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Plants are the basis for the survival of all ‘‘higher’’ organisms on Earth.

Development of molecular genetics tools has allowed analysis of the structure,

evolution, and function of whole plant genomes, rather than individual genes.

DNA‐based markers were instrumental in constructing detailed genetic maps of

model plants and all major crop species. These molecular maps were the basis of

physical maps and the first plant whole genome sequences. Comparative

analysis based on genetic, cytogenetic, and physical maps and DNA sequence

information provided new insights into the evolution of plant nuclear and

organellar genomes. Mapping factors controlling Mendelian and quantitative

traits made possible the cloning and functional characterization of novel genes,

which function in plant development, adaptation to biotic and abiotic stress, or in

the formation of other agronomic characters. The parallel analysis of all

transcripts, proteins, and metabolites present in plant cells or tissues has

generated information that may lead to a better integrated understanding of

genome function. Postfunctional analysis of natural variation of gene function

and its effects on phenotype is envisaged to provide new diagnostic and

therapeutic molecular tools for applications in plant breeding, adaptation, and

ecology.
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I. Introduction
The term ‘‘genome analysis’’ circumscribes scientific approaches and meth-

odologies that aim at elucidation of the structure, evolution, and function of

whole genomes rather than individual genes. These approaches and

methodologies are similar for all eukaryotic genomes such as yeast, plants,

animals, and humans. The state of the art of genome analysis varies greatly,

however, for individual species, depending on genome complexity, suitability

for the addressing of questions of fundamental or applied science, and

economic importance. Unique features of plant genomes compared with

other eukaryotes are the chloroplast genome, which is essential for photo-

synthesis, and the polyploidy of many plant species, including important

crops such as bread wheat (Triticum aestivum), potato (Solanum tuberosum),

oilseed rape (Brassica napus), and sugar cane (Saccharum spp.).

Analysis of plant genomes began with the cytogenetic description and

identification of the 10 chromosomes of maize (Zea mays) (McClintock,

1929) followed a few years later by the construction of the first genetic

linkage maps, using as landmarks morphological traits that followed simple

Mendelian inheritance patterns (Emerson et al., 1935). To date, cytogenetic

and linkage maps are still, or again, important tools for the structural

analysis of plant genomes. This is because their analytical power has dramat-

ically improved with the introduction of molecular genetics tools. Molecular

cytogenetics and linkage mapping can be applied to a wide range of plant

species at comparatively modest input of human and financial resources.

Physical maps and whole genome sequences represent the ultimate precision

in structural genome analysis (Arabidopsis Genome Initiative, 2000), but are

restricted to only a few plant species so far, because of the high investments

required. Nevertheless, it is expected that over the next 10 years the number

of fully sequenced plant genomes will increase.

Our understanding of plant genome evolution has greatly advanced by

comparative mapping and genomic sequencing in diVerent species that can-
not be hybridized by sexual crosses. Genome‐wide DNA polymorphisms also

provide accurate descriptors of genetic diversity and are being used to

address questions of plant evolution, taxonomy, and crop domestication.

The functional analysis of plant genomes involves the localization of

genetic factors, which control Mendelian or complex phenotypic traits, on

molecular maps. This is the first step toward the identification and positional

cloning of the underlying genes. Large, comprehensive mutant collections,

which are the basis for functional analysis of the wild‐type genes, and the

genome‐wide evaluation of gene expression and its consequences in diVerent
tissues and in response to environmental parameters are rapidly evolving

tools with which to elucidate functional networks. The analysis of natural
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variation of gene function in plant populations reaches beyond the analysis

of gene function per se. Linkage disequilibrium studies are becoming an

important area of plant genome research, as they can elucidate the molecular

basis of complex phenotypes such as crop yield and adaptation to biotic and

abiotic stress.

In a review on such a broad topic as ‘‘plant genome analysis,’’ it is not

possible to give credit to all the good and extensive work that has been done

on a large number of diVerent plant species in laboratories, large and small,

all over the world. Instead, we try to summarize concepts, technologies,

results, and trends on the basis of illustrative examples and to put the

‘‘state of the art of plant genome analysis’’ in a historical context.
II. Molecular Linkage Maps of Plant Species and
Their Applications
Molecular linkage maps are constructed by estimating the frequency of

recombination between DNA‐based markers, which jointly segregate in

experimental mapping populations (Gebhardt and Salamini, 1992). All

DNA‐based markers result from natural DNA variants that distinguish

individuals of the same species. The molecular basis of this variation consists

of point mutations (single‐nucleotide polymorphisms, SNPs), insertions,

deletions (InDels), or inversions of DNA fragments in one allele versus

another. In contrast to induced mutations, which often have severe pheno-

typic eVects, these DNA polymorphisms have survived through evolutionary

time because they did not compromise the viability and competitiveness of

the individuals that carried them. The basic advantage of DNA‐based mar-

kers is their unlimited number and, at least for the majority of them, pheno-

typic neutrality, which allows the construction of detailed linkage maps with

thousands of loci (Harushima et al., 1998; Isidore et al., 2003). The methods

to detect DNA polymorphisms coevolved with molecular genetics tools. The

first molecular linkage maps of plant species were constructed on the basis of

restriction fragment length polymorphisms (RFLPs) (Bernatzky and

Tanksley 1986; Bonierbale et al., 1988; Botstein et al., 1980; Chang et al.,

1988 Helentjaris et al., 1986; Landry et al., 1987; McCouch et al., 1988).

With the invention of the polymerase chain reaction (PCR, Saiki et al.,

1988) new, PCR‐based marker technologies were developed, which facili-

tated linkage mapping in plants and largely replaced RFLP technology.

