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The structure and evolution of plant nuclear
genomes

Multiple layers of information are embedded in the nucleoprotein structure of

chromosomes. The information content of the duplex DNA molecule within each

chromosome contains signals for nucleosome positioning, transcription, gene

splicing and amino acid selection. Apart from the diversity present in the

construction and organization of DNA sequences in different species, molecular

and evolutionary processes are continuously reshaping genome structures. At

the macromolecular level, genomes primarily evolve through translocation,

inversion, duplication, unequal recombination, deletion and substitution. Although

the divergence of major angiosperms into monocotyledons and dicotyledons

occurred some 130-200 million years ago (Yang et al., 1999; Wikström et al.,

2001), there is considerable interest in the comparative analysis of plant genomes

because of the expectation that information gained from one or more taxa may be

extrapolated to a wide range of more complex or valuable crop genomes (Messing

and Llaca, 1998). Therefore, basic knowledge about the constraints on genome

structure and evolution is required, together with data describing the genetic and

functional implications associated with any kind of modification.

The composition of angiosperm genomes

Apart from differences in chromosome number, size is the most basic feature

that can be compared between nuclear genomes. Plants vary tremendously in

genome size, from the 125Mb of Arabidopsis thaliana to some lily genomes (Lilium)

that are about 1000-fold larger. Many crops, including cereals and legumes,

possess large genomes although there is considerable variation in genome size

within these plant families (Figure I). The lack of correlation between organism

complexity and genome size, the ‘C-value paradox’ (Callan, 1972), has been

debated for many years. The current view is that some of this variation is caused

by differences in ploidy levels, although the major differences can be attributed to

higher amounts of mobile and tandem repetitive elements (Doolittle and Sapienza,

1980; Orgel and Crick, 1980; Cavalier-Smith, 1985). All plant genomes appear to

have many different types of transposable elements, but larger genomes seem to
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accumulate some subsets of these elements at very high copy numbers

(Grandbastien, 1992; SanMiguel and Bennetzen, 1998). Whether small plant

genomes have less of these elements because they are better able to inhibit their

amplification or because they have some unknown mechanism for removal of

these repeats, is unclear (Bennetzen and Kellogg, 1997). Nevertheless,

accumulating evidence suggests that genome size contraction, through a diversity

of DNA deletion mechanisms, may also be a common evolutionary process in

eukaryotic genomes (Petrov et al., 1996; Petrov, 1997; Kirik et al., 2000; Shirasu

et al., 2000). Therefore, it is possible that a bidirectional model combining DNA

content increase and decrease operates on a more extensive scale in plants than

previously thought (Bennetzen and Kellogg, 1997; Wendel et al., 2002).

In general, plant genomes appear to comprise a mosaic of different amounts

of genic and non-gene-coding DNA. Euchromatin tends to be transcriptionally

competent, while in heterochromatin transcription is predominantly repressed or

inactive. Furthermore, there seem to be different constraints on the evolution of

repetitive DNA and genes, which causes that the amount of repetitive DNA varies

significantly between different plant genomes (see Table I). Like all other eukaryotic

species, standard plant chromosomes contain, apart from genes, mobile repetitive

DNAs and various classes of tandemly repeated sequences. A majority of tandem

sequences are essential for the survival of the organism, because they are required

for the organization and functioning of centromeres and telomeres. Other types of

repeats, like minisatellites, microsatellites and transposable elements may

represent selfish DNA, although low-copy number transposons that integrate near

genes can serve as the raw material for the evolution of new cis-regulatory elements

(White et al., 1994). Recently, additional roles for transposable elements and

repeats in gene and genome evolution have been described (Devos et al., 2002;

Jiang et al., 2004), confirming their importance for the evolution of plant genome

structures.

Repetitive sequences and transposons

Plant centromeres are required for correct chromosomal segregation in mitosis

and meiosis. Although centromeric chromatin is highly condensed, it can comprise

more than 50% of an entire chromosome. In situ hybridizations and sequence

analysis have identified sequences that are tandemly repeated in all cereal

centromeres and thus might be required for correct centromeric function (Jiang et
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Figure I Phylogenetic relationships among major lineages of green plants for which substantial

genomic or EST data is available. Black triangles indicate plant families in which the nuclear

genome of a model plant species is fully or nearly fully sequenced, whereas grey triangles indicate

families in which genome initiatives have been started (e.g. P. patens, S. lycopersicon and M.

truncatula). 1B. napus is an amphidiploid species composed of homoeologous A and C genomes

which are thought to have derived from the recent progenitors of extant B. rapa and B. oleracea,

respectively (U, 1935). Based on: Wendel, 2000; Paterson et al., 2000; Wikström et al., 2001

and Heckman et al., 2001.
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al., 1996). This is confirmed by the observation that all standard centromeres

share several features, including tandem repeats of approximately 180bp, together

with a highly heterochromatic state (Arabidopsis Genome Initiative, 2000). Like

centromeres, telomeres also contain short tandem repeats, which are located at

the termini of the linear plant chromosomes. Monomeric minisatellite repeats of

180-220bp are commonly present in thousands of tandem copies, where they

form a large and fairly homogeneous knob of heterochromatin. Although these

knobs are shared by all seed plant genomes, their sizes and locations show

extreme interspecies variation (Bennetzen, 1998). Other types of tandemly

repeated sequences like microsatellites or simple sequence repeats are

hypervariable and scattered throughout genomes. Although they are found on all

chromosomes in large numbers, their small size indicates that they only cover a

small fraction of a total plant genome (Table I).

All transposable elements share two basic characteristics. The first is the

ability to move from place to place in the genome and the second is their ability to

amplify their copy number within the genome through transposition (Kumar and

Bennetzen, 1999; Bennetzen, 2000a). Mobile elements fall into two major

categories: those that transpose as DNA molecules (Class II) and those that

transpose through an RNA intermediate (Class I). Well-studied elements like Ac

and En/Spm are class II elements and comprise at most a few percent of any

plant genome (Bennetzen, 1998).  Whereas the copy number of the active element

encoding the mobilizing transposase (e.g. Ac) is usually low (<5 copies), a few

hundred copies of the defective element (e.g. Ds) that responds to the transposase

can be found. One exception are the miniature inverted repeat transposable

elements (MITEs), sometimes called Class III transposons, which are derived

from DNA transposons. They can be present in thousands of copies per genome

and are mainly found in or near genes or putative matrix attachment regions

(Bureau and Wessler, 1995; Wessler et al., 1995; Avramova et al., 1998). However,

because of their general small size (~200 bp), MITEs represent only a small part

of plant genomes despite their often high copy number (Table I). In Arabidopsis,

other class II transposons like CACTA elements and mutator-like elements (MULEs)

are clustered near centromeres and heterochromatic knobs (Arabidopsis Genome

Initiative, 2000).

Class I elements that move through an RNA intermediate are called

retrotransposons. Since these elements use a copy-and-paste mechanism in

contrast to the class II elements, which jump through a cut-and-paste mechanism,
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they make up the majority of the DNA in the nuclear genomes of large-genome

plants like barley, lily and maize. Retrotransposons are the most abundant and

widespread class of eukaryotic transposable elements, consisting of the long

terminal repeat (LTR) and the non-LTR retrotransposons (Kumar and Bennetzen,

1999). LTR retrotransposons are further classified into the Ty1-copia and Ty3-

gypsy groups that differ from each other in both their degree of sequence similarity

and their order of encoded gene products. LTR-retrotransposons vary in size

from several hundred bases to over 10 kb, with LTRs that are usually a few hundred

bases to several thousand bases in length, and make up over 70% of the nuclear

DNA in maize (SanMiguel and Bennetzen, 1998). The non-LTR retrotransposons,

LINEs (long interspersed repetitive elements; 1-8kb) and SINEs (short interspersed

repetitive elements; 100-300bp) can also be found in high copy numbers (up to

250,000) in different plant species. In many cases, Ty1-copia, Ty3-gypsy, LINE

and SINE retrotransposons are dispersed widely throughout plant chromosomes.

However, detailed sequence analysis in Arabidopsis and maize suggests that

retrotransposons are highly enriched near centromeres, and often arranged as in

nested series between genes, suggesting a preference for insertion or retention

within inactive and methylated regions (SanMiguel et al., 1996; Arabidopsis

Genome Initiative, 2000).

Plant transposable elements have a range of activities, all of them associated

with possible alterations in gene and/or genome structure and function.

Chromosomal modifications (e.g. breakage, rearrangement), insertional mutation,

altered gene regulation, gene creation, sequence deletion and amplification are

all identified effects of the transpositional and/or recombinational potential of

retrotransposons (Bennetzen, 2000b; Devos et al., 2002). In addition, transposable

elements carry with them regulatory sequences that can alter the expression of

adjacent loci. An insertion of such an element into a promoter of a gene can bring

that gene’s regulation under the control of the transposable element (Martienssen

et al., 1998). Finally, some transposable elements can amplify DNA sequences

from other parts of the genome. The action of the reverse transcriptase complex

from retroelements can potentially turn any RNA into a DNA that can be integrated

into the genome. Hence, trans-acting retroelement activity can convert a mRNA

into an intronless pseudogene (Doring and Starlinger, 1986). Other elements can

also take up portions of other sequences (e.g. genes) within the elements

themselves. Consequently, transposition then amplifies these acquired segments,

along with the rest of the element, thereby leading to an increased amount of raw
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material that can serve for the creation of new genes (e.g. Jiang et al., 2004).

Gene distribution

The mosaic pattern of plant genomes was initially discovered through the

presence of different compartments having a dissimilar GC content (Salinas et

al., 1988). One of the features distinguishing monocot and dicot genomes is the

contrast of GC and dinucleotide content in exon and intron sequences (White et

al., 1992; Carels et al., 1998; Yu et al., 2002). Furthermore, monocots in general

have a higher GC content compared to dicots (Table I). Preliminary data also

suggested that cereal genomes might display some features of

compartimentalization, with gene-rich and gene-poor regions characterized by

different GC composition (Barakat et al., 1997). This gene-cluster model was

later confirmed in maize, where experimentally determined distances revealed a

dense packing of genes in islands, separated by long stretches of apparently

non-genic sequences (Panstruga et al., 1998; Tikhonov et al., 1999). Therefore,

it seems that especially large plant genomes have managed to differentiate

between desirable repeats (e.g. gene families) and potentially damaging repeats

(e.g. transposable elements), and keep mobile and other repetitive DNA inactive

through epigenetic control (see below).

Overall, plant genes are relatively compact, with average intron sizes of less

than 200bp in Arabidopsis and less than 400bp in rice (Table I). Both in Arabidopsis

and rice, the gene space occupies about 50% of the genome (Arabidopsis Genome

Initiative, 2000; Yu et al., 2002). Within gene clusters, typically found in large

plant genomes, the gene density approaches one gene per 5 kb, which is close to

the average value of one gene per 4,5 kb for the sequenced portion of the

Arabidopsis genome (Arabidopsis Genome Initiative, 2000). Upstream and

downstream regulatory sequences are usually small as well, covering no more

than a few hundred additional bases in most genes (Kaplinsky et al., 2002; Guo

and Moose, 2003; Inada et al., 2003; Hong et al., 2003). Regulation at a distance,

a feature commonly found in many animal genes, appears to be rare in plants,

which makes that the average gene plus its regulatory components normally

occupies only 1 to 5kb of genomic space (Bennetzen, 2000b).
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The evolution of genome organization: colinearity

In the late 1990s, comparative sequence analysis revealed that for large

genomes containing enormous amounts of retrotransposon DNA, a similar structure

of relative gene order conservation seemed to exist within a varying distribution

of repeats (Feuillet and Keller, 1999). Later, more evidence for both conservation

of synteny (conserved clustering of genes or markers) and colinearity (conserved

content and order of genes or markers) over different levels of divergence amongst

different plant species was found (e.g. Devos et al., 1999; van Dodeweerd, 1999;

Grant et al., 2000; Ku et al., 2000). The overall extent of synteny and colinearity

appears to be correlated with evolutionary distance, although rate differences in

specific lineages have been reported (Gale and Devos, 1998a; Schmidt, 2002). A

detailed sequence comparison of a 60 kb genomic region in Arabidopsis with its

counterpart in the closely related Capsella rubella revealed complete conservation

of gene content, order and transcriptional orientation (Acarkan et al., 2000). In

contrast, differential divergence patterns in different regions of the genome were

observed between Arabidopsis and Brassica oleracea, an ancient hexaploid

(O’Neill and Bancroft, 2000). Comparing rosids and asterids, Ku et al. (2000)

found a network of microsynteny between a genomic region of tomato and its

multiple homologous segments in Arabidopsis. Similarly, a high degree of

microsynteny between related grass species (e.g. rice, sorghum, maize), which

diverged 50-70 million years ago, was found (Chen et al., 1998; Tikhonov et al.,

1999). A synthesis of data generated by several comparative mapping studies

demonstrated that all cereal species could be represented by a small number of

linkage blocks (Gale and Devos, 1998b), indicating that the grasses could be

studied as variants on a single experimental genome (Bennetzen and Freeling,

1993).

Although this finding led to the perception that the grasses, compared to

related eudicot species, were exceptional in their degree of genome conservation,

it became also clear that several studies might be biased towards promoting

colinearity and ignoring exceptions, using the argument that paralogous instead

of orthologous markers were mapped (Bennetzen, 2000b; Bennetzen and

Ramalrishna, 2002). Consequently, the availability of methods based on robust

statistical analysis for assessing colinearity between genomes became essential

(King, 2002). In order to resolve complex colinear genome relationships, Gaut

(2001) developed a statistical method to assign a statistical significance to the
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detection of colinearity, using a simple Monte-Carlo simulation. After re-analyzing

the maize genome, he concluded that the homology in the maize genome is more

complex than initially thought, based on comparative maps, and revealed that

80% of the genome is duplicated, confirming that maize is an ancient tetraploid

(Gaut and Doebley, 1997).

The prevalence of gene duplication

Simultaneously with comparative mapping experiments and genome sequence

comparisons between different related plant species, detailed sequence analysis

on large Arabidopsis contigs provided evidence for ancient large-scale duplication

events (Lin et al., 1999; Terryn et al., 1999). Although unexpected for the small-

sized “innocent” diploid Arabidopsis thaliana, this finding confirmed the role of

genome doubling in the evolutionary history of flowering plants (Stebbins, 1971).

As reported by Wendel (2000), it is difficult to overstate the importance of genome

doubling in plants, since 50-70% of all angiosperms have experienced one or

more episodes of polyploidy at some point in their evolutionary history (Figure I).

In addition, very ancient doubling events may be difficult to discern due to potentially

rapid evolutionary restoration of diploid-like chromosomal behaviour. Therefore,

many angiosperms are considered to have paleopolyploid genomes. Logically,

the significance of polyploidy in flowering plants implies that it also has some

adaptive significance. Although novel phenotypes in polyploids, such as increased

organ size and biomass, drought tolerance, pest resistance and asexual seed

production have been described extensively (Levin, 1983), pioneering studies in

the early 70’s revealed that chromosome doubling by itself is not a help but a

hindrance to the evolutionary success of higher plants (Stebbins, 1971). Therefore,

it was assumed that the success of polyploidy in nature must have been

accompanied by other genetic-evolutionary processes, which compensated for

the initial disadvantages of raw polyploids.

Although the mechanisms by which polyploidy contributes to novel variation

are not well understood, it is clear that the genomic redundancy may lead to novel

functions through divergence of gene duplicates (Stephens, 1951; Ohno, 1970).

In 1970, Ohno predicted that after duplication, one copy is released from functional

constraints and through mutation either will decay (nonfunctionalization) or acquire

a new function (neofunctionalization). This concept of “evolutionary opportunity

through divergence after duplication” has become widely embraced, although
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there are relatively few examples that demonstrate convincingly divergence after

duplication in plants (Adams et al., 2003). Although functional divergence is a

potential consequence of gene duplication, it is clear that only few duplicates

escape the accumulation of deleterious mutations, which leads to pseudogene

formation and subsequent gene loss or silencing (Stephens 1951; Ferris and

Whitt, 1977; Wagner, 1998). Although population genetics modelling studies

revealed that the occurrence of gene loss might be an order of magnitude higher

than that of functional divergence, the observations that rates of gene silencing

are much lower than predicted, induced the potential significance of other possible

fates of duplicated genes, such as long-term maintenance of similar if not identical

function (Hughes and Hughes, 1993; Pickett and Meeks-Wagner, 1995) or sub-

functionalization. The latter model, also known as the duplication-degeneration-

complementation (DDC) model, predicts that degenerative mutations, apart from

creating pseudogenes, may also preserve duplicated genes by changing or

specializing their functions, either at the protein level or at the regulatory level

(Force, 1999). Since more and more data provide evidence for different

evolutionary outcomes after gene duplication, it seems that several models

describing the fate of a gene duplicate are valid (Wendel, 2000).

Apart from modifications in the set of duplicated genes, many potentially

important processes in polyploid genome evolution operate above the gene level.

Although the current knowledge about these aspects is very rudimentary, it seems

that a set of different processes collectively lead to genome stabilization and

evolution in polyploids. Based on mapping data, more and more examples of

ancient cryptic cycles of genome doubling and chromosomal diploidization in

currently diploid plants are found (e.g. Brassica; Lagercrantz, 1998, Glycine;

Shoemaker et al., 1996, Gossypium; Brubaker et al., 1999 and Zea; Helentjaris et

al., 1988 [Figure I]). Interestingly, apart from the extensive colinearity and retention

of synteny, chromosomal rearrangements such as inversions and translocations

are commonly observed in these diploid plants (Moore et al., 1995). Therefore, it

seems that recombination between homoeologous chromosomes (i.e. sister

chromosomes created by polyploidy that are partially homologous) is responsible

for the inter-genomic translocations in polyploidy and diploid lineages (Zohary

and Feldman, 1962; Wendel, 2000). Analysis of synthetic Brassica allopolyploids,

created by the hybridization of two differentiated genomes, revealed patterns of

non-Mendelian genomic change and rapid sequence elimination, indicating the

dynamic nature of ployploid genomes (Song et al., 1995; Soltis and Soltis, 1999).
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Although the functional significance of sequence elimination is not fully understood,

Feldman et al. (1997) noted that this process, converting sequences of initially

homoeologous chromosomes into chromosome-specific sequences, might provide

a physical basis for the rapid restoration of diploid-like chromosome pairing

following polyploidization.

Finally, increased or altered levels of DNA methylation have been observed

when monitoring the early stages after polyploidy (Song et al., 1995; Liu et al.,

1998). Cytosine methylation in CpG dinucleotides and CpNpG trinucleotides is

common in plants and plays a role in the regulation of gene expression and DNA

replication (Finnegan et al., 1998). DNA methylation is also able to repress the

activity of transposable elements (Yoder et al., 1997). Since during polyploidy two

genomes are united into a single nucleus, this signal of foreign DNA might be

responsible for altered patterns of epigenetic silencing, during which transposable

elements are released from suppression (McClintock, 1984). Therefore, it is likely

that the burst of genic and regulatory evolution through transposable element

insertion is an important feature of the early stages of polyploid formation (Flavell,

1994). In addition, the epigenetic response associated with polyploidy formation

may also lead to silencing (and reactivation) of gene duplicates (Comai et al.,

2000) and increased mutation rates, which further enlarge the process of rapid

genomic change (Wendel, 2000).
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Conceptual framework

In the early days of the Arabidopsis genome sequence, some pioneering

studies already described complex patterns of genome evolution in Arabidopsis

(e.g. Lynch and Connery, 2000; Ku et al., 2000; Vision et al., 2000). However, it

became clear that advanced and high-throughput tools were required in order to

fully explore the gene content and structure of the first plant nuclear genome

sequence. The first part of the results section will focus on the different

methodologies that can be applied for the investigation of genome structure and

evolution, and introduces some basic concepts and terminologies. In addition, a

newly developed software tool for the detection of genomic homology, incorporating

a robust statistical validation, is presented. The final chapter of part one illustrates

the power of comparative interspecies strategies for the detection of ancient and

heavily degraded genomic homology.

Part two presents several analyses that provide evidence for the importance

of large-scale duplication events in the evolution of plant nuclear genomes. Chapter

2.1 describes a detailed analysis of a limited number of duplicated segments in

the Arabidopsis genome, focusing on the origin of these duplicated blocks applying

different dating strategies. Chapters 2.2 and 2.3 report on the occurrence of large-

scale duplication events in the sequenced genomes of Arabidopsis and rice, and

illustrate the significance of polyploidy in the evolution of angiosperm plants. Part

two ends with chapter 2.4, which describes the evolutionary consequences of

gene duplication in Arabidopsis. This study focuses on two major topics:

microcolinear networks between different eurosid plant species and the analysis

of cis-regulatory evolution in gene duplicates using a comparative approach.

Finally, part three discusses the annotation, delineation and organization of

seven gene families controlling cell cycle regulation in the Arabidopsis genome,

together with an interspecies comparison of gene families within the green plant

lineage. Whereas the results of chapter 3.1 reveal the complexity and the large

number of genes controlling the plant cell cycle machinery, chapter 3.2 illustrates

the plasticity in gene content between 32 different plant taxa and discusses the

major differences in copy number and gene family organization between

Arabidopsis and rice.
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1.1 The quest for genomic homology

Klaas Vandepoele, Cedric Simillion and Yves Van de Peer

Redrafted from: Current Genomics 5, 299-308 (2004)

New initiatives to sequence complete genomes of related organisms have

introduced a new era of large-scale evolutionary genomics. The comparative

analysis of these genomes allows us to obtain a comprehensive view of many

aspects of eukaryotic genome evolution. Consequently, new computational

methods and approaches are being developed in order to investigate chromosomal

organization, rearrangements and segmental homology. Here, we review the

different techniques currently available to identify homologous chromosomal

segments in closely and more distantly related species and highlight some of the

difficulties inherent to the statistical validation of putative genomic homology. In

addition, advantages of cross-species genome analysis are discussed as well as

novel approaches to study large-scale gene duplications.



32

Part 1

Introduction

Comparative genomics provides an efficient way to detect functional elements

in genomic sequences.  The observation that functional regions are conserved

throughout evolution, in contrast to their non-functional counterparts, has triggered

the sequencing of (at least parts of) genomes of closely related animals, plants

and fungi (Hardison et al., 1997; Thacker et al., 1999; Waterson et al., 2002;

Wortman et al., 2003, Cliften et al., 2001; Kellis et al., 2003). Such large-scale

sequencing projects offer an integrated framework for comparative sequence

analysis and greatly enlarge our knowledge about gene structure, function and

regulation. Perhaps the most illustrative example is the sequencing of the mouse

genome, which, in comparison with the human genome, has allowed the

identification of many regulatory elements and has improved gene annotation in

both human and mouse (Levy et al., 2001; Dermitzakis et al., 2002; Dieterich et

al., 2002; Alexandersson et al., 2003; Pedersen and Hein, 2003; Flicek et al.,

2003; Collins et al., 2003; Clamp et al., 2003). Moreover, the detection of signals

that are conserved but cannot be recognized in the absence of a cross-species

comparison makes it possible to discover new functional elements, such as non-

coding RNAs (McCutcheon and Eddy, 2003; Lagos-Quintana et al., 2003), and

hint to their importance in biological systems.

Apart from the improved detection of conserved elements and a better

understanding of the complexity embedded in biological processes through the

comparative analysis of the genes involved, the availability of an increasing amount

of genome sequences from a large variety of organisms makes it possible to

study the organization of genes in a genome.  Especially the characterization of

different types of rearrangements (e.g. inversions, translocations and

transpositions), duplications and gene loss exposes the actual impact of genome

evolution on the complete catalogue of genes encoded by the genome (Nadeau

and Taylor, 1984; Seoighe et al., 2000; Bennetzen, 2000b; Ranz et al., 2001;

Coghlan and Wolfe, 2002; Pevzner and Tesler, 2003). However, in order to study

genome organization and genome evolution, it is essential that conserved regions

between and within genomes can be correctly identified. Since these homologous

regions, derived from a common ancestral region, may have been extensively

rearranged, their identification is not always obvious. In this review, we discuss

the different techniques currently applied for the detection of homologous

chromosomal regions and their application to the analysis of large-scale duplication
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events. Furthermore, we highlight some of the advantages of having access to

related genomes when unraveling a genome’s evolutionary past.

The detection of homologous chromosomal segments

Choosing the best method for the detection of homology at the genomic level

highly depends on the resolution one wants to obtain and on the nature of the

genomic information that is available. If complete genomic sequences of closely

related species are available, the most straightforward way to detect homology is

by comparing the sequences at the DNA level using a standard sequence similarity

search tool such as BLAST (Altschul et al., 1997) or FASTA (Pearson and Lipman,

1988). Similarly, a DNA-based sequence comparison can be applied to identify

recently duplicated and thus paralogous chromosomal regions within the same

genome. For the comparison of very long stretches of DNA, both pairwise alignment

tools (e.g., Smith-Waterman (Smith and Waterman, 1981), DOTTER (Sonnhammer

and Durbin, 1995), MUMmer (Delcher et al., 1999), PipMaker (Schwartz et al.,

2000), SSAHA (Ning et al., 2001), BLAT (Kent, 2002), BLASTZ (Schwartz et al.,

2003a), AVID (Bray et al., 2003), LAGAN (Brudno et al., 2003)) and multiple

alignment tools (Multi-LAGAN (Brudno et al., 2003), MultiPipmaker (Schwartz et

al., 2003b)) have been developed. If both input sequences are closely related,

large-scale alignments can be generated, which show a detailed base-to-base

mapping between the two genomic sequences. Although some of the programs

listed above are able to cope with genomic sequences from more distantly related

organisms, the increasing amount of sequence dissimilarity between such

genomes, or alternatively between anciently duplicated regions within the same

genome, seriously complicates the detection of significant homology over long

genomic distances (e.g. 100-1,000kb). Rather, small conserved fragments, typically

conserved exons or non-coding conserved sequences might be recovered, but

these provide little overall information on the evolution of chromosomes or complete

genomes.

When the amount of sequence similarity at the DNA level is too low to

determine homology between or within genomes, the inference of conserved gene

content and order (i.e. colinearity) provides an elegant alternative to unravel

common ancestry of chromosomal regions. The advantage of this method,

compared to DNA sequence alignment methods, is that similarity that has faded

away at the DNA level still can be detected at the protein level.  This is demonstrated
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in Figure 1.1.1 showing a comparison of two highly similar and two degenerated

paralogous chromosomal regions in the genome of Arabidopsis thaliana, both at

the DNA level and at the protein level. Where for recently duplicated (and thus

highly similar) regions homology can still clearly be inferred by both methods (i.e.

DNA-based alignments and colinearity at the protein level), the homology between

the degenerated paralogous regions is only visible through the detection of

colinearity at the protein level.

The map-based approach: detection of conserved content
and order

The identification of homologous chromosomal regions between distantly

related organisms is thus usually based on a genome-wide comparison that aims

at delineating regions of conserved gene content and order in different parts of

the genome. The same is true for the detection of duplicated chromosomal regions

within the same genome. Although the map-based approach can be applied on

the basis of different types of genomic information (e.g. genes, molecular markers

or local DNA similarities, see further), we will explain the general concept of this

method with genes as the genomic units of a chromosome. Essential in the map-

based approach is that the (absolute or relative) chromosomal locations of all

genes (or in general the units describing the chromosome under investigation)

are known.

Although the detection of colinearity seems a fairly simple way to detect

genomic homology, the dynamic nature of genomes, responsible for the duplication,

deletion, and rearrangements of genomic DNA, results in a degraded pattern of

colinearity that makes it difficult to detect more ancient homology. Nevertheless,

the correct identification of homologous segments remains an important issue.

Regarding large-scale gene duplication, several studies already applied a map-

based approach for the detection of duplicated segments in fully sequenced

genomes (Wolfe and Shields, 1997, McLysaght et al., 2002; Li et al., 2003; Blanc

et al., 2003). Recently, we developed a publicly available software tool, called

ADHoRe, for the automatic detection of homologous regions combined with a

robust statistical validation (Vandepoele et al., 2002a). The general concept of

ADHoRe makes it possible to use the software tool for the analysis within one

genome, i.e. to look for paralogous regions with duplicated genes, or for

comparisons between genomes of different organisms, i.e. to look for orthologous
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Figure 1.1.1 Comparison of duplicated regions in Arabidopsis through both DNA-based alignments

and the detection of colinearity (conserved gene content and order). Panels A and B show a

recently duplicated chromosomal segment between chromosome 3 (size 55,6 kb or 21 annotated

genes) and chromosome 5 (size 65.5 kb or 20 annotated genes) that  can be detected by DNA-

based alignments and by colinearity at the protein level, respectively. DNA-based alignments

were created using MuMmer (parameters: -l 15 –b –c; Delcher et al., 1999). The zoom-in, created

with DOTTER (Sonnhammer and Durbin, 1995), shows the conserved exon-intron structure at

the DNA level of a paralogous gene pair. Panels C and D show an ancient duplication event

between chromosome 1 (size 89,7 kb or 26 annotated genes) and chromosome 3 (size 100,4 kb

or 24 annotated genes). Whereas colinearity at the protein level enables the detection of this
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regions. Moreover, events such as inversions, deletions and tandem duplications

that complicate the detection of homology, can be taken into account. Based on

similar principles, Gaut and coworkers recently published the LineUp package

that aims at detecting significant chromosomal homology based on molecular

marker information, even if substantial rearrangements of marker order have

occurred (Hampson et al., 2003).

The ADHoRe algorithm

In the map-based approach as implemented in ADHoRe, the information on

homologous gene pairs is stored in a matrix of (m.n) elements (m and n being the

total number of genes on each genomic fragment), each non-zero element (x, y)

being a pair of homologous genes (x and y denote the coordinates of these

homologous genes or anchor points). Figure 1.1.2a shows a small hypothetical

gene homology matrix (GHM). In the matrix, colinear segments are represented

as diagonal lines, while tandem duplications form horizontal or vertical lines,

inversions can be detected by considering the orientation of the elements, and

gaps in diagonal regions refer to gene loss or gene insertions in duplicated blocks.

To detect colinearity, one has to find more or less diagonal series of elements (i.e.

homologous genes) in the matrix. This way of presenting the organization of genes

on genomic segments reduces finding colinearity to a clustering problem.  During

construction of the GHM, ADHoRe subjects it to a number of procedures.  For

example, after identification of the homologous genes, irrelevant data points need

to be removed, a process we refer to as negative filtering. During this step, all

elements that cannot belong to a cluster because they are too far away from other

elements in the homology matrix – i.e. homologous genes that most probably

have not been created by the block duplication - are removed.  Also tandem

duplications are removed from the matrix. Since we are looking for diagonal regions

in the GHM, purely horizontal or vertical regions due to tandem duplications are

remapped by collapsing all tandem duplications. This way it is easier to detect

diagonal regions, since they are no longer interrupted by horizontal or vertical

elements.  The end result is a matrix that has been cleaned up by filtering and a

colinear region is now defined in the matrix representation as a number of elements

anciently duplicated segment (D), no similarity at the DNA level can be found (C). Note that in

panels A and C the axes of the graph represent the base pairs of the chromosome, where in

panels B and D the graph represent genes positioned along the chromosome.
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(which we refer to as anchor points) showing clear diagonal proximity (Figure

1.1.2b).  In order to find such diagonals on a mathematical basis, we have

developed a special distance function that yields a shorter distance for elements

that are in diagonally close proximity than points that are in horizontal or vertical

proximity (see chapter 1.2). Figure 1.1.3 shows the application of this distance

function to a hypothetical example. Briefly, all elements in the GHM that are in

close proximity are grouped into clusters. Subsequently, the quality of each cluster

is examined and can be used to remove non-colinear homologous regions (see

Figure 1.1.3). Finally, it is investigated whether detected clusters can be combined

into larger homologous regions (see chapter 1.2).

Figure 1.1.2 Hypothetical gene homology matrix. Arrows on the axes of both segments represent

genes on the genomic segments.  Grey cells illustrate homologous genes (anchor points). In

panel A, the original organization of all genes, including tandem duplications and inversions, is

shown. Panel B shows the same gene homology matrix after remapping of tandem duplications

and the removal of irrelevant single data points, i.e., homologous genes that are most likely not

part of the block duplication. In addition, the small inverted colinear segment of 3 anchor points

was restored to its original orientation, in order to create a larger colinear region.
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Statistical significance of colinearity

When all clusters (i.e. colinear regions) have been compiled as described

above, colinear segments (or clusters in the homology matrix) that are not

statistically significant need to be removed. The goal of this procedure is to

determine which colinear regions could occur purely by chance and are therefore

not biologically significant. This problem was first recognized by Gaut (2001) who

introduced a statistical test to validate whether colinearity of genetic markers

represented genuine homology or could be expected by chance. To this end, the

number of anchor points (i.e. homologous genes) within a colinear segment

together with the size of the segment was compared with colinear segments found

in a large number of randomized data. If the original colinear segment contains

Figure 1.1.3 Application of the diagonal pseudo distance (DPD) function to the detection of

elements with diagonal proximity in the gene homology matrix. Panel A shows the DPD for a

given cell in the matrix to the central black dot (anchor point). The diagonal pseudo distance is

smaller for diagonally orientated elements (grey boxes) than for elements deviating from the

diagonal. Shaded boxes represent elements (genes) with an infinite distance to the central dot,

since these elements are unlikely to be part of the duplicated segment that contains the anchor

point (black dot). Panel B shows the iterative clustering of elements for a colinear region with

positive orientation (i.e. from top left to down right) in the homology matrix.  All genes lie within

a maximum gap distance G  (e.g. 30) of each other. The best-fit line and its coefficient of

determination (r2) shows the quality of the cluster, which is clearly above the predefined Q value

cut-off, here set to 0.9.  As a result, all four homologous genes are considered to have been

arisen by a block duplication.
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more markers or markers in closer proximity than expected by chance, the

conclusion is that both segments are indeed homologous. This is usually

implemented as a statistical test (a so-called permutation test or Monte Carlo

simulation), sampling a large number of reshuffled data sets and calculating the

probability that a colinear region, characterized by a number of conserved genes

and an average gap size, can be found by chance.

Several recently published analyses have applied statistical validation through

comparisons of observed data with expected data obtained by randomization tests

(Friedman and Hughes, 2001; Vision et al., 2000; McLysaght et al., 2002;

Cavalcanti et al., 2003). Although frequently done, the selection of colinear

segments based solely on the number of anchor points within a colinear region is

not entirely correct. This is due to the fact that the significance of colinearity

strongly depends on the overall distribution of the homologous genes in a colinear

segment, rather than on the total number of homologous genes (see also Durand,

2002). One can easily imagine that the significance of 7 homologous genes within

a colinear region of 15 genes is much higher than a colinear region of 100 genes

with 7 homologous genes. Therefore, taking into account the number of anchor

points in a cluster together with the average distance between all anchor points in

a cluster (or reciprocal density) provides a more reliable way to calculate the

probability that a cluster detected in the real dataset could have been generated

by chance. This will result in small but dense clusters being retained, whereas

loose small clusters will be rejected, since the chance that they were generated

by chance is high.

A major drawback of the validation of colinearity through the comparison with

randomized datasets is that the analysis of the large number of permutated datasets

(typically 100 or 1,000) is computationally expensive and in many cases more

time-consuming than analyzing the original dataset. Consequently, new methods

have been developed for the validation of colinearity that do not require the

presence of randomized data (Calabrese et al., 2003; Simillion et al., 2004).

Selection and identification of homologous genes

In order to identify statistically significant orthologous or paralogous colinear

segments based on the gene homology matrix, it is important to use strict criteria

before concluding whether two genes (or markers) are anchor points. In the case

of genetic maps, information about similar units – applied for describing the
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chromosome - is derived from markers that cross-hybridize on different

chromosomal locations, whereas in sequenced genomes anchor points are simply

homologous DNA or protein sequences. In the map-based approach, usually lists

of predicted genes resembling the order of the genes on the chromosome are

used for comparing genomic segments. Recently, Pevzner and Tesler (2003) used

local similarities at the DNA level to compare the genomes of human and mouse,

bypassing problems due to possible erroneous gene annotation. Nevertheless,

as discussed above, homology at evolutionary distances where only protein

similarity is conserved is missed.  A possible solution, not yet implemented as far

as we know, would be to identify homology between two segments by combining

local similarities both at the DNA level and protein level. This method would have

the advantage that it offers higher resolution compared to using only protein

sequences and consequently should provide a more accurate view of the actual

similarities between genomic sequences, both in coding and non-coding regions.

A first crucial step in applying the map-based approach as described above

is the identification of homologous genes. Usually, an all-against-all sequence

similarity search (e.g. BLASTP; Altschul et al., 1997) is performed to find

homologous proteins. Apart from applying an E-value or a similarity score cutoff,

additional parameters such as the coverage of the alignable region on both

potentially homologous genes can be applied to select ‘suitable’ homologs (for

examples, see McLysaght et al., 2002; Li et al., 2003). A major problem in identifying

homologous genes based on sequence similarity is the discrimination between

paralogous and orthologous genes, especially if genes belong to large multigene

families (Jensen, 2001). For example, finding colinearity considering gene families

with only one member in each genome will provide strong evidence to define truly

orthologous segments between distantly related genomes. In contrast, the inclusion

of large gene families will introduce a large number of homologous anchor points

in the GHM of which only a very small fraction represents genuine orthology.

Therefore, prior to the construction of the GHM, one should consider to first define

all gene families and their sizes using specifically designed cluster algorithms

(Tatusov et al., 2000; Li et al., 2001; Remm et al., 2001; Enright et al., 2002). In

order to reduce the noise created by paralogy, only small gene families could

then be selected and included in the analysis.
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Large-scale gene duplication events and gene loss

Often, very degenerated block duplications that originated hundreds of millions

of years ago cannot be identified as such by directly comparing the duplicated

segments.  Differential gene loss, which is responsible for the loss of a different

but complementary set of genes on both paralogous genomic segments, makes it

impossible to detect significant colinearity by directly comparing anciently

duplicated regions. Therefore, two genomic segments in the same genome form

a ghost duplication when their homology can only be inferred through comparison

with the genome of another species (see chapter 1.3). In Figure 1.1.4, the

chromosomal segments A3.1 and A2.1 from Arabidopsis clearly show a pattern of

differential gene loss when compared with the rice segment R10.1, since a number

of genes located on the rice segment have been lost in one of the two paralogous

segments of Arabidopsis (e.g. genes belonging to gene family 6733 (serine/

threonine protein kinase), 4240 (bZIP leucine zipper) and 7796 (palmitoyl-protein

thioesterase precursor)). Based on similar principles, hidden duplications can be

inferred, which are heavily degenerated block duplications that cannot be identified

by directly comparing both duplicated segments with each other, but only through

comparison with a third segment of the same genome (see chapters 2.2 and 2.3).

Consequently, hidden duplications are important to consider for determining the

actual number of duplication events that have occurred over time, as previously

demonstrated for Arabidopsis (Ku et al., 2000; see chapter 2.2). Indeed, by taking

into account hidden duplications, one can often group additional segments in a

multiplicon (a set of mutually homologous segments), as shown in Figure 1.1.4.

The number of segments in a multiplicon, referred to as the multiplication level

(Simillion et al., 2002; Vandepoele et al., 2003), can be used to infer the number

of duplication events that must have occurred. For example, the presence of three

homologous rice segments in the multiplicon shown in Figure 1.1.4 reveals that 2

duplication events must have occurred.

Apart from combining data of two genomes, Wong and coworkers (Wong et

al., 2002) integrated partial sequence information of 14 related yeast strains in

order to find evidence for an entire genome duplication event in S. cerevisiae. In

their approach, the combination of a large number of chromosomal homologous

segments allowed detecting heavily degraded duplicated regions, scattered

throughout the genome.
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Figure 1.1.4 Set of homologous chromosomal segments (multiplicon) of Arabidopsis (segments

A) and rice (segments R). Boxes represent the genes on the chromosomal segments whereas

connecting lines indicate the anchor points (i.e. homologous genes part of the same gene family).

