A whole genome survey in barley showed that 50 % of its genome is made up by
only 14 TE families and 12 of them are LTR retrotransposons (Wicker et al. 2009b).
It is not known what makes certain LTR retrotransposon families particularly suc-
cessful. Some retrotransposons have been shown to be activated by stress conditions
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such as drought (Kalendar et al. 2000). Additionally, analysis of Copia elements in
rice and wheat showed that different families are active at different times in waves
lasting for several hundreds of thousands of years (Wicker and Keller 2007).

In any case, the activity of LTR retrotransposons causes an increase in genome
size. Indeed, it was shown that genome size in plants is largely determined by
the amount of LTR retrotransposons, while all other TE superfamilies contrib-
ute only few percent to the total genomic DNA (Paterson et al. 2009; Schnable
et al. 2009; Wicker et al. 2009b; IBI 2010). In large genomes, TEs often insert into
one another, leading to complex nesting patterns with large regions that consist
exclusively of TE sequences. This is illustrated in Fig. 6.3 which shows how the
rym4 locus in the barley variety Morex expanded to more than 65 kb by a series
of TE insertions compared with the same locus in the variety Haruna nijo. The
strong differences between the two varieties indicate that the two loci represent
two ancient haplotypes which diverged approximately 930,000 years ago (Wicker
et al. 2009a). These data illustrate that TE insertions can greatly expand intergenic
regions within relatively short evolutionary time periods. Extensive regions con-
sisting of nested TEs are a typical characteristic of large plant genomes, and they
define the image of small gene islands being lost in an ocean of repetitive DNA.

6.7 Genome Contraction Through Deletion
of Repetitive DNA

In the early 2000s, the discovery of genome expansion through TE replication
led to the perception that plant genomes have “a one-way ticket to genomic obe-
sity” (Bennetzen and Kellogg 1997). Indeed, the existence of plant genomes of
several hundred times the size of the Arabidopsis genome suggested a one-way
process. However, the model of ever-expanding genomes through TE activity
could not explain why the genomes of some plant species would suddenly start
to grow while others stayed small and compact. Neither could it explain the out-
right contradictions between taxonomy and genomes sizes (Fig. 6.1). For example,
Brachypodium with its small genome lies in between two taxonomic groups with
significantly larger genomes (7riticeae and Panicoideae, Fig. 6.1). The model of a
one way-process could only explain this pattern if genome expansion had started
in Triticeae and Panicoideae independently only after the three taxa had diverged.

Furthermore, comparative analysis of orthologous regions from barley and wheat
revealed virtually no conservation of intergenic sequences (SanMiguel et al. 2002).
Genes were found in the same linear order, while no TE was found to be conserved
in both species in orthologous positions, i.e. TEs that have inserted in the common
ancestor of wheat and barley (Fig. 6.4). Considering that wheat and barely have very
similar genome sizes and diverged only about 12 MYA (Chalupska et al. 2008), this
finding was surprising and could be best explained if there were mechanisms by
which DNA could be removed from the genome.
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Fig. 6.3 Genome expansion through TE insertions. a Comparison of the rym4 locus from the
barley varieties Morex (top) and Haruna nijo (bottom). Two genes (#1 and #2) are conserved
while intergenic regions differ strongly. The Morex locus is greatly expanded due to several TE
insertions. Nested insertions of TEs are depicted as follows: TEs that have inserted into others are
raised above the ones into which they have inserted. Regions that are conserved between the hap-
lotypes of the two varieties are indicated with grey areas connecting the two maps. b Model for
the evolution of the rym4 locus in barley. The map depicts the sequence organization of the hypo-
thetical ancestor sequence. Transposable elements that have subsequently inserted in Morex (top)
and Haruna nijo (bottom) are indicated as colored boxes, with arrows pointing to their insertion
sites. Estimated times of insertions in millions of years ago (MYA) are indicated inside the ele-
ments. Adapted from Wicker et al. (2009a)