Random‐amplified polymorphic DNA (RAPD; Welsh and McClelland,

1990; Williams et al., 1990) and amplified fragment length polymorphism

(AFLP; Vos et al., 1995) markers are generated with arbitrary primers that

do not require a priori sequence information. Several hundred markers can
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be generated de novo within a short time from less than 1 mg of genomic

DNA. These marker types may be used to construct molecular linkage maps

in plant species that were not previously accessible to genetic analysis, such as

trees (Binelli and Bucci, 1994; Grattapaglia and SedoroV, 1994; Tulsieram
et al., 1992), or to saturate low‐density molecular maps (Menendez et al.,

1997; van Eck et al., 1995). AFLP markers, in particular, are suitable for the

genome‐wide assessment of genetic similarity between accessions of the same

species or between closely related species. Questions on species boundaries

(Van den Berg et al., 2002), taxonomic relationships (Dehmer and Hammer,

2004; Mace et al., 1999), and crop domestication (Badr et al., 2000; Heun

et al., 1997) have been addressed in this way. Microsatellites or simple

sequence repeats (SSRs) (Tautz and Renz, 1984; Tautz et al., 1986) are

PCR‐based markers that require sequence information for specific primer

design. Because of their high degree of polymorphism and heterozygosity

(Powell et al., 1996), SSRs are today’s most popular markers in plant genet-

ics, particularly in crop species, such as wheat (Röder et al., 1998) and

soybean (Akkaya et al., 1995), that present notorious diViculties in the

detection of intraspecific DNA variation. In the genome‐sequencing era,

the availability of DNA sequence information is no longer limiting for

marker and map development. PCR‐based markers can be designed and

mapped for virtually any plant gene for which sequence information is

accessible in the literature and in databases (Chen et al., 2001). Gene‐based
markers are most valuable in the biological context, as the DNA polymorph-

isms present in functional genes may be causal for natural phenotypic varia-

tion in plant populations (Fridman et al., 2004, Thornsberry et al., 2001).

The most direct and precise method to detect DNA variation is comparative

sequence analysis in diVerent individuals of the same species. The ultimate

DNA‐based markers are therefore SNPs. With the reduction in sequencing

costs, SNPs will gain more and more importance in plant genome analysis.

At present, SNP discovery and analysis on the genome‐wide scale is limited

to a few plant species (Buckler et al., 2001; Cho et al., 1999; Rickert et al.,

2003; Schneider et al., 2001).

On the basis of RFLP, RAPD, AFLP, and SSR markers, molecular

linkage maps have been constructed for more than 60 plant species, spanning

the alphabet from A (alfalfa) to W (wheat), including cereals, legumes, as

well as root, tuber, and oil crops, fruit and drug species, vegetables, trees,

and, of course, model plants (Riera‐Lizarazu et al., 2001).
A. Comparative Mapping of Plant Genomes
Before the advent of DNA‐based markers, genetic analysis of a given plant

species was restricted to individuals of the same species and its closest
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relatives, because of the limitations imposed by feasibility of sexual hybridi-

zation. Genetic systems were developed for one species, for example, maize,

or a single plant family, for example, the cereals, which were isolated from

the rest of the plant kingdom. The RFLP assay is based on nucleic acid

hybridization between a labeled marker probe and a membrane‐bound geno-

mic target sequence. Hence, depending on the experimental conditions used,

cross‐hybridization is detected between DNA sequences that are not identical

but similar and RFLP markers originating from one species can be used for

the construction of linkage maps in related species irrespective of their cross‐
compatibility. The observation of conserved genetic linkage between marker

loci that share sequence similarity in diVerent species indicates structural

similarity between the diVerent genomes (macrosynteny). RFLP markers

made it possible to compare the structure of plant genomes over a wider

taxonomic range than was previously possible. The earliest examples of this

approachwere comparisons between the genomes of potato and tomato, both

members of the Solanaceae family (Bonierbale et al., 1988), between the A, B,

andDgenomes of hexaploid breadwheat (AABBDD) (Chao et al., 1989), and

betweenmaize and sorghumof the Poaceae family (Hulbert et al., 1990). Since

then, numerous comparative mapping studies have been performed, mostly

between diVerent members of the same taxonomic family (Paterson et al.,

2000). In all comparisons of this kind, structural conservation or synteny was

observed, although to various degrees.

For example, the closely related solanaceous species potato (Solanum

tuberosum) and tomato (Solanum lycopersicum) have the same basic number

of 12 chromosomes and similar DNA content (Bennett and Smith, 1991).

The RFLP linkage maps of the 12 potato and tomato chromosomes show the

same linear order of marker loci detected with the same probe, except for 5

map segments having an inverted marker order, which are interpreted as

paracentric inversions of chromosome arms (Tanksley et al., 1992). The

comparison of tomato/potato with solanaceous pepper (Capsicum annuum),

which has a much higher DNA content but the same basic chromosome

number, revealed many more rearrangements, including translocations and

inversions of several large chromosomal segments (Livingstone et al., 1999).