Dark grey connecting lines show gene families of which 50% or more of all genes are present in

the multiplicon shown (see text for details). Therefore, these genes provide a particularly strong

case for homology. For each genomic segment, the names of the genes preceded by the gene
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Genomic profiles: an extension to the map-based approach

Although considering transitive homologies such as hidden and ghost

duplications allows the identification of many additional, previously undetectable,

homologous genomic segments, it still requires that each of the homologous

segments show significant colinearity with at least one other homologous segment.

However, it is possible that, within a given multiplicon, one or more segments

have diverged that much from the others in gene content and gene order, that

they no longer show any clear colinearity with any of the other segments. Such

segments that are in the twilight zone of genomic homology cannot be detected

with any of the currently available methods. Recently, we have developing new

software to uncover chromosomal segments that are homologous (in respect with

having common ancestry) to others but can no longer be identified as such due to

extreme gene loss. This is done by aligning clearly colinear segments and using

this alignment as a ‘genomic profile’ that combines gene content and order

information from multiple segments to detect these heavily degenerated homology

relationships (see Figure 1.1.5; Simillion et al., 2004).

After the initial detection of a level 2 multiplicon with the basic ADHoRe

algorithm (see chapter 1.2 for details), an alignment of the two segments that

form this multiplicon is created where the anchor points of the multiplicon are

positioned in the same columns. Using this alignment now as a profile, a new type

of homology matrix can be constructed in which the gene products of a segment

are compared to the gene products of the profile. Once this homology matrix is

constructed, it is again presented to the basic ADHoRe algorithm, which will again

detect clusters of anchor points applying the same statistical validation method

as described before. This time, however, new significant clusters will not reveal

homology between two individual segments but between the two segments inside

the profile (i.e. the initial level 2 multiplicon) and a third segment. Because this

type of GHM combines gene content and order information of the different segments

in the profile, it is possible to detect homology relationships with a third segment

family ID are shown. Grey shaded boxes represent genes with no homologs in Arabidopsis and

rice (gene family ‘S’ for singleton) and white boxes represent annotated genes with high similarity

to retrotransposons. By considering the colinearity between Arabidopsis and rice, a set of, at first

sight unrelated, Arabidopsis segments can be joined into a multiplicon with multiplication level 4

(i.e. the number of homologous segments in a multiplicon). Vice versa, this colinearity reveals

that all three rice segments are linked with each other by two duplication events.
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Figure 1.1.5 Detection of homology through a genomic profile. The upper section shows an

initially detected level 2 multiplicon (a pair of homologous chromosomal segments). The grey

boxes connected by black lines represent pairs of homologous genes (anchor points) between

the two segments. The lower section shows the construction of a homology matrix using this

multiplicon as a profile. To accomplish this, the multiplicon is first aligned by inserting gaps at the

proper positions (depicted by empty spaces in the alignment). The homology matrix can now be

constructed by comparing this profile with the genes of a chromosomal segment C (shown on the

left of the matrix). Anchor points in the matrix are detected whenever a gene of this chromosomal

segment belongs to the same gene family as one of the genes in any of the segments in the

profile. The black squares represent homologs between segments A and C, the dark grey between

B and C. The black/dark-grey square denotes a gene that has a homolog on both segment A and

B. Combining segments A and B in a profile thus results in 5 anchor points with segment C,

whereas the individual segments A and B only have 3 anchor points with segment C, which might

be too few to decide on statistical significant homology.

A

A

B

B

C

that could not be recognized by directly comparing any of the segments of the

multiplicon individually with this third segment.  If such a third segment is detected,

it is added to the multiplicon, thereby increasing its multiplication level, and the

corresponding profile is updated by aligning the new segment to it. The entire

detection process can now be repeated with the newly obtained profile (Simillion

et al., 2004).
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Biological implications of large-scale gene duplications for
gene function

The widespread occurrence of large and small-scale duplication events highly

complicates the extrapolation of functional relationships between homologous

genes  in different species (see for example chapter 3.1). Whereas one-to-one

orthologous relationships suggest conservation of gene function, complex many-

to-many homologous relationships offer limited information regarding gene function

(Doyle and Gaut, 2000; see Figure 1.1.4). Although initially duplicated genes

harbor redundant gene function, models have been formulated to explain the

evolution of new functions (neofunctionalization) or preservation of both duplicates

by subfunctionalization, where both members of a pair experience degenerative

mutations that reduce their joint levels and patterns of activity to that of the single

ancestral gene (Lynch and Force, 2000). Some biological examples of sub-

functionalization have been documented (for review, see Prince and Pickett, 2002),

but it remains unclear whether this model accounts for the majority of preserved

gene duplicates.

One way further to understand the evolutionary mechanisms underlying the

expansion of gene families is to combine segmental or tandem duplications with

gene phylogenies. Recently, Cannon and Young developed a suite of programs

for the detailed analysis of gene families combining comparative genomic positional

information with phylogenetic reconstructions (Cannon and Young, 2003). As such,

the impact of tandem and segmental duplications on gene family evolution can be

inferred, which allows scientists to get deeper insights into the evolution of gene

sub-families, which might be associated with functional divergence, or the

acquisition of extra, potentially redundant, gene copies in particular species. Finally,

this approach can provide valuable clues about conserved gene function in

orthologous genes and functional divergence in paralogous genes.

Conclusion

It is clear that large-scale genome sequencing and advanced comparative

sequence analysis offer a powerful combination to study the complex evolutionary

forces that shape the structure of genomes. The analysis of complete genomes

and the comparison of gene organization in related species finally allows scientists,

at different levels of resolution from large-scale events such as translocations,
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duplications and segmental deletions to single-base pair differences, to unravel

processes that drive gene and genome evolution (Eichler and Sankoff, 2003).

Moreover, through the development of novel computational methods that allow

the reliable detection of remnants of ancient large-scale gene duplication events,

the evolutionary past of many eukaryotic genomes starts to reveal its secrets.
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1.2 The automatic detection of homologous
regions (ADHoRe) and its application to

microcolinearity between Arabidopsis and rice

Klaas Vandepoele+, Yvan Saeys+, Cedric Simillion, Jeroen Raes and

Yves Van de Peer

Redrafted from: Genome Research 12, 1792-1801 (2002)

It is expected that one of the merits of comparative genomics lies in the transfer of

structural and functional information from one genome to another. This is based

on the observation that, although the number of chromosomal rearrangements

that occur in genomes is extensive, different species still exhibit a certain degree

of conservation regarding gene content and gene order. It is in this respect that

we have developed a new software tool for the Automatic Detection of Homologous

Regions (ADHoRe). ADHoRe was primarily developed to find large regions of

microcolinearity, taking into account different types of micro-rearrangements such

as tandem duplications, gene loss and translocations, and inversions. Such

rearrangements often complicate the detection of colinearity, in particular when

comparing more anciently diverged species. Application of ADHoRe to the complete

genome of Arabidopsis and a large collection of concatenated rice BACs yields

more than 20 regions showing statistically significant microcolinearity between

both plant species. These regions comprise from 4 up to 11 conserved homologous

gene pairs. We predict the number of homologous regions and the extent of micro-

colinearity to increase significantly once better annotations of the rice genome

become available.

+ both authors contributed equally
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Introduction

Comparative genome analysis has demonstrated that across different plant

species, which diverged from a common ancestor but currently tend to vary largely

in genome sizes, gene content and order are often conserved. Especially,

comparative genetic mapping in the grasses revealed a high degree of conservation

of markers within large chromosomal segments (for reviews, see Gale and Devos,

1998b; Keller and Feuillet, 2000). Because, in general, different plant species

use homologous genes for similar functions, these observations have great

potential. Comparative genome mapping experiments can be a powerful and

efficient tool to transfer biological information from a well-studied reference genome

to related plant species. However, there are some serious drawbacks when using

comparative genetic maps based on recombinational mapping of DNA markers.

First, when the marker density is low, small exceptions to colinearity will not be

observed, and second, the fact that most genes are organized in multigene families

makes it difficult to determine whether real orthologous loci are being compared.

Consequently, one can imagine that many experiments suffer from a bias toward

promoting colinear regions and miss exceptions to colinearity (Bennetzen, 2000b).

The various sequencing efforts over the last few years, such as the complete

genome sequence of the model plant Arabidopsis thaliana (Arabidopsis Genome

Initiative, 2000), the YAC and BAC insert libraries of several grass genomes

(Panstruga et al., 1998; Feuillet and Keller, 1999) and the International Rice

Genome Sequencing Project (Sasaki and Burr, 2000), make it possible to

investigate whether the degree of colinearity found in comparative genetic mapping

experiments is also observed at the gene level. The existence of colinearity

between model species and other plant species, even in a limited number of

small regions, could provide the opportunity to use these model systems to identify

candidate genes in other plants. Comparative sequence analysis at the sub-

megabase level indicates that microcolinearity is abundant between closely related

plant species, although exceptions do appear (Chen and Bennetzen, 1996; Kilian

et al., 1997; Tikhonov et al., 1999; Tarchini et al., 2000). A high degree of

conservation of gene content and order between orthologous loci of rice, maize,

and sorghum has been reported (Chen et al., 1997). These grass species diverged

from a common ancestor ~50 million years ago. Also, within related dicots,

microcolinearity can be observed. For example, conserved gene content and order

have been demonstrated between tomato and Arabidopsis, which diverged ~112



51

The  Automatic Detection of Homologous Regions

million years ago (Ku et al., 2000), between Arabidopsis and soybean (Grant et

al., 2000), and between tomato, Arabidopsis and Capsella (Rossberg et al., 2001).

All of these comparative studies revealed that rearrangements, such as inversions,

deletions, insertions, and tandem duplications, are an important mechanism

responsible for breaking up colinearity, and consequently, make it hard to detect

the remnants of colinearity. In addition, these rearrangement processes appear

to be more active in some plant lineages than in others (Devos et al., 1993; Devos

and Gale, 1997; Schmidt, 2000).

When comparing more anciently diverged plant species, such as monocots

and dicots, more rearrangements are expected to have occurred and, consequently,

gene content and order to be less conserved. Recent DNA sequence analysis

seems to confirm this assumption and several lines of evidence result in a plastic

model in which the modern plant genome is characterized by a series of nested

duplications in addition to the species-specific levels of rearrangements

(Arabidopsis Genome Initiative, 2000; Vision et al., 2000; Wendel, 2000). Whether

these currently observed large-scale gene duplications are the result of

polyploidization or a large number of iteration events (entire genome duplication,

entire chromosome duplication, and generic duplications of unspecific DNA regions

within the same or between two chromosomes, respectively) is still highly debated.

Nevertheless, all of the different actors identified so far in playing a role in the

evolution of plant nuclear genomes make the picture rather complicated.

Consequently, solid conclusions about genetic colinearity between Arabidopsis

and rice, both expected to have a great value as a model system for dicots and

monocots, respectively, are still missing, although several examples showing traces

of microcolinearity have been reported (Devos et al., 1999; Van Dodeweerd et al.,

1999; Liu et al., 2001; Mayer et al., 2001).

To carefully study genome evolution using the massive amount of sequence

data that becomes available, we have developed a flexible tool, called ADHoRe

(Automatic Detection of Homologous Regions), that detects genomic regions with

statistically significant conserved gene content and order. Particularly, ADHoRe

was developed to find large regions of colinearity, taking into account phenomena

such as gene loss, inversions, and tandem duplications. This general concept

makes it possible to use ADHoRe for analysis within one genome, that is, to look

for paralogous regions with duplicated genes (Raes et al., 2002), or for comparisons

between genomes of different organisms, that is, to look for synteny.
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Results

In this study, we have applied a new tool to estimate the frequency and

significance of microcolinearity between distantly related plant species such as

Arabidopsis and rice. Therefore, publicly available rice genomic sequences (as a

series of BACs) from seven different chromosomes were used to compare with

the complete Arabidopsis genome sequence. For both plant species, gene

annotation was retrieved from public resources (see Materials and methods).

Important to note is that no prior information of macrocolinearity was incorporated

into this analysis.

In total, using ADHoRe, we detected 105 cases of microcolinearity between

Arabidopsis and rice before removing non-significant colinear regions, from which

75 are between individual rice BACs and a segment of the Arabidopsis genome

and 30 are between overlapping rice clones and an Arabidopsis genomic segment.

Applying the default 99% cut-off level, which retains all colinear regions that have

a probability to be generated by chance of <1%, 24 segments showing conserved

gene content and order between Arabidopsis and rice remain (listed in Table 1.2.1).

Of these statistically significant regions, 18 (69%) show colinearity between an

individual rice BAC and an Arabidopsis genomic segment, whereas 8 (31%) show

colinearity between Arabidopsis and overlapping rice BACs. The distributions of

the number of conserved genes within these homologous regions between

Arabidopsis and rice for the different significance levels are shown in Figure 1.2.1.

As expected for these classes of colinear regions characterized by a small number

of conserved genes and a large number of non-homologous intervening genes,

the probability that they were generated by chance is the highest. Consequently,

applying more stringent conditions reduces the number of these colinear regions.

For all significance levels, most of the statistically significant colinear segments

are characterized by four conserved genes (referred to as anchor points hereafter).

The largest homologous segment between Arabidopsis and rice that ADHoRe

could detect contained 11 conserved genes and is shown in Figure 1.2.2a. Detailed

analysis showed that within this rice region on chromosome 1(326.8 kb), originally

64 genes have been predicted, resulting in a gene density of one gene per 5.1kb.

The homologous Arabidopsis segment on chromosome 3 shows a gene density

of one gene per 3.4 kb. However, validating the automatic rice gene prediction

using Expressed Sequence Tag (EST) information and comparisons with putative

homologs (see Materials and methods) shows that only ~32 genes are present,

resulting in a gene density of one gene per 10 kb. As a result, the number of non-
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homologous intervening genes between the anchor points drastically decreases,

and consequently, the biological significance or quality of the colinear region to

be homologous increases (see Materials and methods). An analogous approach

was applied to determine whether all non-homologous intervening Arabidopsis

genes were real genes. If not, removing genes in the Arabidopsis genome could

also result in a higher degree of conservation within a colinear area. However, no

indications were found that some of these intervening non-homologous Arabidopsis

genes were falsely predicted.

Table 1.2.1 Overview of the colinear regions detected between Arabidopsis and rice (99% significance level) 

Rice
a

Arabidopsis
b
 Anchor 

points

BAC

type

Clone name Arabidopsis

ORF
d

Q
e
 (%) Pchance

f

1 3 11 O P0529H11, P0005H10, P0414E03 At3g54100 0.988 0.00 

1 4 10 O P0481E12, P0046E05 At4g18870 0.880 0.25 

1 2 10 O P0439E11, P0031D02, B1088C09 At2g30300 0.964 0.03 

    P0485B12    

1 3 8 O P0506B12, P0031D11 At3g55180 0.973 0.99 

1 2 7 O P0506B12, P0031D11 At2g39400 0.989 0.20 

1 1 6 O P0480C01, B1131B07 At1g34060 0.889 0.89 

1 3 5 O P0454H12, OJ1529_G03 At3g08670 0.986 1.00 

4 5 5 I OSJNBa0038O10 At5g23280 0.984 0.45 

4 2 5 I OSJNBa0042L16 At2g23380 0.977 0.80 

6 3 5 I P0698A06 At3g14230 0.926 0.64 

1 2 5 O P0518C01 At5g59480 0.945 0.57 

4 5 4 I OSJNBa0088H09 At5g06340 0.969 0.63 

8 5 4 I P0543D10 At5g43420 0.919 0.44 

8 5 4 I P0705A05 At5g43420 0.929 0.63 

8 5 4 I P0690C12 At4g08100 0.929 0.63 

4 2 4 I OSJNBa0084K20 At2g43230 1.000 0.44 

10 1 4 I OSJNBa0026O12 At1g03900 0.963 0.30 

4 3 4 I OSJNBa0033G16 At3g11630 0.985 0.63 

10 1 4 I OSJNBb0044B19 At1g03900 0.987 0.25 

4 3 4 I OJ1661_E06 At3g11630 0.985 0.63 

6 5 4 I P0468G03 At5g57140 0.999 0.89 

4 3 4 I OSJNBa0088H09 At3g52470 0.995 0.63 

8 4 4 I OJ1005_B05 At4g22730 0.983 0.20 

2 1 4 I OJ1288_G09 At1g78080 0.980 0.63 

a
 Rice chromosome. 

b
Arabidopsis chromosome. 

c
 O = overlapping BACs, I = individual BAC clone. 

d
 Gene indicating the position of the homologous Arabidopsis segment. 

e
 Score obtained by quality filtering (see text for details). 

f
 Probability to be generated by chance. 
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Careful analysis of the long stretch of genomic sequence within the rice BAC

clone P0414E03, characterized by a low gene density and no conservation with

Arabidopsis, showed that multiple transposable elements have been integrated

into this particular region (Figure 1.2.2a). Analysis of putative genes and ORFs

revealed high similarities with proteins encoded by transposable elements (e.g.,

gag protein, reverse transcriptase, integrases, RNaseH). In addition, different

sets of long repetitive elements were discovered, which allowed us to reconstruct

a number of distinct transposable elements involved in plant gene and genome

evolution (Grandbastien, 1992; Vicient et al., 2001). On the basis of organization

of the proteins encoded in these transposons, three gypsy-like LTR-

retrotransposons (Bennetzen, 2000a) and one Mutator (Lisch et al., 2001)

transposable element could be identified, together with other transposon-like

remnants. In the homologous Arabidopsis genome segment, no retrotransposable

elements were detected. Figure 1.2.2b shows another colinear region between

rice chromosome 1 and Arabidopsis chromosome 3, characterized by eight anchor

points. Removing dubiously predicted rice genes results in a gene density of one

gene per 7.7 kb (or 42 genes on the stretch of 305.1kb rice genomic sequence).

The probability of this colinear region to be generated by chance is <1%. Several

rearrangements can be clearly observed; since the divergence of rice and

Arabidopsis, two genes have undergone tandem duplications in Arabidopsis,

Figure 1.2.1 Distribution of the number of conserved genes within colinear regions of Arabidopsis

and rice. The black, gray, and white histograms show the distribution of the blocks emerged by

maximally 100%, 5%, and 1% chance, or 0%, 95%, and 99% significance levels, respectively.

We propose to use the 99% significance level (i.e., maximally 1% probability to be generated by

chance) as default setting.
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Figure 1.2.2 Examples of colinearity found between overlapping rice BACs and segments of the

Arabidopsis genome. (a) Colinear segment between rice BACs (P0005H10, P0414E03, and

P0529H11) and part of the Arabidopsis chromosome 3. Arrows indicate genes present on the

genomic segment (black line), black bands connecting Arabidopsis and rice genes indicate anchor

points (homologs), whereas gray bands indicate a tandem duplication. Genes probably erroneously

predicted in rice are indicated in red (see text for details). LTRs are represented as hatched

boxes. White boxes indicate gene products with similarity to proteins encoded by transposable

elements. (gag) Retrotransposon gag protein; (rve) integrase core domain; (rvt) reverse

transcriptase (RNA-dependent DNA polymerase); (rvp) retroviral aspartyl protease; (MUDR) MuDR

family transposase. (b) Colinear segment between rice BACs (P0506B12 and P0031D11) and a

segment of Arabidopsis chromosome 3.
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whereas other genes have been inverted in Arabidopsis or in rice. A more drastic

rearrangement event is shown in Figure 1.2.3. This colinear region between rice

chromosome 1 and Arabidopsis chromosome 5 is characterized by five pairs of

homologs (anchor points). Within the rice genomic fragment, a gypsy-like LTR-

retrotransposon has been inserted, resulting in a much longer rice segment (96.8

kb) compared with the homologous Arabidopsis segment (39.8 kb). Next to the

local gene inversions observed in a number of colinear regions, this example

shows a more complex inversion event. Genes 03 and 06 located on rice BAC

B1088C09 are part of a segment colinear with Arabidopsis chromosome 5, although

their gene order and orientation are not conserved compared with the other anchor

points. Therefore, a chromosomal segment encoding these two genes (or their

Arabidopsis orthologs) seems to have been inverted after both species diverged

from each other. However, reconstructing the history leading to this configuration

requires an additional inversion event. Because for gene 06, in contrast to all

other genes conserved within this homologous region, the orientation compared

with the homologous Arabidopsis gene is different (see twisted black band in

Figure 1.2.3), one extra gene inversion is required to explain the current gene

organization between these two genomic fragments. Finally, gene 06 experienced

a tandem duplication resulting in gene 07, or vice versa.

Discussion

It is estimated that rice and Arabidopsis have diverged ~200 million years

ago (Yang et al., 1999; Wikström et al., 2001). Nevertheless, applying our newly

developed tool to detect homologous regions between both plants revealed

Figure 1.2.3 Colinearity between an individual rice BAC and a segment of the Arabidopsis

chromosome 5. Interpretation is as in Figure 1.2.2.
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numerous examples of significant microcolinearity. On the other hand, of the total

set of colinear regions present between rice and Arabidopsis, probably only a

subset can be considered as genuine orthologous regions that originated from a

common ancestral region. The major cause of this phenomenon is the fact that

many genes are organized in multigene families, and consequently, the

discrimination between paralogous and orthologous gene sequences is extremely

difficult. Therefore, we incorporated a routine in the ADHoRe algorithm to determine

whether a colinear region could have been generated by chance out of homologous

gene couples. In other words, it was tested whether a particular colinear region is

a homologous region or purely consists of homologous gene couples organized

in a colinear way by chance. Analysis of a number of colinear regions characterized

by a high probability to be generated by chance showed that low overall-similarity

signals, such as similarities between DNA-binding sites, or badly conserved gene

content and order were detected (data not shown).

Combining numerous rice BACs resulted in a set of long genomic rice stretches

that could be investigated for colinearity with Arabidopsis. Although only a small

fraction of the final rice genome sequence was used in this study (~38%, for

which 62 MB was organized in overlapping BACs), already >20 regions between

rice and Arabidopsis were found with biologically relevant colinearity, consisting

of 4 up to 11 conserved genes. Because a large number of short colinear regions

are found between individual rice BAC clones and an Arabidopsis genome segment,

a major fraction of these regions were removed because they could represent

colinear regions generated by chance. However, with more rice genomic sequence

data becoming freely accessible very fast, we expect that concatenation of

additional BACs will generate longer colinear stretches with Arabidopsis. Therefore,

a number of colinear regions currently not retained in our final results could become

statistically significant when analyzed over longer distances. Consequently, the

real number of rice regions showing microcolinearity with Arabidopsis will most

probably be higher than presented here. Preliminary results on the draft sequence

of the rice genome show that larger colinear segments may exist between

Arabidopsis and rice (Goff et al., 2002). However, as the annotation of the draft

sequence is not yet publicly available, a comparison with the results described

here remains difficult.

Detailed analysis of some colinear regions indicates that the quality of the

rice annotation used in this comparison is not outstanding. Although the RiceGAAS

system (Sakata et al., 2002) tries to benefit from combining a number of different
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gene prediction programs, a large number of errors still seem to be present. The

crude quality assessment performed here to determine whether a predicted gene

is a real gene (i.e., sensitivity) revealed that a major fraction of the protein-encoding

genes were falsely predicted. Consequently, the initial gene density determined

by the gene prediction system decreased drastically when removing unreliable

predicted genes. In addition, a number of genes were split (one gene predicted

as two separate genes) and some exons or complete genes were missing, which

could be demonstrated by incorporating EST information. Especially the large

number of ORFs predicted as genes poses a problem, because a small number

of these ORFs actually are confirmed by EST information, but the major fraction

was not. All of these annotation inaccuracies will definitely have their repercussions

on the correct interpretation of the rice genome sequence, in a way similar to that

faced in annotating the Arabidopsis genome sequence (Pavy et al., 1999).

Therefore, further improvement and retraining of rice gene prediction programs,

together with newly developed extrinsic gene prediction methods seems inevitable

for fully exploiting the rice genome sequence (Rouzé et al., 1999; Bennetzen,

2002).

Next to the incorrectly predicted protein-encoding genes, a subset of these

erroneously predicted genes seems to correspond with transposable elements.

Although detailed analyses can unambiguously identify these elements, the

presence of these elements annotated as protein-encoding genes is a major

problem when performing genome-wide analyses such as described here.

Although in the Arabidopsis genome 2,109 Class I transposable elements have

been described already (Arabidopsis Genome Initiative, 2000), an additional

screening reveals that within the Arabidopsis proteome nearly 600 predicted

protein-encoding genes are present with high similarity to some retrotransposable

elements (data not shown). Furthermore, it should be noted that the largest fraction

of these genes resembling retrotransposable elements has been identified on

chromosomes 1, 2, and 4. Because chromosomes 2 and 4 have been sequenced

and analyzed first within the Arabidopsis sequencing project, an imperfect

annotation protocol for transposons at that moment could be an explanation for

this observation. For ~36% of these detected genes, an EST matches the structural

annotation, which could explain why these genes have been allocated as protein-

encoding genes in the automatic annotation protocols. Nevertheless, additional

efforts seem most likely to increase the quality of the current annotation on a full-

genome level toward transposable elements in both rice and Arabidopsis (Le et

al., 2000).
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Although transposable elements integrate and retrotransposons amplify within

plant genomes, when correctly annotated, they should not interfere with the

presented algorithm to detect homologous regions. Consequently, this level of

complexity generated by transposable elements can be masked in our method, if

all transposable elements are defined as such and not as protein-encoding genes

in the genomic sequence. Analysis of multiple colinear regions showed that the

number of retrotransposable elements in rice was considerably higher than in the

homologous Arabidopsis segments, although the actual number of

retrotransposable elements in Arabidopsis is probably higher than described so

far (Arabidopsis Genome Initiative, 2000). Accumulation of retrotransposons in

plant genomes clearly seems to be dependent of both the evolutionary lineage

and the efficiency of mechanisms repressing this activity (Bennetzen and Kellog

1997; Fedoroff, 2000).

It is clear that all sorts of rearrangements have occurred since rice and

Arabidopsis diverged from each other ~200 million years ago. Detailed analysis

of colinearity between Arabidopsis and rice identified tandem duplications and

gene loss, as well as gene and block inversions, although the frequency of these

detectable events is rather low. In other words, it is not possible to trace all

rearrangements that are responsible for the nonhomologous genes present in

colinear regions. The main driving force responsible for degrading colinearity is

seemingly a complex evolutionary mechanism, consisting of species-specific levels

of large and small rearrangements (due to duplications, inversions, insertions,

and deletions), transposon activity, and perhaps other unknown mechanisms.

Ideally, the continuous improvement of data sets, methods, and additional genome

sequences from intervening species will give us further insight into these

mechanisms and their frequencies within different species.

Finally, the question remains whether, after detecting colinearity between

genomes, the functions of the genes in one genome may be transferred to the

homologous genes of the other genome. One major problem lies in the fact that a

particular region of a chromosome can be duplicated in rice as well as in

Arabidopsis. Even more drastically, complete genome duplication events may have

occurred in both Arabidopsis (e.g., Arabidopsis Genome Initiative, 2000; Vision et

al., 2000) and rice (e.g., Goff et al., 2002; Yu et al., 2002). Because after such a

duplication event, all genes are present in duplicate, one copy may degenerate

through loss-of-function mutations, or both duplicates may remain redundant,

experience subfunctionalization, or diverge in function through positive Darwinian
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selection (e.g., Ohno, 1970; Force et al., 1999; Hughes, 1999; Van de Peer et al.,

2001). This results in a situation in which one genomic segment of one species

maps with two or more different segments in the other genome, or vice versa.

Transferring functional annotations from one genome to the other genome, thus,

has to be done with caution, as genes belonging to paralogous regions may have

considerably diverged in function.

Materials and methods

Figure 1.2.4 Flowchart of the ADHoRe strategy used to define colinear regions between two

genomic fragments. White boxes represent data items, gray boxes represent routines, and arrows

indicate the dataflow.

Gene products fragment 1 Gene products fragment 2

BLAST + HSSP

Class with elements having
a similar orientation

Class with elements having
an opposite orientation

Iterative clustering process

ClustersClusters

Post-processing:

Test statistical significance

Complete list of colinear regions

Combining both orientation classes:

- Combining clusters and singletons from different

orientation classes

- Combining clusters from different orientation classes

Negative filtering

Tandem remapping

Separation by orientation class

Pre-processing:
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The ADHoRe algorithm

Detection of homologous genes

To detect chromosomal locations of colinear genes, one has to look for regions

that can be paired up because they contain sets of similar genes. Therefore, a

data set containing all gene products, their absolute or relative position on a

genomic sequence, and their orientation is required. The whole procedure is

controlled by two parameters as follows: the gap size G, which describes the

maximal number of intervening, non-homologous genes tolerated between two

homologous genes within a colinear segment, and Q, the quality of the colinear

regions (see below). Figure 1.2.4 presents a flowchart of the algorithm. For all

gene products on two genomic fragments for which gene colinearity is to be

detected, initially an all-against-all sequence similarity search is performed, using

BLASTP (Altschul et al., 1990). In a second step, all of these results are converted

into sequence identity scores (over a given alignable region) between query and

hit sequences. Two protein sequences with >30% sequence identity over an

alignable region of 150 amino acids are considered as being homologous. For

matching sequences with an alignable region smaller than 150 amino acids, the

Figure 1.2.5 Matrix representation of homologous genes. Arrows indicate the orientation of the

genes on the two genomic fragments compared. Homologous genes with the same orientation

are colored in gray; homologous genes with an opposite orientation are in black.
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Homology-derived Secondary Structure of Proteins (HSSP) identity cut-off curve

is used to determine whether the two sequences are homologous (Rost, 1999).

With this procedure, all pairs of homologous proteins between both genomic

fragments are determined.

The information on homologous genes is then stored in a matrix of (m · n)

elements (m and n being the total number of genes on each genomic fragment),

each non-zero element (x, y) being a pair of homologous genes (x and y denote

the coordinates of these genes). Figure 1.2.5 shows such a small hypothetical

matrix, in which gray elements indicate gene pairs having the same orientation,

whereas black elements indicate homologous pairs of genes having an opposite

orientation. In the matrix, colinear regions are represented as diagonal lines,

whereas tandem duplications are manifested as purely horizontal or vertical lines;

inversions can be detected by looking at the organization of the elements, and

block duplications followed by gene loss form gaps in diagonal regions. To detect

colinear regions, it is obvious that one has to find more or less diagonal series of

elements in the matrix. This way of presenting the information reduces the problem

to a clustering problem. When the matrix is constructed, it is subjected to a number

of procedures that, in the end, returns all colinear regions present between both

genomic fragments. In general, these procedures can be subdivided into three

steps, pre-processing of the data, the actual clustering of homologous genes or

blocks of genes, and post-processing.

Pre-processing of the data

As discussed above, during the pre-processing step, the two genomic

fragments are compared, and homologous gene pairs are determined using BLAST

and HSSP, after which, these are stored in a matrix. The orientation of the two

genes determines the value in the matrix, whereas non-homologous pairs are

represented as empty elements in the matrix.

The next step during the pre-processing is the removal of irrelevant data

points, which we designate negative filtering. During this step, all elements that

cannot belong to a cluster because they are too far away from other elements in

the matrix, are removed. The last step in the pre-processing is to remap tandem

duplicated blocks. Because we are looking for diagonal regions in the matrix,

purely horizontal or vertical regions due to tandem duplications are remapped.

This is done by collapsing all tandem duplications of a gene with the same
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orientation and within a distance G. This way, it is easier to detect diagonal regions,

as they are no longer interrupted by horizontal or vertical elements. At the end of

the pre-processing, the elements in the matrix are separated according to their

orientation, yielding the two orientation classes (see Figures 1.2.4 and 1.2.5).

This separation is made to facilitate the clustering and is based on the observation

that colinear regions consist primarily of elements with the same orientation class.

At the end of the process, both orientation classes are again combined, enabling

the reconstruction of duplicated regions that have been subjected to small gene

inversions.

Clustering of genes and blocks of genes

A colinear region is defined in the matrix representation as a number of points

showing diagonal proximity. Therefore, a special distance function was used,

yielding a shorter distance for points that are in diagonally closer proximity than

Figure 1.2.6 Graphical representation of the DPD function. Every rectangle represents a cell of

the matrix. The central dot corresponds with an element of a cluster. Because the DPD distance

to element a is 2 and the DPD distance to element b is 5, a is in closer proximity to the central dot

under investigation than b. According to the orientation class, a specific region of the environment

is masked (which corresponds to an infinite distance).

Distance

masked1 2 3 4 5

a

b

a
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points that are in horizontal or vertical proximity. The formula for this function is:

d = 2 max(| y2 - y1| ,| x2 - x1| ) - min(| y2 - y1| ,| x2 - x1| )

Because the triangle inequality does not hold for this function, it cannot be

regarded as a real distance function, but rather as a diagonal pseudo distance

(DPD) function. Figure 1.2.6 shows the result of applying such a distance function

on a hypothetical example. The actual clustering step is conceived as an iterative

process, gradually increasing the gap size until the final gap size - one of the

parameters of the algorithm - has been reached. During each iteration, the gap

size represents the maximal distance between two points in a cluster. In each

iteration, new clusters can be formed and existing clusters can be extended. The

algorithm details of the clustering step are depicted in Figure 1.2.7. Starting with

the elements of either one of the two orientation classes (a set of singletons, i.e.,

elements not yet clustered), the DPD function is used to cluster the elements

according to the initial gap size. By default, the initial gap size is set to 3 and is

then increased in 10 exponential steps until the final gap size G has been reached.

This results in a set of clusters and a set of singletons.

Subsequently, the second parameter of the algorithm comes into play. This

parameter determines to which extent the elements of a cluster fit on a diagonal

line. This quality is estimated by calculating the coefficient of determination (r2) by

linear regression through the points in the clusters. Only clusters with a sufficiently

high quality (higher than the cut-off Q, set by the second parameter) will be kept;

the constituting elements of the other clusters are reassigned the status of

singletons. Within each iteration, the remaining data set after applying the DPD

clustering and the quality filtering is a collection of retained clusters and a collection

of singletons (from the orientation class being analyzed) not yet clustered, or

initially clustered, but rejected by the quality filtering (Figure 1.2.7). In the next

step, which also uses the DPD function, it is tested whether the clusters can be

enriched with singletons from the same orientation class without badly affecting

the cluster’s diagonal properties. Therefore, three conditions must be fulfilled.

First, the candidate singleton must be within a distance smaller than or equal to

the current gap size in the iteration. Second, the candidate singleton must be

positioned within the 99% confidence interval of the cluster. This confidence interval

is computed by considering the best-fit line y = ax + b through all of the points in

the cluster using the least-squares fit method. Usually, the points in the cluster
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show a certain degree of deviation from this line. This deviation can be explained

by two factors: (1) the error on the calculation of the constants a and b of the

regression line, and (2) the error caused by the deviation of the point xi, yi from

this line. Assuming a normal distribution of this deviation, we can calculate a

confidence interval that indicates the maximum deviation a candidate singleton

can have from the best-fit line. Finally, if a singleton lies within these boundaries,

it is also checked whether adding this singleton to the cluster will not decrease

the r2 value (see above) below the specified r2 cut-off. If all criteria are met, the

singleton is then added to the cluster. If not, the original configuration of both

cluster and singleton is restored. The last step of the core algorithm aims at joining

clusters. For each cluster within a distance smaller than g (g being the gap size in

the current iteration) of another existing cluster, it is tested whether it can be

Figure 1.2.7 Flowchart of the ADHoRe core algorithm. Dark gray boxes represent the different

steps in the clustering process, white boxes the data items, and the light gray boxes the actions

performed during each iteration step. Arrows indicate the dataflow.
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merged with that cluster, again without badly affecting the cluster’s diagonal

properties. To determine whether two clusters can be joined, we first check whether

the distance between the diagonal lines through the central points of both clusters

is not larger than g (using DPD). Next, we check whether the distance between

the endpoints of both clusters is small enough. If the clusters have overlapping x

or y coordinates, we consider the distance between them to be 0. In this case, we

have to check whether from both clusters at least one point lies in the confidence

interval of the other or whether all points of one cluster lie in the interval of the

other. This is to avoid grouping of closely, in-parallel-aligned clusters. Finally, we

check whether the r2 value of the resulting merged cluster does not drop below

the specified r2  cut-off. The resulting new data set again consists of a number of

clusters and a number of singletons, which are used as input for the next iteration

during the process (Figure 1.2.4). During the next iteration, the gap size is increased

and new clusters are made or existing clusters extended, until the final gap size

has been reached. The result is a set of clusters for each orientation class.

Post-processing

When all clusters have been compiled as described above, the fraction of

colinear regions (clusters) that are not significant needs to be removed. The goal

of this  procedure is to determine the fraction of colinear regions that could have

occurred purely by chance, and therefore are not biologically significant. This is

implemented as a statistical test, sampling a large number of reshuffled data sets

and calculating the probability that a colinear region, characterized by a number

of conserved genes and an average gap size, can be found by chance. Using a

default significance level of 99%, all regions with a probability to be generated by

chance smaller than 1% are retained. The second step during post-processing is

to combine the results for the two sets of clusters with different orientations. First,

we try to enrich clusters from one orientation class with singletons from the other

orientation class. This step is similar to the third step in the clustering algorithm,

in which clusters are extended without badly affecting the quality. Second, it is

tested whether clusters from the two different orientation classes can be merged.

By combining the results of both orientation classes, it is possible to reconstruct

larger colinear regions that might have been subjected to one or more inversion

events.
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The rice data set

For rice chromosomes 1, 2, 4, 6, 7, 8, and 10 (a set of chromosomes for

which a large fraction of the chromosome was already sequenced), the public

data of the different centers was collected (status January 14, 2002). All BAC

sequences for which map position information was available and that were linked

to one chromosome only were downloaded from the different consortia websites,

for which an overview can be found at http://www.tigr.org/tdb/e2k1/osa1/

BACmapping/description.shtml.

Concatenation of rice BACs

To obtain large stretches of genomic rice sequence to compare with

Arabidopsis, we used a simple strategy to build rice contigs. Initially, for all BAC

clones, the BAC extremities were compared with BAC ends of neighboring BACs

using BLASTN (Altschul et al., 1990). These BAC ends were defined as the first

and the last 20% of the genomic BAC sequence. For each BAC, the 25 closest

neighboring BACs were scanned, given their putative map position. Two BACs

were considered overlapping when an alignable region >300 bp showed >95%

sequence identity. Next, all pairs of overlapping BACs were used to build larger

stretches of adjacent overlapping BAC sequences (pair A-B and pair B-C producing

stretch A-B-C, etc.). In the case in which one BAC overlapped with multiple other

BACs, preferentially the BAC resulting in the longest stretch was selected. Note

that these BAC stretches were not physically assembled into a contig sequence,

but that this information was only used to locate and order the BACs relative to

each other. This procedure divided the initial data set into two large fractions, a

set of overlapping BACs (in total, 453 BACs, or 37% of the total size of the original

data set) and a set of remaining individual BACs.

Annotation

For all rice BACs, gene annotation was performed using RiceGAAS (Sakata

et al., 2002). This system combines a total of 14 analysis programs and

automatically generates gene annotation for all rice BACs present in GenBank.

For all BACs retained in the data set, the predicted coding sequence and

corresponding protein sequences were retrieved from the RiceGAAS website (http:/
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/ricegaas.dna.affrc.go.jp/). An overview of the number of BACs and proteins used

can be found in Table 1.2.2. Finally, using the two sets of BAC clones (overlapping

and individual BACs) and their corresponding gene annotation, gene lists were

made and used as input for the ADHoRe algorithm. Parameters used for the

ADHoRe algorithm were G = 20 for the maximum gap size and Q = 0.8 to denote

the quality of the cluster. In total 1,000 reshuffled data sets were used to calculate

the probability that a colinear region, characterized by a number of conserved

genes and an average gap size, could have been generated by chance. For the

genomic rice regions showing homology with an Arabidopsis genomic segment,

which were analyzed in detail, the quality of the annotation retrieved from

RiceGAAS was estimated. Therefore, for each predicted gene, we checked for

the existence of a rice EST and for homology of the corresponding protein with

any other protein present in the public protein databases. All predicted genes not

confirmed by an EST and not showing similarity with any other protein were not

considered as genes. Although these criteria are not biologically correct (i.e.,

these genes could be rice specific, not confirmed by ESTs and occur as a unique

gene, not part of a multigene family in the rice genome), they were used here to

determine rather crudely the quality of the annotation system. The same criteria

applied to the total set of predicted genes in Arabidopsis shows that only 0.31%

(79/25,439) genes are selected. Thus, on the basis of the ratios found in the

Arabidopsis genome, we expect that from the complete set of rice genes we remove

in this way, <0.3% might be real genes. For all analyzed rice segments, on average,

45% of the predicted genes were removed.