One mechanism how TE sequences can be deleted from the genome is through
unequal homologous recombination between the LTRs of retrotransposons. This leads
to the generation of a solo-LTR while the internal domain and one equivalent of an
LTR is eliminated from the genome (Fig. 6.5a). This phenomenon was long known in
animals (who have only relatively few LTR retrotransposons) and was first described
as a possible mechanism of genome size reduction in plants (Shirasu et al. 2000). This
mechanism also provides an elegant explanation how large parts of retrotransposons
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genes are conserved while intergenic regions are completely different due to genomic turnover
caused by TE insertions and deletions of DNA. The only difference in the genes is an inversion
of the gene #2. Nested insertions of TEs are depicted as described in Fig. 6.3. b Detail view
of the gene island containing genes 3, 4 and 5. Almost exclusively coding sequences of genes
are conserved while promoters and downstream regions have diverged to a degree that they can
hardly be aligned. Based on SanMiguel et al. (2002)

can be eliminated from the genome. However, the resulting solo-LTRs still mean a
net increase in genome size. The formation of solo-LTRs can therefore not explain the
complete absence of colinearity in intergenic regions.

The discovery of apparently “random deletions” in the large intergenic
sequences suggested a new mechanism by which repetitive DNA is eliminated
independent of its sequence (Wicker et al. 2001). The mechanism that causes this
kind of deletions was later described as “illegitimate recombination” (Devos et al.
2002). The term illegitimate recombination includes multiple molecular mecha-
nisms such as replication slippage (reviewed by Lovett (2004)) or double strand
break (DSB) repair through non-homologous end-joining (reviewed by van Rijk
and Bloemendal (2003)) or single-strand annealing (SSA, reviewed by Hartlerode
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Fig. 6.5 Mechanisms for
reduction of genome size.

a Unequal homologous
recombination can occur
between the two LTRs of a
retrotransposon. It results

in a solo-LTR and a circular
molecule which is then
degraded. b Schematic
depiction of illegitimate
recombination. A short motif
of only 3 bp that occurs twice
by chance in a short stretch
serves as a template for the
recombination event. The two
products of the recombination
are a duplication and a
deletion. In the case of the
duplication, both units are
flanked by the 3 bp motif
that served as template. In
that case, the 3 bp motif is
referred to as the illegitimate
recombination signature.

¢ A deletion can only be
detected if a sequence from
an orthologous or paralogous
locus is available. The typical
illegitimate recombination
signature (i.e. the sequences
that served as templates for
the recombination event) is
printed in bold
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and Scully (2009)). Whatever the precise molecular mechanisms are, they all
result in recombination between very short stretches of homology (e.g. a single or
a few bp), thus leading to the apparent random nature and distribution of illegiti-
mate recombination events (Fig. 6.5b).

Studies in Arabidopsis (Devos et al. 2002), wheat (Wicker et al. 2003) and rice
(Bennetzen et al. 2004) showed that illegitimate recombination is a major mecha-
nism for genome contraction and might have a larger effect on genome size than
the generation of solo-LTRs. As shown in Fig. 6.5b, illegitimate recombination
leads either to a deletion or a duplication. However, our recent data indicate that
deletions caused by DSB repair through SSA probably strongly outnumber dupli-
cations (Buchmann et al. 2012). Nevertheless, such duplications can sometimes
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act as a creative force, for example in the generation of sequence variability of
NBS-LRR resistance gene analogs (Wicker et al. 2007b). There, they can trigger
the expansion of the leucine-rich repeat (LRR) domain which is responsible for
the specific recognition of pathogens.