Wheat, barley, rye, rice, maize, sorghum, sugarcane, and many other impor-

tant crop species are members of the Poaceae family and their genomes vary

about 100‐fold in size (Bennett and Smith, 1991). Not surprisingly, members

of this family were most extensively studied by comparative mapping (Devos

and Gale, 2000). These comparisons revealed a degree of structural conser-

vation that was expected for cereals known to be closely related, such as

wheat, barley, and rye, but was not anticipated for comparisons between

wheat, rice, and maize (Ahn et al., 1993). This finding soon led to the concept

that genes of interest in species with large genomes such as wheat, maize, or

sugarcane may be cloned on the basis of colinearity with smaller sized
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genomes from the same family such as rice or sorghum (Bennetzen and

Freeling, 1993; Moore et al., 1993). Subsequent comparative sequencing of

homologous regions in diVerent grass species revealed cases in which colin-

earity was retained at the DNA sequence level (microsynteny) (Chen et al.,

1997; Feuillet and Keller, 1999). In a growing number of other cases, howev-

er, deletions or insertions, duplications, inversions, or translocations of genes

have occurred during evolution (Brunner et al., 2003; Feuillet and Keller,

2002; Kilian et al., 1997; Tarchini et al., 2000). Violation of sequence colin-

earity was even observed between alleles of two inbred lines of maize (Fu and

Dooner, 2002).

With increasing evolutionary distance between plant species, hybridiza-

tion‐based comparative mapping becomes more diVicult and is restricted to

‘‘housekeeping’’ genes such as histone or ribosomal genes, which are highly

conserved across plant families and even kingdoms. With the first plant

genome sequences of Arabidopsis thaliana and rice completed and becoming

available in public databases (see Section IV.A), comparisons between plant

species, for which only genetic maps are available, and sequenced plant

genomes become possible. In principle, marker sequences, primarily of

expressed sequence tags (ESTs), which have been localized on the genetic

map of a given plant species, are compared with the Arabidopsis or rice

genome sequence. After defining a threshold for sequence similarity, homol-

ogous loci are identified in silico on the physical map of the sequenced plant

genome. Statistical methods are then used to define threshold criteria for

accepting the hypothesis that the observed conservation of genetic and

physical linkage between a given number of sequence‐related markers results

from structural conservation of genome segments (syntenic blocks) between

the two species. This approach has been used to compare the genome

structure of the dicotyledonous species sugar beet, sunflower, Prunus spp.,

potato, cotton, the legumes soybean and Medicago truncatula, and species

of the Brassicaceae such as Brassica oleracea and Capsella rubella with

Arabidopsis thaliana (Boivin et al., 2004; Bowers et al., 2003, Dominguez

et al., 2003; Gebhardt et al., 2003; Lee et al., 2001; Lukens et al., 2003; Zhu

et al., 2003). Similarly, genetic maps of the monocotyledonous species maize

and wheat were compared with the rice genome sequence (Salse et al., 2004;

Sorrells et al., 2003). In all cases studied so far, genome segments with

structural conservation were identified, even between distantly related plant

species, although fragmented and covering only part of the genomes com-

pared. The types of syntenic relationships revealed when comparing molecu-

lar linkage maps of distantly related, dicotyledonous crop plants with the

Arabidopsis physical map are exemplified in Fig. 1, based on potato chromo-

somes VI and X (Gebhardt et al., 2003). A major observation is the redun-

dancy of syntenic relationships. Most syntenic blocks are related to several
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Arabidopsis genome segments and vice versa. Syntenic relationships of

diVerent potato genome segments to the same Arabidopsis genome segment

indicated that potato genome evolution included ancient intra‐ and inter-

chromosomal duplication events, which today are largely ‘‘hidden’’ because

of subsequent divergence. Similar analysis of other plant species (Dominguez

et al., 2003) and comparative analysis of the whole genome sequences of

Arabidopsis and rice, which are now possible, produce similar conclusions

(Salse et al., 2004; Simillion et al., 2002), suggesting that polyploidization and

segmental duplications are general mechanisms of plant genome evolution.

Remains of an ancestral genome of dicotyledonous plants may have been

‘‘excavated’’ by comparative mapping between sugar beet, sunflower, potato,

and Prunus, which are all members of diVerent taxonomic families, using as

the common point of reference the Arabidopsis genome sequence (Domin-

guez et al., 2003). Map segments were independently found in all four crop

species, which shared structural similarity with the same Arabidopsis genome

segment. These structurally conserved genome segments may encode core

functions of a plant genome.

The exploitation of genome colinearity for positional gene cloning suc-

ceeded in some cases but failed in others (Delseny, 2004). The main reason

for failure is the lack of gene‐by‐gene colinearity at the sequence level, even

between closely related species. Despite good overall structural conservation,

the gene targeted in a crop plant may be deleted in the corresponding region

of the model genome (Brown et al., 2003; Brunner et al., 2003; Desloire et al.,

2003; Dunford et al., 2002). The redundancy of plant genomes also makes it

diVicult to identify truly orthologous regions. The extrapolation of gene

function from a model genome such as Arabidopsis thaliana to other, distant-

ly related plant genomes may be limited to single, orthologous genes (Peng

et al., 2000) rather than relying on conserved genome structure.
B. Plant Function Maps
Molecular linkage maps provide the positional coordinates for plant gen-

omes, equivalent to geographical longitude and latitude. These molecular

coordinates are used to localize the genes that control phenotypic traits of

interest on plant chromosomes. Saturated molecular linkage maps allowed

for the first time the molecular cloning of novel plant genes on the basis of

map position alone, without prior knowledge of the encoded protein

(Arondel et al., 1992; Giraudat et al., 1992; Martin et al., 1993). The mapping

of a phenotypic trait involves the construction of an experimental plant

population (Gebhardt and Salamini, 1992), which segregates for both trait

alleles and a suVicient number of markers. The same population is then
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accurately phenotyped for the trait and genotyped with DNA‐based mar-

kers. Genetic linkage analysis is carried out between the markers and the trait

alleles. Detection of linkage between markers of known map position and

trait alleles reveals the position of the genes that control the phenotype of

interest. This approach is applicable to the mapping of Mendelian traits

controlled by single genes as well as complex or quantitative traits, which

are controlled by a number of genes and environmental factors. Over the last

15 years, many heritable characters were genetically dissected in this way in a

range of plant species including the major crops, for example, mutant phe-

notypes (Castiglioni et al., 1998), resistance to pests and pathogens (Barone

et al., 1990; Calenge et al., 2004; Leonards‐Schippers et al., 1994; Schön et al.,