Table 1.2.2 Overview of the rice data set used
a

  Total data set   Overlapping  BACs  

Chromosome Sequenced 

(%) 

MB BACs Annotated 

genes

Gene

density
b

BACs MB Genes 

1 100.0 50.68 370 10,300 4.92 266 34.97 6,237 

2 44.7 18.40 154 3,692 4.98 2 0.30 38 

4 92.4 18.90 143 3,766 5.02 75 10.76 2,064 

6 63.0 21.57 159 4,410 4.89 6 0.94 163 

7 75.5 20.33 164 4,149 4.90 7 0.86 168 

8 46.2 16.85 139 3,398 4.96 24 3.55 615 

10 95.6 19.28 145 3,806 5.07 73 10.83 1,892 

Total  166.01 1,274 33,521 4.95 453 62.00 11,177 

a
 Status on January 14, 2002; source TIGR. 

b
 Genes/kb. 
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Annotation of transposable elements

Initially, the genomic BAC sequence was screened for repetitive elements

using REPuter (Kurtz and Schleiermacher, 1999). In addition, predicted genes

and ORFs were screened against a collection of protein families and domains

using PFAM (Bateman et al., 2002) to determine similarities with proteins encoded

in transposable elements. Artemis was used for sequence visualization and

annotation (Rutherford et al., 2000).

Arabidopsis data set

Genomic sequences and gene annotation for the complete Arabidopsis

genome was downloaded from the TIGR Arabidopsis thaliana Database (version

August 2001, http://www.tigr.org/tdb/e2k1/ath1/) and processed with in-house Perl

scripts.
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1.3 Detecting the undetectable: uncovering
duplicated segments in Arabidopsis by

comparison with rice

Klaas Vandepoele, Cedric Simillion and Yves Van de Peer

Redrafted from: Trends in Genetics 18, 606-608 (2002)

Genome analysis shows that large-scale gene duplications have occurred in fungi,

animals and plants, creating genomic regions that show similarity in gene content

and order. However, the high frequency of gene loss reduces colinearity resulting

in duplicated regions that, in the extreme, no longer share homologous genes.

Here, we show that by comparison with an appropriate second genome, such

paralogous regions can still be identified.
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Introduction

Genome sequencing projects reveal that genomes vary tremendously in size

and organization, even among closely related organisms. This seems to be the

result of a very dynamic process involving many different factors, such as

recombinations, horizontal gene transfer, transposon activity, gene duplication

and gene loss. In particular, duplications are being identified as important factors

in the evolution of most genomes. Apart from small-scale tandem duplications,

larger block duplications and even duplications of entire chromosomes or genomes

are now postulated to have shaped the genomes of various animals, fungi and

plants (Wolfe, 2001). From a population genetics point of view (Force et al., 1999),

the frequency of gene preservation over a large evolutionary period after

duplication is unexpectedly high and several models have recently been put forward

to explain the retention of duplicates (Gibson and Spring, 1998; Lynch and Force,

2000; Wagner, 2002). However, the most likely fate of a gene duplicate is non-

functionalization and consequent gene loss (Lynch and Conery, 2000).

This observation has consequences for the detection of duplicated regions

in genomes. Identifying duplicated regions is usually based on a within-genome

comparison that aims to define colinear regions (regions of conserved gene content

and order) in different parts of the genome. In general, one tries to identify

duplicated blocks of homologous genes that are statistically valid (i.e. that are

probably not generated by chance). The statistics that determine colinearity usually

depend on two factors, namely the number of pairs of genes that still can be

identified as homologous (usually referred to as ‘anchor points’), and the distance

over which these gene pairs are found, which usually depends on the number of

‘single’ genes that interrupt colinearity. When a putative colinear region has been

detected, its statistical significance is usually evaluated by some sort of permutation

test in which a large number of randomized datasets are sampled to calculate the

probability that a cluster detected could have been generated by chance (Vision

et al., 2000; Gaut, 2001; Friedman and Hughes, 2001; Vandepoele et al., 2002a).

However, the high level of gene loss – together with phenomena such as

translocations and chromosomal rearrangements – often renders it very difficult

to find statistically significant homologous regions in the genome, particularly when

the duplication events are ancient (Ku et al., 2000).

The search for traces of (ancient) large-scale gene duplications has received

much attention lately, and hypotheses about the number and age of polyploidy
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events in eukaryotes are actively being discussed. Partly, this is because of the

fact that the detection of homologous (paralogous) regions in genomes is not

self-evident, for the reasons discussed above and, in consequence, the number

of duplicated regions is likely to be underestimated. In plants, the systematic

analysis of the Arabidopsis thaliana genome sequence has shown that this genome

contains a large number of duplicated regions and that about 60% of the

Arabidopsis genes occur in duplicated blocks (Blanc et al., 2000; The Arabidopsis

Genome Initiative, 2000; Simillion et al., 2002). Here, we show that additional

duplicated regions can be discovered in Arabidopsis when its genome is compared

with that of rice.

Results and discussion

Recently, the draft genome sequences have been reported for two subspecies

of rice (Goff et al., 2002; Yu et al., 2002), in addition to data being made available

by the International Rice Gene Sequencing Project (Sasaki and Burr, 2000). We

used the IRGSP data to compile a large set of BAC sequences for which the map

position information is available and used these, where possible, to build longer

rice contigs. This resulted in a dataset of 453 overlapping BACs, forming continuous

genomic stretches of 62 Mb, and a remaining set of 821 individual BACs

(representing 104 Mb). We compared these with the Arabidopsis genome to find

statistically significant regions of colinearity between the genomes, using a new

software tool called ADHoRe (for ‘Automatic Detection of Homologous Regions’)

(Vandepoele et al., 2002a).

The comparison of rice, the major food source for billions of people and a

model for larger cereal crop genomes (Shimamoto and Kyozuka, 2002) with

Arabidopsis, a model plant organism for dicotyledons, revealed numerous

examples of (short) genomic segments that shared conserved gene content and

order, as reported previously (Mayer et al., 2001; Salse et al., 2002). In several

cases, two (or more) regions of the Arabidopsis genome showed clear homology

with a single region in rice. This is not surprising, because the Arabidopsis genome

has undergone at least one (Lynch and Conery, 2000; The Arabidopsis Genome

Initiative, 2000), and probably more (Vision et al., 2000; Simillion et al., 2002),

polyploidizations. However, some of the duplicated regions escape detection in a

within-genome comparison of Arabidopsis. More detailed analysis shows that each

of these regions in Arabidopsis has lost a different set of genes (see Figure 1.3.1a).
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This phenomenon, which we refer to as ‘differential gene loss’, turns the originally

identical duplicated regions into two non-redundant sets of genes, divided over

two distinct genome locations. Differential gene loss thus reduces the number of

paralogs that can be identified by a within-genome comparison. For a few genes,

both duplicates might have been retained, but in that case the number of anchor

points is usually too small to detect significant colinearity when permutation tests

are applied (Figure 1.3.1b). Therefore, the use of inter-genomic comparisons can

help to recover block duplications that had seemingly disappeared.

Figure 1.3.1 ‘Ghost’ block duplications in the Arabidopsis genome. Homologous genes between

Arabidopsis (black) and Oryza sativa (white) are indicated by grey bands. (a) Two genomic

segments of  Arabidopsis, on chromosomes 2 (top) and 5 (bottom), map to the same rice segment.

Therefore, these segments are paralogous and result from a duplication event within the

Arabidopsis genome. Because of differential gene loss, the duplicated Arabidopsis segments no

longer have any paralogous genes in common. As a result, this duplication can not be detected

anymore. (b) ‘Ghost’ block duplication between Arabidopsis chromosomes 4 (top) and 5 (bottom).

One anchor point (i.e. the paralogous gene pair At5g51920 – At4g22980) is still present on both

segments, but is insufficient to detect microcolinearity between the two segments.
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By considering only a small amount of the rice genome sequence, we were

able to detect several examples of such ‘ghost’ duplications in Arabidopsis. Once

a completely assembled and well-annotated rice genome sequence is available,

comparisons between rice and Arabidopsis, which diverged from one another

~200 million years ago (Wikström et al., 2001) will probably reveal many more of

such regions. Furthermore, most probably, many other examples of such ‘ghost’

duplications are waiting to be discovered in other eukaryotic genomes as well.





- Part 2 -

Large-scale duplication events: key players in

plant genome evolution
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2.1 Investigating ancient duplication events in
the Arabidopsis genome

Jeroen Raes+, Klaas Vandepoele+, Cedric Simillion, Yvan Saeys and

Yves Van de Peer

Redrafted from: Journal of Structural and Functional Genomics 3, 117–129

(2003)

The complete genomic analysis of Arabidopsis thaliana has shown that a major

fraction of the genome consists of paralogous genes that probably originated

through one or more ancient large-scale gene or genome duplication events.

However, the number and timing of these duplications still remains unclear, and

several different hypotheses have been put forward recently. Here, we reanalyzed

duplicated blocks found in the Arabidopsis genome described previously and

determined their date of divergence based on silent substitution estimations

between the paralogous genes and, where possible, by phylogenetic

reconstruction. We show that methods based on averaging protein distances of

heterogeneous classes of duplicated genes lead to unreliable conclusions and

that a large fraction of blocks duplicated much more recently than assumed

previously. We found clear evidence for one large-scale gene or even complete

genome duplication event somewhere between 70 to 90 million years ago. Traces

pointing to a much older (probably more than 200 million years) large-scale gene

duplication event could be detected. However, for now it is impossible to conclude

whether these old duplicates are the result of one or more large-scale gene

duplication events.

+ both authors contributed equally
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Introduction

For over 30 years, geneticists, evolutionists and, more recently, developmental

biologists have been debating on the number of genome duplications in the

evolution of animal lineages and its impact on major evolutionary transitions and

morphological novelties. Thanks to the recent progress made in gene mapping

studies and large-scale genomic sequencing, the debate has been livelier than

ever before. Indeed, huge amounts of sequence data have become available,

amongst which the complete genome sequences of invertebrates, such as

Drosophila melanogaster, Caenorhabditis elegans, and vertebrates, such as

pufferfish and human, while others are being finalized. With these data at our

disposition, we expect to address the ancient questions and hypotheses regarding

genome duplications, as formulated by pioneers like J.B.S. Haldane (who already

contemplated the benefits and evolutionary impact of polyploidy events in 1933)

and S. Ohno. However, a great deal of controversy still exists on the prevalence

of genome duplications in certain lineages. For example, the classic hypothesis

of Ohno (1970) that at least one genome duplication occurred in the evolution of

the vertebrates has not been evidenced yet. Several theories, which differ in the

proposed number of duplications as well as in their timing, have been proposed,

but without confirmation (Skrabanek and Wolfe, 1998; Hughes, 1999; Wolfe, 2001).

More recently, a putatively ancient fish-specific genome duplication before the

teleost radiation has been the subject of lively debate (Robinson-Rechavi et al.,

2001; Taylor et al., 2001a, 2001b; Van de Peer et al., 2003). Given the already

controversial nature of the occurrence and date of these genome duplications in

vertebrates, their precise role in the evolution of new body plans (Holland, 1992)

or in speciation (Lynch and Conery, 2001; Taylor et al., 2001c) remains even

more speculative.

For plants, controversy about ancient genome duplications has long been

nearly nonexisting. Polyploidy seems to have occurred frequently in plants. Up to

80% of angiosperms are estimated to be polyploid, with variation from tetraploidy

(maize) and hexaploidy (wheat) to 80-ploidy (Sedum suaveolens) (for a review,

see Leitch et al., 1997). Because of the complexity of many plant genomes and

lack of sequence data, research on plant genome evolution was basically restricted

to experimental techniques (Wendel, 2000) and, until very recently, few

computational analyses had been performed to investigate the prevalence and

timing of older large-scale duplications and their impact on plant evolution.
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In 1996, the plant community decided to determine the complete genome

sequence of Arabidopsis thaliana. This model plant was chosen because it has a

small genome with a high gene density and seemed to be an “innocent” diploid.

However, during and even before this huge enterprise, some indications were

found that large-scale duplications had occurred (Kowalski et al., 1994; Paterson

et al., 1996; Terryn et al, 1999; Lin et al., 1999; Mayer et al., 1999). After bacterial

artificial chromosome sequences representing approximately 80% of the genome

had been analyzed, almost 60% of the genome was found to contain duplicated

genes and regions (Blanc et al., 2000). This phenomenon could only be explained

by a complete genome duplication event, an opinion shared by the Arabidopsis

Genome Initiative (2000). Previously, comparative studies of bacterial artificial

chromosomes between Arabidopsis and soybean (Grant et al., 2000) and between

Arabidopsis and tomato (Ku et al., 2000) had led to similar notions. In the latter

study, two complete genome duplications were proposed: one 112 and another

180 million years ago (MYA). Vision et al. (2000) rejected the single genome

duplication hypothesis by dating duplicated blocks through a molecular clock

analysis. Several different age classes among the duplicated blocks were found,

ranging from 50 to 220 MYA and at least four rounds of large-scale duplications

were postulated. One of these classes, dated approximately 100 MYA, grouped

nearly 50% of all the duplicated blocks, suggesting a complete genome duplication

at that time (Vision et al., 2000). However, the dating methods used for these

gene duplications were based on averaging evolutionary rates of different proteins,

which was later criticized because of their high sensitivity to rate differences

(Sankoff, 2001; Wolfe, 2001). Because the same methodology was also used by

Ku et al. (2000), their results should also be considered with caution. On the other

hand, Vision et al. (2000) discovered overlapping blocks, a phenomenon that can

be explained only by multiple duplication events. Neither Blanc et al. (2000) nor

the Arabidopsis Genome Initiative (2000) detected these overlapping blocks.

Using a different method of dating based on the substitution rate of silent

substitutions, Lynch and Conery (2000) discovered that most Arabidopsis genes

had duplicated approximately 65 MYA, which brings us back to a single polyploidy

event. However, no duplicated blocks of genes, but only paralogous gene pairs

were taken into account. Apparently, the evolutionary history of the first fully

sequenced plant seems a lot more complex than originally expected. There is no

clear answer on whether one single or multiple polyploidy events took place nor

when they occurred. The results of the different analyses seem to be highly
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dependent of the methods used. For this reason, we reinvestigated the ancient

large-scale gene duplications described by Vision et al. (2000) by applying two

alternative dating methodologies on several of the more anciently duplicated blocks

found in their study. Furthermore, we compared the results obtained to pinpoint

the strengths and weaknesses of the methodology used in the two studies.

Materials and methods

Strategy

The original goal was to reinvestigate whether one or several ancient large-

scale gene duplication(s) had occurred in the evolution of Arabidopsis thaliana.

Furthermore, because Vision et al. (2000) dated one of the large-scale duplication

events as approximately 200 million years old, we were curious to see whether

this event pre- or postdated the monocot-dicot split, which is estimated to have

occurred at about that time: 170-235 MYA (Yang et al., 1999) and 143-161 MYA

(Wikström et al., 2001). We focused on the blocks that according to Vision et al.

(2000), originated during this ancient round of duplication and consisted of six

regions in the genome (class F). We mapped these regions to a more up-to-date

data set (see below) and subjected them to two dating methodologies: dating

based on synonymous substitution rates and molecular phylogeny. The former

was done with three different approaches to estimate synonymous substitution

rates, namely those of Li (1993), of Nei and Gojobori (1986) and of Yang and

Nielsen (2000). Molecular phylogeny-based dating was performed through the

construction of evolutionary trees by the Neighbor-joining method (Saitou and

Nei, 1987). By using these different approaches, the possibility of drawing wrong

conclusions caused by weaknesses of one particular method is minimized.

However, during the course of this study, it became clear that the most ancient

blocks described by Vision et al. (2000) contained genes that had duplicated

much more recently. Because the dating methodology of Vision et al. (2000) had

been criticized before (Sankoff, 2001; Wolfe, 2001), we subsequently focused on

two sets of 10 blocks of two younger age classes, D and E, estimated to be 140

and 170 million years old, respectively. These data sets were chosen in such a

way that they represented a wide distribution in block size (number of anchor

points) as well as amino acid substitution rate (dA) within each age class.
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Data set of duplicated genes

From the complete set of segmentally duplicated blocks defined by Vision et

al. (2000) that consisted of 103 regions with seven or more duplicated genes, we

analyzed selected blocks covering the three oldest classes. This selection

consisted of all six blocks from class F (200 million years old), 10 from class E

(170 million years old) and 10 from class D (140 million years old). Because the

original data set (i.e. the chromosomal DNA sequences) represented a preliminary

version of the Arabidopsis genome sequence (incomplete and not always correctly

assembled), the positions of these duplicated blocks were transferred to a data

set that had been built recently. This new data set consisted of a genome-wide

non-redundant collection of Arabidopsis protein-encoding genes, which were

predicted with GeneMark.hmm (Lukashin and Borodvsky, 1998; genome version

of January 18th, 2000 (v180101), downloaded from the Institute for Protein

Sequences center Martiensried, Germany; ftp://ftpmips.gsf.de/cress/). In addition

to the protein sequence, the position and orientation of the genes within the

Arabidopsis genome were determined.

Within this protein set, all pairs of homologous gene products between two

chromosomes were determined and the results stored in a matrix of (m, n) elements

(m and n being the total number of genes on a certain chromosome). Two proteins

were considered as homologous if they had an E-value < 1e-50 within a BLASTP

(Altschul et al., 1997) sequence similarity search (Friedman and Hughes, 2001).

The synchronization of our data set with the blocks detected by Vision et al.

(2000) was done using their supplementary data (website: http://

www.igd.cornell.edu/~tvision/arab/science_supplement.html). Initially, for a set of

anchor points (i.e. pairs of duplicated genes), defining a duplicated block (Vision

et al., 2000), the corresponding protein couples were detected in our data set and

then these protein couples were localized in the matrix. To check whether these

proteins were indeed part of a segmentally duplicated block, an automatic and

manual detection was performed. The automatic detection was done with a new

tool (Vandepoele et al., 2002a), primarily based on discovering clusters of

diagonally organized elements (representing duplicated blocks) within the matrix

of homologous gene products. Similar to the strategy of Vision et al. (2000), tandem

repeats were remapped before defining a duplicated block. An overview of blocks

analyzed in this study, together with the number of anchor points per block, is

presented in Table 2.1.1.
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Dating based on Ks

Blocks of duplicated genes were dated using the NTALIGN program in the

NTDIFFS software package (Conery and Lynch, 2001). This package first aligns

the DNA sequence of two mRNAs based on their corresponding protein alignment

and then calculates Ks by the method of Li (1993). We calculated Ks also with two

alternative dating methodologies (Nei and Gojobori, 1986; Yang and Nielsen,

2000) based on the same alignments. These two methods are implemented in the

PAML phylogenetic analysis package (Yang, 1997). The time since duplication

was calculated as T=Ks/2λ, with λ being the mean rate of synonymous substitution;

in Arabidopsis the estimation is λ=6.1 synonymous subsitutions per 109 years

(Lynch and Conery, 2000). The mean Ks value (average of the estimates obtained

by the three methods) for each block was derived for each duplicated pair. These

values were then used to calculate the mean Ks for each block, excluding outliers

using the Grubbs test (Grubbs, 1969; Stefansky, 1972) with a 99% confidence

interval.

Phylogenetic analysis

The public databases (PIR, GenBank/EMBL/DDBJ, Swiss-PROT) were

scanned for homologues of the anchor points using BLASTP (Altschul et al., 1997).

When homologues were found in other species next to the Arabidopsis paralogues,

the gene family was selected for phylogenetic analysis. Protein sequences were

subsequently aligned with CLUSTAL W (Thompson et al., 1994). Duplicates or

sequences that were too short were removed from the data set. After manual

optimization of the alignment and reformatting using BioEdit (Hall, 1999) and

ForCon (Raes and Van de Peer, 1999), the more conserved positions of the

alignment were subjected to phylogenetic analysis. Trees were constructed based

on Poisson or Kimura distances using the Neighbor-joining algorithm as

implemented in the TREECON package (Van de Peer and De Wachter, 1997).

Supplementary data such as sequences, accession numbers, alignments,

and trees can be obtained from the authors upon request.
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Results

Dating based on K
s

In contrast to mutations that result in amino acid changes (nonsynonymous

substitutions), silent or synonymous substitutions do not affect the biochemical

properties of the protein. As such they are generally believed not to be subjected

to natural selection and, consequently, to evolve in a (nearly) neutral, clock-like

way (Li, 1997). Absolute dating based on synonymous substitution rates (K
s
) should

be more accurate than dating based on the estimation of genetic distances between

duplicated protein sequences. However, because of rapid saturation of

synonymous sites, dates of older (Ks > 1) divergences/duplications will become

unreliable (Li, 1997). We calculated Ks values with three different methods for all

pairs of duplicated genes in 26 old blocks (classes D, E, and F, estimated to have

originated between 140 and 200 MYA; Vision et al., 2000). From these values we

calculated the duplication date of each block. The results of this analysis are

given in Table 2.1.1.

Interestingly, several block duplications were dated to be much younger than

what was found by Vision et al. (2000). For example, a duplication between

chromosome 1 and 5, denoted as block 37 and based on 11 gene pairs (17 in our

study; Table 1), was found to have occurred 72 MYA, and not 200 MYA. The

distribution of the K
s
 values of the duplicated pairs in this block, calculated with

the three different methods, confirmed our hypothesis that this is a younger block.

With only a few exceptions, almost all duplicated pairs seemed to have Ks values

between 0.5 and 1 synonymous substitutions per synonymous site, and this for

the three methods used (Figure 2.1.1). For three pairs of genes within the duplicated

block, the situation is less clear (Figure 2.1.1). No results were obtained with the

method of Li (1993), probably because the duplicated gene sequences are too

divergent to calculate a K
s
 value using this method, whereas the two other methods

gave extremely high or no Ks values. One possible explanation is a higher

synonymous mutation rate specific for these genes, because fluctuations in Ks

have been reported before (Li, 1997; Zeng et al., 1998). Another possible

explanation could be that these genes originated earlier than the other genes in

that block and that the situation observed is due to differential deletions of alternate

members of duplicated tandem pairs (Friedman and Hughes, 2001). For this

reason, these gene pairs were not included in the calculation of the duplication

date of the whole block (see Materials and methods).
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However, most blocks of age class F had significantly higher K
s
 values and

consequently older divergence dates, which indeed points to a more ancient large-

scale duplication event. This observation was strengthened by the fact that, with

a few exceptions, duplicated blocks of this age class had less anchor points (Table

2.1.1) and Ks values seemed to fluctuate more between members of the same

block (see, for example, the distribution of block 59, estimated to have duplicated

approximately 190 MYA; Figure 2.1.2). The latter is probably due to saturation of

Table 2.1.1 Re-analysis of the duplicated blocks as described by Vision et al. (2000) 

Vision et al. (2000)  This study 

Block 

number  

Chr1
a
  Chr2

a
  Anchor 

points
 b

dA  Age 

class 

Age

(MY)

 Anchor 

points
b

Ks
 c
  Ks

 d
  Ks

 e
  Mean 

age
f

Std

Dev 

15  1  3  7  0.8975 F  200   7  1.8641  2.5378  2.1679 213  92  

25  1  5  7  0.8012 F  200   6  1.6757  1.7008  2.5515 160  27  

37  1  5  11  0.8146 F  200   17  0.8386  0.8138  0.9698 72  19  

39  1  3  8  0.8375 F  200   7  1.6053  1.9744  1.8768 170  62  

57  2  3  7  0.8521 F  200   7  2.9251  3.2702  2.4395 269  64  

59  2  5  15  0.8473 F  200   18  1.8078  2.3744  2.0642 191  70  

34  1  5  23  0.7165 E  170   27  0.8723  0.8308  0.8900 71  18  

71  3  5  31  0.6814 E  170   70  0.7933  0.8262  0.8312 67  19  

100  4  5  20  0.6899 E  170   15  1.8656  1.9727  2.1682 170  45  

78  3  5  26  0.701  E  170   35  0.7382  0.7551  0.8475 64  11  

47  2  5  8  0.7397 E  170   8  1.8475  3.0169  2.1072 218  87  

16  1  3  8  0.6562 E  170   7  0.8390  0.8536  1.0224 74  19  

55  2  5  14  0.685  E  170   9  1.7585  2.0966  1.8341 162  32  

9  1  3  24  0.6947 E  170   20  0.9098  0.9966  1.1350 83  20  

87  3  4  11  0.7231 E  170   8  1.6049  1.8936  2.1889 164  67  

48  2  3  11  0.7045 E  170   8  1.7175  1.9716  2.0465 162  56  

6  1  5  30  0.6106 D  140   30  0.7754  0.8138  0.9228 69  17  

30  1  3  92  0.5262 D  140   106  0.8047  0.8325  0.9668 71  20  

95  4  5  88  0.5592 D  140   61  0.7337  0.7884  0.8707 65  10  

17  1  1  153  0.5684 D  140   167  0.8110  0.8175  0.8983 69  18  

92  4  5  97  0.6064 D  140   107  0.8741  0.8849  1.0507 77  25  

33  1  4  18  0.5381 D  140   11  1.6283  1.6707  1.5669 133  26  

5  1  4  13  0.5631 D  140   6  1.5232  1.5657  1.5324 126  16  

73  3  5  26  0.5855 D  140   25  0.7965  0.8187  0.9105 69  15  

93  4  5  42  0.6263 D  140   28  0.7719  0.8174  0.9010 68  16  

26  1  4  35  0.5273 D  140   42  0.8719  0.8946  1.0867 78  23  

a
 Chromosome numbers on which the two duplicated blocks are found.  

b
 Number of anchor points in blocks detected in this study.  

c
 Ks values calculated according to Li (1993).  

d
 Ks values calculated according to Nei and Gojobori (1986).  

e
 Ks values calculated according to Yang and Nielsen (2000).  

f
 Mean age (in MY) of the block was derived from the mean Ks, excluding outliers (see Materials and Methods).  
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Figure 2.1.1 Distribution of K
s
 values for duplicated genes as found in block 37, and calculated

with the methods of Li (black bars), Nei and Gojobori (white bars) and Yang and Nielsen (grey

bars).

Figure 2.1.2 Distribution of K
s
 values for duplicated genes found in block 59, and calculated with

the methods of Li (black bars), Nei and Gojobori (white bars) and Yang and Nielsen (grey bars).

synonymous substitutions, by which larger errors in Ks estimation are introduced,

causing values of K
s
 > 1 to be unreliable.

In our evaluation of class E blocks (170 MYA; Vision et al., 2000), the situation

is even more peculiar. From the 10 blocks we selected, a large part again seemed

to be much younger than what was derived based on dA values. Five out of 10
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blocks seemingly originated only approximately 70 MYA, less than half the age

calculated by Vision et al. (2000). Here also, the distribution of K
s
 values clearly

showed that a large majority of duplicated pairs in these blocks belonged to the

same, much younger, age class, with only a few exceptions (data not shown).

However, the other half of the 10 selected blocks seem to be older.

In the class D sample, dated 140 106 years old by Vision et al. (2000), 8 out

of 10 blocks seemed to have duplicated approximately 70 MYA. The distribution

of Ks values within one block again gave similar results as above: most pairs had

K
s
 values between 0.5 and 1, with a minor fraction of exceptions (data not shown).

Although only a subset of the complete set of duplicated blocks of age classes D

and E were analyzed, many blocks appeared to be much younger than proposed

by Vision and et al. (2000). Preliminary results of a more rigorous analysis seem

to confirm our findings (unpublished results).

Dating by phylogenetic analysis

Absolute dating methods based on substitution numbers per site are very

useful in high-throughput analyses, such as those by Lynch and Conery (2000)

and Vision et al. (2000), but they have some serious drawbacks. Inferred

divergence dates based on amino acid substitutions are not as quickly

underestimated due to saturation, although saturation at the amino acid level has

been demonstrated (Van de Peer et al., 2002). However, when using this technique,

there is a serious risk of overestimating the age of more rapidly evolving blocks,

or underestimating the age of blocks containing more slowly evolving proteins.

The use of synonymous mutation rates is probably favourable because these

positions evolve at nearly neutral rates and, so, give a more reliable estimate in

the case of fast or slowly evolving genes. Unfortunately, these analyses are

compromised for older duplications because of the rapid saturation of these sites.

To validate the results, an alternative technique was applied, namely relative

dating using phylogenetic methods. If a duplication occurred before the monocot-

dicot split, this could be proven by a tree topology (Figure 2.1.3a), in which the

two dicot members of a gene family each group with a monocot sequence. If,

however, the two Arabidopsis duplicates originated more recently, i.e. after the

dicot-monocot split, the two dicot branches should be sister sequences, outgrouped

by their monocot orthologue (Figure 2.1.3b). Even if certain sequences are still

missing from the databases (because of gene loss or nondetection), conclusions
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can be drawn. For example, the tree topology presented in Figure 2.1.3c could

only be explained by a duplication that occurred before the monocot-dicot split.

For all the anchor points of the oldest blocks (F), we searched the protein

databases for homologues in other plant species to construct evolutionary trees.

Unfortunately, it was impossible to construct trees for many of the duplicated

genes, the main reason being the absence of homologues from plant species

other than Arabidopsis in the databases. Furthermore, the sequences often

contained too few conserved positions to get statistically significant results (i.e.

high bootstrap values). An overview of constructed trees and conclusions is

presented in Table 2.2.2. Gene families for which no homologues from other species

than Arabidopsis thaliana could be found in the databases are not shown.

Although we could not draw conclusions on many of the genes/blocks, we

would like to consider some of the constructed trees. A first interesting result was

obtained from the analysis of the gluthatione synthase gene family; it has two

members on chromosomes 1 and 5 that are part of block 37, which is a duplicated

block of class F (200 MYA; Vision et al., 2000); but, according to our estimation, it

had duplicated approximately 72 MYA. The tree topology (Figure 2.1.4) for this

family clearly showed that the duplication that yielded the two duplicates occurred

before the divergence of Arabidopsis and Brassica, but after the split between

Asteridae and Rosidae. In consequence, the duplication between these two genes

must have happened between 15-20 (Yang et al., 1999; Koch et al, 2001) and

135 MYA (the latter value being the mean of two estimations, 112-156 MYA [Yang

et al., 1999]) and 114-125 MYA [Wikström et al., 2001]), which is in accordance

with our findings for this block.

Figure 2.1.3 (a) Expected tree topology for genes formed by a gene/genome duplication event

prior to the split of monocots and dicots. (b) Expected tree topology for genes formed by a gene/

genome duplication event that occurred after the split of monocots and dicots and specific to

Arabidopsis. (c) Even if only one of the paralogues is known, due to gene loss or absence in the

databases, the gene duplication can be inferred.
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A second tree of interest is that of the GATA transcription factor family with a

pair of duplicates on chromosomes 2 and 3 that belong to block 57, also of age

class F. It was very hard to date this block with our dating methods, because the

sequences were apparently saturated for synonymous substitutions. However, all

Ks values calculated for pairs in this block were above 2.2 synonymous substitutions

per synonymous site (see Table 2.1.1), suggesting that this block is genuinely

old. When we investigated the topology of the GATA family (Figure 2.1.5), we

observed a topology similar to that described in Figure 2.1.3c: although there is

only one monocot sequence, this topology could be only explained if the duplication

Table 2.1.2 Gene families selected for phylogenetic analysis for each paralogous block, belonging to age class F 

(Vision et al., 2000; 200 MYA)  

Block
a
  Family

b
  Sites

c
  Conclusion  Reason  

15  Unknown  279  None  No statistical support  

25  - None  No trees possible due to the absence 

of sequences from other species 

37  Calmodulin  105  None  No statistical support  

 Calmodulin-like  112  Probably younger than the split 

between eurosids I and eurosids II 

Genetic distance  

 Glutamine synthase  314  Younger than the split with asteridae 

and older than the Arabidopsis-

Brassica divergence (see Figure 

2.1.3)

Topology with statistical support 

39  Unknown  287  None  Too few monocot sequences 

for this family 

57  DOF Zinc-finger  85  None  Highly inequal rates of evolution 

between duplicates 

 GATA transcription 

factor  

148  Older than the monocot-dicot split 

(see Figure 2.1.4) 

Topology with statistical support 

 Apetala 2  81  None  No statistical support  

 Expansin  180  None  No statistical support  

59  Protein 

phosphatase 2C  

174  None  Too few monocot sequences 

available

 Putative Rab5 

interacting protein  

100  Probably younger than the monocot- 

dicot split 

Genetic distance  

 Cyclophilin  141  None  No statistical support  

 Phosphoprotein 

phosphatase 1  

305  None  No statistical support  

 Apetala 2 (see also 

B57)

81  None  No statistical support  

a
 Block number as defined by Vision et al. (2000).  

b
 Name of the family analyzed, as far as could be deduced from the description line of the entries.  

c
 Length of sequence alignment used for tree construction.  
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Figure 2.1.4 Neighbor-joining tree of the glutamine synthase family, inferred from Poisson-

corrected evolutionary distances. Sequences that belong to the analyzed duplicated blocks are

indicated with their chromosome number. Bootstrap values (above 50%) are shown in percentages

at the internodes. Scale = evolutionary distance in substitutions per amino acid.

Figure 2.1.5 Neighbor-joining tree of the GATA family of transcription factors, inferred from

Poisson corrected evolutionary distances. Sequences that belong to the analyzed duplicated

blocks are indicated by their chromosome number. Bootstrap values (above 50%) are shown in

percentages at the internodes. Scale = evolutionary distance in substitutions per amino acid.

that gave rise to the two Arabidopsis genes occurred before the monocot-dicot

split. This would mean that this block occurred at least 190 MYA (Yang et al.,

1999; Wilkström et al., 2001).

In some cases, evolutionary distances can be informative of duplication dates.

As illustration, an example from the age class D (140 MYA; Vision et al., 2000) is
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given. Figure 2.1.6 shows the topology of the casein kinase gene family that has

two members on both chromosomes 1 and 5, all four of them belonging to the

same duplicated block 6. Using Ks-based dating, we determined that this block

had duplicated approximately 70 MYA, with approximately 80% of the Ks values in

this block being smaller than 1. As can be seen from the tree topology, the two

members of block 6 first originated (probably) through tandem duplication (arrow

1) and then through a larger-scale duplication including the other members of

that block (arrow 2). Both these events happened after the monocot-dicot split, as

can be derived from the fact that the group containing these four proteins is

outgrouped by a rice sequence. The evolutionary distance from each of the

duplicates to the block duplication point is approximately 0.025 amino acid

substitutions per site, whereas the evolutionary distance between the genes

originating by tandem duplication is approximately 0.158 amino acid substitutions

per site. The average evolutionary distance between the sequences of rice and

Arabidopsis is approximately 0.206 amino acid substitutions per site, meaning

that, if a divergence date for monocots and dicots of 190 MYA (Yang et al., 1999;

Wilkström et al., 2001) and a molecular clock-like evolution of this protein were

assumed, the block duplication would have happened somewhere 46 MYA (with

Figure 2.1.6 Neighbor-joining tree of the casein kinase family, using Poisson correction for

evolutionary distance calculation. Sequences that belong to the analyzed duplicated blocks are

indicated by their chromosome number. Arrows indicate (1) a tandem duplication and (2) the

block duplication. Bootstrap values (above 50%) are shown in percentages at the internodes.

Scale= evolutionary distance in substitutions per amino acid.
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λ=K/2T=0.206 substitutions per site/380 MY=5.42 10-4 substitutions per site/ MY).

This value is much closer to our estimation based on Ks than that of 140 MYA

obtained by Vision et al. (2000).

Discussion

Currently, three different methods to date gene duplication events are generally

used: absolute dating based on synonymous substitution rates, absolute dating

based on nonsynonymous substitution rates or protein-based distances, and

relative dating through the construction of phylogenetic trees. Here, we provide

some evidence that protein distances are not very reliable for large-scale dating

of heterogeneous classes of proteins. For example, classes containing blocks of

the same age based on mean protein distance (classes D, E, and F; Vision et al.,

2000) seem to be very heterogeneous in age when dating is based on synonymous

substitution rates. Protein-based distances are known to vary considerably among

proteins (e.g. Easteal and Collet, 1994); therefore, duplicated blocks that contain

a larger fraction of fast-evolving genes will have a relatively high mean protein

distance between the paralogous regions and appear older than they actually

are. In our opinion, the use of synonymous and, consequently, neutral substitutions

for evolutionary distance calculations is more reliable. However, there is one

important caveat: dating based on silent substitutions can only be applied when

Ks < 1. A Ks > 1 points to saturation of synonymous sites and can no longer be

used to draw any reliable conclusions regarding the origin of duplicated genes or

blocks. In this case, a solution could be relative dating with phylogenetic means.

Although the dating is rather crude, it offers a way of determining duplication

dates relative to known divergences. The main problem here, however, is the

availability of plant sequence data. Only a few duplicated pairs had enough

orthologues in the public databases to allow any conclusions to be drawn.

Furthermore, if orthologues would be found, the sequences may not be very

suitable for phylogenetic analysis. Consequently, it seems that phylogenetic

inference cannot yet be as widely applied to plant as to animal genomes (e.g.,

Wang and Gu, 2000; Friedman and Hughes, 2001; Van de Peer et al., 2001).

However, as soon as more sequence data from key species such as mosses,

ferns, and monocots, become available, this approach may become more useful.

From the three oldest age classes defined by Vision et al. (2000), only one

(F) seems to contain many old duplicated blocks, whereas several blocks of the
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two other age classes have seemingly been duplicated approximately 70-90 MYA.

In our opinion, the hypothesis of Vision et al. (2000) that at least four large-scale

duplications have occurred is far from being proven. In contrast with the multimodal

distribution of large-scale gene duplication, our results show that a major fraction

of blocks has duplicated approximately at the same time and has probably

originated by a complete genome duplication. On the other hand, a fraction of

block duplications seems much older than the others. Unfortunately, because

synonymous sites were saturated and trees were not reliable enough, these

duplications could not be dated more accurately. Although these old duplicated

blocks are scattered throughout the genome (Table 2.1.1), it is hard to prove that

they are the result of a single duplication event.