The processes of TE amplification and DNA removal drive a “genomic turno-
ver” which is characterized by a balance between TE-driven duplication of DNA
and deletions. This results in a permanent reshuffling of all intergenic sequences.
Obviously, any alterations in the sequences essential for the immediate survival
of the organism will be selected against. For example, if an important gene is dis-
rupted by a TE insertion or partially deleted by illegitimate recombination, the
offspring of that cell is not viable. However, parts of the genome which are not
under selection pressure, namely TE sequences, can accumulate such rearrange-
ments without negative effects on the fitness of the organism. Apparently, in plants
this process is quite rapid and dynamic. As described above, between barley and
wheat, intergenic sequences are completely reshuffled within a few million years.
In fact, even between different Triticum species, only very limited conservation of
intergenic sequences was found, although these species have diverged less than
three million years ago (Wicker et al. 2003).

A first step toward unravelling the rate at which genomic turnover occurs was
the introduction of a method for estimating the age of retrotransposons based on
the divergence of their LTRs (SanMiguel et al. 1998). Because of the mechanism
of reverse transcription, both LTRs are identical at the time of insertion (Lewin
1997). Since retrotransposons are largely free from selection pressure (Petrov
2001), they accumulate mutations at a background rate which was estimated to
be 1.3 x 1078 substitutions per site per year (Ma and Bennetzen 2004). Thus, the
number of differences between the two LTR sequences is proportional to their age.

Numerous surveys have since studied age distributions of LTR retrotransposons
in several species, including Arabidopsis (Pereira 2004 ), rice (Gao et al. 2004; Ma
et al. 2004; Piegu et al. 2006; Wicker and Keller 2007), wheat (SanMiguel et al.
2002; Wicker and Keller 2007), maize (Du et al. 2006; Wolfgruber et al. 2009) and
sorghum (Du et al. 2006). The finding common to all these studies was that hardly
any retrotransposons older than 6-7 million years were found, indicating that the
removal of repetitive sequences in plant genomes is rather efficient.

Genome-wide surveys of LTR retrotransposon age distributions showed that
most retrotransposons are young and the older they get, the rarer they are. This
finding suggested that intergenic sequences might be removed at a more or less
constant rate from genomes. In fact, in rice and Arabidopsis, age distribution of
Copia retrotransposons approximately follows a hyperbolic distribution, allowing
to postulate a “half-life” value that describes the time it takes until half of the ret-
rotransposons are at least partially removed from the genome (i.e. at least one LTR
is deleted so that the time of insertion of the element can not be estimated any-
more). Interestingly, this value was estimated to be 470,000 years in Arabidopsis
(Pereira 2004) and 790,000 years in rice (Wicker and Keller 2007). This is consist-
ent with the fact that rice has a significantly larger genome than Arabidopsis.
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6.8 Dynamic Equilibrium of Genome Size

The findings on genomic turnover led to the emergence of the “increase/decrease”
model for genome size evolution (Vitte and Panaud 2005) which describes
genome size as a function of the rate of DNA increase through TE amplification
and DNA decrease through TE removal. The balance of these two rates determines
the current genome size. A change in one or both rates can therefore lead to an
increase or decrease of genome size.

The rapid turnover of intergenic sequences makes them a perfect chronicle
to study the background processes that shape genomes over time. Especially in
large genomes like that of wheat or barley, the study of intergenic sequences
allows detailed reconstruction of past events and gives an insight of the mecha-
nisms at work. In the case of the rym4 locus, evolutionary events could be traced
back for approximately 7 million years (Wicker et al. 2005) and revealed a
turbulent mixture of insertions, deletions and duplications. However, reconstruc-
tion of evolutionary events has its limitations due to high rate of genomic turno-
ver. As mentioned above, within a few million years, intergenic sequences are
completely reshuffled. Thus, detailed reconstruction of evolutionary events is not
possible past that time frame.