1993), adaptation and resistance to abiotic stress such as drought and cold

(Saranga et al., 2001; Wheeler et al., 2005), morphological and developmen-

tal traits (Börner et al., 2002), crop yield and heterosis (Bezant et al., 1997;

Stuber et al., 1992; Xiao et al., 1995), and quality traits (Causse et al., 2004;

Menendez et al., 2002; Thomas et al., 1996). Quantitative trait locus (QTL)

mapping was the enabling, initial step toward the map‐based cloning of QTL

for fruit size of tomato (Frary et al., 2000; Grandillo et al., 1999), for tomato

sugar content (Eshed and Zamir, 1995; Fridman et al., 2000), and a QTL for

photoperiod sensitivity in rice (Yano et al., 2000).
FIG. 1 Synteny between the molecular genetic maps of potato chromosomes VI and X and the

sequenced Arabidopsis genome (modified from Gebhardt et al., 2003). Sequence similarity

between potato EST loci and Arabidopsis genes is indicated by similar names. For gene

identification and putative function assignment see Gebhardt et al. (2003). Potato RFLP loci

defining the syntenic blocks are shown on the right of the linkage groups. Loci in the same line

cosegregated. RFLP loci shown on the left of the linkage groups were not involved in the

syntenic blocks. RFLP loci preceded by an asterisk (*) have sequence similarity with

Arabidopsis genes but do not participate in syntenic blocks. The remaining loci to the left of

linkage groups do not have hits in the Arabidopsis genome. For definitions of thresholds for

sequence similarity see Gebhardt et al. (2003). Lower case letter extensions indicate duplicated

RFLP loci that were detected with the same marker probe. The potato map segments showing

synteny with Arabidopsis are indicated as black bars. The position, in centimorgans, of the

borders of the syntenic blocks and some internal positions are shown to the left of the linkage

groups. Arabidopsis syntenic blocks based on three or more genes are shown on the right of each

linkage group and are identified by chromosome number and a lower case letter for the

chromosome segment. The height of each block corresponds to the size of the syntenic segment,

in centimorgans, on the potato linkage group. The vertical order of the loci in the Arabidopsis

syntenic blocks corresponds to their order on the physical map. Loci in the same line were

located in the same or overlapping Arabidopsis BAC clones. Pairs of Arabidopsis syntenic blocks

that correspond to segmental genome duplications in Arabidopsis (Arabidopsis Genome

Initiative, 2000) are positioned next to each other and are connected by a dotted line. Putative

intra‐ and interchromosomal duplications of potato genome segments are indicated by dotted

lines connecting Arabidopsis syntenic blocks.
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Molecular linkage maps gain additional information value when they are

constructed or enriched with functional gene markers. Such markers are

derived from or are highly similar to DNA sequences of genes of known

function, encoding, for example, enzymes of biochemical pathways, tran-

scriptional regulators, or components of signal transduction chains (Causse

et al., 2004; Chen et al., 2001; Leister et al., 1996; Ramalingam et al., 2003;

Wheeler et al., 2005). Another source of functional markers is ESTs that

show diVerential transcript levels in genotypes with contrasting phenotypes

(resistant/susceptible, wild type/mutant) or under contrasting environmental

conditions (high/low nutrient or water supply, light, temperature). The map

positions of functional genes can be compared with map positions of related

phenotypic traits (see previous discussion), either by mapping both in the

same experimental population or by linkage to the same markers mapped in

diVerent populations. There are two reasons why functional candidate genes

and related phenotypic trait loci colocalize: either the candidate gene and

the trait locus are linked but functionally unrelated, or alleles present at the

candidate locus are, in fact, responsible for the trait variation. Further

experiments such as complementation analysis (Paal et al., 2004) or linkage

disequilibrium mapping (see Section II.C) are needed to validate the causal

role of a candidate gene in the production of a phenotypic trait. Integrated

maps of gene functions and traits provide criteria to prioritize among a large

number of functional candidates those genes that might be the most relevant

for natural trait variation (Pflieger et al., 2001). For example, integrated

function maps for resistance to pests and pathogens have been compiled

from several mapping experiments for maize (McMullen and Simcox, 1995)

and for the solanaceous species potato, tomato, and pepper (Gebhardt and

Valkonen, 2001; Grube et al., 2000; Leister et al., 1996). On the basis of this, a

picture emerges for the organization of genes for pathogen resistance in plant

genomes, which—in combination with the structural and functional charac-

terization of plant genes for pathogen recognition, signal transduction, and

defense responses (reviewed in Martin et al., 2003)—leads to models for the

molecular basis of complex plant disease resistance (Gebhardt and

Valkonen, 2001). Genes for resistance to diVerent types of plant pathogens
(viruses, bacteria, fungi) often cluster in the same map segments, and single

genes for resistance (R genes) sometimes colocalize with quantitative resis-

tance loci (QRL) for the same or other pathogens. This suggests a common

molecular origin for diVerent disease resistance phenotypes, which probably

evolved by local gene duplications and subsequent functional divergence.