The question whether large-scale gene duplications have occurred before

the divergence of monocots and dicots still remains to be answered. Some of

these events are probably anterior to the monocotyl-dicotyl split, as suggested by

the GATA transcription factor topology (Figure 2.1.5). Large-scale gene duplication

events prior to the monocot-dicot split may have led to the origin of flowering or

even of seed plants: duplications of (sets of) developmentally important genes

could have given the opportunity to develop new reproductive organs and strategies

and consequently cause reproductive isolation, which may have resulted in

speciation. The ongoing accumulation of sequence data delivered by several plant

expressed sequence tags and genome sequencing projects will provide the means

to answer the questions regarding the prevalence and timing of gen(om)e

duplications in the evolution of plants and will hopefully help elucidating the role

of these events in the diversification and evolution of plant species.
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Arabidopsis thaliana

Cedric Simillion, Klaas Vandepoele, Marc C. E. Van Montagu, Marc Zabeau,

and Yves Van de Peer

Redrafted from: Proc. Natl. Acad. Sci. U S A  99, 13627-32 (2002)

Analysis of the genome sequence of Arabidopsis thaliana shows that this genome,

like that of many other eukaryotic organisms, has undergone large-scale gene

duplications or even duplications of the entire genome. However, the high

frequency of gene loss after duplication events reduces colinearity and therefore

the chance of finding duplicated regions that, at the extreme, no longer share

homologous genes. In this study we show that heavily degenerated block

duplications that can no longer be recognized by directly comparing two segments

because of differential gene loss, can still be detected through indirect comparison

with other segments. When these so-called hidden duplications in Arabidopsis

are taken into account, many homologous genomic regions can be found in five

to eight copies. This finding strongly implies that Arabidopsis has undergone three,

but probably no more, rounds of genome duplications. Therefore, adding such

hidden blocks to the duplication landscape of Arabidopsis sheds light on the number

of polyploidy events that this model plant genome has undergone in its evolutionary

past.
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Introduction

In 1996, when the research plant community decided to determine the genome

sequence of the flowering plant Arabidopsis thaliana, few people suspected that

this model plant organism is an ancient polyploid. Nevertheless, even before the

completion of the genome sequence, it was clear that a large portion of its genome

consists of duplicated segments (Terryn et al., 1999). After analysis of bacterial

artificial chromosome sequences, representing ~80% of the genome, almost 60%

was found to contain duplicated genes and regions (Blanc et al., 2000), which

strongly suggested a large-scale gene or even entire genome duplication event

in the evolutionary history of Arabidopsis. This opinion was later shared by the

Arabidopsis Genome Initiative, based on the complete genome sequence

(Arabidopsis Genome Initiative, 2000), and by Lynch and Conery (Lynch and

Conery, 2000), who discovered that most Arabidopsis genes had duplicated

approximately 65 million years ago (MYA), by using a dating method based on

the rate of silent substitutions. Comparative studies between Arabidopsis and

soybean (Grant et al., 2000) and between Arabidopsis and tomato (Ku et al.,

2000) also suggested that one or more large-scale gene or genome duplications

had occurred. For example, in the latter study, two complete genome duplications

were proposed, namely one 112 MYA and another 180 MYA, based on the presence

of chromosomal segments that seemed to have been duplicated multiple times.

The analysis of duplicated regions by the Arabidopsis Genome Initiative

(Arabidopsis Genome Initiative, 2000) did not reveal such segments. Vision et al.

(2000) also rejected the single-genome duplication hypothesis and postulated at

least four rounds of large-scale duplications, ranging from 50 to 220 MYA. One of

the age classes of duplicated blocks they defined (~100 MYA) grouped nearly

50% of all of the duplicated blocks, strongly suggesting a complete genome

duplication at that time (Vision et al., 2000). However, the dating methods applied

in their study have been criticized (Wolfe, 2001). A recent reanalysis of the

duplicated blocks ascribed to different age classes, conducted by Raes et al.

(2002), indeed revealed that many of the ancient blocks described by Vision et al.

(2000) had a much more recent origin than was initially postulated. It is clear that

the discussion regarding the number and time of origin of large-scale duplications

in Arabidopsis is far from settled, partly because obtaining a complete picture of

all duplications (and their dating) that have occurred in the evolution of a genome

is not self-evident. Although the frequency of gene preservation over a large
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evolutionary period after duplication is unexpectedly high, and several models

have been recently put forward to explain the retention of duplicates (Gibson and

Spring, 1998; Lynch and Force, 2000; Wagner, 2002), the most likely fate of a

gene duplicate is nonfunctionalization and, consequently, gene loss (Lynch and

Conery, 2000). This observation has great consequences for the detection of

duplicated regions in genomes. Identifying duplicated chromosomal regions is

usually based on a within-genome comparison that aims at delineating colinear

regions (regions of conserved gene content and order) in different parts of the

genome. In general, one tries to identify duplicated blocks of homologous genes

that are statistically valid, i.e., that are shown not to have been generated by

chance. The statistics that determine colinearity usually depend on two factors,

namely the number of pairs of genes that still can be identified as homologous

(usually referred to as anchor points), and the distance over which these gene

pairs are found, which usually depends on the number of “single” genes that

interrupt colinearity (Gaut, 2001; Vandepoele et al., 2002a). However, the high

level of gene loss, together with phenomena such as translocations and

chromosomal rearrangements, often renders it very difficult to find (statistically

significant) paralogous regions in the genome, in particular when the duplication

events are ancient (Ku et al., 2000: Gaut, 2001). In this study we show that heavily

degenerated block duplications that cannot be observed by directly comparing

the two segments because of extreme differential gene loss (Vandepoele et al.,

2002b) can still be detected through the indirect comparison with other segments.

We refer to this previously undescribed class of block duplications as hidden

block duplications, as opposed to non-hidden block duplications. Adding these

hidden block duplications to the global duplication landscape of Arabidopsis

thaliana sheds more light on the number of large-scale gene duplications that this

genome has undergone in its evolutionary past.

Materials and methods

Arabidopsis dataset

We retrieved the TIGR annotation of the A. thaliana genome (version of August

2001) and extracted the coding sequences (CDS), corresponding amino acid

sequences, and the relative position and strand orientation for a total of 25,439

protein-encoding genes. For 50 genes, the translation of the annotated mRNA
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sequence did not correspond with the protein sequence because exons were

removed from or added to the annotated mRNA sequence. In this case the mRNA

sequence was corrected manually. Within this set of protein encoding genes, we

identified genes that are likely to be retrotransposons by conducting a BLASTP

search (Altschul et al., 1990) against a set of known retrotransposable elements

retrieved from SWISSPROT (Bairoch and Apweiler, 2000). For each BLAST-hit

we calculated the percent identity and removed all genes (i.e., 257 in total) from

the dataset for which this was ≥30%.

Detection of block (non-hidden) duplications and tandem repeats

The detection of tandem and block duplications within the genome of

Arabidopsis was done with ADHoRe. Because this tool is extensively discussed

elsewhere (Vandepoele et al., 2002a), we shall only briefly describe it here. The

ADHoRe algorithm performs a pairwise comparison of two genomic fragments

(typically chromosomes) by comparing two lists of all protein-encoding genes

(and their orientation) sorted in the order in which they are present on these

fragments. By comparing all protein-coding genes of both fragments, the program

identifies all homologous gene pairs. This information is then stored in a matrix of

(m x n) elements (m and n being the length of the submitted gene lists) in which

each nonzero element (x, y) is a pair of homologous genes, also called an anchor

point (x and y denote the coordinates of both genes in their respective gene lists).

We call this matrix the gene homology matrix. The value of a nonzero element is

positive or negative, depending on whether the genes in every pair detected have

the same strand orientation or do not, respectively. In this study, we performed

pairwise comparisons between all five chromosomes of Arabidopsis, by using the

annotation as described above. Once this matrix is compiled, block duplications

can be easily identified as a diagonal series of anchor points (non-zero elements

in the matrix), whereas tandem repeats can be identified as horizontal or vertical

series of anchor points. First, the ADHoRe algorithm detects all tandem repeats

and remaps them onto a single gene. For the determination of the actual number

and size of tandem repeats within the Arabidopsis genome, only homologous

genes with five or fewer unrelated intervening genes were taken into account.

Next, all paralogous regions are identified as clusters of diagonal series of anchor

points by using a maximum gap size (G) and a “quality” parameter (Q) that decides

whether genes or gene clusters indeed form a diagonal (Vandepoele et al., 2002a).
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These parameters were set to G=25 and Q=0.9. To test the statistical significance

of identified block duplications, a permutation test was applied in which 1,000

randomized datasets were sampled. Based on the number of anchor points in a

cluster and the average distance between anchor points in a cluster (reciprocal

density), these datasets were then used to calculate the probability that a cluster

detected in our real dataset could have been generated by chance. Only clusters

that had a probability <1% were retained in our analysis.

Age estimation of block duplications

For all non-hidden duplicated blocks detected with the ADHoRe algorithm

and shown to be statistically significant, each anchor point was dated by using

the NTALIGN program in the NTDIFFS software package (Conery and Lynch,

2001). This program first aligns the RNA sequence of two mRNAs based on their

corresponding protein alignment and then calculates the number of synonymous

substitutions per synonymous sites (Ks) by the method of Li (1993). We also

calculated Ks by using the dating methods of Nei and Gojobori (1986) and Yang

and Nielsen (2000). The latter two methods are implemented in the YN00 program

of the PAML phylogenetic analysis package (Yang, 1997). The mean K
s
 value

(average of the estimates obtained by the three methods) was derived for each

anchor point. These values were then used to calculate the mean Ks (µKs) and

standard deviation (σKs) for each block duplication, excluding outliers by using

the Grubbs test with a 99% confidence interval (Grubbs, 1969; Stefansky, 1972).

For certain anchor points, the sequence divergence was too large to obtain an

age estimate with any of the three methods. Such anchor points were also removed

from the analysis. The time since duplication was calculated as T = µK
s
 / 2λ, with

λ being the mean rate of synonymous substitutions, which was estimated in

Arabidopsis to equal 6.1 synonymous substitutions per 109 years (Lynch and

Conery, 2000).

Grouping duplicated blocks into age classes

Block duplications were grouped into age classes by comparing the mean Ks

values of different blocks of duplicated genes. Two duplicated blocks are put into

the same age class if the hypothesis that the mean K
s
 values of both duplications

differ significantly could be rejected by using a t-test with a 99% confidence interval.
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When duplicated blocks can be grouped, the mean Ks (µKs) and standard deviation

(σK
s
) of the resulting total group are calculated, together with the coefficient of

variance (CV = µK
s
 / σK

s
). For statistical significance we consider only duplications

with five or more obvious anchor points. Age classes are generated by using the

following procedure: a candidate age class is formed by taking a first duplication

and adding to it the duplication that results in the age class with the lowest CV.

This process continues until no further duplications can be added to the age

class without exceeding a CV value of 0.3. Next, a second candidate age class is

formed by starting with a second duplication and repeating the process. This

process is then repeated for each duplication, such that there are as many

candidate age classes as there are duplications. At this point, the largest age

class is retained and the duplications that it contains are removed from further

consideration. The previous steps are repeated for the remaining duplications

until no more age classes can be defined containing five or more duplications.

Determination of the different age classes by using the procedure described above

has the advantage that duplicated blocks with a high variance on the estimated

age will not be considered for defining the number of statistically significant age

classes. The disadvantage is that a considerable fraction (sometimes up to 50%)

of the dated block duplications is omitted from the analysis. However, it should be

noted that the determination of age classes with different CVs (cut-offs are between

0.25 and 0.4) always yielded three age classes.

Detection of hidden duplications

Hidden duplications are detected by identifying chromosomal segments that

are involved in different non-hidden duplications (Figure 2.2.1). If we consider

three non-overlapping chromosomal segments A, B, and C, for which it was shown

that segments A and B form a non-hidden duplication, and segments A and C form

an obvious non-hidden duplication, it is then checked as to whether segments B

and C show statistically significant colinearity, i.e., whether they share enough (or

any) pairs of homologous genes. If this is not the case, it is concluded that segments

B and C form a hidden block duplication. The exact coordinates in the gene

homology matrix of this hidden block duplication are then determined as follows:

Let (aB,start, aB,stop) and (bA,start, bA,stop) be the start and stop positions on segments A

and B, respectively, of the duplication between these segments (see Figure 2.2.1).

Note that (aB,start, bA,start) and (aB,stop, bA,stop) are consequently the coordinates of the



103

The Hidden Duplication past of Arabidopsis thaliana

outermost anchor points of the observed duplication. Let (aC,start, aC,stop) and (cA,start,

cA,stop) denote the same for segments A and C. The positions (bC,start, bC,stop) and

(cB,start, cB,stop) for the hidden duplication between segments B and C are then

determined by considering the start positions of the non-hidden duplications

between A and C (a
C,start

) and A and B (a
B,start

). Suppose a
C,start

 ≤ a
B,start

. In this case

the value of cA,start is assigned to cB,start. The value of bC,start is then determined by

the coordinate b of the anchor point (a, b) in the duplication between segments A

and B for which a ≥ aC,start and lies the closest to aC,start. The end positions (bC,stop,

cB,stop) are determined in the same way. Thus, we infer the coordinates of the

detected hidden duplication from the coordinates of the overlapping segments

from the non-hidden duplications that lead to its detection. To rule out hidden

duplications generated by statistical aberrances, we retain only those hidden

duplications for which both non-hidden duplications have at least five anchor

points on the common segment between them.

Figure 2.2.1 Determination of the borders of a hypothetical hidden duplication. Gene coordinates

increase from left to right. See Materials and methods for details.

A

C

B

=
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Results

Non-hidden block and tandem duplications

By using the ADHoRe algorithm (Vandepoele et al., 2002a), we identified a

total of 304 non-hidden duplications (i.e., duplications that can be observed through

direct comparison of chromosomal segments) in the A. thaliana genome (see

Figure 2.2.2). These duplications contain a total of 3,571 anchor points. Eighty-

two percent of all genes in the annotated genome and 80% of all sequenced

nucleotide positions reside in duplicated segments (Table 2.2.1). This percentage

is significantly higher than the 60% reported by the Arabidopsis Genome Initiative

(2000). Nevertheless, it is clear that from the total set of genes located within

duplicated segments, the major fraction of gene duplicates has been lost, whereas

approximately 28% is retained. These findings are very similar to those reported

by Vision et al. (2000). The smallest duplications consist of three anchor points

with no intervening genes. The largest detected duplication concerned a 2.29-Mb

segment containing 584 genes on chromosome 1 and a 2.00-Mb segment

containing 479 genes also on chromosome 1, containing 172 anchor points. An

example of a non-hidden duplication is shown in Figure 2.2.3a. Apart from these

block duplications, 1,607 tandem repeats were detected, involving 4,193 individual

genes. This result corresponds with 16.7% of all genes in our dataset. The largest

tandem repeat contained 23 genes. These results are very similar to those reported

(Arabidopsis Genome Initiative, 2000). A total of 137 non-hidden block duplications

consisting of at least five paralogous gene pairs, and together containing 2,757

anchor points, were retained for dating duplication events. On the basis of these

duplicated blocks of genes, three age classes could be defined (see Materials

and methods) with mean Ks values of 0.91, 2.0, and 2.7, corresponding to

duplication events 75 MYA, 163 MYA, and 221 MYA (see Table 2.2.2).

Hidden duplications and multiplication levels

In addition to the set of non-hidden duplications, we also identified 53 hidden

duplications (see Materials and methods), with the smallest segments spanning

10 genes (51 kb) and the largest 218 genes (1.15 Mb). An example of such a

hidden duplication can be found in Figure 2.2.3b. Detailed analysis of the hidden

duplications reveals that in many cases some residual anchor points can still be

identified (i.e., some degree of colinearity can still be observed). However, the
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Figure 2.2.2 Overview of the chromosomal location of all multiplicons detected in the Arabidopsis genome.

Baselines (black) represent all genes on the five chromosomes of Arabidopsis. Boxes on the baselines

indicate segments that are part of a multiplicon (group of homologous segments). The number of boxes

above the baselines indicates the number of additional segments that are homologous to the segment

marked on the baseline. Filled boxes represent non-hidden duplications, whereas empty boxes denote

hidden duplications, compared with the chromosome segment (see text for details). For all multiplicons

with a multiplication level (the number of homologous segments in a multiplicon) greater than four (i.e., in

agreement with three duplication events), a different color was used. Multiplicons with multiplication levels

of three or four (in agreement with two rounds of duplication events) are marked in dark gray, whereas a

multiplication level of two (a single duplication) is marked in light gray. Vertical black bars denote the

number of genes, whereas arrows indicate the putative positions of the (collapsed) centromeres, which

were removed from the initial dataset.
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reason that these groups of anchor points are not recognized as non-hidden block

duplications is that there are too few anchor points to be discriminated from random

noise during the statistical filtering process of the ADHoRe algorithm (see Materials

and methods). Furthermore, in some cases, not a single anchor point could be

observed between two duplicated segments, indicating that, after being duplicated

in Arabidopsis, these duplicated regions have lost a different, but complementary,

set of genes (Vandepoele et al., 2002b). It should be noted that no duplications

were found spanning the centromeric regions, which was also reported by Vision

et al. (2000). Based on a complete analysis of all segmental duplications, we can

identify a large number of chromosomal segments that have been involved in

multiple duplications (Figure 2.2.2). We refer to such a group of homologous

segments as a multiplicon. The multiplication level of a multiplicon is then defined

as the number of chromosomal segments it contains. For example, if we consider

only the 304 non-hidden duplications, the maximum multiplication level observed

in the genome of Arabidopsis equals five (Figure 2.2.2). In other words, for certain

genomic segments, another four homologous segments can be found elsewhere

in the genome. However, when considering the set of 53 hidden duplications, the

multiplication level increases significantly (Figures 2.2.2 and 2.2.4). The

contribution of hidden duplications to the final multiplication level clearly shows

the importance of considering such duplications. Although the major fraction of

the set of multiplicons with a multiplication level greater than four has a maximum

multiplication level of eight, one multiplicon was found with a level of nine (see

Table 2.2.1 Duplications in the Arabidopsis genome 

Chr. Number of genes in 

duplicated regions  

Total number 

of genes 

% of genes in 

duplicated regions 

kb in duplicated 

regions 

Total kb % of kb in 

duplicated regions 

1  5,532  6,488  85.27  24,846  29,640  83.83  

2  3,163  4,023  78.62  14,129  19,643  71.93  

3  4,335  5,096  85.07  19,582  23,333  83.92  

4  3,027  3,738  80.98  13,723  17,549  78.20  

5  4,637  5,832  79.51  20,451  26,269  77.85  

Total  20,694  25,177  82.19  92,733  116,436  79.64  

Table 2.2.2 Detected age classes and age estimation 

No. of 

blocks

No. of anchor 

points

Mean Ks (SD) Age in MY 

(SD)

21  311  0.91 (±0.27)  75 (±22)  

33  266  2.0 (±0.60)  163 (±49)  

7  50  2.7 (±0.82)  221 (±67)  

below). Additional information

describing hidden and non-

hidden block duplications in

greater detail can be obtained

from our web site at http://

bioinformatics.psb.ugent.be/.
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Discussion

Careful analysis of duplicated regions shows that the majority of duplicated

genes disappear during evolution. Nevertheless, in many cases, and with the

right tools at hand, even after tens of millions of years of evolution, sufficient

homologous gene pairs remain to detect many colinear, and thus duplicated,

regions. Moreover, as shown in this study, even when the level of differential

gene loss is too high to detect colinearity between two genomic segments,

comparisons through a third segment can still reveal homology. Furthermore, when

considering the set of 53 hidden duplications discovered in the genome of

Arabidopsis, the multiplication level of many duplicated segments increases

significantly. It is clear that, given the high multiplication levels observed in different

multiplicons (see Figure 2.2.2), the genome of Arabidopsis must have undergone

Figure 2.2.3 Non-hidden and hidden duplicated blocks. (a) Example of a multiplicon in which

non-hidden duplications can be observed between all three segments involved. Several genes

can be distinguished that have homologs (indicated by black bands) on all segments. Light gray

bands show homologs on two of three segments. (b) Example of a multiplicon in which no non-

hidden duplication can be observed between the two segments of chromosome IV. Both segments

have only one homologous gene in common (dark gray band). However, both segments still

share several, but different, homologous genes with a segment on chromosome II. Therefore, it

can be concluded that both segments on chromosome IV form a hidden duplication.
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multiple rounds of large-scale gene or entire genome duplications. If, in a given

genome a chromosomal segment appears in n-fold, then a lower bound for the

number of duplications that have occurred is given by d
min

 = ⎡log
2
(n)⎤ (take log2 of

n and round up to the next integer), whereas the upper bound is given by d
max

 = n-

1. Based on the parsimony principle, and assuming that all involved segments of

the multiplicon have been detected, this lower bound number probably reflects

the true number of large-scale gene duplication events that have occurred. In this

study, we observe many multiplicons with multiplication levels between five and

eight, which can be explained by assuming three rounds of duplications. However,

the question remains whether the distribution of duplicated segments observed

could be because of several smaller independent duplications rather than the

observed multiplicity being the result of successive complete genome duplications

followed by a large number of rearrangements and deletions. Although this cannot

be completely ruled out, we agree with McLysaght et al. (2002) that this is probably

the less plausible explanation. The hypothesis of several, small independent

duplications requires a greater number of duplication events, whereas the

hypothesis of successive genome duplications requires more deletion and

Figure 2.2.4 Multiplication levels and contribution of non-hidden and hidden duplications. Bars

indicate the number of multiplicons (groups of homologous segments) for each multiplication

level. The relative amount of non-hidden duplications within all multiplicons of a given multiplication

level is represented as a black square, whereas white circles denote the contribution of hidden

duplications. The multiplication levels supporting three rounds of duplication (mutiplication levels

five to eight) are shaded in light gray, those supporting only two duplication events (multiplication

levels three to four) are in gray, and the multiplication level of two (a single duplication) is marked

in dark gray.
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rearrangement events. It has been shown that a polyploidization event is often

followed by intense rearrangements and deletions, often involving large

chromosomal segments or even entire chromosomes (Soltis and Soltis, 1993;

Song et al., 1995). Thus, during these events large numbers of duplicated genes

can be deleted simultaneously. This result, together with the fact that polyploidy

is very often observed in land plants, probably favors the hypothesis of successive

genome duplications. Furthermore, additional support for three rounds of genome

duplications is provided by our dating analysis, although we are aware of the fact

that dating must be interpreted cautiously. Dating was based on the inference of

silent substitutions. Therefore, the obtained age estimates are unreliable for the

two older age classes (dated 163 and 221 million years), because synonymous

sites become quickly saturated and as a result, dates of older duplication events

(with Ks > 1) become harder to estimate correctly (Li, 1997). Additionally, for older

block duplications, the number of retained duplicated genes is usually low(er),

and therefore fewer anchor points remain for the accurate dating of such blocks.

The age of the youngest class (75 million years) is more reliable and is probably

close to the true age of the most recent genome duplication in Arabidopsis. Other

studies have suggested similar dates for the most recent polyploidization event of

Arabidopsis (Arabidopsis Genome Initiative, 2000; Vision et al., 2000). However,

one should keep in mind that the dating of duplication events was based on an

estimated rate of 6.1 synonymous substitutions per 109 years (Li, 1997; Lynch,

1997). The use of other substitution rates (e.g., Bohle et al., 1996; Koch et al.,

2000) might give quite different duplication dates. Nevertheless, to compare our

study with recent studies that dealt with dating duplication events in Arabidopsis

(Arabidopsis Genome Initiative, 2000; Vision et al., 2000) we have used the same

substitution rate. Furthermore, although the absolute dating thus has to be

considered cautiously, we believe that, whatever the exact synonymous substitution

rate, dating based on synonymous substitutions will clearly reveal three significantly

different age classes.

As stated previously, by using our method to determine the different age

classes with different parameters always yielded a fixed number of three age

classes, pointing to three large-scale gene duplication or polyploidization events

in Arabidopsis. As can be observed in Figure 2.2.2, we detected one multiplicon

with a multiplication level of nine. Although at first sight the detection of such a

multiplicon seems to conflict with three genome duplications, detailed analysis

revealed that the additional segment probably originated because of an additional
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duplication event on chromosome 1. One of the nine segments of the multiplicon

indeed consists of an internal non-hidden duplication on chromosome 1, containing

172 anchor points. Overall, when comparing all internal duplications for each

chromosome, we observe a significantly higher number of both non-hidden block

duplications and anchor points involved in these internal duplications for

chromosome 1 (see Table 2.2.3). When all internal chromosomal duplications in

the Arabidopsis genome are excluded and the age classes are determined anew

without these duplications, the same three age classes emerge. In other words,

removing internal chromosomal duplications from the total dataset does not alter

our view on the duplication history of Arabidopsis.

Our results clearly reject the single-genome duplication hypothesis as

suggested (Arabidopsis Genome Initiative, 2000; Lynch and Conery, 2000). By

plotting the frequency distribution of duplication dates inferred for duplicated blocks

of genes based on amino acid sequence divergences, Vision et al. (2000) found

a multimodal distribution, from which they concluded that at least four large-scale

duplication events have occurred. However, as stated before, the dating methods

applied in their study have been criticized. Although their method assumes that

the overall distribution of amino acid substitution rates is the same throughout the

genome, and therefore any contemporaneously duplicated block containing several

homologous gene pairs provides an independent sample of that distribution (Vision

et al., 2000; Todd Vision, personal communication), we have previously shown

that many of their blocks have been dated erroneously (Raes et al., 2002). In our

analysis, where we combined Ks-based dating of non-hidden duplications with

the multiple occurrences of homologous segments (i.e., multiplicons), we could

not find any indication for a fourth polyploidy event in Arabidopsis. Although we

agree that the more ancient duplication events are, the harder it is to detect them

because of phenomena such as chromosomal rearrangements and translocations,

we have shown here that at least the partial recovery of such ancient events

Table 2.2.3 Frequency of internal chromosomal duplications within the Arabidopsis genome 

Chromosome No. Hidden 

duplications 

Nonhidden 

duplications

Anchor points in nonhidden duplications 

1  4  24  478  

2  2  8  25  

3  3  2  8  

4  3  10  113  

5  1  13  152  
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should be possible. Therefore, we consider it unlikely that no traces could be

detected of additional duplication events, if they have occurred.
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2.3 Evidence that rice and other cereals are
ancient aneuploids

Klaas Vandepoele, Cedric Simillion and Yves Van de Peer

Redrafted from: Planct Cell 15, 2192-2202 (2003)

Detailed analyses of the genomes of several model organisms revealed that large-

scale gene or even entire-genome duplications have played prominent roles in

the evolutionary history of many eukaryotes. Recently, strong evidence has been

presented that the genomic structure of the dicotyledonous model plant species

Arabidopsis is the result of multiple rounds of entire-genome duplications. Here,

we analyze the genome of the monocotyledonous model plant species rice, for

which a draft of the genomic sequence was published recently. We show that a

substantial fraction of all rice genes (~15%) are found in duplicated segments.

Dating of these block duplications, their nonuniform distribution over the different

rice chromosomes, and comparison with the duplication history of Arabidopsis

suggest that rice is not an ancient polyploid, as suggested previously, but an

ancient aneuploid that has experienced the duplication of one - or a large part of

one - chromosome in its evolutionary past, ~70 million years ago. This date

predates the divergence of most of the cereals, and relative dating by phylogenetic

analysis shows that this duplication event is shared by most if not all of them.
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Introduction

Large-scale duplication events have been considered important for the

evolution of many organisms because they provide a way to considerably increase

the genetic material on which evolution can work (Stephens, 1951; Ohno, 1970;

Sidow, 1996; Holland, 2003). Because duplicated genes are redundant, one of

the copies is, at least theoretically, freed from functional constraint and can evolve

a new function (Van de Peer et al., 2001; Prince and Pickett, 2002). The search

for traces of (ancient) large-scale gene duplications has received much attention

of late, and hypotheses about the number and age of polyploidy events in

eukaryotes are actively discussed (Wolfe, 2001; Durand, 2003). This is partly

attributable to the fact that the detection of homologous (or paralogous) regions

in genomes is not self-evident (Gaut, 2001; Vandepoele et al., 2002a).

Identifying duplicated regions at the gene level is based on a within-genome

comparison that aims at delineating regions of conserved gene content and order

(such regions are said to be colinear) in different parts of the genome. In general,

one tries to identify a number of homologous gene pairs (usually referred to as

anchor points) in relatively close proximity to each other between two different

segments in the genome, either on the same chromosome or on different

chromosomes. When such a candidate colinear region is detected, usually some

sort of permutation test is performed in which a high number of randomized data

sets are sampled to calculate the probability that the observed colinearity could

have been generated by chance (Gaut, 2001). When it can be shown that the

similarity between two genomic segments is unlikely to be the result of chance

and therefore is statistically significant, the conclusion is reached that the

duplicated genes are the result of a single segmental (block) duplication. The

statistics that determine colinearity depend on two factors: the number of anchor

points and the distance over which these are found, which usually depends on

the number of “single” genes that interrupt colinearity. The high level of gene loss

- together with phenomena such as translocations and chromosomal

rearrangements - often renders it very difficult to find statistically significant

homologous regions in the genome, particularly when the duplication events are

ancient.

In plants, the systematic analysis of the Arabidopsis genome sequence has

shown that this genome contains a large number of duplicated regions and that

up to ~90% of the Arabidopsis genes occur in genomic segments that have been
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duplicated at one time or another (Vision et al., 2000; Simillion et al., 2002; Bowers

et al., 2003). By applying novel techniques to detect heavily degenerated block

duplications in Arabidopsis, we showed recently that the genome of this

dicotyledonous model plant has been reshaped by not one but three large-scale

gene, and probably even entire-genome, duplication events (Simillion et al., 2002).

Apart from Arabidopsis (Arabidopsis Genome Initiative, 2000), rice is currently

the only plant species for which draft sequences of the nuclear genome have

been published (Goff et al., 2002; Yu et al., 2002). In addition, more complete

versions of chromosomes 1, 4, and 10 have been published by the International

Rice Genome Sequencing Project (Feng et al., 2002; Sasaki et al., 2002; Rice

Chromosome 10 Sequencing Consortium, 2003). Rice is one of the most important

cereal crops in the world and also is an excellent plant model system, as a result

of its small genome size (430 Mb) and the high level of synteny with other cereals.

Comparative mapping analyses of genomes of closely related grass species

revealed a remarkably good conservation of markers within large chromosomal

segments (for review, see Keller and Feuillet, 2000). Soon after the detection of

colinearity based on genetic maps, detailed sequence analyses confirmed the

existence of microcolinearity (i.e., conserved gene content and order at the gene

level) between orthologous loci from closely related grass genomes, which varied

extensively in size (Chen et al., 1997; Tikhonov et al., 1999; Paterson et al., 2000;

Tarchini et al., 2000). Consequently, grasses can be studied as a single genetic

system, allowing the transfer of biological information from a well-studied model

grass genome, such as that of rice, to related plant species (Gale and Devos,

1998a). Although several studies that crossed the monocot-dicot boundary also

identified numerous microcolinear segments between Arabidopsis and rice

(Paterson et al., 1996; Liu et al., 2001; Mayer et al., 2001; Salse et al., 2002;

Vandepoele et al., 2002a), the small size of these regions seems to seriously limit

their value for comparative analysis of dicotyledonous and grass genomes.

In strong contrast to Arabidopsis, in which the initial sequencing of the genome

sequence already revealed numerous duplicated segments (Terryn et al., 1999;

Blanc et al., 2000; Paterson et al., 2000), very few studies have reported possible

evidence for large-scale gene or complete-genome duplications in rice (Kishimoto

et al., 1994; Nagamura et al., 1995), although a polyploid origin for rice has been

suggested on several occasions (Goff et al., 2002; Levy and Feldman, 2002).

Here, we report the detailed analysis of the rice genome, focusing on large-scale

gene duplications. We show that large-scale gene duplication events did occur in
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the evolutionary past of rice but that the duplication history and magnitude are

considerably different from those of its dicotyledonous counterpart Arabidopsis.

Results

Detection of non-hidden block duplications in the rice genome

Because one preferentially wants to use large genomic regions for the

detection of duplicated segments in a genome, we built a data set of assembled

rice genomic BAC sequences that were obtained from the International Rice

Genome Sequencing Project (Sasaki and Burr, 2000). Where traditional sequence

assembly programs are designed mainly to assemble large sets of individual

sequence reads into larger contigs, the construction of large genomic scaffolds

starting from already assembled genomic BAC clones is far from trivial. Because

no publicly available assembly program was found that could handle and assemble

genomic BAC clones, which range in size from 10 to 250 kb, we applied a newly

developed assembly routine. The automatic sequence-to-genome assembly

routine (ASGAR) is a conservative method that physically merges BAC clones

with significant overlap (see Materials and methods).

After applying two rounds of assembly using ASGAR to the initial data set,

the number of genomic sequences was reduced from 2897 BACs to 1025 genomic

scaffolds (498 supercontigs and 527 singleton BACs). The total size of these

scaffolds is 330.47 Mb, with an average size of 322 kb per scaffold. Gene annotation

was retrieved from RiceGAAS (Sakata et al., 2002) and yielded 39,096 genes

after filtering. This filtering step removed potential falsely predicted genes, based

on the absence of homology for a predicted gene with a rice EST or any other

protein present in the public protein databases (Vandepoele et al., 2002a). In

addition, all predicted genes with similarity to transposable elements were removed.

On average, 32 genes were present per genomic scaffold, which corresponds

with an average gene density of one gene per 10 kb. An overview of the gene

density and the length distribution of the scaffolds is shown in Figure 2.3.1.

By applying the ADHoRe (Automatic Detection of Homologous Regions)

algorithm to an assembly covering ~70% of the annotated rice genome sequence,

193 statistically significant duplicated segments were identified (P<0.001), of which

150 contain three or four paralogous gene pairs (so-called anchor points) and 43

contain five or more gene duplicates. The complete set of block duplications,
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omitting tandem duplications, contains 862 anchor points and includes nearly

15% of all rice proteins in our annotated nonredundant data set. Approximately

two-thirds of the duplicated blocks (i.e., 129 of all detected duplicated blocks) are

located at the beginning or the end of a genomic scaffold (i.e., the first or last five

genes), which can be explained by the incomplete assembly of our data set.

Regarding the 43 large block duplications (more than five anchor points), 34% of

the total number of genes in these segments are retained duplicates. The largest

block duplication in our assembled scaffold data set is formed by a 0.96-Mb

segment with 107 genes on chromosome 1 and a 0.69-Mb segment with 62 genes

on chromosome 5, governing 33 retained gene duplicates. Apart from the set of

Figure 2.3.1 Overview of the genomic scaffolds generated by ASGAR. (a) Scatterplot showing

the number of genes versus the scaffold length for all 966 genomic scaffolds that were used for

the detection of duplicated blocks. The best-fit line, which shows a quite homogeneous gene

density for the scaffolds (r2 = 0.85), represents a gene density of 1 gene per 10 kb. (b) Length

distribution of all genomic scaffolds that were subjected to block detection. The line indicates the

relative (cumulative) contribution of the scaffolds assigned per bin (i.e., length segment) in the

histogram.
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paralogous genes located in duplicate blocks, 1,609 tandem duplications were

detected involving 4,308 individual genes. This number corresponds with 16.9%

of all genes in our data set, which is very similar to what is found in Arabidopsis

(Vision et al., 2000; Simillion et al., 2002). The largest tandem repeat was formed

by 16 genes.

Hidden and ghost duplications

Apart from the large set of block duplications identifiable by direct comparisons

of different genomic segments (so-called “non-hidden” duplications), an additional

number of block duplications in the rice genome could be identified by indirect

comparisons (so-called “hidden” and “ghost” duplications; see Materials and

Methods) (Figure 2.3.2). Hidden duplications are heavily degenerated block

duplications that cannot be observed by directly comparing the duplicated

segments; rather, they are observed only through comparison with a third segment.

Consequently, hidden duplications are important to consider for determining the

actual number of duplication events that have occurred over time, as we

demonstrated previously for Arabidopsis (Simillion et al., 2002). Reconstruction

of multiplicons (i.e., sets of homologous segments; Simillion et al., 2002) for rice

through the identification of hidden duplications revealed only two cases in which

a chromosomal segment was involved in more than one duplication event.

Considering all 157 colinear regions detected between rice and Arabidopsis,

another five ghost duplications were identified. The largest rice ghost duplication

was found between genomic segments of chromosome 4 (46 genes spanning

477 kb) and chromosome 10 (64 genes spanning 761 kb), both colinear with

chromosome 2 of Arabidopsis. More detailed analysis of these duplicated segments

showed that each genomic segment has lost a different set of genes and that only

a subset of the initial number of gene duplicates is retained (data not shown).

Therefore, the combination of a limited number of gene duplicates with different

types of rearrangements subsequent to the original duplication event does not

allow the detection of this degenerated paralogous region using only the rice

genome.
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Age estimation of duplicated blocks

For reasons of statistical significance (see Materials and Methods), only the

set of block duplications with five or more anchor points (377 anchor points in

total) was used to date the duplication events. Briefly, for a duplicated block, all

anchor points were subjected to a dating method based on the number of

synonymous substitutions per silent site (Ks), and all values obtained were used

subsequently to calculate the mean Ks for each block duplication after removing

outliers (Simillion et al., 2002). Although large variation in Ks estimates among

contemporaneously duplicated genes in Arabidopsis has been reported (Zhang

et al.,2002), removal of outliers greatly reduces the variation of the final K
s
 estimate

for a duplicated block. Nearly half of all anchor points (i.e., 47%) have K
s
 values

of between 0.6 and 1.1 (Figure 2.3.3), corresponding with duplication dates of 46

Figure 2.3.2 Scheme of non-hidden, hidden, and ghost duplications. Boxes represent the genes

on chromosomal segments of genomes A and B, whereas connecting lines indicate the anchor

points (i.e., homologous or duplicated genes). Hidden duplications are heavily degenerated block

duplications that cannot be observed by directly comparing the duplicated segments; rather, they

are observed only through comparison with a third segment from the same genome. Because

non-hidden duplications are used to infer hidden duplications, no additional genomic segments

are assigned to a duplication event, although the number of duplication events for a given segment

increases. Ghost duplications are hidden block duplications that can be identified only through

colinearity with the same segment in a different genome. In contrast to hidden duplications, the

identification of ghost duplications increases the fraction of the genome involved in a duplication

event.
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and 85 million years ago, respectively. The median, a K
s
 value of 0.87, corresponds

with 67 million years ago.

Because absolute dating of duplication events has been criticized and may

rely heavily on obtained Ks values and the estimated rate of synonymous

substitutions for the organism of interest, which may not be very accurate (Li,

1997; Zeng et al., 1998; Blanc et al., 2003), we also applied relative dating by

phylogenetic means (see Materials and Methods). In short, for a given pair of

gene duplicates that is part of a duplicated block, homologous genes of related

monocotyledonous plants were selected together with an appropriate outgroup

sequence, and the evolutionary relationships between these different organisms

were inferred based on the topology of the phylogenetic tree obtained. In total,

170 phylogenetic trees with bootstrap support were generated, representing a

set of 99 block duplications (i.e., 1.7 trees per duplicated block on average). Fifty-

four percent of these trees clearly supported the duplication event having occurred

before the divergence of the cereals (Figure 2.3.4) (Kellogg, 2001).

Regarding the 18 large (more than five anchor points) block duplications

with Ks values between 0.6 and 1.1, 74% of the topologies clearly supported

duplication having occurred before the divergence of cereals. When more than

one anchor point in the same block duplication could be used for tree construction

(as was the case for 39 block duplications), 78% of the inferred trees within one

duplicated block were congruent with one another. For all of the remaining tree

Figure 2.3.3 Absolute dating of block duplication events in the rice genome. Age distribution of

all gene duplicates that are part of large (more than five anchor points) duplicated segments in

the rice genome. The line indicates the relative (cumulative) contribution of the anchor points

assigned per bin (i.e., age segment) in the histogram.
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topologies, no conclusions could be reached, for different reasons, such as the

absence of real orthologs or sequences being too conserved. However, none of

the trees was in clear conflict with a duplication event shared between rice and

other cereals. Supplemental data on the block duplications detected, along with

more detailed results from the dating analyses, are available at http://

bioinformatics.psb.ugent.be/.

Figure 2.3.4 Dating of duplication events in the rice genome by phylogenetic means. Expected

tree topology and date of origin for genes of the cereals wheat, barley, rice, maize, and sorghum

if these genes have duplicated before the divergence of rice and other cereals. The large majority

of tree topologies obtained in this study, including those of two copies of rice (i.e., the retained

duplicates found in large duplicated segments) and at least one copy of another cereal, are

congruent with this tree topology, in which one rice gene branches off before the divergence of

rice and other cereals. Such topologies suggest a duplication before the divergence of rice,

barley, wheat, maize, and sorghum, estimated at ~50 million years ago (Kellogg, 2001), and may

have occurred just before the origin of the grasses, as suggested by the Ks-based dating (see

text for more details).
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Discussion

The grass family has been the subject of many detailed comparisons of

genome structure and gene order. Based on the presence of large colinear regions

between different grass genomes, the creation of a grass consensus map clearly

revealed the structural similarity between related grass genomes (Gale and Devos,

1998a). Although large chromosomal rearrangement events can be determined

with the current resolution of these maps, information regarding large-scale

duplication events within rice is scarce (Kishimoto et al., 1994; Nagamura et al.,

1995).