6.9 The Molecular Basis for Gene Movement
in Grass Genomes

As described above, the genomic turnover removes almost all sequence simi-
larities outside of protein coding regions within a few million years. Therefore,
among more distantly related species, sequence conservation is limited to regions
which are under selection. We also discussed above that among grasses, many
genetic markers are found in the same order in different species, reflecting the
conserved chromosome structure of a common ancestor (Gale and Devos 1998).
At the DNA sequence level, one finds that the majority of genes are in the same
linear order across species, a finding that is commonly referred to as “synteny”
or “colinearity”. Comparison of the complete genomes of Brachypodium, rice and
sorghum showed that at least 60-70 % of all genes are found in the same order
in the three species (IBI 2010). This allows us to identify corresponding chromo-
somal regions with relative ease by comparing the positions of orthologous genes.
The more distantly related two species are, the fewer genes are found in col-
inear positions. This decrease of the number of collinear genes between species
is generally attributed to “gene movement”. The molecular mechanism of gene
movement and the erosion of synteny that goes with it has been an unsolved riddle
since the advent of comparative genomics. Several studies have shown that genes
or gene fragments are sometimes captured by TEs and moved or copied to a differ-
ent location (Wicker et al. 2003; Jiang et al. 2004; Lai et al. 2005; Morgante et al.



142 J. P. Buchmann et al.

2005; Paterson et al. 2009). However, most of these captured pieces of DNA are
very small and usually only contain fragments of genes. Thus, none of these stud-
ies could so far provide a robust explanation for the movement of large fragments
which sometimes contain several genes.

A recent study investigated the molecular basis of the movement of large gene-
containing fragments (Wicker et al. 2010). Three-way comparison of the genomes
of Brachypodium, rice and sorghum identified genes which are specifically non-
colinear in only one species (i.e. one could identify in which species the move-
ment had occurred). This approach revealed evidence that gene movement is
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mostly the result of double-strand breaks (DSBs) that are repaired by the “synthe-
sis-dependent strand annealing” mechanism where a copy of the foreign fragment
is used as “filler DNA” to repair the DSB (reviewed by Hartlerode and Scully
2009). Thus, gene movement is largely a copy-and-paste process. The duplicated
fragments ranged from a few hundred bp to more than 50 kb and sometimes
contained multiple genes. Most DSBs were apparently caused by TE insertions
because we often found a TE immediately adjacent to the duplicated fragment
(Wicker et al. 2010).

In several cases, highly diagnostic sequence motifs such as target site duplica-
tions of TEs on both sides of the duplicated fragments were found, strongly support-
ing the hypothesis that TE elements cause gene movement. A detailed example for
the molecular events is provided in Fig. 6.6: In the first step, a Mutator element is
inserted into the genome. The transposase cutting the host DNA creates the typical
9 bp overhangs bordering the termini of the element. Usually these gaps would be
filled by cellular DNA repair enzymes, resulting in the characteristic target site dupli-
cation. We assume that during this process, a DSB can occur either precisely at the
insertion point or a few bp away from it. The 3’ overhang produced by the transposase
invades a complementary motif elsewhere in the genome. A filler strand is synthe-
sized until a second matching motif is reached. The result is that the filler DNA is
immediately adjacent to the TE insertion. Apparently, matching motifs of only a few
bp in size are sufficient for strand invasion and priming of synthesis (Puchta 2005).

These findings suggest that gene movement is in fact the result of a rather rou-
tine process, namely the “patching up” of gaps in the genome. Besides TE inser-
tions, there are several other mechanisms that can induce DSBs in genomes such
as template slippage or unequal crossing-over (Wicker et al. 2010). In fact, recent
analyses strongly suggest that the excision of TEs might also be a frequent source
of DSBs (Buchmann et al. 2012).

The above observations indicate that more or less random fragments are used
as filler DNA in “patching up” of gaps. If gene-containing segments are used to
patch the gaps, most of these duplicated genes will probably degenerate as they
are not under selection. In a few cases, the duplicated genes will gain a new func-
tion or be retained through genetic drift and therefore become established in a
population.