The genome‐wide organization of Arabidopsis genes, which encode function

R genes or are sequence‐related to R genes of other plant species (Holub,

2001), corroborate the model derived from function maps for pathogen

resistance in crop plants.
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C. Linkage Disequilibrium and Marker–Phenotype
Associations in Plant Populations
Whereas linkage mapping is based on estimating the recombination frequen-

cy in one meiotic generation between the alleles at physically linked loci,

linkage disequilibrium mapping evaluates the extent of coinheritance of

alleles over several meiotic generations in populations of individuals related

by descent. In principle, the frequency of coinheritance of physically linked

alleles decreases with increasing recombination frequency between them and

increasing number of meiotic generations, which separate a founder popula-

tion from a contemporary population studied. Linkage disequilibrium (LD)

is highly variable across the genome and depends on the population history

(Flint‐Garcia et al., 2003), which is certainly diVerent for crop plant popula-

tions as compared with human populations. Many plant species, including

major crops, reproduce by selfing or vegetative propagation. This is expected

to increase LD when compared with outcrossing species, because the

opportunity or the consequences of meiotic recombination for LD are re-

duced. Natural interspecific hybridization and man‐made introgression of

wild species into crop genomes can generate plant populations with allele

admixtures from diVerent sources, which may have founder eVects and aVect
population structure. Particularly in crop species, the breeding history and

the ‘‘unnatural’’ selection by human individuals are relevant parameters to

be considered when studying LD.

In human population genetics, studies of LD and marker–phenotype

associations are considered the strategy to elucidate the molecular basis of

complex inherited diseases. The association between a molecular haplotype

and disease phenotype will allow genetic risk assessment and, eventually,

personalized therapy (Risch, 2000; Schafer and Hawkins, 1998). In plants,

the association between DNAmarkers or haplotypes and natural phenotypic

variation may allow the assessment of genetic potential in populations of

varieties, breeding lines and wild species individuals that are related by

descent. Markers associated with crop performance will provide excellent

diagnostic tools for marker‐assisted breeding and will facilitate identification

and molecular cloning of the genes that control complex agronomic char-

acters. In populations of wild plant species, haplotype–trait associations will

be highly valuable to address at the molecular level questions of ecology,

adaptation, and speciation.

The analysis of LD and marker–phenotype associations in plant popula-

tions is in its infancy at present but will certainly gain importance in plant

genome analysis, as it now becomes more and more approachable, thanks to

the availability of molecular maps, function maps, whole genome sequences,

and functional genomics tools. In studies of LD in plants, molecular

maps, a limited number of DNA‐based markers, and small population sizes
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compared with LD studies in human populations were used to explore LD in

sugarcane cultivars (Jannoo et al., 1999), sugar beet breeding lines (Kraft

et al., 2000), maize inbred lines (Remington et al., 2001; Tenaillon et al.,

2001), and barley cultivars (Kraakman et al., 2004). The whole genome

sequence was the basis for a first analysis of LD in the wildflower

Arabidopsis thaliana (Nordborg et al., 2002). In all studies conducted so

far, LD between DNA marker alleles was observed and ranged from a few

hundred base pairs in maize to 50 centimorgans (cM) in Arabidopsis

(reviewed in Flint‐Garcia et al., 2003).

Genome‐wide marker–trait association studies require the genotyping of

suViciently large, phenotyped populations with a large number of SNP

markers, which is costly and causes statistical problems due to multiple

testing (Hirschhorn and Daly, 2005). The genome‐wide approach aims at

systematic, full coverage of the physical map. It is unbiased but currently

rather prohibitive to be performed in most plant species. However, even

when genotyping small populations with low to modest numbers of ge-

nome‐wide AFLP or SSR markers, it was possible to identify marker–trait

associations in Beta vulgaris ssp. maritima for the bolting gene B controlling

growth habit (Hansen et al., 2001), in Hordeum spontaneum for water stress

tolerance (Ivandic et al., 2003), and in spring barley (Hordeum vulgare) for

yield components (Kraakman et al., 2004). This might be due to inbreeding

and/or a limited number of meiotic generations separating the individuals in

the analyzed populations.

The alternative to the whole genome approach is the candidate gene

approach to find marker–trait associations. Function maps, knowledge of

biochemical pathways, and functional genomics results can be used to select

candidate genes for a trait of interest (see Section II.B). Allelic variation of

one or more candidate genes can then be evaluated for association with trait

variation in suitable plant populations. Although biased, the candidate gene

approach is a valid shortcut to the elucidation of the molecular basis of

complex, polygenic traits as has been shown in plants. In a population of

92 maize inbred lines, DNA polymorphisms in the Dwarf‐8 gene, which

controls plant height (Peng et al., 1999), were associated with a QTL

for flowering time (Thornsberry et al., 2001). Similarly, haplotypes at the

CRY2 flowering time locus in Arabidopsis were associated with natural

variation of this trait (Olsen et al., 2004). In populations of potato cultivars,

markers derived from or tightly linked to single genes for resistance to the

oomycete Phytophthora infestans causing the late blight disease, or to

the fungus Verticillium dahliae were associated with quantitative resistance

to the same pathogens (Gebhardt et al., 2004; Simko et al., 2004). On the

basis of, at present, limited genome coverage, LD seems to extend across

considerable physical distance in potato (Solanum tuberosum), which is a

tetraploid, vegetatively propagated and outcrossing species.
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A fine example of how synteny, function maps, map‐based QTL cloning,