Based on a BAC assembly covering >70% of the genome sequence of rice,

we applied the ADHoRe algorithm to detect block duplications at the gene level.

Subsequent to the detection of a large number of duplicated segments by direct

comparison of all rice genomic scaffolds, a comparative approach using the

genome sequence of Arabidopsis also yielded a set of ghost duplications, reflecting

heavily degenerated duplicated segments. Regarding the 43 large (more than

five anchor points) block duplications, 34% of the total number of genes in these

segments are retained duplicates. This fraction of retained gene duplicates, when

the estimated time of duplication is considered (see below), is very similar to what

has been observed in Arabidopsis and yeast (28 and 25%, respectively) (Wolfe

and Shields, 1997; Simillion et al., 2002), which seems to indicate similar rates of

gene loss after duplication events.

When inferring the multiplication levels for all multiplicons (sets of homologous

segments) present in the rice genome through non-hidden, hidden, and ghost

duplications, ~1.3% of the genome resides in multiplicons with multiplication levels

greater than two. This finding demonstrates that, given the quality of the current

rice genomic data, a very small number of chromosomal regions seems to have

been involved in multiple duplication events, in strong contrast to the findings in

Arabidopsis, in which the majority of chromosomal regions have been involved in

multiple duplication events (Vision et al., 2000; Simillion et al., 2002; Bowers et

al., 2003).

It has been suggested that many polyploidy and/or aneuploidy events in the

evolutionary history of the grasses are required to explain the current distribution

of chromosome numbers among grass taxa (for review, see Gaut, 2002). Although

an apparent whole-genome duplication, ~40 to 50 million years ago, was reported

based on the rate of amino acid substitution of all possible paralogous protein

pairs in the rice genome (Goff et al., 2002), there is good evidence that protein
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distances are not very reliable for the large-scale dating of heterogeneous classes

of proteins (Li, 1997; Wolfe, 2001; Raes et al., 2003). To answer the question of

whether rice is an ancient polyploid, we compared the duplication history of

Arabidopsis and rice by plotting the total number of gene pairs in both species

against their genetic distance inferred from the nucleotide substitutions at silent

sites (Figure 2.3.5).

When all duplicated gene pairs in Arabidopsis and rice were plotted as a

function of Ks, the shape and height of both curves were quite different. In

Arabidopsis, the number of duplicates with K
s
 values between 0.6 and 0.9 increased

dramatically, which corresponds with a genome duplication ~40 to 75 million years

ago, as reported previously (Lynch and Conery, 2000; Simillion et al., 2002; Blanc

et al., 2003; Bowers et al., 2003). Although overall, an exponential decay of the

number of retained gene duplicates over time can be observed (Lynch and Conery,

2000), a small but significant increase also was observed for rice duplicates with

K
s
 values between 0.6 and 1.1. However, because the increase in the number of

Figure 2.3.5 Frequency distribution of duplicated genes in Arabidopsis and rice as a function of

the number of silent substitutions per silent site. All frequencies were corrected for the total

number of dated gene duplicates per genome, which were 4928 for Arabidopsis (white squares)

and 7698 for rice (gray diamonds). The fact that the total number of duplicated genes is higher in

the rice than in the Arabidopsis gene family is attributable to the facts that the rice genome

contains more predicted genes and that in Arabidopsis more gene families with >10 members

have been omitted from the analysis.
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duplicates, relative to the total number of duplicates, is much smaller in rice than

in Arabidopsis (Figure 2.3.5), a complete genome duplication in rice seems highly

unlikely.

In Arabidopsis, in which at least three rounds of large-scale gene duplication

have been suggested (Vision et al., 2000; Simillion et al., 2002), 80% of the genome

resides in duplicated blocks, 60% of which can be attributed to the most recent

duplication event (data not shown). In the yeast Saccharomyces cerevisiae also

supposedly an ancient tetraploid, ~50% of the genome is found in duplicated

segments (Wolfe and Shields, 1997). Therefore, if similar rates of gene loss are

assumed during diploidization (the process whereby a tetraploid species becomes

a diploid) between different eukaryotes, the fact that only ~15% of the rice genome

is found in duplicated blocks also disagrees with the notion of whole-genome

duplication.

Mapping the locations of all block duplications on the different chromosomes

provides an alternative way to estimate the distribution and overall impact of the

duplicated blocks (Table 2.3.1). The physical size of all duplicated segments

between two chromosomes was determined by comparing the fraction in our data

set with the estimated chromosome sizes described by Chen et al. (2002). If a

complete-genome duplication or polyploidization event had occurred in the

evolutionary past of rice, it would be expected that all duplications would be spread

uniformly over all chromosomes (i.e., null hypothesis). On the contrary, if only

one chromosome, or a larger segment of a chromosome, had duplicated, such a

uniform distribution would not be expected. Clearly, the observed distribution differs

significantly from the null hypothesis (Table 2.3.1), which strongly suggests that

the observed duplication landscape is not the result of an entire-genome

duplication. Instead, a major fraction of the detected duplications involve

chromosome 2, suggesting that this chromosome, or at least parts thereof, might

have been involved in an aneuploidy event, followed by a number of chromosomal

rearrangements. Both the dating based on synonymous substitutions and the

dating by phylogenetic means support the notion that this event occurred before

the divergence of cereals.

Because of the incomplete and fragmented nature of the current data set and

the conservative approach used, our results only partially confirm previously

reported duplicated segments based on marker analysis (Kishimoto et al., 1994;

Nagamura et al., 1995). Therefore, we expect that the total number of duplications

will be slightly higher once more complete chromosomal sequences become
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Figure 2.3.6 Set of homologous chromosomal segments (multiplicon) of Arabidopsis and rice.

Arrows represent the genes on the chromosomal segments, and connecting lines indicate the

anchor points (i.e., homologous or duplicated genes) that are part of a significant colinear relation

determined by the ADHoRe algorithm. For each genomic segment, the names of the two genes

delineating the segment are shown. Chromosomal segments of rice and Arabidopsis are shown

in gray and white, respectively. By considering the colinearity between Arabidopsis and rice, a

set of seemingly unrelated Arabidopsis segments can be joined into a multiplicon with a

multiplication level of five, confirming the three duplication events in Arabidopsis described

previously (Simillion et al., 2002). This colinearity also reveals that all three rice segments are

linked with each other by two duplication events. Scaffold Os04_R2_9 includes BACs with

accession numbers AL663006, AL662998, AL606459, AL607006, AL606728, AL606695, AL606587,

AL606647, AL606633, AL663000, AL731613, AL606682, AL606687, AL606694, AL606628,

AL607001, AL663003, and AL662954; scaffold Os10_5 includes BACs with accession numbers

AC084763, AC079890, AC079874, AC069300, AC037426, and AC026758; and scaffold

Os02_R2_44 includes BACs with accession numbers AP005108, AP004037, AP004883,

AP005072, AP005289, AP005006, and AP004676.
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available.

The presence of a small number of rice genomic regions that seem to have

experienced multiple duplication events suggests that additional older block

duplications occurred in the evolutionary past of rice. Indeed, analysis of mixed

multiplicons (Figure 2.3.6), which represent all homologous relationships between

genomic segments from Arabidopsis and rice, shows that additional information

regarding genome evolution and duplication events within these plant model

systems can be inferred. Careful investigation of colinear segments between

Arabidopsis and rice shows that a number of very degenerated block duplications

still can be recovered for both organisms, allowing a more realistic estimation of

the number of duplication events that a homologous genomic segment in both

species has undergone. Because for a number of mixed multiplicons the colinearity

between homologous segments of rice and Arabidopsis still can be determined in

a statistically significant way, which is not the case for paralogous segments within

the genomes of rice and Arabidopsis (Figure 2.3.6), this pattern of conserved

gene content and order could represent the remnants of a duplication event

predating the monocot-dicot divergence, as was suggested recently (Bowers et

al., 2003; Raes et al., 2003).

Materials and methods

Rice data set

A total of 2,897 rice (Oryza sativa) BAC sequences of the International Rice

Genome Sequencing Project were retrieved from GenBank (September 2002).

The total size of these genomic sequences amounts to 406.66 Mb, with an average

size of 140 kb per BAC. Because both the sequence quality and the average

length of genomic scaffolds from whole-genome shotgun approaches (fourfold to

sixfold coverage and ~6 to 10 kb) (Goff et al., 2002; Yu et al., 2002) are inferior

compared with BAC data, the former are less suited for the detection of block

duplications. In addition, gene annotations for both whole-genome shotgun

approaches are not publicly available.
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Automatic Sequence-to-Genome Assembly Routine

A newly developed assembly routine for BAC sequences called the automatic

sequence-to-genome assembly routine (ASGAR) was applied to merge

significantly overlapping BAC sequences into larger contigs (so called

supercontigs). For each genomic BAC sequence, ASGAR determines the BAC

with the most significant overlap and creates a linked BAC pair. In the next step,

either a new BAC pair is formed with no relation to the existing pair or a BAC pair

that can be linked to an existing pair is formed. Afterwards, all overlapping BAC

sequences that are linked and thus represent a tiling path are merged into

supercontigs using the EMBOSS program megamerger (Rice et al., 2000). A

significant overlap between two BAC sequences is defined by an overlap of at

least 1,500 nucleotides with minimum 99% sequence identity. In addition, the

overlap must be located at the end of one of the BAC sequences (i.e., the first or

last 20% of the sequence). Sequence similarity searches were performed with

BLASTN (Basic Local Alignment Search Tool; Altschul et al., 1997). Because both

the input and output of ASGAR are a set of genomic sequences, multiple rounds

of assembly can be performed until no more BAC sequences can be merged.

Detection of non-hidden block duplications, hidden block duplications,
and ghost block duplications

All rice scaffolds covering five or more genes (966 scaffolds, or 286.01 Mb)

were used for the detection of block duplications using ADHoRe, a recently

developed tool for the automatic detection of homologous regions. Homologous

gene pairs for the two genomic fragments compared were determined using BLAST

and homology-derived secondary structure prediction (Rost, 1999). The ADHoRe

parameters were set to Q=0.9 and G=25 (Vandepoele et al., 2002a). Only block

duplications that had a probability of being generated by chance of <0.1% (or a

significance level of 99.9%) were retained in our analysis. For the determination

of the number of tandem duplications within the rice genome, only homologous

genes with five or fewer unrelated intervening genes were considered.

Apart from block duplications that can be recognized clearly (so called obvious

or non-hidden block duplications) and tandem duplications, we also discerned

hidden and ghost duplications (Figure 2.3.2). Hidden duplications are heavily

degenerated block duplications that cannot be observed by directly comparing

the duplicated segments with each other; rather, they are observed only through
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comparison with a third segment (Simillion et al., 2002). Ghost duplications are

defined as hidden duplications between different genomes. Thus, two genomic

segments in the same genome form a ghost duplication when their homology can

be inferred only through comparison with the genome of another species

(Vandepoele et al., 2002b). To detect ghost duplications, initially, all colinear regions

between rice and Arabidopsis were determined using ADHoRe (Q=0.9, G=25,

and 99.9% significance level). Subsequently, all duplicated segments within

Arabidopsis (Simillion et al., 2002) and all colinear regions between rice and

Arabidopsis were mapped to infer networks of colinearity between both model

plants and to detect ghost duplications in rice. Only non-hidden duplications and

colinear regions with at least five anchor points were considered.

Age estimation of block duplications

For all non-hidden block duplications that were shown to be statistically

significant, the time of duplication (age in million years) was determined using a

dating method based on the fraction of synonymous substitutions per silent site

(K
s
), as described previously (Simillion et al., 2002). In short, the mean K

s
 value

(average of the estimates obtained by three methods) was derived for each anchor

point. These values then were used to calculate the mean Ks for each block

duplication, excluding outliers. The mean rate of synonymous substitutions for

rice was considered to be 6.5 synonymous substitutions per 109 years (Gaut et

al., 1996; Li, 1997).

Age estimation of individual gene pairs

First, the complete set of rice and Arabidopsis genes was used to determine

all gene families based on sequence similarity. In this procedure, an all-against-

all sequence comparison is performed at the protein level for the complete set of

genes in a genome. Subsequently, the alignable region and sequence identity

between two similar proteins are validated to infer genuine paralogous relationships

(Li et al., 2001). Finally, a simple-linkage clustering procedure is applied to assign

individual genes to a gene family, given all paralogous relationships. For each

gene family, the number of Ks was determined for all paralogous gene pairs by the

method of Li (1993). Gene families with >10 members were excluded to reduce

the number of gene family–specific pairwise comparisons.
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Phylogenetic reconstruction

Phylogenetic trees were constructed with the neighbor-joining algorithm as

implemented in LinTree (Takezaki et al., 1995), based on Poisson distances

inferred from amino acid sequence alignments. Bootstrap analysis involving 1000

resamplings was performed to test the significance of the internodes. For each

pair of duplicated rice genes, a sequence similarity search (BLASTP; Altschul et

al., 1997) was performed to detect homologous monocotyledonous gene

sequences and an appropriate dicotyledonous outgroup. The detection of a suitable

outgroup was performed by selecting the best hit with an E value of <1e-50 for

one of the gene duplicates among a set of dicotyledonous proteins (i.e., all

Arabidopsis proteins from TIGR combined with all other dicotyledonous proteins

present in SWISS-PROT [Boeckmann et al., 2003]). To detect homologous

monocot gene sequences that contain sufficient information to reconstruct a reliable

phylogenetic tree, two selection criteria were applied. First, all hits for both rice

gene duplicates had to have an E value of <1e-10. Second, only sequences that

had an alignable region of >150 amino acids with the query rice sequences were

selected for the final phylogenetic analysis. The total set of monocotyledonous

protein sequences contains 18,885 proteins, which were obtained by selecting

SWISS-PROT proteins for Triticum, Sorghum, Hordeum, Zea, and Avena,

translation of coding sequences from the National Center for Biotechnology

Information (NCBI) Unigene collection for Hordeum vulgare, Triticum aestivum,

and Zea mays, and the construction of open reading frames that show sequence

similarity to rice proteins (BLASTX with E values of <1e-05) for all publicly available

monocotyledonous ESTs and NCBI Unigenes lacking coding sequence information.

Phylogenetic trees clearly in disagreement with the established grass phylogeny

(Kellogg, 2001) or showing nonsignificant bootstrap values (<70%) were removed

from further analysis.
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2.4 Legume promoter sequences reveal
reciprocal cis-regulatory divergence in

Arabidopsis gene duplicates

Klaas Vandepoele, Cindy Martens, Cedric Simillion and Yves Van de Peer

Large-scale gene duplication events play an important role in the genome evolution

of all major plant groups and many other eukaryotic organisms. Consequently,

the substantial increase of raw genetic material associated with genome or

chromosome duplications provides a potential source for evolutionary innovation.

A set of duplicated regions derived from the youngest genome duplication in

Arabidopsis thaliana was compared with homologous legume segments, which

provide valuable information about the ancestral genome organization. A degraded

network of microcolinearity was found between Arabidopsis segments and

homologous Fabaceae genomic regions. Detailed comparative promoter analysis

revealed that loss of cis-regulatory elements in duplicated genes is not completely

random, but occurs according to a reciprocal pattern, with a complementary set of

motifs partitioned over both paralogs as a result. For most gene duplicates with a

high degree of reciprocal promoter divergence, a clearly dissimilar expression

pattern was found, which is compatible with an evolutionary model predicting

subfunction partitioning after gene duplication. Consequently, high levels of

reciprocal promoter divergence, detectable through the comparison of gene

duplicates with a suitable ortholog, are a good indicator for subfunctionalization

after gene duplication. Finally, the biochemical function of a gene not only

contributes to the survival rate of a gene duplicate, but also determines the cis-

regulatory promoter complexity.
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Introduction

The large number of duplicated genes and the discovery of ancient large-

scale duplication events in a wide variety of eukaryotic model systems support

the idea that gene and genome duplications are important drivers for biochemical

innovation and evolution (Haldane, 1932; Stephens, 1951; Ohno, 1970; Stebbins,

1971). In plants, recent polyploidy events have been described in several species,

such as Triticum aestivum (wheat), Gossypium hirsutum (cotton), and Brassica

sp. (for an overview, see Wendel, 2000), whereas remnants of paleopolyploidy

events have been uncovered in several monocotyledonous and dicotyledonous

lineages (Gaut and Doebly, 1997; Bowers et al., 2003; Vandepoele et al., 2003;

Paterson et al., 2004; Blanc and Wolfe, 2004; Sterck et al., 2005). Because

paralogous genes often experience relaxed evolutionary constraints following

duplication, most duplicates get lost through deleterious mutations (non-

functionalization). Estimates in Arabidopsis thaliana and Oryza sativa (rice) indicate

that only 21-34% of all gene duplicates have been retained after large-scale

duplication events (Simillion et al., 2002; Blanc et al., 2003; Vandepoele et al.,

2003; Paterson et al., 2004). Similarly, detailed comparison of homeologous regions

in Zea mays (maize), which experienced a tetraploidy event approximately 11

million years ago (MYA), with orthologous segments of rice and Sorghum bicolor

(sorghum) revealed 20-50% retention of gene duplicates (Ilic et al., 2003; Lai et

al., 2004). Although excessive cases of fractionation through gene loss, leading

to almost no retention at all, have been reported in maize (Langham et al., 2004),

such extreme gene loss is probably exceptional. Intraspecies analysis of

Arabidopsis gene duplicates formed by ancient polyploidy events also indicates

that the process of gene loss is not random, but biased toward particular gene

functions (Blanc and Wolfe, 2004; Seoighe and Gehring, 2004; Maere et al., 2005).

In addition to gene loss, other structural modifications, such as tandem array

expansions, recombination and local chromosomal rearrangements through

inversions or translocations, are also responsible for the dynamic nature of plant

chromosomes and explain why the chromosomal positions of genes can be quite

different in closely related species (Ziolkowski et al., 2003; Lai et al., 2004).

Ohno’s classical model (1973) predicts that, besides nonfunctionalization, a

duplicated gene might acquire a new function through the accumulation of a series

of non-deleterious mutations (neofunctionalization). More recently, Force et al.

(1999) proposed the duplication-degeneration-complementation (DDC) model that
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predicts that degenerative mutations preserve gene duplicates by changing their

functions (Force et al., 1999). The DDC model predicts that the likelihood of

preservation is correlated with the number of “subfunctions” that can be ascribed

to a gene. The model starts from the assumption that a gene can perform several

different functions; for instance, genes expressed in different tissues and at different

times during development may be controlled by different DNA regulatory elements.

When duplicated genes lose different regulatory subfunctions, each affecting

different spatial and/or temporal expression patterns, they must complement each

other by jointly retaining the full set of subfunctions that were present in the

ancestral gene. Therefore, degenerative mutations facilitate the retention of

duplicated genes, in which both duplicates now perform different, but necessary,

subfunctions. As predicted by the DDC model, the sum of the subfunctions

associated with each of the retained duplicates must be the same as the total

number of subfunctions performed by the ancestral gene. Gene duplication then

allows each daughter gene to specialize for one (or more) of the functions of the

ancestral genes.

The DDC model is attractive because it suggests a mechanism through which

both duplicates can be preserved in the genome and seems to fit well with the

large number of duplicated genes present in most eukaryotic genomes (Force et

al., 1999; Lynch and Conery, 2000). Consequently, degenerative nucleotide

substitutions can promote functional divergence after gene duplication affecting

gene expression or protein function (Mena et al., 1996; Prince and Pickett 2002;

Adams et al., 2003; Van de Peer et al., 2003). The observation that in particular

genes involved in signal transduction and transcription are preferentially retained

in Arabidopsis (Blanc and Wolfe, 2004; Seoighe and Gehring, 2004; Maere et al.,

2005) is in accordance with the view that the cis-regulatory evolution of

transcriptional regulators provides a predominant mechanism for generating novel

phenotypes and genetic diversity (Doebley and Lukens, 1998). In Arabidopsis,

Blanc and Wolfe (2004) found that more than 50% of all duplicates that originated

from the youngest genome duplication have diverged in expression, while a

significant rate of divergence in the duplicated protein sequence was observed in

21% of all analyzed paralogs. In contrast, Zhang et al. (2002) found little evidence

for rate differences in paralogs and no evidence for positive selection. Despite

these observations, the evolutionary mechanisms responsible for gene expression

changes in duplicated plant genes remain unclear, mainly because intraspecies

comparisons offer only a limited resolution (Haberer et al., 2004).
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In order to unravel the dynamics of both structural and functional divergence

in duplicated regions, a set of duplicated segments (paralogons) of the Arabidopsis

genome that arose through whole-genome duplication was compared with

homologous genomic regions of three legume species. Because the leguminous

plant species have diverged from Arabidopsis prior to its youngest genome

duplication (Blanc et al., 2003; Bowers et al., 2003; Ermolaeva et al., 2003), the

genomic organization of Fabaceae can provide novel insights into the genome

evolution of the ancient polyploid Arabidopsis. Furthermore, based on a

comparative promoter analysis, we investigated the evolution of promoters in gene

duplicates of Arabidopsis and verified whether subfunctionalization at the regulatory

level is likely to affect the evolution of duplicates in plants.

Results

Microcolinearity between Arabidopsis and Fabaceae species

There is compelling evidence that the duplicated chromosomal segments

resulting from the youngest genome duplication in Arabidopsis were formed some

20-60 MYA, before the split of the Arabidopsis and Brassica lineages, but after the

divergence of the Brassicacea and Malvaceae (Simillion et al., 2002; Blanc et al.,

2003; Bowers et al., 2003; Ermolaeva et al., 2003). Because of the absence of

sequencing projects for species of the Malvaceae family, genomic data of the

earlier diverging Fabaceae can provide valuable information about the ancestral

genome organization before the youngest polyploidization event in Arabidopsis.

Therefore, we selected 126 bacterial artificial clone (BAC) sequences from

Medicago truncatula, 115 of Lotus corniculatus var. japonicus (lotus), and 20 of

Glycine max (soybean) to determine the degree of conservation in gene content

and order (colinearity) with duplicated Arabidopsis segments. For all 261 BAC

sequences (approximately 26.7 MB), gene models were determined by using

EuGène, a software tool that combines extrinsic homology-based structural

annotation with ab-initio gene prediction (Schiex et al., 2000; see Materials and

methods). In total, 5,269 genes were annotated, corresponding with gene densities

of 1 gene per 5.9 kb, 4.4 kb, and 5.1 kb, in M. truncatula, lotus, and soybean,

respectively. Approximately 81% of all predicted proteins have significant similarity

(BLAST E-value <1e-10) with one or more publicly available protein or expressed

sequence tags (ESTs). In order to identify Fabaceae genomic segments that could
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provide additional information on the preduplicate genome organization in

Arabidopsis, we identified all colinear segments between the Arabidopsis genome

and all Fabaceae BAC sequences using i-ADHoRe, a novel method that creates

profiles by combining gene content and order information of multiple homologous

genomic segments to detect colinearity in one or more genomes (Simillion et al.,

2004). We found significant colinearity between Arabidopsis and 14% of all legume

BACs, with the highest number of colinear BACs in soybean (4/20) and the lowest

in lotus (14/115). In total, we identified 19 sets of homologous segments

(multiplicons) grouping two duplicated Arabidopsis segments with a homologous

Fabaceae segment, covering 8.5% of all initially selected leguminous genomic

sequences.

Structural divergence in duplicated segments

For all valid multiplicons that were clearly colinear between one single legume

BAC and two duplicated chromosomal segments in Arabidopsis, all homologous

gene strings, which represent the gene organization of the different homologous

segments, were aligned with i-ADHoRe (Figure 2.4.1; Simillion et al., 2004). For

each multiplicon, phylogenetic trees were constructed for all retained gene

duplicates in Arabidopsis with a conserved homolog on the Fabaceae segment to

verify if the homologous Fabaceae segment was indeed an outgroup to both

duplicated Arabidopsis segments. For 36 out of 47 sets of homologous genes

conserved on all segments of a particular multiplicon, a suitable outgroup sequence

was found for the construction of a neighbor-joining phylogenetic tree. Three

multiplicons contained each one gene leading to an unexpected tree topology,

whereas all other genes (92%) had the expected tree topology, supporting a

duplication event in the Brassicaceae, after its divergence from the Fabaceae.

Consequently, for all 19 multiplicons, the Fabaceae segment can provide valuable

information about the ancestral gene organization of the duplicated Arabidopsis

segments. Additional information about the gene annotation, multiplicons and

phylogenetic trees can be found at http://bioinformatics.psb.ugent.be/.

By using the genomic profiles and after discarding all genes involved in

local tandem duplications, we identified 47 retained Arabidopsis gene duplicates

(designated Ath duplicates) and 59 genes for which one of the duplicates had

been lost (designated single-copy (SC) genes) (Figure 2.4.1; Supplemental Table

1). For most duplicated blocks, the number of SC gene duplicates on both segments
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Figure 2.4.1 Microcolinearity between two paralogous Arabidopsis segments and one homologous

legume segment. The genes on the chromosomal segments (black lines) are represented by

boxes that are colored for different gene families and white when no homolog on one of the other

segments could be found. Note that tandem duplications are remapped to a single gene. Gene

coordinates (a) segment alpha start: At1g72700.1; stop: At1g72810.1; segment beta start:

At1g72810.1; stop: At1g17560.1 (b) segment alpha start: At3g05530.1; stop: At3g05600.1; segment

beta start: At5g27730.1; stop: At5g27860.1 (c) segment alpha start: At2g23940.1; stop:

At2g24130.1; segment beta start: At4g30500.1; stop: At4g30820.1 (d) segment alpha start:

At3g11050.11; stop: At3g11170.1; segment beta start: At5g05480.1; stop: At5g05590.1; segment

chr3’ start: At3g56090.1; stop: At3g55980.1; segment chr2 start: At2g40300.1; stop: At2g40140.1

Ath;chr1 �

Ath;chr2 �

Ath;chr3 �

Ath;chr5 �

Ath;chr3´

Ath;chr2

Ath;chr3 �

Ath;chr1 �

Ath;chr4 �

Ath;chr5 �

Mtr;AC137554

Mtr;AC126784

Gma AX196295;

Mtr;AC134522

A

B

C

D

was very similar, indicating that the amount of gene loss on both segments was

balanced, as also previously observed in paleopolyploid genomes (Langkjaer et

al., 2003; Dietrich et al., 2004; Kellis et al., 2004). However, there were some

indications that, besides individual gene losses or insertions, also larger segmental

insertion or deletion events have occurred as well (e.g. segment Ath; chr5 β of

multiplicon B in Figure 2.4.1). The overall retention rate of gene duplicates on all

19 pairs of duplicated segments is 38%, whereas the fraction of gene duplicates

that returned to single-copy state accounts for 13% of all genes. The evolutionary

history of the remaining genes in these duplicated segments is unclear. On average,
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each legume BAC in these 19 multiplicons shares 6.4 homologous genes with the

duplicated Arabidopsis segments, corresponding to 37% conservation of colinearity

between legumes and Arabidopsis.

For some duplicated blocks, a large fraction of retained Arabidopsis duplicates

without homologs on the corresponding homologous Fabaceae segment could

be found (Figure 2.4.1c), suggesting that additional, yet unrevealed, homologous

segments might exist. Consequently, it is important to realize that the homologous

legume segment within a multiplicon does not necessarily represent the complete

ancestral genome organization, because the ancestral gene content might be

spread over multiple chromosomal regions due to translocations or legume-specific

duplication events (Zhu et al., 2003).

Identification of cis-acting regulatory elements through phylogenetic
footprinting

Apart from analyzing differential loss of duplicated genetic material (also

known as fractionation) at the gene level (Vandepoele et al., 2002b), detected

colinearity between legumes and Arabidopsis paralogons can also be used to

investigate whether fractionation acts on cis-acting units of a gene (Langham et

al., 2004; Lockton and Gaut, 2005). Consequently, analysis of intragenic loss of

cis-acting functions in duplicated genes through comparison with legume outgroups

might reveal subfunctionalization, in which a complementary set of regulatory

elements has been degenerated. To investigate this hypothesis, phylogenetic

footprints, i.e. non-coding sequences that are unusually well conserved because

of some functional constraint, were identified in 1000 bp promoter sequences

with the shared motif method (SMM; Castillo-Davis et al., 2004). Briefly, this method

quantifies conserved motifs in upstream regions of homologous genes by using a

recursive local alignment algorithm, without respect to their order, orientation, or

spacing. Subsequently, the fraction of shared motifs between both promoters is

calculated and the promoter divergence (dSM) is defined as 1 minus the shared

fraction (see Figure 2.4.2). Although this method reports overlapping motifs, it is

important to note that this does not affect the way the promoter divergence is

calculated (see Materials and methods; Castillo-Davis et al., 2004). A minimum

alignment score corresponding with at least 14 matches was applied for the

detection of conserved elements. Despite the existence of smaller cis-regulatory

elements in plants, the very high false-positive rate associated with the
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computational identification of such small elements makes it impossible to consider

them in systematic promoter analyses (see Materials and methods for details).

Initially, the promoter sequences of all SC and Ath duplicates were compared

with those from the homologous legume promoters. The average number of

detected motifs between Arabidopsis and legume promoters was 6.3, whereas

the average dSM was 0.88 (± 0.12). No significant differences in dSM were observed

when SC or Ath duplicate promoter sequences were compared with the legume

promoters (data not shown). When comparing the promoter sequences of both

Ath duplicates, on average 6.5 conserved motifs were found, whereas the average

paralog promoter divergence (PPdSM) was 0.80 (± 0.13). For a fraction of duplicates,

the dSM values differed strongly between both Arabidopsis promoters, when

compared to the legume promoter (data not shown). In addition, although both

duplicates might share a similar number of conserved promoter elements with the

homologous legume promoter, the motifs might be different (Figures 2.4.2 and

2.4.3). Therefore, we defined a new measure, referred to as d
R
, to quantify the

amount of reciprocal sequence divergence between two paralogous promoter

sequences. When an identical set of motifs is identified between both duplicates

and their homologous legume promoter, then dR will be zero, even when,

theoretically, dSM can be quite large. In contrast, when the (ancestral) legume

promoter contains, for example, five promoter elements (a, b, c, d, and e), and

gene duplicates alpha and beta have three conserved elements ([c, d, and e] and

[a, b, and c], respectively), then the fraction of shared elements will be 1/5 (namely

element c) and the reciprocal divergence d
R
 will be 0.8 (1-1/5 = 4/5, assuming

identical motif sizes; Figure 2.4.2). Thus, whereas dSM is a general measure for

promoter sequence divergence, dR is a measure describing the differential pattern

of motif loss in the promoter sequences of gene duplicates (Figures 2.4.2 and

2.4.3).

Fifty percent of all retained Ath duplicates, for which both copies still have

some conserved elements shared with the homologous legume promoter, had a

dR > 0.8 (Table 2.4.1), implying that many duplicates derived from the youngest

genome duplication have lost a different, but complementary, set of cis-regulatory

elements in their promoter. The Ath duplicates with the lowest reciprocal promoter

divergence encodes a galactosyltransferase (At1g53290/At3g14960; dR=0.187),

whereas 13 duplicates with complete reciprocal divergence (dR=1) were identified,

coding for a variety of gene products (such as protein kinase, ABC transporter,

GTP-binding protein, glycosyl hydrolase, and polynucleotide adenylyltransferase).
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Figure 2.4.2 Investigating cis-regulatory evolution in gene duplicates with an outgroup promoter

sequence. The three black bars indicate the promoter sequences (all 500 nt long) and white

boxes the conserved cis-regulatory elements. In this hypothetical example, in which the actual

size of each shared motif is considered identical (20 nucleotides), one ancestral motif (c) is

shared between both paralogs and results in a paralog promoter  divergence PPd
SM

 = 0.96 (1-[1

motif x 20 nt per motif/500 nt]). Although both duplicated genes have three motifs shared with

the outgroup (dSM=0.88; 1-[3 motifs x 20 nt per motif/500 nt]), which reflects the ancestral pre-

duplicated state, four out of five cis-regulatory elements (i.e. a, b, d, and e) have been

complementary partitioned over both paralogs, leading to an reciprocal promoter divergence d
R

= 0.8.

duplicate �

duplicate �

outgroup
a b c d e

ATG

ATG

ATG

When excluding four pairs of Ath duplicates for which no conserved motifs could

be identified, a significant positive correlation was found between the paralog

promoter divergence PPdSM and dR (Spearman rank correlation N=43, rho=0.53,

P<0.001; Pearson correlation R=0.52, P<0.001; Figure 2.4.4a). This indicates

that a reduced number of shared motifs between both Ath paralogs is correlated

with an increasing amount of reciprocal divergence. Although this pattern might

seem logical and expectable, it is interesting to note that gene duplicates of similar

ages (73% of all Ath paralogous genes have a K
s
 value between 0.6 and 1.1; see

Table 1) had very different degrees of complementary motif loss (Figure 2.4.4).

In order to investigate whether promoter divergence is correlated with the

age of duplicates, a second data set was created of gene duplicates including

many younger genes (see Supplemental table 2). Based on the observation that

orthologous gene pairs between Arabidopsis and the Fabaceae have an average

K
s
 of 1.83 (data not shown; Blanc et al., 2003), all gene families were identified

(Methods) with only two members in the Arabidopsis genome that have a K
s
<1.8,

plus a legume homolog. In total, we selected 133 gene families grouping two

Arabidopsis duplicates and a legume homolog, spanning a Ks range between

0.01 and 1.74. As described above for the set of Ath duplicates derived from the

19 multiplicons, the shared motif method was again applied to determine the
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AC126782.16
d =0.31R

Ks (At3g26340/At1g13060)=0.52
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Ks (At3g05590/At5g27580)=0.51
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20 nt

Figure 2.4.3 Examples of reciprocal promoter divergence in Arabidopsis gene duplicates. The

horizontal white and black bars represent the promoters of the duplicated genes and of the

legume homolog, respectively. Significant phylogenetic footprints are shown as grey bands and

the set of motifs that diverged reciprocally is indicated in white on the legume promoter. d
SM

gives the promoter divergence between the legume and the Arabidopsis paralog and the Ks

values the age of a gene duplicate.
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Figure 2.4.4 Correlation between paralog promoter divergence, age, and reciprocal promoter

divergence of Arabidopsis gene duplicates. The black line indicates a linear fit of the data. (a)

The Paralog Promoter divergence (PPd
SM

) measured between paralogous promoters derived

from the 19 multiplicons plotted against the reciprocal promoter divergence (d
R
). Spearman rank

correlation N=43, rho=0.53, P<0.001; Pearson correlation R=0.52, P<0.001. (b) Age (K
s
) of 125

gene duplicates plotted against the reciprocal promoter divergence. Spearman rank correlation

N=125, rho=0.14, P=0.12; Pearson correlation R=0.14, P=0.13.

number of motifs conserved between Arabidopsis and legume promoters and to

calculate the reciprocal motif divergence for all 133 paralogous gene pairs

(designated Ath’ duplicates). Including more recently duplicated genes, no

correlation was found between the age of a gene duplicate and the fraction of

motifs shared between each of the promoters of the Ath’ duplicates and the legume

homolog, defined as 1-dSM (Spearman rank correlation N=170, rho= -0.014, P=0.86;

Pearson correlation R=0.002, P=0.98; Supplemental Figure 1). In a second step,

we tested the relationship between the age of Ath’ duplicates and the reciprocal

promoter divergence. Based on 125 gene duplicates containing shared motifs

with the homologous legume sequence, no significant correlation between Ks and

dR (Spearman rank correlation N=125, rho=0.14, P=0.12; Pearson correlation

R=0.14, P=0.13; Figure 2.4.4b) was observed. These results reveal that reciprocal

promoter divergence and the age of duplicates are not strongly related.

We also investigated whether the number of identified cis-regulatory

elements, again defined as conserved motifs with ≥14 identical nucleotides present

in the upstream regions, differs for genes with different biochemical functions. To

this end, we identified 422 pairs of single-copy Arabidopsis and legume homologs

(Supplemental Table 3), and compared the promoter sequences as described

before. When plotting the distribution of the number of shared motifs for all

functional gene ontology (GO) classes with more than three genes, a difference
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Figure 2.4.5 Distribution of the number of shared regulatory motifs identified in 422 orthologs

sorted by functional GO class. For each functional GO class containing more than three genes,

the motif composition is shown grouped by the number of motifs, with the number of orthologous

gene pairs assigned to a particular functional GO class in parentheses.

between the relative abundance of motifs per functional category can indeed be

observed (Figure 2.4.5). Most genes showing hydrolase, transferase, or transport

activity contained only a limited number of regulatory elements (typically between

0 and 5 motifs with a length of 14 nucleotides or more), whereas other classes of

proteins showing peptidase activity or catalytic activity possessed a wide variety

of simple and complex promoters (with a small or large number of elements,

respectively). Finally, a substantial number of genes (43-50%) involved in protein

binding, DNA and RNA binding, or showing transcription regulator activity or

transcription factor activity, seemed to contain a large number of conserved

regulatory elements (>5-10 motifs), suggesting a more complex transcriptional

control (Inada et al., 2003).
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Does promoter divergence reflect divergence of expression?

Comparison of the degree of reciprocal promoter divergence with the

expression correlation of both Ath paralogs using genome-wide expression data

(Zimmermann et al., 2004) showed a weak negative, but nonsignificant correlation

(Spearman rank correlation N=36, rho=-0.23, P=0.18; Pearson correlation R=-

0.16, P=0.36; Table 2.4.1 and Supplemental Figure 2). Detailed analysis of

expression levels for several gene duplicates was hindered because both paralogs

were often not present in these genome-wide expression repositories. However,

the Pearson correlation coefficients between the expression profiles for all Ath

duplicates with dR>0.9 in the different multiplicons were very low ( ≤0.25) in 13

out of 15 paralogous gene pairs (Table 2.4.1). Based on the distribution of

correlation coefficients for a large number of functionally unrelated gene pairs,

which revealed that 95% of these random pairs have a correlation coefficient

<0.52 (Blanc and Wolfe, 2004), this indicates that these duplicates are no longer

significantly co-regulated. Although this observation seems to suggest that the

divergence in expression pattern is caused by the reciprocal promoter divergence,

these results actually provide little information about the nature of this functional

divergence. Therefore, the expression levels for these 13 gene pairs were retrieved

for 473 NASC microarrays (Digital Northern tool; Zimmermann et al., 2004) and

the occurrence of expression of both paralogs over the different experiments (i.e.

expression breadth) was compared. For one third of these gene pairs, showing

high reciprocal promoter divergence and low expression similarities, the expression

breadth of one paralog was significantly underrepresented, which indicates that

the low Pearson expression correlation coefficient is mainly the result of the

reduced expression of one duplicate in the different experiments (Table 2.4.1).

For the remaining pairs (9/13), we observed a similar breadth of expression

throughout the 473 experiments, revealing that the low Pearson expression

correlation coefficient of these gene pairs, which have lost a complementary set

of regulatory motifs, is caused by a clearly differential, but quantitatively similar,

expression of both paralogs (Table 2.4.1).
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Discussion

Degraded microcolinearity between Arabidopsis and legume species

Comparative sequence analysis at the sub-megabase level indicates that

microcolinearity is abundant between closely related plant species. Conserved

gene content and order has been demonstrated between tomato and Arabidopsis,

which diverged approximately 112 MYA (Ku et al., 2000), between Arabidopsis

and soybean (Grant et al., 2000), and between Arabidopsis, tomato, and Capsella

(Rossberg et al., 2001). However, exceptions of interspecies colinearity caused

by gene loss, duplications or rearrangements, such as inversions, deletions, and

insertions, reveal the dynamic nature of this microstructure (Bennetzen, 2002;

O’Neill and Bancroft, 2000; Ziolkowski et al., 2003; Vandepoele et al., 2004b).