6.10 Other Contributions of Transposable Elements
to Evolution

Recent discoveries have supported the importance of TEs as a major evolution-
ary force (Biémont and Vieira 2006). There are a number of cases which clearly
demonstrate a role of TEs in evolution. Very importantly, they create diversity
in gene expression, either as a consequence of direct changes of the genome
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sequence or by epigenetic mechanisms. A very good example (although not from
a Triticeae species) of a direct change is the determination of grape color in grape-
vine: there, the insertion of a retrotransposon changes the grape color from blue
to white by insertion into the promoter region of a Myb transcription factor gene
which is involved in the control of anthocyanin production (Kobayashi et al. 2004;
Morgante et al. 2007). The excision of this retrotransposon by unequal intra-
chromosomal recombination between the long terminal repeat sequences (LTR),
resulted in one remaining LTR sequence in the myb promoter region. This (partial)
excision formed a promoter which is only partially active, but the gene expression
at a low level restores MYB activity sufficiently to allow the synthesis of some
anthocyanins. This results in the production of red grapes, a nice example how
retrotransposon activity is related to an economically highly relevant agronomical
trait. As mentioned above, transposons can also change gene expression by epi-
genetic mechanisms. A classical example of such an epigenetic gene regulation
based on a transposable element is the coat color of mice controlled by the agouti
gene (Morgan et al. 1999). Finally, there is the suprising finding that six lineages
of the copia retrotransposon show a surprising degree of conservation across phy-
logenetically different species such as rice and Arabidopsis, indicating some type
of selection (Wicker and Keller 2007).

In an intriguing recent discovery, it was found that LINE (long interspersed
nuclear element) retrotransposon activity is elevated in brain tissue vs. other
somatic tissue in humans. The differential transposon activity in cells of the brain
results in brain-specific genetic mosaicism. This brain-specific activity of LINE
retrotransposons possibly has consequences on gene expression and neuronal
function (Muotri et al. 2010; Singer et al. 2010). Whether this individual-specific
diversity results in biologically significant traits remains to be determined.

An adaptive value of transposable elements was suggested by the findings in wild
barley populations from Israel. There, two populations from very different, but geo-
graphically close, microclimates were analyzed for TE insertion patterns and copy
number (Kalendar et al. 2000). The two populations were located in the so called
evolution canyon in Northern Israel. This ecological site has two slopes which differ
sharply in a number of ecologically important aspects. Specifically in wild barley
plants harvested from the drier slope of the canyon, the genome was enriched with
BARE 1 retrotransposons. Based on these data, the authors speculated about a pos-
sible adaptive selection for increased genome size caused by retrotransposon activ-
ity. There are some other data which can be viewed as being supportive for such a
hypothesis, e.g. it was observed that individual families of the copia retrotransposon
in rice and wheat were active at different time windows during evolution (Wicker
and Keller 2007). These spikes of activity are possibly caused by the evolution of
aggressively multiplying element followed by the evolution of efficient silenc-
ing mechanisms. However, it cannot be excluded that certain transposon families
react to specific environmental conditions. Thus, one can speculate that transposon
activity might leave a footprint of past environmental conditions in the genome, an
intriguing and fascinating aspect of whole genome analysis in plants.
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6.11 The Use of Transposons as Tools for Functional
Studies

The ability of transposable elements to move to a new location in the genome
has made them important tools for the analysis of gene function, particularly in
plants. Insertion of a transposable element into a gene will mostly result in inac-
tivation of this particular gene and the obtained insertion mutant can be used for
further experimental studies (for a review on insertion mutagenesis in plants see
Ramachandran and Sundaresan 2001). Both DNA transposons as well as retro-
transposons have been used for insertional mutagenesis in plants in general, and
cereals in particular. If the transposon moves quite frequently in a genome, it can
create large sets of insertion mutants, ideally allowing identification of a mutant in
any desired gene. Transposon insertion mutagenesis has been particularly impor-
tant in maize and rice, but there is increasing interest in barley also.