and the candidate gene approach to marker–trait associations can comple-

ment each other toward better understanding of natural variation of complex

plant characters is a syntenic locus encoding the enzyme invertase on chro-

mosome 9 of both tomato and potato. Invertases are ubiquitous enzymes

that hydrolyze sucrose into glucose and fructose. Plant invertases occur in

several isoforms and play important roles in source–sink relationships, de-

fense responses to pathogens, growth, and other developmental processes

(Tymowska‐Lalanne and Kreis, 1998). In tomato (Solanum lycopersicum), an

introgressed wild species allele at the invertase locus on chromosome 9 was

identified by map‐based cloning as being causal for a QTL for tomato fruit

sugar content (Fridman et al., 2000, 2004). In potato (Solanum tuberosum),

molecular mapping of cloned invertase genes identified the orthologous locus

on chromosome IX (Chen et al., 2001). The potato invertase locus coloca-

lized with a QTL for tuber sugar content, a trait that plays an important role

for the culinary quality of processed products such as chips, crisps, and

french fries (Menendez et al., 2002). Subsequent analysis of DNA variation

at the invertase locus in a population of potato breeding clones identified a

natural invertase allele that is associated with better chip quality (Li et al.,

2005). This demonstrates that natural variation of the same, well‐known gene

can be responsible for functionally related but physiologically quite diVerent
QTL in related plant species.
III. Plant Molecular Cytogenetics and Physical Maps
A. Molecular Cytogenetics
The description of the karyotype of maize (Zea mays) based on the micro-

scopic observation of mitotic chromosome spreads is the first example of a

plant genome analysis (McClintock, 1929). Cytogenetics entered the molec-

ular era with the development of the in situ hybridization technique (Gall and

Pardue, 1969; John et al., 1969), in which a labeled nucleic acid probe is

hybridized to denatured DNA of chromosomes spread on amicroscope slide.

Since then, radioactive labeling methods have been replaced by nonisotopic

in situ hybridization techniques using biotin, digoxigenin, or fluorescently

labeled probes. Fluorescent probes are visualized directly by fluorescence

microscopy; other probes are visualized indirectly by the use of fluorescent

antibodies (Jiang and Gill, 1994; Schwarzacher, 2003). Because of its sensi-

tivity and spatial resolution, fluorescence in situ hybridization (FISH) is now

state of the art for the cytogenetic analysis of mitotic, meiotic, and interphase

plant nuclei (Schwarzacher, 2003). FISH also allows the simultaneous use
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and detection of several probes, each one labeled with a diVerent fluoro-
chrome. Advances in fluorescence microscopy with digital image analysis

further increased the number of target sequences, allowing the ‘‘painting’’ of

plant chromosomes (e.g., the five chromosomes of Arabidopsis thaliana) each

in a diVerent color (Lysak et al., 2003). The spatial resolution of FISH

performed on highly condensed somatic metaphase chromosomes is in the

range of 1 to 3 Mbp (Schwarzacher, 2003). This resolution can be increased

to 50–100 kb when probing meiotic pachytene chromosomes, which are 10 to

20 times longer than metaphase chromosomes and easily accessible in pollen

cells (Xu and Earle, 1996, Zhong et al., 1999). The highest resolution, down

to 1 kb or even less, is reached when probing extended genomic DNA fibers

from interphase nuclei (Fransz et al., 1996).

Up to 90% of plant genomes consists of repetitive sequences, some of

which are highly conserved whereas others are species specific (Heslop‐
Harrison, 2000). Total genomic DNA of a given plant species can therefore

be specifically labeled with a fluorochrome and used as a probe in genomic

in situ hybridization (GISH). GISH is being used to detect alien plant

chromosomes and chromosome segments in interspecific hybrids and to

trace them in the breeding process (Dong et al., 2001; Forsström et al.,

2002; Schwarzacher et al., 1992). Various classes of highly repetitive DNA

sequences such as telomeric repeats, satellite repeats, ribosomal RNA genes,

and retroelements have been cloned and characterized from plant species

(Lapitan, 1992). When used as FISH probes, they are powerful descriptors of

the large‐scale organization of chromosomes and chromatin in various stages

of the cell cycle (Harper and Cande, 2000; Heslop‐Harrison, 2000; van Driel

and Fransz, 2004). The abundance and distribution patterns of rRNA genes

and satellite repeats, as detected by FISH, allow, for example, the identifica-

tion of individual chromosomes (Doudrick et al., 1995), the comparative

analysis of the chromosome complements of related species, and the detec-

tion of evolutionary changes (Nagaki et al., 1998; Taketa et al., 1999).

Structure and dynamic behavior of plant telomeres, centromeres, and het-

erochromatic regions have been studied by FISH and appropriate repetitive

sequence probes (Cheng et al., 2002; Dong and Jiang, 1998; Fransz et al.,

2002; Kilian et al., 1995; Murata, 2002).

The sensitivity of FISH is insuVicient to detect low copy number targets in

large genomes with probes that are a few kilobases in length. This limitation

was overcome when genomic libraries with large insertions from 10 kb to

more than 100 kb became available (Section III.B). Pachytene FISH using

bacterial artificial chromosome (BAC) clones as probes has gained an im-

portant role in plant genome analysis as it complements genetic and physical

maps. BACs selected from libraries with markers that are linked on the

genetic map can be physically mapped by pachytene FISH to the same

chromosome. Measuring their physical distance establishes the correlation
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to the genetic distance between the markers. Physical contigs (contiguous

sequences) consisting of overlapping BACs (Section III.B) can be anchored

by FISH analysis to chromosomes and genetic maps, thereby providing

important information for whole genome sequencing projects (Section IV.A).