Comparisons between related diploid genomes and duplicated segments

that arose by large-scale duplication events provide novel insights into the

intraspecies colinearity and the evolution of ancient polypolyploid species

(Vandepoele et al., 2002b; Langkjaer et al., 2003; Dietrich et al., 2004; Kellis et

al., 2004; Lai et al., 2004). This study provides a detailed comparative analysis of

duplicated segments in the paleopolyploid genome of Arabidopsis and homologous

genomic sequences of different legume species. After annotating 26.7 MB of

genomic BAC sequences from M. truncatula, lotus, and soybean, only 8.8% of all

legume BAC sequences were significantly colinear with an individual Arabidopsis

segment. Interestingly, when genomic profiles are used that combine gene content

and order information of multiple homologous genomic segments for the detection

of genomic homology (Simillion et al., 2004), the number of legume BACs that are

colinear with one or more Arabidopsis segments increased to 14%. Taking into

account that nearly half of the legume BACs have fewer than 20 annotated genes,

which greatly reduces the chance of finding significant interspecies colinearity,

this finding confirms the existence of highly degenerated networks of

microcolinearity between Arabidopsis and species belonging to the Fabaceae

(Figure 2.4.1d; Yan et al., 2003; Zhu et al., 2003). By comparing 19 duplicated

Arabidopsis segments with a homologous legume genomic region, an overall gene

retention level of 38% has been found for gene duplicates that originated through

the youngest genome duplication. This percentage is very similar to that previously

obtained by comparing all duplicated segments created by the youngest polyploidy

event in Arabidopsis (36.5%; Simillion et al., 2002).
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The gene order and content in the legume BAC sequences reflects, at least

to some extent, the genome organization prior to the youngest polyploidization

event in Arabidopsis. Based on the number of colinear genes shared between at

least two segments, the overall amount of non-colinear genes on the legume

segments is 57%, whereas that on the Arabidopsis segments is 45%. Assuming

that the divergence time between the Brassicaceae and the Fabaceae is 110 MYA

(Wikström et al., 2001; Chaw et al., 2004; Davies et al., 2004) and that the youngest

genome duplication in Arabidopsis occurred some 50 MYA (Simillion et al., 2002;

Blanc et al., 2003; Bowers et al., 2003; Ermolaeva et al., 2003), the current data

illustrate that the gene organization in the duplicated segments degrades faster

than that of the interspecies colinearity (45% Arabidopsis intraspecies non-

colinearity/50 MYA = 0.9% degradation per MYA and 57% Arabidopsis-legume

non-colinearity/110 MYA = 0.52% degradation per MYA, respectively). This result

confirms observations between related grass species, such as rice, sorghum,

and maize, which have diverged approximately 50-70 MYA and where the

interruption of intraspecies colinearity in the paleotetraploid maize is much greater

than that in interspecies comparisons (Ilic et al., 2003; Lai et al., 2004). Also, the

rate of gene loss associated with diploidization, the evolutionary process whereby

a polyploidy species becomes a diploid again, seems to be higher in maize than

in Arabidopsis (15% maize intraspecies non-colinearity/11 MYA = 1.4% degradation

per MYA; Lai et al., 2004).

cis-regulatory sequence divergence

Through the comparative sequence analysis of promoter sequences with

legume homologs, which, to some extent, resemble a pre-duplicate state, we

analyzed the cis-regulatory evolution in Arabidopsis gene duplicates. We applied

a conservative approach for the identification of phylogenetic footprints and

observed, on average, 12% conservation between the promoter sequences of

Arabidopsis and legume homologs. This percentage is in good agreement with

the observed 15.2% noncoding sequence conservation of maize and rice

sequences, which diverged 50-70 MYA (Guo and Moose, 2003). However, it should

be noted that, given the rudimentary knowledge of plant cis-acting binding sites

and the difficulties associated with distinguishing small functional elements from

noise, only a subset of all cis-regulatory elements is currently covered (Guo and

Moose, 2003; Inada et al., 2003; Lockton and Gaut, 2005).
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For half of all gene duplicates created during the youngest genome

duplication in Arabidopsis, a highly complementary set of motifs (d
R
> 0.8) is

conserved compared to that of the homologous legume promoter. Moreover, a

decreasing number of motifs shared between Ath duplicates seems to correlate

with an increasing reciprocal promoter divergence (rho=0.53, P<0.001). This

relationship suggests that loss of cis-regulatory elements in duplicated genes is

not completely random, but occurs according to a well-defined pattern, with a

complementary set of motifs partitioned over both paralogs as a result. By analyzing

a data set containing both recent and older duplicates (N=133; K
s
 values between

0.01 and 1.74), we found no significant correlation between the age of a duplicated

gene pair and the number of motifs shared between the promoters of the Ath’

duplicates and the legume promoter. In addition, we found no evidence that older

gene duplicates experienced a higher degree of reciprocal promoter divergence

(Figure 2.4.4b). This observation is in agreement with studies in other organisms,

where it was shown that promoter divergence can occur very rapidly after

duplication, although other duplicates can maintain a high degree of co-expression

and promoter similarity for a long period of time (Figure 2.4.4b; Pickett and Meeks-

Wagner, 1995; Makova and Li, 2003; Papp et al., 2003; Haberer et al., 2004).

Recently, Haberer and co-workers (2004) suggested a time-dependent increase

of expression divergence for Arabidopsis duplicates, based on a rather weak

correlation observed between promoter similarities and expression correlations

for tandem duplicates. However, the lack of a significant correlation between the

age of a duplicate and the expression similarities identified for a genome-wide

data set of Arabidopsis duplicates (Haberer et al., 2004), together with our

observations, suggest that such a time-dependent divergence mechanism, if

existing, is most probably not acting on all Arabidopsis gene duplicates. If this

were true, then the significant negative correlations between divergence time Ks

and expression similarity observed in yeast and human (Gu et al., 2002; Makova

and Li, 2003) might represent an oversimplified picture of the actual evolution

acting on the full set of gene duplicates.

In agreement with studies on cereal genes, we observed that the number of

cis-regulatory elements is rather small for genes with basic enzymatic functions,

whereas genes involved in signal transduction pathways, such as transcription

factors or genes involved in RNA binding contain a larger number of regulatory

motifs (Inada et al., 2003; Harbison et al., 2004). Consequently, the cis-regulatory

complexity embedded in genes governing different molecular or biochemical
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functions will probably also determine the degree of promoter divergence tolerated

in duplicated genes (Gu et al., 2002).

Does reciprocal promoter divergence provides evidence for
subfunctionalization?

Based on our promoter analysis of Ath duplicates derived from the youngest

genome duplication and Ath’ duplicates with varying age, it is clear that increased

promoter divergence in gene duplicates yields highly reciprocal patterns of cis-

regulatory conservation. Consequently, one expects that this difference in the

content of cis-regulatory elements between duplicated genes will be responsible

for dissimilar spatio-temporal expression profiles. A low expression correlation

(≤0.25) between both expression profiles was indeed observed for more than

85% of all analyzed paralogs having a high degree of reciprocal promoter

divergence (dR>0.9), indicating that both genes are no longer significantly co-

regulated. Therefore, we believe that the reciprocal promoter divergence identified

through the comparison of a homologous legume promoter reveals

subfunctionalization after gene duplication. Our results are in good agreement

with those of Blanc and Wolfe (2004), who estimated, based on expression data

that 57% of all gene duplicates from the youngest polyploidy event in Arabidopsis

have functionally diverged. Based on a very small data set of 36 gene duplicates,

no strong linear relationship between the degree of reciprocal promoter divergence

and expression correlation was observed (rho=-0.23, P=0.18). Zhang and co-

workers suggested that the lack of correlation between cis-regulatory motif content

and expression similarity might be caused by the absence or presence of additional

trans-acting factors, which, in turn, could contribute substantially to the final

expression pattern (Zhang et al., 2004). This hypothesis seems valid, because, in

addition to cis-regulatory, also trans-regulatory changes contribute substantially

to divergent expression patterns (Romano and Wray, 2003; Wittkopp et al., 2004).

Nevertheless, analysis on a much larger set of gene duplicates, for which both

expression data and outgroup promoter sequences are available, is required to

fully understand the role of cis- and trans-regulatory changes in the evolution of

gene duplicates.

For the set of 13 gene duplicates with reciprocal promoter divergence and

highly dissimilar expression profiles, we studied the nature of the divergence of

gene expression in more detail. For most (70%) of the analyzed gene pairs, the
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expression breadth of both duplicates (measured as the number of experiments

in which the gene was significantly expressed over the total number of

experiments), was very similar. This result suggests that these genes acquired a

clearly different expression profile after duplication, but maintained a similar level

of overall activity. For the remaining Ath duplicates with reciprocal promoter

divergence and very low expression correlations, the expression breadth of one

duplicate was significantly reduced compared to that measured for the other

paralog. This pattern has also been observed for human duplicates, in which

gene pairs that rapidly diverged in their expression either altered their expression

pattern in terms of presence or absence in different tissues or in terms of absolute

amounts of mRNA transcripts (Makova and Li, 2003). Although different, both

patterns seem to be in agreement with the subfunctionalization model describing

the complementary loss of regulatory motifs (Force et al., 1999). Because it is

very unlikely that each cis-regulatory element has the same quantitative

contribution to the overall gene expression pattern (Wray et al., 2003; Harbison

et al., 2004), a complementary pattern of motif loss might lead indeed to a severely

reduced expression level of one of the duplicates.

Finally, although the reciprocal divergence patterns of promoter sequences

and expression profiles observed here seem to be in agreement with the

subfunctionalization model, it is difficult to conclude whether the degenerative

complementary mutations themselves are responsible for the preservation of gene

duplicates, as predicted in the DDC model (Force et al., 1999). If the DDC model

is responsible for the preservation of all gene duplicates through this mechanism,

we should clearly find evidence of reciprocal promoter divergence for all Ath

duplicates. Despite the difficulty to investigate the initial evolutionary stages in

gene duplicates, the presence of a number of ancient gene duplicates in eukaryotic

genomes for which no divergence could be observed (Table 2.4.1; Makova and

Li, 2003; Papp et al., 2003; Haberer et al., 2004) indicates that also other

mechanisms determine which gene duplicates are retained (Pickett and Meeks-

Wagner, 1995; Wendel 2000). However, given the limited knowledge on promoter

architecture in plants on the one hand, and the conservative parameters applied

here, on the other hand, these paralogs might be preserved because of

complementary subfunction partitioning, either at the regulatory or protein levels.

In addition, the limited amount of functional data and the absence of compatible

interspecies expression data (e.g. Huminiecki and Wolfe, 2004) for plants makes

it very difficult to characterize the modular structure of promoters in great detail or
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to determine the precise function of individual cis-acting regulatory elements.

Materials and methods

Genomic data and gene prediction

The annotation of the Arabidopsis thaliana genome was retrieved from The

Institute for Genome Research (TIGR; release 5; Wortman et al., 2003). We

extracted the coding sequences, the corresponding amino acid sequences, and

the relative position and strand orientation for a total of 26,192 protein-encoding

genes. From the European Molecular Biology Laboratory database (Kulikova et

al., 2004), 261 genomic BAC sequences of the Fabaceae family were obtained

showing sequence similarity with multiple nonhomologous Arabidopsis protein

loci. The goal of this selection criterion was to discard genomic sequences encoding

only a single gene or a cluster of tandemly duplicated genes. The gene predictor

EuGène was used to define gene models with the intrinsic Arabidopsis parameters

(i.e. determined through training on validated Arabidopsis gene models) and taking

into account sequence similarity to publicly available plant ESTs and proteins

(Schiex et al., 2000). For the 126 Medicago truncatula, 115 Lotus corniculatus

var. japonicus, and 20 Glycine max BACs, 2,912, 2,413, and 354 genes were

predicted, respectively. The complete annotation of all legume genomic BAC clones

can be found at http://bioinformatics.psb.ugent.be/.

Identification of homologous genomic segments

All protein sequences of Arabidopsis and the Fabaceae BACs were compared

with each other using BLASTP (Altschul et al., 1997) and significant homologous

gene pairs (Li et al., 2001) were retained. With this method two proteins are

considered homologous only when they share a substantially conserved region

on both molecules with a minimum amount of sequence identity. In this manner,

homology based on the partial overlap of single protein domains between two

multidomain proteins, which occasionally leads to significant E-values in BLAST,

is not retained. Colinear genomic segments between Arabidopsis and Medicago,

lotus, and soybean were identified using i-ADHoRe (with gap_size 20, cluster_gap

20, q_value 0.7, anchor_points 5 and prob_cutoff 0.01; Simillion et al., 2004). For

all retained gene duplicates in valid level 3 multiplicons (sets of three homologous
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segments), containing two duplicated Arabidopsis segments and one homologous

Fabaceae segment, phylogenetic trees were constructed. Both paralogs and their

Fabaceae homolog plus an outgroup sequence were used for phylogenetic

inference. Outgroup sequences from Pinus, Physcomitrella and/or

Chlamydomonas were retrieved from the Sequence Platform for the Phylogenetic

analysis of Plant Genes (SPPG) database (Vandepoele and Van de Peer, 2005)

and aligned with T-coffee (Notredame et al., 2000). Neighbor-Joining phylogenetic

trees were constructed with PHYLIP (Felsenstein, 1993) using the Dayhoff PAM

matrix and 100 bootstrap samples. Only tree topologies with an overall 70%

bootstrap support were considered as significant.

Regulatory sequence analysis

Promoter sequences 1000 bp upstream from the translation start site were

isolated for all genes of Arabidopsis, Medicago, lotus, and soybean. For some

genes, shorter sequences had to be extracted because the upstream gene was

located less than 1000 bp upstream. Subsequently, interspersed and simple

sequence repeats were masked by RepeatMasker (Smit, AFA & Green, P; http://

www.repeatmasker.org/). Conserved motifs in promoter sequences were identified

using the shared motif method (SMM), described by Castillo-Davis et al. (2004).

Because few general characteristics of cis-regulatory elements in plants are known

and to reduce the false-positive rate associated with the detection of shared motifs,

we empirically inferred the minimum alignment score by analyzing the distribution

of dSM values for random sequence pairs with a nucleotide composition similar to

that of the data examined. Analysis of 1000 random sequence pairs of 1000 bp

using a shared motif minimum alignment score of 56 (i.e. a combination of ≥14

matches, mismatches, and gaps that sum to a final score ≥56; Castillo-Davis et

al., 2004) showed that >95% of all sequence pairs exhibited a dSM > 0.90. Although

we are aware that smaller cis-regulatory elements, i.e., fewer than 14 nucleotides,

do exist in plants, the noise generated by such small elements is extremely high

(see also Castillo-Davis et al., 2004). This is illustrated by d
SM

 values between 0

and 0.1 for random promoters when tolerating small shared motifs with only 5 or

6 nucleotide matches, (Supplemental Figure 3), suggesting that the cis-regulatory

content between both promoters is (nearly) identical.

Besides quantifying the promoter divergence through dSM, we defined a

measure (dR) to describe the degree of reciprocal motif divergence in promoters
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of duplicated genes (Figure 2.4.2). First, for each promoter sequence of a

paralogous Arabidopsis gene pair, the number of shared motifs with a homologous

Fabaceae promoter is counted. Subsequently, for each paralog, the number of

shared motifs is compared with the total number of shared motifs found between

both paralogs and the Fabaceae promoter sequence. When in both pairwise

Arabidopsis-Fabaceae promoter comparisons all shared motifs are the same, then

dR will be zero, whereas, when no similar motifs are found between the Fabaceae

promoter and both paralogous promoter sequences, then dR=1. The reciprocal

sequence divergence was not calculated based on the number of motifs, but with

the exact positions and sizes of the detected motifs shared between the legume

promoter and the Arabidopsis duplicated genes (Figure 2.4.2).

GO functional annotation

GO associations for Arabidopsis proteins were retrieved from TIGR (ftp.tigr.org/

pub/data/a_thaliana/ath1/DATA_RELEASE_SUPPLEMENT/) and remapped to the

generic GO Slim classification scheme (ftp.geneontology.org/pub/go/GO_slims/

goslim_generic.go) with the Perl script map2slim.pl (available at http://

www.geneontology.org).

Dating paralogous gene pairs

Pairwise alignments of the paralogous nucleotide sequences were created

with CLUSTAL W (Thompson et al., 1994) using the corresponding protein

sequences as an alignment guide. Alignment columns were removed when they

had gaps in >10% of the sequences. To reduce the chance of including misaligned

amino acids, all positions in the alignment left or right from the gap were also

eliminated until the residues were conserved in all columns of the sequence

alignment: for every pair of residues in the column, the BLOSUM62 value was

retrieved and the median value for all these values was calculated. If the median

was ≥0, the column was considered as containing homologous amino acids. K
s

estimates were obtained with the CODEML (Goldman and Yang, 1994) program

of the PAML package (Yang, 1997). Codon frequencies were calculated from the

average nucleotide frequencies at the three codon positions (F3x4), whereas the

gamma shape parameter α and the transition-transversion ratio κ were estimated

for every pairwise comparison.
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Gene family delineation

An all-against-all sequence comparison of all Arabidopsis and legume proteins

(as generated by gene prediction; see above) was performed with BLASTP

(Altschul et al., 1997) and relevant hits were retained (Li et al., 2001). All valid

homologous protein pairs (e.g. protein A is homologous to protein B, protein B is

homologous to protein C) were subject to a simple-linkage clustering routine to

delineate protein gene families (for example, family with proteins A, B, and C).
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The evolution of plant gene families





161

3.1 Genome-wide analysis of core cell cycle
genes in Arabidopsis
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Cyclin-dependent kinases and cyclins master together with the help of different

interacting proteins the progression through the eukaryotic cell cycle. A high-

quality, homology-based annotation protocol was applied to determine all core

cell cycle genes in the recently completed Arabidopsis genome sequence. In total,

61 genes were identified belonging to seven selected families of cell cycle

regulators, for which 30 are new or corrections of the existing annotation. A new

class of putative cell cycle regulators was found that probably are competitors of

E2F/DP transcription factors, which mediate the G1-to-S progression. In addition,

the existing nomenclature for cell cycle genes of Arabidopsis was updated and

physical positions of all genes were compared with segmentally duplicated blocks

in the genome, showing that 22 core cell cycle genes emerged through block

duplications. This genome-wide analysis illustrates the complexity of the plant

cell cycle machinery and provides a tool for elucidating the function of new family

members in the future.
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Introduction

Cell proliferation is controlled by a universally conserved molecular machinery,

in which the core key players are serine/threonine kinases, known as cyclin-

dependent kinases (CDKs). CDK activity is regulated in a complex manner,

including phosphorylation/dephosphorylation by specific kinases/phosphatases

and the association with regulatory proteins. Although many cell cycle genes of

plants have been identified in the last decade (for review, see Stals and Inzé,

2001), the correct number of CDKs, cyclins, and interacting proteins with a role in

the cell cycle control is still unknown. Now that the complete sequence of the

nuclear genome of Arabidopsis is available (Arabidopsis Genome Initiative, 2000),

it is possible to scan an entire plant genome for all these core cell cycle genes

and determine their number, position on the chromosomes, and phylogenetic

relationship. From an evolutionary point of view, this core cell cycle gene catalogue

would be extremely interesting because it allows us to determine which processes

are plant specific and which are conserved among all eukaryotes. Furthermore,

there is a unique opportunity to unravel in future experiments the function and

interactions of newly found family members of primary cell cycle regulators, thus

expanding our knowledge on how cell cycle is regulated in plants.

Nevertheless, a genome-wide inventory of all core cell cycle genes is only

possible when the available raw sequence data are correctly annotated. Although

the genome-wide annotation of organisms sequenced by large consortia produced

a huge amount of information, which, no doubt, benefits the scientific community,

one has to realize that this automated high-throughput annotation is far from optimal

(Devos and Valencia, 2001). For this reason, it is often not trivial to extract clear

biological information out of these public databases. When high-quality annotation

is needed, a supervised semi-automatic annotation may be a good compromise

between quality and speed. Annotation is generally performed in two steps: first,

a structural annotation that aims at finding and characterizing biologically relevant

elements within the raw sequence (such as exons and translation starts), and

secondly, functional annotation, in which biological information is attributed to the

gene or its elements. Unfortunately, there are some problems inherent to both.

When structural annotation is performed, the first problem occurs whenever no

cDNA or expressed sequence tag (EST) information is available, which is the

case for 60% of all Arabidopsis genes (Arabidopsis Genome Initiative, 2000).

Then, one has to resort to intrinsic gene prediction software, which remains limited,
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although a lot of improvement has been made over the last few years. Errors

range from wrongly determined splice sites or start codons, over so-called spliced

(one gene predicted as two) or fused (two genes predicted as one) genes, up to

completely missed or nonexisting predicted genes (Rouzé et al., 1999). In addition,

no general and well-defined prediction protocol is used by the different annotation

centers with the generation of redundant, non-uniform, structural annotation as a

result. Furthermore, clear information is lacking on methods and programs used

as well as the motivation for applying a special protocol, making it impossible to

trace the annotation grounds.

The problem with functional annotation is related to the difficulty to couple

biological knowledge to a gene. Such a link is made generally on the basis of

sequence similarity that is derived either from full-length sequence comparisons

or by means of multiple alignments, patterns, and domain searches. Of major

concern is the origin of the assigned function, because transfer of low-quality or

bad functional annotation propagates wrong annotations in the public databases.

Even correct annotations can be erroneously disseminated: one can easily imagine

the wrong transfer of a good functional assignment from a multidomain protein to

a protein that only has one of the domains. This problem can be avoided by using

only experimentally derived information to predict unambiguously a gene’s structure

and function.

Here, we applied a homology-based annotation by using experimental

references to build a full catalogue with 61 core cell cycle genes of Arabidopsis. In

total, 30 genes are new or are genes for which the previous annotation was

incorrect. Based on phylogenetic analysis we updated and rationalized their

nomenclature. Furthermore, relations between gene family members were

correlated with large segmental duplications.

Materials and methods

Annotation of Arabidopsis cell cycle genes

 The genome version of January 18, 2001 (v180101) was downloaded from

the ftp site (ftp://ftpmips.gsf.de/cress/) of the Martiensried Institute for Protein

Sequences (MIPS) center (Martiensried, Germany). Regions of interest on the

chromosomes were localized by the BLAST software (Altschul et al., 1997) with

experimental representatives as query sequence. For the regions returned by
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BLAST, chromosome sequences were extracted with 15 kb upstream and

downstream from the hit to prevent unreliable prediction due to border effects.

Gene prediction was done with Eugene (Schiex et al., 2001), in combination

with GeneMark.hmm (Lukashin and Borodovsky, 1998), because the latter had

been reported previously to give the best scores in Arabidopsis (Pavy et al., 1999).

New analysis (C. Mathé, personal communication), however, showed that Eugene

has become the best gene prediction tool for Arabidopsis. The Eugene program

combines NetGene2 (Tolstrup et al., 1997) and SplicePredictor (Brendel and Kleffe,

1998) for splice site prediction, NetStart (Pedersen and Nielsen, 1997) for

translation initiation prediction, Interpolated Markov model-based content sensors,

and information from protein, EST, and cDNA matches to predict the final gene

model.

The predicted candidate gene products were aligned with the experimental

representatives by using CLUSTAL W (Thompson et al., 1994). On the final

alignments, HMMer was used to generate profiles for each specific gene family

with hidden Markov models. These profiles were then used to search for new

family members (Eddy, 1998). The genome-wide non-redundant collection of

Arabidopsis protein-encoding genes was predicted with GeneMark.hmm. Based

on these predictions, we built a database of virtual transcripts (and corresponding

protein database) that we designated genome-predicted transcripts (GPTs). Manual

annotation was done with Artemis (Rutherford et al., 2000).

Phylogeny and nomenclature

Phylogenetic analysis was performed on more conserved positions of the

alignment. Editing of the alignment and reformatting was done with BioEdit (Hall,

1999) and ForCon (Raes and Van de Peer, 1999). Similarity between proteins

was based on a BLOSUM62 matrix (Henikoff and Henikoff, 1993). Trees were

constructed with various distance and parsimony methods. Distance matrices were

calculated based on Poisson, Kimura, or PAM correction and trees were

constructed with the Neighbor-joining algorithm by means of the software packages

TREECON (Van de Peer and De Wachter, 1994) and PHYLIP (Felsenstein, 1993).

The latter was also used for the parsimony analysis. Bootstrap analysis with 500

replicates was performed to test the significance of nodes.
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Protein structure analysis

Protein secondary structure prediction was done with PSIpred v2.0 (Jones,

1999).

Segmental duplications in the Arabidopsis genome

For the detection of large segmental duplications, duplicated blocks were

identified by a method similar to that by Vision et al. (2000). Initially, protein-

coded genes predicted by GeneMark.hmm (in total 26,352 present in our GPT

database) were ordered according to the location on the corresponding

chromosome. BLASTP was used to identify genes with high sequence similarity

and all BLASTP scores were stored in a matrix to be analyzed. Initially, filtering

was performed to reduce low-similarity hits (E-value < 1e-50; Friedman and

Hughes, 2001), followed by a procedure to define duplicated blocks in the scoring

matrix. Finally, by post-processing only blocks of appropriate size (i.e. blocks

containing more than seven genes) were selected.

Results

Strategy

In order to correctly annotate all core cell cycle genes, a strategy was defined

that uses as much reliable information as possible, combining experimentally

derived data with the best prediction tools available for Arabidopsis (see Materials

and methods). First, experimental representatives for each family were used as

bait to locate regions of interest on the different chromosomes. For these selected

regions, genes were predicted and candidate genes were validated; the presence

of mandatory domains in their gene products was determined by aligning them

with the experimental representatives and, if necessary, the predicted gene

structure was modified by using the family-related characteristics or ESTs. Still, in

some cases, this approach did not allow us to conclude whether a region of interest

really coded for a potential gene or whether a candidate gene was a core cell

cycle gene. To clarify such situations, a more integrated analysis was performed.

First, the members of every family were used to build a profile for that specific

family.
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By taking into account the new predicted genes for creating the profile, a

more “flexible” (i.e. all diversity within a class/subclass being represented) and

plant-specific profile could be established. With this new profile, novel family

members were sought within a collection of genome-wide predicted Arabidopsis

proteins. Subsequently, the predicted gene products were again validated or

modified by comparing them with those of other family members in a multiple

alignment. With this additional approach, we could determine clearly whether the

predicted genes were similar to a certain class of cell cycle genes.

To characterize subclasses within the gene families, phylogenetic trees were

generated that included reference cell cycle genes from other plants and known

genes from Arabidopsis; by different methods and statistical analysis of nodes the

significance of the derived classification was tested. Based on the position in the

tree and the presence of class-specific signatures, genes were named according

to the proposed nomenclature rules for cell cycle genes (Renaudin et al., 1996;

Joubès et al., 2000). A complete list of core cell cycle genes in Arabidopsis in

presented in Table 3.1.1. Additional data regarding nomenclature and gene models

can be found at http://bioinformatics.psb.ugent.be/.

Annotation and nomenclature

CDK

In yeasts one CDK is sufficient to drive cells through all cell cycle phases,

whereas multicellular organisms evolved to use a family of related CDKs, all with

specific functions. In plants, two major classes of CDKs have been studied so far,

known as A-type and B-type CDKs. The A-type CDKs regulate both the G1-to-S

and G2-to-M transitions and the B-type CDKs seem to control the G2-to-M

checkpoint only (Hemerly et al., 1995; Magyar et al., 1997; Porceddu et al., 2001).

In addition, the presence of C-type CDKs and CDK-activating kinases (CAKs)

have been reported (Magyar et al., 1997; Umeda et al., 1998; Joubès et al., 2001).

Whereas the latter were shown to regulate the activity of the A-type CDKs, the

function of the C-type CDKs remains unknown. Until now, one A-type and four B-

type CDKs have been described for Arabidopsis (Joubès et al., 2000; Boudolf et

al., 2001). Furthermore, C-type CDKs and one CAK have been reported as well

(Umeda et al., 1998; Lessard et al., 1999). In alfalfa, one E-type CDK has been

identifed, but no counterparts had been found previously in Arabidopsis (Magyar
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Table 3.1.1 Characteristics of all 61 core cell cycle genes in Arabidopsis

Gene  Chr.  Start
a
  Stop

b
  Strand  Status

c
  Features

d
  ORF Name  

Arath;CDKA;1  3  18,368,303  18,370,279  +  EXP  PSTAIRE  AT3g48750  
Arath;CDKB1;1  3  20,355,861  20,357,226  +  EXP  PPTALRE  AT3g54180  
Arath;CDKB1;2  2  16,301,446  16,302,758  +  EXP  PPTALRE  AT2g38620  
Arath;CDKB2;1  1  28,430,923  28,429,129  - EXP  PSTTLRE  AT1g76540  
Arath;CDKB2;2  1  7,294,679  7,292,770  -  EXP  PPTTLRE  AT1g20930  
Arath;CDKC;1  5  3,224,679  3,221,723  -  AI993037  PITAIRE  AT5g10270  
Arath;CDKC;2  5  25,955,460  25,958,387  +  AV439592  PITAIRE  AT5g64960  
Arath;CDKD;1  1  27,423,792  27,425,694  +  PRED  NVTALRE  AT1g73690  
Arath;CDKD;2  1  24,603,461  24,605,698  +  AV554642  NFTALRE  AT1g66750  
Arath;CDKD;3  1  6,206,888  6,209,316  - AF344314  NITALRE  AT1g18040  
Arath;CDKE;1  5  25,465,021  25,463,612  - BG459367  SPTAIRE  AT5g63610  
Arath;CDKF;1  4  13,494,330  13,495,958  + EXP  None  AT4g28980  
Arath;CYCA1;1  1  16,354,762  16,352,618  - AV556475  LVEVxEEY  AT1g44110  
Arath;CYCA1;2  1  28,792,710  28,790,480  -  PRED  LVEVxEEY  AT1g77390  
Arath;CYCA2;1  5  8,885,657  8,887,990  +  EXP  LVEVxEEY  AT5g25380  
Arath;CYCA2;2  5  3,604,472  3,601,820  -  EXP  LVEVxDDY  AT5g11300  
Arath;CYCA2;3  1  5,363,054  5,365,235  + EXPe  LVEVxEEY  AT1g15570  
Arath;CYCA2;4  1  29,923,266  29,925,430  +  AV558333  LVEVxEEY  AT1g80370  
Arath;CYCA3;1  5  17,293,193  17,294,681  +  PRED  LVEVxEEY  AT5g43080  
Arath;CYCA3;2  1  17,022,212  17,023,757  +  AT50514  LVEVxEEY  AT1g47210  
Arath;CYCA3;3  1  17,024,852  17,026,370  +  PRED  LVEVxEEY  AT1g47220  
Arath;CYCA3;4  1  17,027,927  17,029,762  +  PRED  LVEVxEEY  AT1g47230  
Arath;CYCB1;1  4  16,830,051  16,827,976  - EXP  HxRF  AT4g37490  
Arath;CYCB1;2  5  1,861,577  1,859,551  -  EXP  HxKF  AT5g06150  
Arath;CYCB1;3  3  3,627,150  3,625,489  -  EXPf  HxKF  AT3g11520  
Arath;CYCB1;4  2  11,548,850  11,552,088  + PRED  HxKF  AT2g26760  
Arath;CYCB2;1  2  7,813,050  7,815,144  +  EXP  HxKF  AT2g17620  
Arath;CYCB2;2  4  16,107,598  16,109,617  +  EXP  HxKF  AT4g35620  
Arath;CYCB2;3  1  7,137,288  7,135,091  - PRED  HxKF  AT1g20610  
Arath;CYCB2;4  1  28,338,772  28,336,622  -  PRED  HxKF  AT1g76310  
Arath;CYCB3;1  1  5,584,476  5,582,409  -  PRED  HxKF  AT1g16330  
Arath;CYCD1;1  1  26,148,702  26,150,664  + EXP  LxCxE  AT1g70210  
Arath;CYCD2;1  2  9,704,757  9,703,043  -  EXP  LxCxE  AT2g22490  
Arath;CYCD3;1  4  15,563,758  15,565,156  +  EXP  LxCxE  AT4g34160  
Arath;CYCD3;2  5  26,836,277  26,837,626  + AI995751  LxCxE  AT5g67260  
Arath;CYCD3;3  3  18,862,632  18,861,289  - AV527915  LxCxE  AT3g50070  
Arath;CYCD4;1  5  26,143,713  26,141,558  - EXP  LxCxE  AT5g65420  
Arath;CYCD4;2  5  3,282,347  3,280,801  + PRED  no LxCxE  AT5g10440  
Arath;CYCD5;1  4  16,885,341  16,886,338  +  AI998509  LFLCxE  AT4g37630  
Arath;CYCD6;1  4  1,432,497  1,431,184  - PRED  no LxCxE  AT4g03270  
Arath;CYCD7;1  5  417,084  418,547  +  PRED  LxCxE  AT5g02110  
Arath;CYCH;1  5  9,813,161  9,816,075  +  AV560893  None  AT5g27620  
Arath;CKS1  2  12,060,430  12,059,793  - EXP  None  AT2g27960  
Arath;CKS2  2  12,061,999  12,061,350  - AV553882  None  AT2g27970  
Arath;DEL1  3  18,079,607  18,081,809  +  EXP  None  AT3g48160  
Arath;DEL2  5  4,858,640  4,861,044  +  PRED  None  AT5g14960  
Arath;DEL3  3  126,812  124,606  - EXP  None  AT3g01330  
Arath;DPa  5  544,155  844,977  - EXP  None  AT5g02470  
Arath;DPb  5  842,841  845,196  + EXP  None  AT5g03410  
Arath;E2Fa  2  15,268,582  15,271,784  +  EXP  None  AT2g36010  
Arath;E2Fb  5  7,431,826  7,434,541  +  EXP  None  AT5g22220  
Arath;E2Fc  1  17,356,113  17,358,730  +  EXP  None  AT1g47870  
Arath;KRP1  2  10,126,806  10,125,908  - EXP  None  AT2g23430  
Arath;KRP2  3  19,096,470  19,097,325  +  EXP  None  AT3g50630  
Arath;KRP3  5  19,794,310  19,792,575  - EXP  None  AT5g48820  
Arath;KRP4  2  14,022,387  14,024,238  + EXP  None  AT2g32710  
Arath;KRP5  3  9,060,905  9,061,654  +  EXP  None  AT3g24810  
Arath;KRP6  3  6,617,597  6,616,567  - EXP  None  AT3g19150  
Arath;KRP7  1  18,087,625  18,086,761  - EXP  None  AT1g49620  
Arath;Rb  3  3,919,344  3,913,685  - AF245395  None  AT3g12280  
Arath;WEE1  1  673,409  676,125  +  EXPg  None  AT1g02970  
a
 Position of start codon on the chromosome.  

b
 Position of stop codon on the chromosome.  

c
 Expression status of the gene. EXP, experimentally characterized; PRED, prediction. Numbers are EST accession numbers.  

d
 Family-specific protein signatures.  

e
 EST BE528080 found for the first exon completes the structural annotation.  

f
 Gene structure was determined using partial mRNA L27224 and AV546264.  

g
 Gene structure was determined using two cDNA sequences, confirming the manual annotation.  
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Figure 3.1.1 Unrooted Neighbor-Joining tree of the A, B, C, D, E, and F classes of CDKs with the

Poisson correction for evolutionary distance calculation. Bootstrap values of 500 bootstrap

iterations are shown. Numbers indicate evolutionary distance. Arath, Arabidopsis; Lyces, tomato

(Lycopersicon esculentum); Medsa, alfalfa (Medicago sativa); Orysa, rice (Oryza sativa). Reference

genes are Medsa;CDKC;1, Orysa;CDKD;1, Medsa;CDKE;1, Medsa;CDKA;1, Medsa;CDKA;2,

Medsa;CDKB1;1, Lyces;CDKB1;1, Lyces;CDKB2;1, and Medsa;CDKB2;1.

et al., 1997). By the homology-based annotation method used here, we identified

in total eight CDKs (one A-type, four B-type, two C-type, one E-type) and four

CAKs (three D-type and one F-type).

The previously described CAK homolog of Arabidopsis (cak1At) differs

substantially from the known rice CAK, R2 (Umeda et al., 1998; Yamaguchi et al.,

1998). R2 has been suggested to be specific for monocots (Yamaguchi et al.,

1998). However, with the rice sequence as experimental reference, three related

sequences were identified in Arabidopsis, designated CDKD;1, CDKD;2 and

CDKD;3 with 75%, 68% and 79% sequence similarity with R2 from rice,

respectively. These genes are only distantly related to cak1At, indicating that

Arabidopsis has two functional classes of CAK. To stress this functional difference

and to have a more uniform nomenclature, cak1At was renamed as CDKF;1. The

phylogenetic relationship among CDKs of Arabidopsis are shown in Figure 3.1.1.
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Cyclins

Monomeric CDKs have no kinase activity and have to associate with regulatory

proteins called cyclins to be activated. Because the cyclin protein levels fluctuate

in the cell cycle, cyclins are the major factors that determine the timing of CDK

activation. Cyclins can be grouped into mitotic cyclins (designated A- and B-type

cyclins in higher eukaryotes and CLBs in budding yeast) and G1-specific cyclins

(D-type cyclins in mammals and CLNs in budding yeast). H-type cyclins regulate

the activity of the CAKs. All four types of cyclins known in plants were identified

mostly by analogy to their human counterparts. For Arabidopsis, currently four A-

type, five B-type, five D-type, but no H-type, cyclins have been described (Soni et

al., 1995; Renaudin et al., 1996; De Veylder et al., 1999; Swaminathan et al.,

2000). By using the known plant cyclin sequences as probes, a total of 30 cyclins

could be detected in the Arabidopsis genome. For 19 cyclins, an EST could be

found (Table 3.1.1).

Three different subclasses of plant A-type cyclins (A1, A2, and A3) have

been described previously (Renaudin et al., 1996) and were all found in

Arabidopsis, comprising 10 cyclins. Two members of A1-type members (CYCA1;1

and CYCA1;2), four A2-type (CYCA2;1, CYCA2;2, CYCA2;3, and CYCA2;4), and

four A3-type genes were detected (CYCA3;1, CYCA3;2, CYCA3;3, and CYCA3;4).

B-type cyclins are subdivided into two subclasses, B1 and B2. In total, Arabidopsis

contains nine B-type cyclins, of which four belong to the B1 class (CYCB1;1;

CYB1;2, CYCB1;3, and CYCB1;4) and four to the B2 class (CYCB2;1, CYCB2;1,

CYCB2;3, and CYCB2;4). One gene could be attributed neither the B1 nor the B2

classes, although it clearly contained a B-type-like cyclin box in combination with

the B-type specific HxKF signature. On the other hand, no B1- nor B2-like

destruction box could be detected. The phylogenetic position of this gene within

the B cluster depended on the number of positions used for the analysis. Because

cyclin sequences are known to be saturated with substitutions (Renaudin et al.,

1996), a technique was applied to construct trees on unsaturated positions only

(Van de Peer et al., 2002). No support was found to designate this gene to one of

the two classes of B-type cyclins (data not shown). On this basis, it seems justified

to create a new subclass of cyclins, the B3-type (Figure 3.1.2).

In addition to the five D-type cyclins already described (CYCD1;1, CYCD2;1,

CYCD3;1, CYCD3;2, and CYCD4;1), five new D-type genes were detected. Based

on their phylogenetic position, two were attributed to the D3 (CYCD3;3 and

CYCD3;4) and one to the D4 (CYCD4;2) classes. The remaining new D-type
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cyclins were further subdivided into classes CYCD5, CYCD6, and CYCD7

according to their phylogenetic positions. It is remarkable that CYCD4;2 and

CYCD6;1 do not contain the LxCxE retinoblastoma (Rb)-binding motif, whereas

CYCD5;1 contains a divergent Rb-binding motif (FxCxE), located at the N-terminus.

The biological function of cyclins lacking the conserved Rb-binding motif remains

unclear. One Arabidopsis gene was found with high sequence similarity to cyclin

H of poplar (71%) and rice (66%).

Aligning all cyclins allowed us to identify the cyclin and destruction box

consensus sequences for A-, B-, D-, and H-type cyclins (Table 3.2.2). Although A-

and B-type cyclin boxes are very similar, these two types of cyclins can be

discriminated by their destruction boxes. For two genes within the A- and B-type

cyclins (CYCA3;1 and CYCB3;1), no destruction box could be detected. In addition,

these genes have a highly diverged cyclin box compared with their subclass

consensus. The low overall sequence similarity within D-type cyclins is also

reflected in their cyclin box. In addition to the cyclins described above, two

presumed pseudogenes were predicted, which were very similar to B-type cyclins.