As described above, the crop plant maize is at the origin of important transpos-
able elements. The Ac transposon and derived Ds deletion variants were first isolated
at the molecular level by Fedoroff et al. (1983). Based on the Ac/Ds elements as
well as the MuDr/Mu transposons, saturation mutagenesis was established in maize
(Walbot 2000; Fernandes et al. 2004). A large-scale study comparing the insertion
patterns of Ac/Ds and MuDR/Mu revealed distinct and complementary target site
preferences of the two systems (a review on the different systems available in maize
was published by Weil and Monde (2007). The available collections of transposon
insertion mutants in maize were recently summarized by Balyan et al. (2008).

One of the most studied and used insertional mutagenesis system applied in het-
erologous plant species lacking efficient endogenous transposons is based on the
above mentioned Ac/Ds elements derived from maize. For instance, very efficient
systems for transposon mutagenesis have been developed for rice using modified
versions of these Ac/Ds elements (Qu et al. 2008). In this crop, starting with only 26
primary transformants, a total of 638 stable Ds insertions were identified, with a very
wide distribution of the inserted sequences over the whole rice genome. Similarly,
Kim et al. (2004) have shown the feasibility of using Ds elements for the genera-
tion of a large number of Ds insertion mutants in rice. A very large genetic resource
based on Ds in rice was recently described in japonica rice cultivar Dongjin. In this
study, 115,000 Ds insertion lines were produced, making it an excellent source
for the identification of mutants (Park et al. 2009). A summary on the rice genetic
resources with transposon insertions is found in a recent review (Balyan et al. 2008).

Interestingly, and very much in contrast to many other plant species, no highly
active transposons have yet been identified in the economically important Triticeae
species which include wheat, rye and barley. Thus, this very relevant tool for func-
tional studies is not available in this important group of crop plants. Therefore,
there are considerable efforts to establish a transgenic system based on the Ac/Ds
system mostly in barley, with some first work done also in wheat. Barley can be
relatively easily transformed by Agrobacterium transformation and is a diploid
species, so that insertion mutants in this crop would be highly informative for
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functional analysis for all Triticeae crops. Recently, several groups have described
significant progress in establishing a transposon-tagging system in barley. In one
study, more than 100 independent Ds insertions were identified and mapped. They
were well distributed across the whole genome and integrated preferentially into
gene-containing regions. These insertions can now be used as launch pads for fur-
ther saturation of the genome with insertions (Zhao et al. 2006). Similarly, in an
independent study a large number of single copy Ds insertions were generated and
flanking sequences were determined (Singh et al. 2006). High frequencies of sec-
ondary and tertiary transpositions were observed, possibly allowing the develop-
ment of large populations with independent insertions. More recently, Randhawa
et al. (2009) have located single-copy Ds insertion events in barley by using wheat
cytogenetic stocks. They concluded that it might be possible to target all genes by
transposon tagging even with low transposition frequency in gene poor regions.
The Ac/Ds system was also used for additional, more specific applications in bar-
ley. A gene trap approach was successfully implemented which will allow gene
identification by expression studies as well as by forward and reverse genetics
(Lazarow and Liitticke 2009). Along a similar line, an activation tagging system
was developed in barley, based on a modified Ds element fused to the maize ubiq-
uitin promoter (Ayliffe et al. 2007; Ayliffe and Pryor 2009). This system should
allow identification of dominant over-expression phenotypes as done in several
other plant species.

Large-scale collections of transposon insertion mutants were developed using DNA
transposons, mostly the Ac/Ds and Mu/MuDR systems described above. However,
in rice, a highly efficient approach was used for insertion mutagenesis based on a
retrotransposon called 7os/7. This element has a very low copy number in the rice
genome, particularly if compared to other retrotransposon families. For instance, the
well-studied cultivar Nipponbare with a completely sequenced genome contains only
two copies. Tosl7 is activated specifically by tissue culture which is used to induce
new insertions. In contrast to the Ac/Ds elements which preferentially insert into
closely linked DNA, retrotransposons are mostly transposed to unlinked sequences.
The molecular basis of this system and its applications for insertion-based mutagene-
sis in rice have been reviewed (Hirochika 2001; Kumar and Hirochika 2001). A recent
summary of the research field and the complete overview on the available resources
based on Tos17 insertions are also available in a recent review (Hirochika 2010).