Pachytene and fiber FISH have been used, for example, to construct an

integrated genetic and physical map of rice chromosome 10 (Cheng et al.,

2001) and to compare the structure of plant nuclear and chloroplast genomes

(Jackson et al., 2000; Lilly et al., 2001).
B. Physical Maps
A physical map provides a scaVold, measured in physical units of base pairs,

for a genomic region or a whole genome. It is based on overlapping genomic

DNA fragments represented by large‐insert clones. This feature distinguishes
it from a genetic map that is based on recombination units measured

in centimorgans. Recombination events are unequally distributed over

the chromosome with recombination hotspots in distal, gene‐rich regions

of chromosome arms, whereas the base pair counts of a physical map are an

absolute distance measure that is independent from position in the genome.

In this respect, physical maps are similar to cytogenetic maps, in which loci

are positioned on the basis of their absolute or relative distance from micro-

scopically visual chromosomal landmarks such as telomeres, centromeres,

nucleolus‐organizing regions (NORs), or others (Harper and Cande, 2000).

In most cases, a physical map does not cover whole chromosomes because of

technical diViculties in dealing with repetitive DNA (Section III.A), so the

focus is on local absolute distances. In this respect the resolution of physical

maps exceeds by far that of cytogenetic and genetic maps. Physical maps help

do the following:

� Clone by position genes identified by QTL analysis or simple Mendelian

inheritance (Section II.B);
� Analyze the ‘‘genomic environment,’’ for example, the regulatory regions

of candidate genes;
� Develop further genetic markers from a genomic region of interest for

marker‐assisted breeding;
� Analyze the structural dynamics of the genome, for example, by assessing

regions for recombination frequencies and linkage disequilibrium in com-

bination with genetic mapping data and phenotypic data (Section II.C);
� Analyze the genomes of related species on the basis of the synteny concept

(Section II.A); and
� Provide a tiling path of minimally overlapping clones as a backbone for

eViciently sequencing the whole genome (Section IV.A).
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1. Tools and Strategies for Physical Mapping
Appropriate biological source material and eVicient methods to physically

dissect and assemble genomic regions are needed to construct a physical map.

Before the advent of cloning protocols for large DNA fragments and the

routine use of restriction endonucleases, physical mapping was restricted to

total genomic DNA. Carle and Olson (1984) reported 11 bands of yeast

DNA separated by an early type of pulsed‐field gel electrophoresis. By

DNA–DNA hybridization with specific probes they could associate three

of them with chromosomes as a first electrophoretic karyogram spanning

more than 900 kb. In a next step, l phages and cosmids became available as

cloning vectors for DNA fragments in the size range from 15 to 40 kb, and

the first strategies for DNA fingerprinting by restriction digests were estab-

lished in Caenorhabditis elegans and yeast (Coulson et al., 1986; Olson et al.,

1986). Restriction fragment patterns of clones were visualized and compared

in order to retrieve overlaps between clones of contiguous sequence, so‐called
contigs, some of which exceeded 100 kb. The potential of the regional

physical maps was already recognized at that time, not only to determine

the distance between linked genes, but also to be extended to the whole

genome level as a common tool for the research community.

A major breakthrough for the generation of physical maps was the cloning

of 300‐ to 1000‐kbp DNA inserts into yeast artificial chromosome (YAC)

vectors (Burke et al., 1987). YAC inserts were often found to be chimeric,

and clones carrying tandemly repeated sequences exhibited a high degree of

instability (Schmidt et al., 1994). Still, YAC libraries were constructed and

successfully used for plant species such as Arabidopsis thaliana (Grill and

Somerville, 1991; Schmidt et al., 1995; Zachgo et al., 1996), maize (Edwards

et al., 1992), and rice (Saji et al., 2001). A further improvement was the

development of the bacterial artificial chromosome (BAC) cloning system

(Shizuya et al., 1992), which allowed the stable cloning of 100‐ to 200‐kbp
DNA fragments. This cloning system proved versatile for high‐throughput
technologies including DNA sequencing and is the most popular at present in

plant and animal genome projects. Plant BAC libraries are listed under

http://w ww.chor i.org and http://w ww.ge nome.clems on.edu . In add ition, ba c-

teriophage P1‐derived artificial chromosomes (PACs; Ioannou et al., 1994)

proved to be reliable cloning vehicles for large genomic DNA inserts to

construct physical maps.