Figure 3.1.2 Unrooted Neighbor-Joining tree of the A, B, D, and H subgroups of the cyclin family

with Poisson correction for evolutionary distance calculation. Bootstrap values of 500 bootstrap

iterations are shown. Scales indicate evolutionary distance. Arath, Arabidopsis; Nicta, tobacco

(Nicotiana tabacum); Orysa, rice; Poptr, poplar (Populus tremula – Populus tremuloides). Reference

genes are Nicta;CYCA1;1, Nicta;CYCA3;1, Poptr;CYCH, and Orysa;CYCH.
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The precise number of pseudogenes for the seven selected families remains

unclear, because the detection of pseudogenes depends on the degree of

conservation still present in their gene structure and of detection by prediction

tools of these degenerated structures.

CDK/cyclin interactors and regulatory proteins

CKS proteins act as docking factors that mediate the interaction of CDKs

with putative substrates and regulatory proteins. Besides the already described

CDK subunit gene in Arabidopsis (Arath;CKS1; De Veylder et al., 1997), a second

CKS gene was found (Arath;CKS2) with sequence (83% identical and 90% similar

amino acids) and gene structure (number and size of exons and introns) very

similar to those of Arath;CKS1 (Figure 3.1.3a). The two CKS gene products miss

both the N- and C-terminal extension when compared with the yeast Suc1p/Cks1p

homologs (De Veylder et al., 1997). Upon the occurrence of stress or the perception

of antiproliferation agents, the CDK/cyclin complexes are repressed by the CDK

inhibitor (CKI) proteins. In mammals, two different classes of CKIs exist (the INK4

and the Kip/Cip families), each with their own CDK-binding specificity and protein

structure. Seven CKI genes, belonging to the group of Kip/Cip CKIs, have been

Table 3.1.2 Consensus sequences for cyclin and the destruction Box in 

Arabidopsis cyclins 

Subclass  Cyclin Box Signature  Destruction Box  

Cyclin A1  MR-(I/V)L(I/V)DW  RAPL(G/S)(D/N)ITN  

Cyclin A2  MR-(I/V)L(I/V)DW  RAVL(K/G)(D/E)(I/V)(T/S)N  

Cyclin A3
a
  MR-(I/V)L(I/V)DW  RVVLGEL(P/L)N  

Cyclin B1  MR-IL(I/V/F)DW  R-(A/V)LGDIGN  

Cyclin B2  MR-IL(I/V/F)DW  RR(A/V)L–IN  

Cyclin B3  TRGILINW  N.D.
b

Cyclin D1  REDSVAW  N.D.  

Cyclin D2  RNQALDW  N.D.  

Cyclin D3  R(E/K)(E/K)A(L/V)(D/G)W N.D.  

Cyclin D4  R(R/I)(D/Q)AL(N/G)W  N.D.  

Cyclin D5  RLIAIDW  N.D.  

Cyclin D6  RNQAISS  N.D.  

Cyclin D7  RFHAFQW  N.D.  

Cyclin H
c
  MRAFYEAK  N.D.  

a
 In CYCA3;1, cyclin box KRGVLVDW was not included in the consensus; 

no destruction box was detected.  

b
 N.D., not detected.  

c
 Plant cyclin H consensus for cyclin box MR(A/V)(F/Y)YE-K (based on 

the sequence of Arath;CYCH, Orysa;CYCH, and cyclin H of poplar).  
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described previously for Arabidopsis, designated KRP1 to KRP7 (De Veylder et

al., 2001). No extra KRPs could be detected in the complete genome and no plant

counterparts of the INK4 family were found as well.

CDK/cyclin activity is negatively regulated by phosphorylation of the CDK

subunit by the WEE1 kinase and positively when the inhibitory phosphate groups

are removed by the CDC25 phosphatase. A single WEE1 gene was identified on

chromosome 1. The WEE1 kinase was annotated by using two cDNA sequences

that were at our disposal (L. De Veylder, unpublished results) and has the highest

homology to the WEE1 kinase of maize, showing 56% similarity with the gene

product of a partial mRNA (Sun et al., 1999). No CDC25 phosphatase could be

identified.

Rb and E2F/DP

Rb and the E2F/DP proteins are key regulators that control the entry of DNA

replication. When the E2F/DP transcription factors are bound to Rb, they are

inactive, but they become active when Rb is phosphorylated by G1-specific CDK/

cyclin complexes, stimulating transcription of genes needed for G1-to-S and S

phase progression. Only one Rb could be identified in the Arabidopsis genome

that was located on chromosome 3. E2F genes are known for tobacco, carrot,

and wheat (Ramírez-Parra et al., 1999; Sekine et al., 1999; Albani et al., 2000;

Magyar et al., 2000), but no Arabidopsis family members have been described

until now, whereas two Arabidopsis DP genes (DPa and DPb) have been reported.

Figure 3.1.3 Gene tandem duplication of CKS and A3-type cyclin genes. Black rectangles

represent protein-encoding exons, and white rectangles represent untranslated regions based on

hits with ESTs or mRNA. Asterisks denote the exon with the stop codon. (a) Gene structure of

CKS1 and CKS2 on chromosome 2. The indicated chromosome region spans from 12,059 to

12,063 kb. (b) Gene structure of CYCA3;2, CYCA3;3, and CYCA3;4 on chromosome 1. The

indicated region spans from 17,022 to 17,030 kb. ESTs AT50714, AT50514, and AT37419 hit with

CYCA3;2 (data not shown).
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The E2F and DP genes were analyzed in a combined approach, because the

sequence of both types of proteins are partially similar (22% overall similarity). In

total, eight genes were detected in Arabidopsis. Although the sequence similarity

between these eight members of the E2F/DP family is rather low (20% overall

mean similarity), three groups had emerged based on prior experimental

information (Magyar et al., 2000) and phylogenetic analysis (Figure 3.1.4). The

first group comprises the E2F transcription factors that are most similar to the

mammalian E2F factors and were designated E2Fa, E2Fb, and E2Fc (46% overall

similarity). The second group consists of the two already known DP factors.

The third group contains three new genes with an internal similarity of 59%

and a sequence similarity with both E2F (21%) and DP genes (18%), initially

indicating some kind of relation with the E2F/DP genes. When the boxes present

in the E2F genes (DNA-binding, dimerization, Marked and Rb-binding box) and

DP genes (DNA-binding and dimerization box) were compared with these three

new genes, only a DNA-binding domain was found, but in duplex (Figure 3.1.5a).

Both DNA-binding domains are highly similar to the E2F DNA-binding domain.

Because of their phylogenetic position, they form a distinct class, which we

designated as DP-E2F-like (DEL). The DNA-binding domain of the E2F and DP

genes have a limited across-family homology (Figure 3.1.5b), including the RRxYD

DNA recognition motif (in their α3 helices), which interacts with half of the

palindromic promoter-binding site (CGCGCG and CGCGCG). Within all three

Figure 3.1.4 Unrooted Neighbor-Joining tree of the E2F, DP, and DEL Families with Poisson

Correction for evolutionary distance calculation. Bootstrap values of 500 bootstrap iterations are

shown. Scales indicate evolutionary distance. Arath, Arabidopsis.
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Figure 3.1.5 Structural organization of the E2F, DP, and DEL families at the protein level. (a)

Scheme of the DNA binding, dimerization, Marked, and Rb binding boxes in E2F, DP, and DEL

genes of Arabidopsis. (b) Alignment of putative DNA binding domains of E2F, DP, and DEL

proteins. All DEL proteins were split in two (parts a and b) to compare both DNA binding motifs

with those of E2F and DP. The RRxYD DNA binding motif is indicated by asterisks. Numbers

indicate protein length in amino acids (aa).
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DEL genes, the conserved DNA recognition motif RRxYD is also present in two

copies. The E2F/DP heterodimer binds and recognizes the palindromic sequence

of the binding site in an essentially symmetric arrangement (Zheng et al., 1999).

Protein secondary structure prediction for the DEL genes showed that the winged-

helix DNA-binding motif, a fold found in the cell cycle transcription factors E2F/

DP (three α helices and a ß sheet), is present in duplex in all these DEL genes.

The first and second DEL DNA-binding domain have an overall similarity of 61%

and 47% with the E2F DNA-binding domain, respectively. Currently, no

experimental data are available about the putative function and role of the DEL

genes in cell cycle regulation.

Gene/Genome organization

In order to find out whether the segmental or genomic duplications and the

acquisition of new cell cycle regulation mechanisms are linked, we mapped all

cell cycle genes on the five different chromosomes (Figure 3.1.6). Subsequently,

all duplicated regions in the Arabidopsis genome were defined and the position of

every cell cycle gene was compared with the coordinates of each duplicated block.

Comparison of the position of A2 cyclin genes with the position of duplicated

blocks in the Arabidopsis genome revealed that all four members are located in

duplicated blocks: one internal duplication on chromosome 1 (CYCA2;3 linked

with CYCA2;4) and one on chromosome 5 (CYCA2;2 linked with CYCA2;1). The

three CYCA3 genes were organized in tandem (CYCA3;2, CYCA3;3, and CYCA3;4

spanning a region of less than 8 kb) and have a highly similar gene structure

(number and size of exons and introns), as well as highly similar protein sequences

(74.3% overall similarity). Only CYCA3;2 had one significant EST hit, whereas

CYCA3;4 had an additional small predicted exon (33 nucleotides) when compared

with the other CYCA3 genes that occur in the same tandem (Figure 3.1.3b). Similar

to the A2-type cyclins, all four B2-type cyclins were located within duplicated

blocks: one duplicated block between chromosomes 2 and 4 (linking CYCB2;1

and CYCB2;2) and one internal duplication on chromosome 1 (linking CYCB2;3

and CYCB2;4).

Although in total 10 D-type cyclins were detected, only few of them were

located in duplicated blocks. CYCD3;2 and CYCD3;3 are members of an inverted

block between chromosome 5 and 3, whereas CYCD4;1 and CYCD4;2 are located

within an internal block of chromosome 5. The two CKS genes were located in a
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Figure 3.1.6 Physical positions of core cell cycle genes on the Arabidopsis genome. Segmental

duplicated regions are shown only when a cell cycle gene is present in a duplication event.

Colored bands connect corresponding duplicated blocks. Duplicated blocks in reverse orientation

are connected with twisted colored bands. Centromeres are represented as gray boxes. Chr1 to

Chr5, chromosomes 1 to 5.

gene tandem duplication, where the stop codon of CKS2 was separated by only

916 bp from the start codon of CKS1 (Figure 3.1.3a).

Special attention is required for two duplication events. On chromosome 1, a

large internal duplication occurred (spanning an area of approximately 4,890 kb
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leading to the formation of multiple smaller blocks, one of which contained two

pairs of cell cycle genes: CDKB2;2 linked with CDKB2;1 and CYCB2;3 linked with

CYCB2;4. The CYCB2;3 gene was present in tandem (interspersed by one gene)

and the second copy was designated Arath;CYCB2;3_pseudo, because its gene
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structure was degraded and imperfect with respect to CYCB2;3. We conclude

that this tandem duplication occurred after the segmental duplication event,

because in the region linked to the duplicated block, no trace of another extra B2-

like cyclin was found. Another special, internally duplicated event was found on

chromosome 5. Two duplicated blocks (Figure 3.1.6, brown blocks) were detected

that connected both extremities of the chromosome. Although these blocks could

be regarded as one, we clearly distinguished an invertedly duplicated block in

between (Figure 3.1.6, blue block). CYCD4;1 and CYCD4;2 both fit nicely into the

first block. CDKC;1 and CDKC;2 mapped in this region as well, located in the

small invertedly duplicated block. It is remarkable that, although both couples of

linked genes were located in duplicated blocks with different orientations, their

relative positions were the same (i.e. at the bottom and the top of chromosome 5,

a C-type CDK was followed by a D4-type cyclin). This configuration suggests that

initially one large duplication event occurred (Figure 3.1.6; the region spanning

brown and blue blocks) that was later reshuffled by inversions (and perhaps some

deletions), resulting in adjacent, duplicated blocks with different orientations and

sizes.

Discussion

The members of the Arabidopsis genome sequencing consortia use different

tools to perform automated genome annotations together with similarities to ESTs

and known protein sequence to refine gene models. This procedure has generated

a large quantity of information on the Arabidopsis gene repertoire. However, the

extraction of clear biological information for a particular process from these public

databases is not always that trivial (for instance, the word ‘cyclin’ as query in the

MIPS database returned 37 hits with 23 putative cyclin or cyclin-like hits). To

solve this problem, we designed a protocol, mainly focused on high-quality

homology-based annotation.

We used a combination of two selected high-quality Arabidopsis prediction

tools (Pavy et al., 1999; Schiex et al., 2001; C. Mathé and P. Rouzé, personal

communication), together with pure experimental information as reference material.

A first advantage of this method is that the chance of finding new and rarely

expressed genes is maximized because it is structurally characterized by tools

with higher specificity and sensitivity than those used by the different consortia

for generating genome annotation (Gopal et al., 2001). Secondly, focus on families
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with available experimental references allows comparisons with functionally well-

characterized genes and diminishes the risk of propagation of wrong annotation.

In addition, the use of hidden Markov profiles, which represent the complete

diversity within a family, is clearly more powerful than that of a single sequence

for remote-homolog detection (Karplus et al., 1998).

With this strategy, we have built a catalogue of 61 core cell cycle genes,

belonging to seven selected families. From these, 30 had not been described

before and for 22 of them the gene prediction provided by the Arabidopsis Genome

Initiative was incorrect. Corrected gene models have been submitted to TAIR and

can also be found at the web site http://bioinformatics.psb.ugent.be/. These results

highlight the complexity of the cell cycle regulation in Arabidopsis, indicating a

larger variety of genes than what was currently known experimentally.

Like in mammals, plants evolved to use different classes of CDKs to regulate

their cell cycle. In Arabidopsis, a total of six different CDK classes can be identified,

designated from A through F. Although some of these CDKs have been proven to

be active during specific phases of the cell cycle (Magyar et al., 1997; Porceddu

et al., 2001; Sorrell et al., 2001), no functional correlation can be made with CDKs

of other eukaryotes on the basis of protein sequences. For example, no clear

ortologs can be identified for the mammalian G1/S-specific CDK4 and CDK6,

suggesting that plants developed independently additional CDKs for more

specialized functions in the cell cycle control. This hypothesis is in agreement

with the observation that the cyclin-binding motifs found in the plant B-type CDKs

cannot be found in any CDK of other eukaryotes.

Within the CDK family, we identified three new CAK members, being close

homologs of the rice R2 gene (Hata, 1991). These CAKs (CDKD;1, CDKD;2 and

CDKD;3) differ structurally from the previously isolated Arabidopsis cak1At,

renamed CDKF;1. The high sequence diversity (35% overall sequence similarity

between D- and F-type CDKs) suggests that plants utilize two distinct classes of

CAKs. When the Arabidopsis CDKF;1 is compared with the rice R2, both classes

are functionally different: they both can complement yeast CAK mutant strains,

but show a different substrate specificity; the rice R2 phosphorylates both CDKs

and the carboxyl-terminal domain of the largest subunit of RNA polymerase II,

whereas CDKF;1 phosphorylates CDKs only (Umeda et al., 1998; Yamaguchi et

al., 1998).

The complexity of the cyclin gene family appears to be higher in plants than

in mammals. Compared to human, Arabidopsis has approximately 14 more A- and
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B-type cyclins, and seven more D-type cyclins. A major part of the A-cyclins

originated through large segmental duplications. For the 10 A-type cyclins, all

four members of the A2-type subclass are part of duplicated blocks and three

genes out of the four A3-type cyclins are organized in tandem. Several analyses

of the Arabidopsis genome sequence had already concluded that genes had

duplicated extensively in the history of the model plant. More than 50% of the

genes in Arabidopsis belong to a gene family with three or more members. After

analyzing regions of chromosomes 2, 4 and 5, Blanc et al. (2000) estimated that

more than 60% of the genome consisted of duplicated regions and suggested the

possibility that Arabidopsis was an ancient tetraploid. In a later analysis, Vision et

al. (2000) concluded that in fact several large independent duplications of

chromosome segments had happened at different time points in the plants’

evolution. This view was blurred by extensive deletion, inversion and translocation

of genes and chromosome segments, as well as smaller and tandem gene

duplications (The Arabidopsis Genome Initiative, 2000; Vision et al., 2000). In our

analysis, we detected that 22 core cell cycle genes are part of a segmental

duplication in the Arabidopsis genome. Whether there is functional redundancy

within A- and B-type cyclins, or whether some cyclin subclasses are differently

regulated (and expressed) will have to be analyzed.

In contrast to the A- and B-type cyclins, D-type cyclins lack high sequence

similarity among each other, which is reflected within the phylogenetic analysis

resulting in seven D-type subclasses. When compared with A- and B-type cyclins,

of which some complete subclasses (A2 and B2) are located within segmentally

duplicated blocks, no large duplications can be found for the D-type cyclins. Only

the D3 and D4 subclasses have different members. Redundancy of the D3-type

cyclins has been proposed previously as an explanation of the failure to observe

mutant phenotypes, when knocking out a single D3-type cyclin (Swaminathan et

al., 2000). Our analysis clearly confirms this hypothesis: the fact that two D3-type

cyclins are linked via a recent segmental duplication strengthens our belief that

these D3 cyclins are functionally redundant. A similar hypothesis could hold for

D4-type cyclins, because two out of three are located in a duplicated block.

The much larger divergence seen for D-type cyclins when compared to A-

and B-type cyclins might reflect the presumed role of D-type cyclins in integrating

developmental signals and environmental cues into the cell cycle. For example,

D3-type cyclins have been shown to respond to plant hormones, such as cytokinins

and brassinosteroids, whereas CYCD2 and CYCD4 are activated earlier in G1
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and react to sugar availability (for review, see Stals and Inzé, 2001). Because of

the large number of various D-type cyclins with different response to developmental

and environmental signals, cell division and growth in sessile plants might be

more flexible than what is observed in other eukaryotes.

Whereas plants clearly share all elements needed for G1/S entry with other

higher eukaryotes, they lack the typical class of E-type cyclins, known to be

essential regulators of DNA replication (Duronio et al., 1996). Presumably some

of the A- or D-type cyclins take over the role of the E-type cyclins. Also the lack of

a consensus Rb-binding motif in some D-type cyclins suggests that some cyclins

might have gained other novel functions during evolution. Alternatively, some of

the core cell cycle genes might have undergone such dramatic changes during

evolution that they cannot be recognized anymore as functional homologs of animal

and yeast counterparts, of which the CDC25 gene is the most likely example.

Both the presence of the antagonistic WEE1 kinase and accumulating biochemical

evidence point to the existence of a CDC25 phosphatase in plants (Zhang et al.,

1996; Sun et al., 1999), although it could not be identified as such in the Arabidopsis

genome.

It is surprising that mammals and plants have approximately the same number

of core cell cycle genes, with the exception of the above described difference in

cyclin number. Complex, multicellular organisms may need many more cell cycle

genes to coordinate cell cycle progression with the diverse developmental

pathways. Therefore, the pool of mammalian cell cycle genes is probably larger

than expected because of the frequent occurrence of alternative splicing. For

example, spliced variants of cyclin E are known, with an expression profile and

substrate specificity different from that of cyclin E itself (Mumberg et al., 1997;

Porter and Keyomarsi, 2000). At least five distinct DP-2 mRNAs are synthesized

in a tissue-specific fashion (Rogers et al., 1996). Depending on the splice variant,

the DP family members lack a nuclear localization signal and, when associated

with E2F, these different DP molecules have opposing effects on the E2F/DP

activity (De la Luna et al., 1996). Furthermore, alternative splicing in humans is

known for CDKs, CDC25, and CKIs (Wegener et al., 2000; Hirano et al., 2001;

Herrmann and Mancini, 2001). For cell cycle genes of plants, only one case of

alternative splicing has been reported (Sun et al., 1997).

E2F/DP transcription factors are characterized by the presence of both a

DNA-binding and transcription activation domain. Binding of these transcription

factors to the E2F/DP palindromic binding site is mediated by a small DNA
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recognition motif (RRxYD). By scanning the genome for E2F/DP-related proteins,

a putatively novel class of cell cycle-regulating genes was identified, designated

DEL. The DEL proteins have two E2F-like DNA-binding boxes, each including the

RRxYD motif, but have no activation domain. By competing for the same DNA

binding sites, monomeric DEL proteins could act as competitors of the E2F/DP

proteins and, because they lack an activation domain, they would act as a repressor

of E2F/DP-regulated genes. This mechanism would avoid G1-to-S transition, in

cases where conditions are not appropriate for entry in the S phase (such as DNA

damage and stress). This new class of putative cell cycle regulators seems not to

be plant specific, because one homolog was found in Caenorabditis elegans (data

not shown). In conclusion, our genome-wide analysis demonstrated an unexpected

complexity of the core cell cycle machinery in plants that is comparable with that

seen in mammals. The major challenge for the future is to understand the specific

role of all these individual genes in regulating cell division during plant

development.

Note added in proof

The postulated function of the DEL proteins has recently been confirmed

(Mariconti, L., Pellegrini, B., Cantoni, R., Stevens, R., Bergounioux, C., Cella, R.,

and Albani, D. [January 10, 2002] J. Biol. Chem. 10.1074/jbc.M110616200), but

the gene prediction for one DEL family member (E2Ff~DEL3) differs from the one

we present here. The gene structure we propose has been validated experimentally

in our laboratory.
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Publicly available protein sequences represent only a small fraction of the full

catalogue of genes encoded by the genomes of different plants, such as green

algae, mosses, gymnosperms and angiosperms. In contrast, an enormous amount

of expressed sequence tags exists for a wide variety of plant species, representing

a substantial part of all transcribed plant genes. Integrating protein and EST

sequences in comparative and evolutionary analyses is not straightforward

because of the heterogeneous nature of both types of sequence data. By combining

information from publicly available EST and protein sequences for 32 different

plant species, we identified more than 250,000 plant proteins organized in over

12,000 gene families. Approximately 60% of the proteins are absent from current

sequence databases, but provide important new information about plant gene

families. Analysis of the distribution of gene families over different plant species

through phylogenetic profiling reveals interesting insights into plant gene evolution,

and identifies species and lineage-specific gene families, orphan genes, and

conserved core genes across the green plant lineage. We counted a similar number

of approximately 9,500 gene families in monocotyledonous and eudicotyledonous

plants and found strong evidence for the existence of at least 33,700 genes in

rice. Interestingly, the larger number of genes in rice compared to Arabidopsis

can partially be explained by a larger amount of species-specific single copy

genes and species-specific gene families. In addition, a majority of large gene

families, typically containing more than 50 genes, is bigger in rice than Arabidopsis,

whereas the opposite seems true for small gene families.
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Introduction

Comparative genomics provides a powerful means to study gene structure

and the evolution of gene function and regulation. Analysis of genes or pathways

in a broad phylogenetic context allows scientists to better understand how complex

biological processes are regulated and evolve (Soltis and Soltis, 2003; Koonin et

al., 2004). Although phylogenetic studies can provide important insights into gene

and genome evolution (for examples, see Ermolaeva et al., 2003; Griffiths et al.,

2003; Vandepoele et al., 2003), a dense taxonomical sampling is necessary to

obtain a complete and accurate view of the evolutionary history of a biological

process and its underlying genes. Similarly, to draw biologically relevant

conclusions, the inference of orthology and paralogy between homologous genes

requires a good phylogenetic sampling (for review, see Doyle and Gaut, 2000).

Moreover, a coherent classification of homologous genes is essential for the high-

throughput extraction of functional and evolutionary information from gene

phylogenies. In this respect, the availability of numerous large-scale sequencing

projects offers the opportunity to study homologous genes, typically gene families,

from an evolutionary point of view. The construction of phylogenetic profiles, which

reflect the presence or absence of a particular gene family in a biological species,

is an effective method for the detection of conserved core genes, species-specific

single copy genes, species or lineage-specific gene family expansions, gene loss

and genes that have been transferred between nuclear and organellar genomes.

Furthermore, analysis of the phylogenetic profiles of protein families and of domain

fusion events helps to predict functional interactions and to deduce specific

functions for numerous proteins (Kriventseva et al., 2001).

Perhaps the best known example of an integrated sequence-based system

applying phylogenetic profiles is the COG database, which is a comprehensive

repository of functionally annotated clusters of bacterial and eukaryotic orthologous

genes (Tatusov et al., 2003). Although in Bacteria, Fungi and animals various

sequencing projects constantly enlarge the gene space (for an overview, see

http://www.ncbi.nlm.nih.gov/genomes/static/EG_T.html), the situation is different

for plants (Pryer et al., 2002). Apart from Arabidopsis thaliana and Oryza sativa

(rice), where genome sequencing projects present a first overview of the

eudicotyledonous and monocotyledonous gene repertoire, respectively

(Arabidopsis Genome Initiative, 2000; Feng et al., 2002; Goff et al., 2002: Sasaki

et al., 2002; Yu et al., 2002; Rice Chromosome 10 Sequencing Consortium, 2003),
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the majority of all other Viridiplantae, ranging from early land plants such as mosses

and ferns, to highly developed flowering plants lack a comprehensive overview of

the proteins encoded by their genomes. On the other hand, an enormous amount

of plant expressed sequence tags (ESTs) - single-pass sequence reads from

reverse transcribed mRNAs - is publicly available and provides a substantial

representation of the plant transcriptome (Rudd 2003). Because the overall number

of plant ESTs is by far larger than that of plant proteins currently stored in public

sequence repositories, the phylogenetic analysis of plant genes based on complete

protein sequences is difficult and inefficient (Raes et al., 2003) and offers only a

very limited view on the total amount of plant sequence information currently

available.

Here, we present an integrated sequence repository (available as – Sequence

platform for the Phylogenetic analysis of Plant Genes [SPPG] - in the section

Databases at http://bioinformatics.psb.ugent.be/) that combines EST sequence

data with protein information, providing an excellent starting point for plant

comparative and evolutionary genomics. This is illustrated by the examination of

several thousands of gene families distributed over a large number of different

plant species, which reveals unique features about the evolution of plant gene

families.

Results and discussion

EST assembly, ORF detection, protein clustering and functional
annotation

Initially, 106,174 proteins and 2,884,000 EST sequences from 32 different

plant species were retrieved from EMBL and TIGR to construct a non-redundant

and high-quality data set of plant proteins. After the assembly of the EST

sequences, annotation of open-reading frames (ORFs) on EST clusters, and

processing all currently available proteins for the plant species selected here

(see Materials and methods for technical details), a total of 86,077 non-redundant

plant proteins from EMBL and TIGR were obtained, together with 253,857 EST

clusters derived from more than 1.8 million clustered EST sequences (Table 3.2.1;

Figure 3.2.1). Fifty-seven percent of all initial EST sequences could be assembled

into an EST cluster comprising on average 6.16 ESTs. These results are very

comparable with similar plant EST assembly initiatives (TIGR Plant Gene Indices;

Quackenbush et al., 2001 and PlantGDB; Dong et al., 2004). Nevertheless,
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because we applied more stringent assembly criteria to reduce the creation of

chimeras and other artificial cDNAs (see Materials and methods), the overall

number of EST assemblies per species is slightly smaller than that in PlantGDB

and TIGR Gene Indices. For two-thirds of all EST clusters an ORF longer than 50

codons could be determined, resulting in 166,306 protein sequences (Figure 3.2.1).

Thus, in total 252,383 non-redundant plant proteins were assigned to the final

data set. Approximately 82% of all proteins (which corresponds to 207,023 proteins)

could be assigned to 14,369 gene families, here defined as a set of two or more

homologous gene sequences. Overall, a good correlation between the initial

number of ESTs and the final number of clustered plant proteins was observed

(r2=0.88), which indicates that there is no significant bias in the EST assembly

and ORF annotation routines applied for these different Viridiplantae species (see

Materials and methods for details). Whereas a minority of gene families (i.e. 4,275)

contains only proteins derived from EST clusters, the majority (i.e. 10,094) consists

of proteins from EMBL, TIGR or both. In addition, 46% (6,664) of all gene families

contain proteins derived from both EST clusters and EMBL or TIGR. Consequently,

this subset corresponds to gene families with a dense sampling over the different

plant species included in the data set, with an average total of 27 proteins per

family from 9.7 different plant species. In contrast, the overall sampling density

for all 14,369 gene families is 14.4 genes sampled over 5.5 different plants per

family. Despite the fact that only 25% of all proteins derived from EST clusters are

truly full-length (i.e. the protein begins with a start codon and ends with a stop

codon), the majority (86%) of all these proteins has significant homology with

other proteins, offering additional information for the phylogenetic profiles (see

below). Approximately 45,000 protein sequences were not clustered into gene

families. Although 30% of these unclustered proteins represent single-copy

species-specific genes (or orphan genes, see below), the majority corresponds

to partial proteins, derived from incomplete ORFs annotated on non full-length

EST clusters, with sometimes only partial homology to other plant proteins. Indeed,

one might expect that a number of gene families only comprising proteins derived

from EST clusters will represent partial proteins. These proteins will not be clustered

with the corresponding full-length proteins because they do not fulfill the global

homology criterion required for being added to such a group of related proteins.

We estimate that approximately 11% of all gene families form a group of related

partial proteins, derived from EST clusters, for which a related full-length gene

family exists (see Materials and methods).
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Figure 3.2.1 Schematic overview of the construction of the data set. The white barrels represent

the initial sequence data retrieved from TIGR and EMBL, the dark grey boxes routines applied to

manipulate and organize the data, whereas the light grey box describes the final amount of

sequence data derived from the different sources (see text for details). Except for Arabidopsis

and rice, whose nuclear protein-encoding genes were retrieved from TIGR, all other sequence

data for the 32 species was obtained through EMBL. The numbers of sequences are indicated in

brackets.

TIGR sequences
(88,664)

EST assembly

[TGICL]

EST

sequences
(2,884,000)

EMBL

CDS sequences
(17,510)

EST clusters
(253,857)

Arabidopsis &

rice nuclear proteins
(73,404)

ORF detection

[FRAMED]

translated CDSs

from EMBL entries
(12,673)

predicted ORFs

on EST clusters
(166,306)

valid EMBL entries
(12,673)

redundant entries

orphan genes
(14,702)

removal transposon-

like entries [BLASTP]
(12,500)

Non-redundant

plant proteins
(252,383)

all-against-all
sequence comparison

[BLASTP]

protein clustering

14,369 gene families

1,515 partial-protein
families

12,854 full-length
families

(207,023)

(5,356) (201,667)
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Gene families and individual genes have been functionally annotated based

on the available gene descriptions and Gene Ontology (GO) annotations of protein

sequences derived from EMBL and TIGR. Approximately 58,000 gene descriptions

could be mapped on 11,938 different gene families and 22,395 functional GO

labels of Arabidopsis could be assigned to 4,099 gene families. When gene

descriptions are transferred between different members of the same gene family,

more than 80% of plant sequences can be labeled with functional information.

Gene content in chloroplast and mitochondrial genomes

In addition to assigning general gene descriptions to families or individual

proteins, information about the nuclear or organellar origin of genes has also

been integrated, which allows us to determine the amount of chloroplast and

mitochondrial DNA sequences that have been inserted into or transferred to the

nucleus. In total, 704 chloroplast and 275 mitochondrial gene products were

identified that could be clustered into 202 distinct gene families. Interestingly, in

numerous gene families genes from different origins were grouped. Sixty-six and

24 gene families were found uniquely for chloroplast or mitochondrial genomes,

respectively, whereas 110 organelle families were identified for which homologs

were also detected in the nuclear plant genome of Arabidopsis or rice.  Two gene

families were identified encoded by the chloroplast and mitochondrial genome

(NADH dehydrogenase subunits 1 and 4). Gene families in both mitochondrial

and nuclear genomes encode for cytochrome c subunits, ribosomal proteins and

transfer RNAs, whereas a wide variety of genes, covering 66 different gene families,

was found in both chloroplast and nuclear genomes (for full list, see Supplemental

Table I available at www.plantphysiol.org). In addition, ten families were identified

in the mitochondrial, chloroplast and nuclear genomes of different species encoding

ribosomal proteins, NADH dehydrogenase subunits, Fe-superoxide dismutase,

ATP synthase subunit 1 and an asparagine transfer RNA. This confirms previous

findings that genes frequently are transferred from the chloroplast or mitochondrial

genome to the nucleus, where they acquire new expression control and targeting

signals for the correct expression, translation and re-import into the organelle

(Martin, 2003).

Strikingly, whereas 19% (15 out of 76 gene families) of all chloroplast gene

functions in Arabidopsis are also present in the nuclear genome, in rice 37% (30

out of 81 gene families) of all chloroplast gene functions are found in the nuclear
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genome. This difference confirms previous findings that the rice nuclear genome

is significantly more enriched with plastid genome sequences than that of

Arabidopsis (Shahmuradov et al., 2003). Although recent gene transfers from the

chloroplast to the nuclear genome might be associated with chloroplast genome

reduction due to subsequent gene loss, the overall number of distinct gene

functions in the rice chloroplast genome is not significantly different from that of

the Arabidopsis chloroplast genome (81 and 76 gene families, respectively).

Therefore, it is currently unclear whether this current redundancy represents the

first step of the transfer of chloroplast gene functions to the rice nucleus and has

any evolutionary consequences (Timmis et al., 2004).

Application of phylogenetic profiles for the evolutionary classification of
plant genes

An overview of the number of proteins ascribed to gene families is shown in

Table 3.2.1. As expected, the largest numbers of proteins that can be assigned to

gene families are derived from Arabidopsis and rice (22,412 and 30,993 genes,

respectively), for which nearly complete nuclear genome sequences have been

determined. Monocotyledonous plants, such as Triticum aestivum, Zea mays,

Sorghum bicolor and Hordeum vulgare, are also well represented, as well as the

eudicotyledonous plants Glycine max, Medicago truncatula, Solanum tuberosum,

Lycopersicon esculentum and Vitis vinifera. For the moss Physcomitrella patens,

more than 6,300 proteins are clustered into gene families, which can be explained

by the exhaustive EST-sequencing efforts lately (Nishiyama et al., 2003). In

contrast, for other plants only a limited number of protein sequences are available.

In addition to defining sensu stricto phylogenetic profiles at the species level,

we also determined the overall presence of each gene family over distinct taxa of

the Viridiplantae. The different taxa scored were, at lower taxonomic levels,

Chlorophyta, Bryophyta, gymnosperms and angiosperms, the latter being further

subdivided in monocots and eudicots. At a higher taxonomic level, eurosids I,

eurosods II, rosids, asterids and Caryophyllales were discerned. Given the still

very incomplete nature of most available plant gene sequences, these high-level

phylogenetic profiles offer an alternative representation of the distribution of gene

families within the green lineage (Figure 3.2.2). Moreover, these alternative profiles

provide a valuable tool for the extraction of information about the evolution of

gene functions.
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Chlorophyta

Not shown: Vitis vinifera

Chlamydomonas reinhardtii

Physcomitrella patens

Pinus taeda, Pinus pinaster

Mesembryanthemum crystallinum,
Beta vulgaris

Populus balsamifera subsp. Trichocarpa,

Populus tremula, Populus tremula x Populus tremuloides,
Populus x canescens, Prunus persica,

Glycine max, Lotus corniculatus var. Japonicus, Medicago truncatula

Oryza sativa, Sorghum bicolor, Sorghum propinquum,
Zea mays, Hordeum vulgare, Triticum aestivum

Helianthus annuus, Zinnia elegans, Lactuca sativa,
Capsicum annuum, Nicotiana tabacum,

Solanum tuberosum, Lycopersicon esculentum

Arabidopsis thaliana, Brassica napus,
Gossypium arboreum, Gossypium hirsutum

1,111 (62)

2,568 (321)

1,181 (43)

9,967 (3,009)

9,355

12,416

5,686 (320)

1,732 (5)

7,535 (823)

6,087 (351)

Bryophyta

Gymnosperms

Grasses

Asterids

Caryophyllales

Eurosids I

Eurosids II

Core plant genes, species- and lineage specific gene families, and
orphans

Examination of the high-level phylogenetic profiles revealed that a total of

397 gene families covering 53,796 proteins were present in chlorophytes,

bryophytes, gymnosperms and angiosperms. These conserved gene families thus

represent a set of core genes found in all major divisions of the Viridiplantae. As

expected, the functional classification of these gene families shows that they

encode basic components of the plant cell machinery, such as genes involved in

translation, ribosomal structure, post-translational modifications, energy

production, secretion, amino acid transport and metabolism (see Supplemental

Figure 1). The number of core proteins in Arabidopsis identified here (4,177) is

larger than the 1,152 Arabidopsis proteins conserved in all eukaryotes (Guttierez

et al., 2004), which can be explained by the presence of a large number of gene

functions specific to the green lineage but absent from other eukaryotic kingdoms.

Indeed, we find that only 10% of the Arabidopsis plant core genes is part of the

eukaryotic core as defined by Guttierez (2004), suggesting a large number of

plant-specific core gene functions. As expected, a large number of these plant-

Figure 3.2.2. Phylogenetic distribution of all gene families over different taxa of the Viridiplantae.

The number of gene families in one or more species belonging to a particular taxon is shown

beneath the branches.  The number of gene families exclusively found for a particular taxon is

shown between parentheses. Families grouping partial protein sequences were discarded (see

text for details). Arrows indicate the number of gene families found in the eudicots (9,355) and

angiosperms (12,416).
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specific core genes are involved in photosynthesis. Surprisingly, when combining

the set of 3,848 plant-specific Arabidopsis proteins identified by Guttierez et al.

(2004) with the phylogenetic profiles computed here, only 3% of these proteins

belong to the set of core gene families. This indicates that a large fraction of

these putative plant-specific genes are part of species- or lineage specific gene

families and do not belong to the set of plant core genes, as it is defined now by

including more plant species.  It should be noted that in our data set only eight

gene families were found in all 32 plant species, which is very illustrative for the

current poor status of gene sampling in plants. Surprisingly, 26 core gene families

(i.e. 7% of all core families) correspond to genes with unknown function, which

suggests that they represent essential, albeit unexplored, gene functions in plants.

This number is significantly higher than the 2% of uncharacterized core gene

families in pan-eukaryotic KOGs (18/860, http://www.ncbi.nlm.nih.gov/COG/new/

; Koonin et al., 2004). Genes typically used for reconstructing the phylogenetic

relationships between different plant phyla were found in a majority, if not all,

species (e.g. tubulin, actin, Rubisco subunits, heat shock protein hsp70 and

elongation factor 1 alpha).

In contrast to the set of core genes, a large number of gene families are

specific to one particular plant. Initially, 3,337 species-specific gene families

(SSGFs) were identified when querying the profiles of all gene families. Because

the general gene family delineation was performed with rather conservative criteria,

less stringent protein clustering parameters were applied in order to determine

the real number of SSGFs, lineage-specific families (LSGFs) and orphan genes

(see Materials and methods). In total, 1,116 SSGFs containing 5,180 proteins

were detected, with the largest number in rice, Arabidopsis and Physcomitrella,

covering 637 (~4,258 proteins), 187 (~1,241 proteins) and 164 (~408 proteins)

gene families, respectively. The availability of a complete genome sequence for

Arabidopsis and rice may be the reason for the larger number of SSGF proteins,

whereas for Physcomitrella the absence of sequence data from closely related

species in combination with the large number of available EST/cDNA sequences

explains the high amount of SSGF proteins. Approximately 82% of all SSGF

proteins lack a functional annotation, which indicates that they play a role in

unknown or poorly characterized biological processes. Although one might expect

that LSGFs will be hard to detect in an incomplete and fragmented plant data set

(Jabbari et al., 2004), several examples were obtained by querying the phylogenetic

profiles. An overview of some SSGFs and LSGFs for which functional information
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is available is given in Table 3.2.2. The largest SSGF was found in Arabidopsis

and codes for Ulp1 proteases, a eukaryotic class of cysteine proteases. Examples

of genes driving unique taxa-specific biological processes are matrix

metalloproteases, lytic enzymes digesting the cell walls of mating-type gametes

during mating in Chlamydomonas reinhardtii (Kinoshita et al., 1992), specific

nodulin genes participating in nodule formation and function in legume plants

(Kevei et al., 2002; Mergaert et al., 2003), and zeins, a class of seed storage

proteins typically found in panicoid cereals (Shewry and Halford, 2002).