Although TosI7 is the only retrotransposon that has been used for large scale
mutagenesis in plants, there are other retrotransposons in different plant species
which are active and cause mutations. For instance, the spontaneous iron-inefficient
mutant fer in tomato was recently shown to be caused by an insertion of the Rider
retrotransposon into the first exon of the gene (Cheng et al. 2009). As this mutant
was not derived from tissue culture, it must be assumed that it originates from spon-
taneous transposition in the plant. Interestingly, there is evidence that retrotranspo-
sons can also be used in a transgenic form in other species. The Tnt/ retrotransposon
was originally identified in tobacco and was subsequently used in a transgenic form
in the heterologous system of lettuce. There, Tntl gets frequently inserted into genes
and the insertions were stably inherited (Mazier et al. 2007). As the lettuce genome
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is large, it is tempting to speculate that 7n¢/ might also be useful as an active retro-
transposon insertion system in the large genomes of barley and wheat. However, to
our knowledge this has not yet been tested so far.

6.12 Summary and Outlook

Studying genome evolution is a complex and mostly theoretical field of research,
because most theories and models can not be proved experimentally but have to be
inferred between sequence and comparative analysis. Nevertheless, as described in
this chapter, our understanding of the molecular mechanisms that shape genomes
has greatly improved. The current knowledge opens up many new possible areas
of research, some of which are outlined here. We have seen that DNA repair is
a major driving force for genomic rearrangements, but we are only beginning to
understand what is its actual impact on genome evolution. It will be fascinating
to further explore the causes of DSBs, the role of TEs in causing DSBs and the
various ways in which they are repaired. Quantitative analyses will be necessary to
determine the average size ranges of filler DNA and deletions that are introduced
during DSB repair. This will allow conclusions on the magnitude of the impact
of DSB repair on genome evolution. Of particular interest is the question why
gene colinearity erodes much more rapidly in plants than in animals. Are animal
genes less likely to be moved because of their much larger size or is their large
size an adaptation that prevents their movement? An increasing number of avail-
able eucaryotic genome sequences that are becoming publicly available will allow
targeted comparative analyses to address these questions.

One of the central themes of this chapter is the role of TEs in genome evolu-
tion. It is essential to study further several fundamental aspects of TEs and their
interaction with their host genome. Besides being a frequent source of DSBs,
different types of TEs seem to be confined to specific “genomic compartments”.
For example, miniature inverted-repeat transposable elements (MITEs) are almost
exclusively found in or near genes and their sequence composition is very simi-
lar to that of con-coding regions of genes (i.e. promoters, introns and downstream
regions). It is therefore perceivable that many if not most gene promoters and reg-
ulatory sequences are actually derived from such TE sequences. This would pro-
vide an elegant explanation for the observation that non-coding parts of genes are
almost completely divergent even between closely related plant species.

In contrast to MITEs, some retrotransposon families are specifically and
exclusively found in centromeres of grasses. It is suspected that specific protein
domains encoded by the retrotransposon are responsible for guiding the insertion
of the DNA copy to specific locations in the genome. This suggests that some of
these centromeric elements indeed play a vital role in centromere function.

TEs have proven extremely useful as agents for mutagenesis as well as in gene
tagging systems. The more we expand our knowledge of TEs, the more we will
discover useful properties that can expand our set of molecular tools to investigate
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and manipulate target organisms. Most likely, future studies will help to differenti-
ate our general perception that TEs are purely selfish genetic elements but have, at
least to some degree, been recruited by the host to fulfil specific functions.
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