In order to estimate the real number of orphan genes for a particular organism,

we compared these proteins with the total data set by using less strict sequence

similarity criteria than those used for the construction of the gene families. Still

more than 14,000 orphan genes were detected, the largest number being found

in rice and the lowest in Zinnia elegans (Table 3.2.1). Interestingly, the number of

expressed orphan genes is only 6,482, because almost half of all putative orphans

are predicted genes of O. sativa and Arabidopsis lacking proof of expression (no

EST- or cDNA supported gene model). P. patens seems to be the organism with

the highest number of expressed orphan genes (2,053) in the full data set, which

can be explained by its unique taxonomic position and current EST/cDNA

sequencing status. Indeed, P. patens is the only moss representative in the data

set and has a high number of ESTs yielding more than 10,000 different moss

proteins. Overall, disregarding P. patens, the observed correlation between the

number of initial EST sequences and the final number of orphan genes for all

plant species is linear (r2=0,83; y=0,0011x + 25.482). Hence, within these plant

species, the chance of detecting new orphan genes only increases with one new

orphan per ~900 additional ESTs. In this respect, the 131 orphan genes for C.

reinhardtii, which also lacks closely related species in this data set and has a high

number of ESTs (>140,000), seems unexpectedly low. Most probably, the fact

that only 26% of all C. reinhardtii EST clusters yielded a protein sequence of more

than 50 amino acids compared to 79% for P. patens, for which overall longer

cDNA sequences could be obtained, reduces the number of detectable

Chlamydomonas orphan genes. The current sequencing and gene annotation of

the Chlamydomonas genome will probably reveal additional information about

the amount of Chlorophyta-specific and orphan genes (Grossman et al., 2003).
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Gene loss in Arabidopsis and rice

In order to determine specific gene loss events in Arabidopsis and rice, we

searched the phylogenetic profiles for conserved gene functions present in

numerous eudicots and grasses but absent in Arabidopsis and rice, respectively.

Subsequently, we used less stringent sequence similarity criteria (see Materials

and methods) to validate whether a particular gene family indeed was absent in

the full proteome of Arabidopsis or rice. We identified seven gene families that

were present in five or more plant species, including related Eurosid II species,

but were absent from Arabidopsis. A detailed search with protein sequences of

related plants for the missing genes against the raw genomic Arabidopsis BAC

sequences yielded three loci with significant similarity (see Table 3.2.3 and

Supplemental Table II). This indicates that these loci may represent active genes

missed by the current gene annotation efforts, whereas the absence of the other

four gene families could point to gene loss in Arabidopsis. An alternative explanation

is that these four gene functions do exist in Arabidopsis but are located in currently

unsequenced chromosomal regions, such as centromeres (Yamada et al., 2003;

Nagaki et al., 2004). In rice, 62 gene loss events were detected for gene families

with homologs in five or more other species, including other cereals. For more

than 70% (45/62) of the missing gene families a homologous rice locus could be

identified on the raw BAC sequences. Although this higher number might reflect a

similar degree of gene loss in rice than Arabidopsis, this observation is most

probably biased due to the current incomplete status of the rice sequencing project.

The gene families that are currently untraceable in Arabidopsis and rice are shown

in Table 3.2.3.

Despite the high number of publicly available protein and EST sequences for

monocots that are extremely valuable for extrinsic gene prediction approaches

(Mathé et al., 2002; Allen et al., 2004), these observations indicate that the current

gene annotation in rice still suffers from a number of missed genes. In addition,

the high number of unclustered rice genes (~8,600 genes) and putative orphans

currently lacking any evidence of expression (~7,000 genes) indicate that further

improvement and retraining of gene prediction programs, together with newly

developed extrinsic gene prediction methods seems inevitable for fully exploiting

the rice genome sequence (Rouzé et al., 1999; Bennetzen et al., 2004). When

compiling all results, our data provides strong evidence for the existence of 33,708

rice genes (30,993 genes organized in gene families + 704 expressed orphan

genes + 2,011 unclustered genes with EST/cDNA support) when excluding 12,398
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proteins resembling transposable elements (see Materials and methods). Note

that this is a very conservative estimation, since it has been shown that a

considerable amount, up to 37% in Arabidopsis, of genes lacking EST/cDNA

support do represent active genes (Yamada et al., 2003).  When taking into account

the large number of unclustered rice proteins that are partially homologous with

other plant proteins (6,252 proteins matched other rice or plant proteins with a

BLASTP E-value< 1e-05), the estimated number of rice genes increases to 39,960.

Whether this set of proteins corresponds to genuine genes or pseudogenes, as

observed in other eukaryotic genomes (Mounsey et al., 2002; Torrents et al.,

2003), remains to be determined.

A closer look at Arabidopsis and rice

Comparing all conserved gene families between Arabidopsis and rice makes

it possible to verify whether the larger number of genes in rice, as suggested in

the past (Goff et al., 2002; Yu et al., 2002) and partially confirmed here, can be

the consequence of gene amplification in specific families. A detailed comparison

of all 5,910 gene families containing 18,461 and 22,149 genes in Arabidopsis and

rice, respectively, is given in Figure 3.2.3. We found that 51% of these gene families

have the same copy number in both model plants, whereas 10% of all gene families

have a more than two-fold size difference. Interestingly, the best-fit line shows

that in general large gene families, containing more than 50 genes, are larger in

rice than in Arabidopsis, whereas the opposite, slightly counterbalancing pattern

is observed for small gene families containing less than 5 genes (Figure 3.2.3).

Moreover, 76% of all gene families with a >5 fold size difference are bigger in rice

compared to Arabidopsis. Examples of gene families that strongly vary in copy

number are coding for TIR and non-TIR NBS-LRR disease resistance genes (Zhou

et al., 2004), Kelch repeat-containing F-box proteins, BTB/POZ domain-containing

proteins, glycosyl hydrolases and F-box family proteins (Figure 3.2.3). Phylogenetic

analysis on a subset of gene families with a higher copy number in rice than in

Arabidopsis indicates that they have expanded significantly in rice, after the

divergence of monocots and eudicots from their last common ancestor

(Supplemental Figure 2). The expansion of the chalcone synthase (CHS) family

in rice, a catalyst in the first steps of flavonoid biosynthesis, might reflect an adaptive

strategy in its evolution, because previous analyses have reported the extensive

differentiation in gene expression among duplicate copies of CHS genes (Durbin
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et al., 2000). Likewise, the expansion of receptor-like kinases involved in defense

and disease control in rice, for which we observe a >1.9 size difference, offers

advanced sensing towards diverse extracellular signals (Shiu et al., 2004). Similar

patterns of gene family expansion were also observed in gene families that are

larger in Arabidopsis than in rice, which suggests that the extension of gene families

through gene duplication is a more common phenomenon in higher plants than
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Figure 3.2.3 Size variations of all 5,910 gene families shared by Arabidopsis and rice. The

position of each dot representing a gene family describes the number of genes identified in

Arabidopsis and rice (abscissa and ordinate, respectively). The dotted line shows the 1:1 ratio

and the black line the best-fit line (y=0.5399x + 1.1002; r2=0.95). The dark grey and light grey

areas indicate a >5 fold and >2 fold size difference, respectively, whereas the white area indicates

a <2 fold size difference. The gene families indicated by their family ID are: 335, F-box domain

containing protein; 3706, NB-ARC domain / disease resistance protein (CC-NBS-LRR class);

3769, disease resistance protein (TIR-NBS-LRR class); 3847, EXS family protein; 4746, kelch

repeat-containing F-box family protein; 5858, chalcone synthase; 6582, putative speckle-type

protein / BTB/POZ domain; 6685, unknown; 7057, glycosyl hydrolase family 18; 7580,

pentatricopeptide (PPR) repeat-containing protein; 9434, disease resistance protein (NBS-LRR

class); 11242, F-box family protein.
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massive reduction through gene loss. The presence of a number of large gene

families with similar copy numbers in both plant model systems, such as gene

families covering transcription factors, transporter proteins, cytochrome P450s

and phosphatases, corresponds with previously reported findings (Goff et al.,

2002).

Apart from analyzing the conserved gene families between Arabidopsis and

rice, we also examined the distribution of gene families containing Arabidopsis or

rice genes over a wider range of plant species using the high-level phylogenetic

profiles (see above). Although 69% of the gene families in grasses are also present

in eudicots, 3,006 gene families are unique to the grasses, of which 42% represent

grass-specific families found in multiple cereals. These results correspond with

previous estimates of putative monocot-specific genes using sugarcane ESTs

(Vincentz et al., 2004). In addition, we found that 11% of all families present in the

grasses with homologs in eudicots were absent in Arabidopsis, which confirms

our findings that gene loss in specific lineages or species is common. This number

is considerably higher than the 2% of sugarcane sequences that matched

homologous non-Arabidopsis eudicot sequences and is most probably caused by

the higher number of eudicotyledonous species used here, compared to the

analysis of Vincentz et al. (2004). The reverse query indicates that also 11% of all

families conserved between monocots and eudicots are absent in rice, suggesting

that the amount species-specific gene loss in monocots and eudicots is very similar.

Although the overall evolutionary distributions of gene families is very similar for

Arabidopsis and rice (see Figure 3.2.3 and Supplemental Figure 3), the number

of rice-specific gene families (and genes) is approximately two to three fold larger

for rice than for Arabidopsis (see above). Thus, this set of genes, together with

the set of orphan genes, also accounts for the larger number of genes currently

found in rice than in Arabidopsis. Finally, the fact that 914 gene families are detected

solely in the fully sequenced genomes of Arabidopsis and rice indicates that a

fraction of plant gene functions is currently not covered by gene discovery efforts

through EST sequencing.

Conclusion

Recent estimates show that approximately 43,000 plant protein sequences

are known, which can be classified into approximately 4,053 gene families

(Mohseni-Zadeh et al., 2004). Although an enormous amount of ESTs are publicly
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available for a variety of plant species, these sequences only represent partial

information about transcribed genes and lack annotated coding sequence

information. Consequently, phylogenetic analysis of plant genes and gene families

based on protein information combined with manual addition of homologous plant

ESTs is very time consuming and has an overall low success rate. Analysis of the

data set described here suggests that approximately 19,300 different gene

functions (i.e. 12,854 full-length gene families + 6,482 expressed orphans) exist

in the green plant lineage. When all gene families covering partial proteins are

discarded, 9,355 gene families are found in the eudicots, of which 89% are found

in multiple species, with an additional 2,353 expressed orphan genes. Similarly,

9,967 gene families have been detected in the grasses, of which 82% are found

in multiple species, together with 2,084 expressed orphan genes for specific

cereals. These numbers suggest that the total number of gene functions in

monocots and eudicots is comparable and seems to indicate that a substantial

portion of the recently described rice genes are anomalous sequences representing

incorrect gene predictions or pseudogenes (Goff et al., 2002; Yu et al., 2002;

Jabbari et al., 2004; Bennetzen et al., 2004). Nevertheless, a significant difference

in copy number between Arabidopsis and rice was uncovered for a subset of

large gene families, SSGFs and orphan genes, confirming the larger number of

genes in rice compared to Arabidopsis. Clearly, the large number of expressed

orphans, together with numerous examples of SSGFs and LSGFs, complemented

with the observations of gene loss in Arabidopsis and rice, illustrate the high

plasticity of plant genomes.

Materials and methods

Construction of the data set

The data set consists of two subsets, one including publicly available plant

proteins, the other containing EST sequences. The protein data set covers data

extracted from EMBL (Kulikova et al., 2004) for 30 different plant species, whereas

the EST set contains data of more than 2.8 million ESTs for these plant species.

Sequence information for Arabidopsis thaliana and Oryza sativa, for which a nuclear

genome sequence is available, was obtained from TIGR (Arabdidopsis release 5

from January 2004; Wortman et al., 2003; rice release April 2004; Yuan et al.

2003). If multiple protein sequences were available for the same locus, the protein
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of the first gene model was retained. Hundred two Arabidopsis proteins with

similarity to known plant transposable elements (BLASTP E-value <1e-05 with

Swiss-Prot transposable elements) were not retained for further analysis. For

rice, all 12,398 proteins with gene description “transposon” or “retrotransposon”

were discarded.

 EST sequences were transformed into EST clusters (also called unigene or

tentative consensus) and a set of singleton ESTs with the EST clustering software

developed by TIGR (Pertea et al., 2003). ESTs were clustered and assembled in

such a way that paralogous gene sequences should be maintained as such and

not merged into a single chimeric EST cluster. To this end, conservative parameters

were applied (minimum percent identity 99%, minimum length of overlap 50 bp

and a maximum mismatched overhang of 20 bp), which are more stringent than

those of TIGR Gene Indices or NCBI Unigenes (for a detailed comparison of

these and others EST assembly efforts, see Parkinson et al., 2002). All mRNA

sequences of all genes in the protein data set were also incorporated during the

EST clustering. As a consequence, all ESTs perfectly matching an existing plant

mRNA were remapped to one gene sequence, avoiding inclusion of redundancy

in the data set. Similarly, redundant genes in the protein layer were removed,

because identical mRNAs were merged into a single gene sequence.

Next, putative ORFs were delineated for all EST clusters. For these EST

clusters containing experimentally derived mRNAs, the corresponding coding

sequence (CDS) information was retained. For all other sequences, the coding

frame and putative CDS were determined with the FrameD software tool (Schiex

et al., 2003). When validating the FrameD software against a subset of mRNAs

from the protein set from different species, its overall sensitivity was good (85%

for mRNAs with an EMBL CDS annotation using the Arabidopsis Interpolated

Markov Model [IMM]), but rather low for species without a specific IMM, such as

Chlamydomonas and Pinus (2% and 63%, respectively). Because different plants

have different codon usages and only a limited number of plant IMMs is available

in FrameD, additional IMMs were required to have a good overall ORF detection

sensitivity not biased towards particular plant species. Therefore, we first created

training sets for each plant species for which no IMM was available, based on the

annotated CDS of mRNAs present in the EMBL database. After a careful evaluation

of the available FrameD IMMs on the training sequences from different plants

and a detailed comparison of the codon usage in the 30 plant species under

investigation (data not shown), we constructed five new IMMs (one for



202

Part 3

Chlamydomonas, Physcomitrella, the Pinaceae, the Asterids and the

Caryophyllales). Note that not all new models are species specific because some

models were built with sequences from several closely related plant species (see

Supplemental Table III). Finally, for each plant species, ORFs were determined

on the EST clusters with FrameD using a specific IMM (Table 3.2.1; additional

parameters –E for eukaryotic EST analysis and –C for correcting frameshifts;

Schiex et al., 2003). Only putative ORFs with a minimal length of 50 codons were

retained.

All translated coding sequences of the EST clusters and all sequences from

the protein data set were used to construct gene families by applying sequence-

based protein clustering (Li et al., 2001). First, an all-against-all sequence

comparison was performed using BLASTP (Altschul et al., 1997) and relevant

hits were retained (Li et al., 2001). Briefly, this method considers two proteins as

being homologous only when they share a substantially conserved region on

both molecules with a minimum amount of sequence identity. In this manner,

homology based on the partial overlap of single protein domains between two

multi-domain proteins, which occasionally leads to significant E-values in BLAST,

is not retained. The proportion of identical amino acids in the aligned region

between the query and target sequence is recalculated to I’ = I x Min(n1/L1,n2/L2),

where Li is the length of sequence i and ni is the number of amino acids in the

aligned region of sequence i. This value I’ is then used in the empirical formula for

protein clustering proposed by Rost (1999). These additional criteria prevent that

partial ORFs derived from two EST clusters, which in reality originated from the

same gene, were counted as two distinct family members. Finally, all valid

homologous protein pairs (e.g. protein A is homologous to protein B, protein B is

homologous to protein C) were subject to a simple-linkage clustering routine to

delineate protein gene families (for example, family with proteins A, B and C). In

total, more than 39 million blast hits were evaluated and >6.4 million valid

homologous protein pairs were used for delineating the gene families.  An

evaluation of Li’s method (2001) applied on yeast sequences showed that it

behaves equally well compared to other automatic protein clustering algorithms

(Yang et al., 2003). Although one might argue that by using this method partial

proteins will be split from their complete homologous counterparts (see below),

we prefer this conservative clustering approach because a less stringent protein

clustering would lead to the creation of superfamilies, obscuring every pattern of

evolutionary conservation for a specific gene function. Additional information about
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different protein clustering strategies that were evaluated can be found on our

website.

GO functional annotation

Gene Ontology gene associations for Arabidopsis proteins were retrieved

from TIGR (ftp.tigr.org/pub/data/a_thaliana/ath1/

DATA_RELEASE_SUPPLEMENT/) and remapped to the generic GO Slim

classification scheme (ftp.geneontology.org/pub/go/GO_slims/goslim_generic.go)

with the Perl script map2slim.pl (available at www.geneontology.org).

Analysis of gene families consisting of partial proteins

Throughout this analysis, we assumed that Arabidopsis and rice genes

derived from the genome sequencing projects represented full-length proteins.

Given the fact that the family delineation algorithm does not create family

relationships between homologous proteins that vary extremely in length (i.e. that

lack global homology), we believe that gene families including Arabidopsis and

rice proteins will generally not contain clustered partial proteins. These full-length

families represent the majority of all gene families (i.e. 68% of all 14,639 gene

families). We obtained 4,341 gene families without Arabidopsis and/or rice

homologs that might contain partial proteins (designated partial protein families,

PPF). For each of the 14,369 gene families, a random gene representative was

selected and compared with all other gene representatives. Subsequently, all

significant similarities (BLASTP E-value < 1e-15) between genes representing

full-length families and PPFs were scored. Finally, we identified these PPFs that

were significantly shorter than the homologous full-length family. We found 1,415

and 1,515 PPFs that were more than 50% and more than 30% shorter than the

homologous full-length family, respectively. In order to reduce the chance of

overpredicting the final number of gene families, we selected the 1,515 gene

families that were at least 30% shorter than their full-length counterpart as gene

families consisting of partial proteins. These families were discarded when the

number of gene families in the different lineages is discussed (Figure 3.2.2).

Applying other E-value similarity and length difference cut-offs yielded similar

results (data not shown).
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Analysis of orphans, SSGFs and LSGFs

All orphan proteins or proteins of gene families specific for one plant species

or lineage were compared against the full set of proteins using less stringent

criteria (BLASTP E-value <1e-05) compared to the criteria applied by the protein

clustering algorithm for delineating gene families (see above). These proteins

without non-self BLAST hits (i.e. only hitting themselves) were designated orphans,

whereas only those genes uniquely matching proteins of the same species or

lineage were retained as species or lineage specific, respectively.
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During the last decade of the twentieth century, plant geneticists discovered

that plants often use homologous genes for very similar functions and that they

exhibit extensive conservation of genome structure, despite major differences in

genome size. Apart from different constraints acting on the structural organization

of plant genomes, the complete genome sequence of Arabidopsis thaliana revealed

that plant genomes exhibit a much higher degree of apparent redundancy (65%

of all genes belong to multi-gene families), compared to other multicellular

eukaryotic organisms (e.g. less than 20% of all human genes belong to multi-

gene families; Arabidopsis Genome Initiative, 2000). Moreover, initial comparative

analysis of Arabidopsis genes illustrated the dynamic nature of plant genomes,

with the identification of plant-specific gene functions, genes of bacterial origin

whose functions are now integrated in eukaryotic processes, and independent

evolution of several families of transcription factors (Arabidopsis Genome Initiative,

2000). As demonstrated in chapter 3.2, the wide-spread occurrence of orphan

genes, together with species-specific and lineage-specific gene families indicate

that this dynamic state of gene content is a universal feature within the green

plant lineage, and contributes to the developmental and genetic diversity seen in

different plant species today.

Filling the bioinformatics and evolutionary analysis
toolbox…

It is clear that large-scale genome sequencing and advanced comparative

sequence analysis offer a powerful combination to study the complex evolutionary

forces that shape the gene content and structure of plant genomes. Therefore,

dedicated tools are required for the gene annotation of raw genomic DNA

sequences, together with various computational methods that enable direct and

detailed comparisons at different levels of resolution. As demonstrated in chapter

3.1, the annotation and delineation of a limited number of gene families involved

in cell cycle regulation required a substantial amount of manual modifications on

the first gene models, predicted in 2001. Now, four years later, the situation has

improved significantly, because a large number of EST and full-length cDNA

sequences have been generated, which enhance the quality of gene prediction
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(Haas et al., 2002; Kikuchi et al., 2003; Castelli et al., 2004). In addition, the

application of advanced extrinsic gene prediction strategies, which take full

advantage of the large set of protein and EST sequences stored in public sequence

repositories, also contributes to the overall quality of current gene annotation

efforts in different species (Chapter 2.4; Foissac et al., 2003; Brent and Guigo,

2004). Nevertheless, based on the results of a comparative analysis on predicted

genes from Arabidopsis and rice, combined with EST data from thirty other plant

species, it seems that several deficiencies are still present in the currently applied

annotation protocols (Chapter 3.2; Bennetzen et al., 2004).

When comparing large genomic segments in order to identify paralogous

segments within a genome or homologous/orthologous segments between different

genomes, objective analytical and statistically supported approaches are required

(Bennetzen, 2000b; King, 2002). As illustrated in chapter 1.2, the application of a

newly developed tool for the detection of genomic homology (ADHoRe), based

on Monte-Carlo simulations for assessing the significance of colinearity, confirmed

the existence of small but significant microcolinear segments conserved between

Arabidopsis and rice (Chapter 1.2; Bennetzen, 2000b). Therefore, the availability

of accurate tools for assessing genomic homology (Chapter 1.1) not only allows

scientists to properly and objectively delineate macro- and microcolinearity between

closely and distantly related species (e.g. Chapter 2.4), but also illustrates that

well established examples of colinearity (e.g. “the unified grass genome”)

determined using loosely defined criteria might require reassessment (Gaut, 2002).

Detection and dating of large-scale duplication events in
plants

Detailed intraspecies comparisons provide evidence for recent and ancient

duplication events in the nuclear genomes of Arabidopsis and rice (Chapters 2.2

and 2.3). Application of the map-based approach for the detection of duplicated

segments combined with several dating strategies (see chapter 2.1) offers a

successful approach for investigating the duplication past of plants and other

eukaryotic organisms (e.g. yeast, Wolfe and Shields, 1997; human, McLysaght et

al., 2002; pufferfish, Vandepoele et al., 2004a). As illustrated in chapters 1.3 and

2.3, the use of interspecies comparisons can help to recover block duplications

that are seemingly undetectable when applying an intraspecies comparison.

Although in this analysis only a limited number of degraded duplicated segments
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in the Arabidopsis genome were discovered through comparison with sequence

data of rice, this methodology was later successfully applied for the identification

of cryptic cycles of polyploidy in plants (see chapter 2.3; Simillion et al., 2004)

and yeast (Langkjaer et al., 2003; Dietrich et al., 2004; Kellis et al., 2004).

Consequently, the process of differential gene loss, which turns originally identical

duplicated regions into two non-redundant sets of genes, divided over two distinct

genome locations, appears not to be plant specific. The continuous development

of new approaches (e.g. genomic profiles, Simillion et al., 2004), which try to

cope with the destructive nature of gene loss and different types of rearrangements,

therefore will provide a better view on the occurrence of ancient duplication events.

Nevertheless, since many of these methods still require that both gene content

and order is conserved, the detection of shared gene content in the absence of

shared order between chromosomes (i.e. synteny), provides a valid alternative

for the identification of more degenerated genomic homology, as illustrated in

vertebrate genomes (McLysaght et al., 2002; Vandepoele et al., unpublished

results).

In order to determine the timing of large-scale duplication events, it seems

that dating based on the construction of phylogenetic trees offers several

advantages compared to dating based on synonymous substitutions rates. The

two main disadvantages of the latter method, which offers only a crude age

estimation, are that determining the fraction of synonymous substitutions per silent

site (K
s
) becomes very difficult when saturation occurs (K

s
>1), and that calibrating

the rate of synonymous substitutions can be problematic, because rate differences

in specific lineages have been observed (Gaut et al., 1996; Li, 1997; Koch et al.,

2000; Blanc et al., 2003). Although dating through phylogenetic inference is labour-

intensive and not always very efficient, especially when sequence data of related

species is absent (see chapter 2.1), it provides an alternative and attractive solution

for dating evolutionary events more precisely. In addition, this method is less

sensitive to saturation, which allows accurate relative dating of events that occurred

tens or even hundreds of million years ago (Chapter 2.3; Bowers et al., 2003;

Ermolaeva et al., 2003; Vandepoele et al., 2004a).

Even though the accessibility to a large set of sophisticated computational

methods considerably enhances the speed and quality of large-scale evolutionary

analysis, it is also clear that the quality of the initial sequence data and associated

gene predictions can have serious implications on the final results and conclusions.

This is partially illustrated in chapter 2.3, where a detailed analysis on a large
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number of rice bacterial artificial chromosome sequences was performed. Although

the existence of a substantial amount of duplicated segments in the rice genome

was confirmed, the obtained results at that time did not provide evidence for a

genome duplication event in the evolutionary history of rice. Recent investigations

on a nearly full assembly of the rice genome however, indicate that the fraction of

the rice genome in duplicated segments is considerably higher than estimated

using the incomplete and highly fragmented data set described in chapter 2.3

(Paterson et al., 2004). Consequently, this finding might suggest that rice and

other grasses are ancient tetraploids (Paterson et al., 2004). Although the timing

of this large-scale duplication event seems firm, detailed dating of all duplicated

blocks in the rice genome and comparisons between the paranomes (i.e. the

complete set of paralogous genes in a genome) of rice and Arabidopsis does not

provide conclusive support for this “whole-genome duplication” hypothesis

(Paterson et al., 2005). Therefore, more sequence data of related grass species

together with better tools are required to fully uncover the contribution and timing

of tandem and other types of (large-scale) duplications in these cereal genomes.

The consequences of genome evolution on gene function
and regulation

Although comparative mapping and detailed sequence comparisons start to

provide information about the patterns of genome organization and the mechanisms

altering the structure of nuclear plant genomes, still little is known about the

consequences of these processes at the gene level. Some examples of transposon-

mediated alterations of gene structure and regulation have been described

(Martienssen et al., 1998; Jiang et al., 2004), but the effect of chromosomal

modifications such as translocations, (retro-)transpositions, insertions, sequence

deletions and duplication events on a gene’s function and regulation remains

poorly understood. Based on the results described in this thesis and other studies,

it is clear that the majority of genes that originated through large-scale duplication

events get lost rapidly, most probably during the process of diploidization

subsequent to polyploidy. In chapter 2.4, where the evolution of paralogous genes

arisen through the youngest genome duplication in Arabidopsis was investigated,

detailed comparative promoter analysis using homologous legume sequences

revealed that half of all retained duplicates have lost a different set of cis-regulatory

elements, suggesting subfunctionalization. For a limited number of genes, no
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evidence for divergence, either at the expression level or in the promoter sequence,

was found, which seems to confirm the role of redundancy after duplication, apart

from gene loss and functional divergence (Pickett and Meeks-Wagner, 1995;

Wendel, 2000). Interestingly, for a large fraction of gene duplicates with a high

degree of reciprocal promoter divergence between both paralogs, a clearly

dissimilar expression pattern was found, which seems to be compatible with an

evolutionary model predicting subfunction partitioning after gene duplication (Force

et al., 1999). Certainly, future studies, which will have access to larger amounts

and more diverse types of experimental data (e.g. spatio and temporal expression

data, protein localization data, yeast-two-hybrid data), will make it possible to

fully unravel the evolution of gene function after duplication.

Future perspectives

The accessibility to a diverse set of tools makes it possible to study the degree

of conservation between closely and more distantly related species, and allows

scientists to dig into the evolutionary history of fully sequenced genomes.

Nevertheless, more advanced computational analysis tools will be required to

fully characterize and date older events, such as cryptic cycles of polyploidy,

which are frequently observed in plants (Wendel, 2000; Bowers et al., 2003). As

described in chapters 2.2 and 2.3, traces of very ancient duplication events,

perhaps more than 200 million years old, have been found in the genomes of both

Arabiopsis and rice. Nevertheless, whether these duplicated segments are

remnants of an ancient large-scale or genome duplication event, predating the

split between monocotyledonous and dicotyledonous plants, is not clear. Similarly,

it is currently unknown to what extent the older large-scale duplication events

identified in Arabidopsis are shared with other dicot plants. Moreover, whether

these ancient events are responsible for the radiation of angiosperm or

dicotyledonous plants, is currently far from proven. Therefore, a comprehensive

evolutionary analysis based on a phylogenetic tree-based approach could provide

valuable information about conserved features, similarities and differences in the

evolutionary history of different plant species (e.g. Arabidopsis, Populus, Solanum

and Medicago).

A second currently unanswered question is which genetic-evolutionary

processes are active following large-scale duplication events. Moreover, the

consequences at the gene level of these events accompanying polyploidy are
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largely unknown. Although it is clear that novel forms of gene expression, altered

regulatory interactions and rapid epigenetic changes go together with the

acquisition of new phenotypes, increased genetic complexity and the success of

polyploids in nature, the mechanisms driving these changes are poorly understood

(Wendel, 2000; Osborn et al., 2003). Therefore, detailed sequence analysis of

the short and long-term evolutionary changes in gene duplicates, together with

experiments monitoring the altered gene expression in several model polyploid

systems should enlarge our knowledge about these biological processes. The

huge amount of sequence data currently generated for several plant species

therefore will be instrumental for studying the changes, either at the regulatory or

at the protein level, in new-born and ancient gene duplicates. These future

experiments will offer a better understanding of the effects caused by the different

evolutionary actors driving gene and genome evolution in plants. Finally, comparing

these features between plants and other eukaryotic taxa (e.g. yeasts, animals,

protists) will be the next best thing.
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Plants come in a wide range of forms and colours, and their genomes exhibit

a large degree of variation, even between different species from the same family.

Apart from the diversity present in the construction and organization of DNA

sequences in different species, molecular and evolutionary processes are

continuously shaping nuclear genome structures. Although it has become clear

that major genome size differences can be explained by differences in ploidy

levels and dissimilar amounts of mobile and tandem repetitive elements, the

mechanisms driving gene and genome evolution in higher plants, together with

their implications on a gene’s function and regulation, are largely unknown.  We

developed a set of tools for advanced comparative sequence analysis and applied

these to study the evolutionary forces that shape the gene content and structure

of plant genomes. Apart from the detailed characterization of large-scale duplication

events - key players in plant genome evolution -, we also focussed on the

consequences of these events on the evolution of individual gene families. Finally,

a pilot study was initiated to verify whether duplication indeed is responsible for

the acquisition of novel gene functions or altered, more complex, regulatory control.

Application of a newly developed tool for the detection of genomic homology

(ADHoRe) revealed evidence for colinearity (conserved content and order of genes)

between both closely and distantly related species. Comparative restriction

fragment length polymorphism mapping studies identified numerous examples of

macrosynteny between related species in the past (Bonierbale et al., 1988;

Helentjaris et al., 1988; Chao et al., 1989; Ahn et al., 1993). However, it is clear

that the availability of fully sequenced genomes, grouping thousands of genes

over different chromosomes, requires objective and statistically supported criteria,

implemented in flexible computational tools, for studying genome evolution.

Determining intraspecies colinearity in Arabidopsis and rice using ADHoRe

revealed the presence of a large number of duplicated segments. In Arabidopsis,

evidence for 3 large-scale duplication events, together with an additional

duplication event on chromosome 1, was found. Dating of these duplicated blocks

using synonymous substitutions and phylogenetic trees shows that the youngest

genome duplication occurred 40-70 MYA and is shared with other Brassicacea

species. Also in rice, traces of a large-scale duplication event, predating the
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divergence of the grasses 50-70 MYA, were found. In both plants genomes,

remnants of older duplication events were also identified, although the age of

these events, together with their significance for angiosperm evolution, is currently

unclear.

Apart from investigating gene and genome evolution in different plant species,

comparisons grouping data from several taxa can provide additional insights on

gene and genome evolution. An interspecies sequence comparison grouping

genomic data of Arabidopsis and rice identified numerous duplicated blocks that

are seemingly undetectable (“ghost duplications”) in both species when applying

an intraspecies comparison. Similarly, the analysis of approximately 250,000 genes

organized in more than 12,000 gene families over a wide variety of species within

the green plant lineage allowed us to identify genes driving the core machinery in

plants, together with orphans and species- and lineage specific gene families.

Interestingly, the methodology for the identification of ghost duplications was later

successfully applied in yeast, providing conclusive evidence for an ancient

polyploidy event in yeast (Langkjaer et al., 2003; Dietrich et al., 2004; Kellis et al.,

2004).

Although detailed sequence comparisons start to provide information about

the patterns of genome organization and the mechanisms altering the structure of

nuclear plant genomes, still little is known about the consequences of these

processes at the gene level. Based on genomic sequence data from Medicago

and other legumes, which diverged from Arabidopsis before it’s youngest genome

duplication, we were able to study the cis-regulatory evolution for a small set of

gene duplicates. For nearly half of all analyzed gene duplicates, traces of reciprocal

promoter divergence were found using phylogenetic footprinting. Through the

identification of conserved non-coding sequences, we observed that for a large

number of genes the cis-regulatroy elements present in the legume outgroup

promoter were complementary partitioned over both retained duplicated genes.

Interestingly, for a majority of these genes, a high degree of expression divergence

was observed when analyzing expression levels over several hundreds of

microarray experiments. This confirms that subfunctionalization is an important

mechanism responsible for creating genetic novelty and introducing altered

transcriptional regulatory control. Nevertheless, more genomic and functional data

from a variety of plant species is required to fully unravel the consequences of

large-scale duplication events and other actors driving gene and genome evolution

in plants.
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Nederlandse samenvatting

In de natuur komen planten voor in een brede waaier van vormen en kleuren.

Ook in de grootte van hun genomen komt veel variatie voor, zelfs tussen

verschillende species van eenzelfde familie. Naast de diversiteit die terug te vinden

is in de opbouw en organisatie van het DNA in diverse species, spelen

verschillende moleculaire en evolutionaire processen tevens een belangrijke rol

bij het vormgeven van nucleaire genomen. Alhoewel het duidelijk is dat grote

verschillen in genoom grootte te wijten zijn aan verschillen in ploidy niveaus en

ongelijke hoeveelheden van mobiele en tandem repetitieve elementen, is tot op

heden weinig gekend over de verschillende mechanismen die gen- en

genoomevolutie in planten sturen. Tijdens dit doctoraatswerk werden nieuwe

methoden ontwikkeld om op een gedetailleerde manier vergelijkende sequentie

analyses uit te voeren, en werden deze gebruikt om de evolutionaire processen

te bestuderen die de inhoud en structuur van plant genomen modelleren. Naast

het bestuderen van grootschalige duplicatie gebeurtenissen – hoofdrolspelers in

plant genoom evolutie –, werden ook de gevolgen van deze duplicaties voor

individuele genen en genfamilies in detail onderzocht. Tevens werd een pilootstudie

uitgevoerd om na te gaan of duplicatie inderdaad verantwoordelijk is voor het

ontstaan van nieuwe genfuncties of gewijzigde, complexere vormen van

regulatorische controle.

Het gebruik van een recent ontwikkelde methode voor de detectie van

genomische homologie (ADHoRe) toonde duidelijk aan dat colineariteit

(conservering van geninhoud en volgorde) voorkomt tussen nauw- en ververwante

species. Alhoewel vergelijkende mapping experimenten in het verleden alreeds

voorbeelden van macrosynteny tussen verschillende planten hebben aangetoond

(Bonierbale et al., 1988; Helentjaris et al., 1988; Chao et al., 1989; Ahn et al.,

1993), wordt het meer en meer duidelijk dat de beschikbaarheid van volledig

gesequeneerde genomen, die duizenden genen groeperen verdeeld over

meerdere chromosomen, objectieve methoden vereisen om colineariteit te bepalen

en genoomevolutie te bestuderen. Tevens is het essentieel dat deze nieuwe

methoden statistisch onderbouwd zijn. De detectie van intraspecies colineariteit

door middel van ADHoRe toonde duidelijk aan dat zowel in Arabidopsis als rijst

een groot aantal gedupliceerde genomische segmenten voorkomen. In Arabidopsis
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werden bewijzen gevonden voor 3 grootschalige duplicaties plus een extra

duplicatie binnen chromosoom 1. Datering van deze gedupliceerde segmenten

door middel van synonieme substituties en boomconstructie toonde aan dat de

jongste genoomduplicatie ongeveer 40-70 miljoen jaar geleden gebeurde en

gedeeld is met andere planten van de Brassicaceae. Ook in rijst werden sporen

van een grootschalige duplicatie gebeurtenis teruggevonden, die dateert van voor

de divergentie van de grassen, 50-70 miljoen jaar geleden. In beide genomen

werden tevens sporen van oudere duplicaties teruggevonden, maar het is tot op

heden onduidelijk wanneer deze duplicaties zich hebben voorgedaan en wat hun

rol of bijdrage in de evolutie van angiosperme planten is.

Naast het bestuderen van gen- en genoomevolutie in verschillende planten,

kunnen vergelijkende studies, waarbij data van verschillende planten wordt

gecombineerd, nieuwe inzichten bieden in de evolutie van genomen. Een inter-

species vergelijking tussen Arabidopsis en rijst, waarbij genomische sequenties

van beide planten samen werden onderzocht, maakte het mogelijk om een aantal

schijnbare ondetecteerbare gedupliceerde blokken (ghost duplications) op te

sporen. Analoog maakte een vergelijkende analyse van ongeveer 250,000 genen,

gegroepeerd in meer dan 12,000 genfamilies, afkomstig van een brede waaier

van planten, het mogelijk om een set van genen aan te duiden die algemeen

geconserveerde processen binnen planten sturen, evenals orphan genen en

species- en lineage specifieke genfamilies. Het is interessant om op te merken

dat de methode voor het opsporen van ghost duplications later ook succesvol op

gist genomen werd toegepast, waar ze een ontegensprekelijk bewijs vormen voor

een oude genoomduplicatie (Langkjaer et al., 2003; Dietrich et al., 2004; Kellis et

al., 2004).

Alhoewel het duidelijk is dat vergelijkende sequentie analyses ons meer kennis

verschaffen omtrent de patronen van genoomorganisatie en de mechanismen

die de structuur van nucleaire plant genomen beïnvloeden, is tot op heden weinig

gekend omtrent de gevolgen van deze processen op het genniveau. Aan de hand

van genomische sequenties van Medicago en andere Fabaceae species, die

gedivergeerd zijn van Arabidopsis voor diens jongste genoomduplicatie, was het

mogelijk op de cis-regulatorische evolutie van een set van gedupliceerde genen

te bestuderen. Voor ongeveer de helft van alle duplicaten konden we door middel

van phylogenetic footprinting sporen van reciproque promoter divergentie

vaststellen, waarbij een complementaire set van regulatorische elementen verloren

is gegaan in vergelijking met de voorouderlijke Fabaceae promoter. Interessant
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Samenvatting

hierbij was dat onderzoek van honderden microarray expressie experimenten

aantoonde dat de overgrote meerderheid van deze genduplicaten niet langer co-

gereguleerd zijn. Dit bevestigt dat functionele divergentie na duplicatie een

belangrijk mechanisme is voor het ontstaan van nieuwe genetische interacties en

het introduceren van gewijzigde transcriptionele controle. Echter, grotere

hoeveelheden genomische en functionele data zijn noodzakelijk om in detail de

implicaties van grootschalige genduplicaties en andere evolutionaire processen

betrokken bij genoomevolutie in planten te onderzoeken.
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