Strategies to analyze and assemble DNA fragments had to be refined

because of the increased number and size of the genomic DNA inserts in

physical mapping projects. Thanks to their higher resolution, DNA‐sequenc-
ing gels and capillary electrophoresis replaced, to a great extent, agarose

gels for the separation of restricted, large genomic DNA inserts. Within a

http://www.chori.org
http://www.genome.clemson.edu
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project to develop a sorghum physica l map, an e Vicie nt high ‐ through put
AFL P‐ based method was developed to estimat e clone overla ps ( Klein et al.,

2000 ). Band visual ization is facilitated by eithe r radioac tive or fluorescent ly

label ed nuc leotides. Bandi ng patte rns are scan ned an d then scored and

inter preted by the finge rprint co ntig (FPC) program de veloped by Sode rlund

et al . (1997) for contig assemb ly. The technol ogies availab le for DNA finger-

print ing, assem bly stra tegies, and their evaluat ion for physica l map constr uc-

tion wer e reviewed by M eyers et al . (2004a ) . As an alternati ve to restrict ion

fragm ent ‐ba sed stra tegies, protocol s for high ‐ throughpu t hybridi zation wer e
develop ed to con struct phy sical maps. In Ara bidopsis thal iana, a BAC libr ary

was hybridiz ed agains t both ends of 500 BAC clones in an iterati ve ‘‘sam-

pling without replac ement ’’ strategy ( Mozo et al ., 1998 ). A mini mum of 220

con tigs co vering 41.8% of the library, whi ch contain s 7 genome eq uivalen ts,

illustr ated the feasi bility of the app roach for a specie s with a low content of

repeti tive DNA such as Arabidop sis . In most high er plants , howeve r, repeat

sequen ces cover 50–90% of the genome (Hesl op‐ Harr ison, 2000 ). To obtain

specific resul ts in these cases, hybridizati on prob es must be scrutinize d for

uniqu eness by testing them agains t repeat libraries. Gene co ding sequ ences

are frequent ly targe ted by hybridi zation ‐ based approach es be cause of their
low redun dancy compared with other geno mic regions . To co nstruct a

phy sical map of maiz e that can be integ rated with the genetic map, nearly

10,000 unique 40 ‐mer oligonucl eotide s were dedu ced from expressed se-

que nce ‐ tagged unigenes an d used for two ‐ dimens ional ‘‘overgo ’’ hyb ridiza-

tions ( Gardi ner et al., 2004 ). Over go probes are de signed to bind to

nonr epeat regions and con sist of two overla pping, complem entary oligonu-

cleot ides, which allow radiol abeli ng to high specific activit y by the Klenow

enzyme. As an addition al benefi t, marker s develope d from express ed

sequen ces ha ve the potenti al to tag ca ndidate gen es for traits of intere st.

Genetic mapping of the same markers not only serves to integrate both maps,

but also corroborates the genotype–phenotype linkage (Section II.B).

A multiparallel oligo‐fingerprinting method used 35‐mer oligonucleotides

derived from EST and BAC end sequences as hybridization probes on a

filter‐arrayed BAC library for constructing a physical map of the medaka fish

(Khorasani et al., 2004). The same method is now being applied to physical

mapping of the sugar beet gen ome (htt p://www. gabi. de). The advan tages of

hybridization‐based strategies are as follows: first, contigs are directly an-

chored to the genetic map in case the map position of the cross‐hybridizing
oligonucleotide is known, whereas contigs from restriction‐based approaches

are largely anonymous; second, even small overlaps, which are likely to be

eliminated by the stringency thresholds in the restriction‐based approaches,

are detected by hybridizations; and third, the hybridization‐based strategy is

less susceptible to SNPs, thereby allowing the use of DNA from diVerent

http://www.gabi.de
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genotypes for the assembly, which is problematic with the restriction‐based
approach.

Apart from cloning genomic DNA fragments into vectors and transform-

ing them into microbial recipients such as yeast and bacteria, there is also the

possibility to immortalize the donor DNA by fusing or integrating it with

another, unrelated plant genome and to propagate this chimeric material in

the form of radiation hybrid (RH) or addition lines. Whereas addition lines

result from interspecific crosses and tissue culture procedures to select lines

with additional alien chromosomes, radiation hybrid lines are produced by

lethal irradiation of the donor cells to induce random chromosomal breaks

followed by subsequent fusion with a suitable recipient cell line from a

diVerent species (Barrett, 1992). These strategies are most popular in mam-

malian genome research. The feasibility of constructing chromosome addi-

tion and radiation hybrid lines in maize and barley and the potential of this

approach for covering the whole genome have been successfully demon-

strated ( Kynast et al ., 2004 ; Wardro p et al ., 2002). Genomi c regions de fined

by their breakpoints can be analyzed in a diVerent genetic background

devoid of the rest of the donor genome, which might cause problems result-

ing from duplicated segments and repetitive sequences. This option is also

useful if the genomic region of interest proves unclonable by the previously

described strategies, and long‐range accuracy and map integrity need to be

secured. A further tool for physical mapping still waiting to be exploited in

plant genome research is the HAPPY mapping technique (Dear and Cook,

1993). It is based on cosegregation analysis of markers amplified in pools of

randomly sheared genomic DNA fragments whereby cosegregation is under-

stood as the presence of both marker fragments in the same pool without the

requirements of meiotic mapping involving parental polymorphisms (Waugh

et al., 2002).
2. Local Versus Whole Genome Physical Maps: Comparison of

Requirements and Objectives
If interest is focused on a particular genome region, for example, in a

positional cloning project, then a local physical map covering the locus of

interest is suVicient. In this case the strategy involves construction of a large‐
insert library from the genotype that contains the desired allele. In particular,

the cloning of genes for resistance to plant pathogens, which are often

introgressed from wild species, necessitates the generation of a large‐insert
library from the respective donor in each case. Cloning of the R1 gene for

resistance to late blight in potato (Ballvora et al., 2002) is an illustrative

example. After genetic fine mapping, BAC clones were produced from the

genotype harboring the R1 resistance gene. A contig was built around the R1
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locus and screened for candidat e resi stance genes. In this way, a can didate for

the R1 gene was iden tified, sub cloned, and shown to encod e the functi onal

gene by compleme ntation of a suscept ible pot ato gen otype. Bec ause of the

versat ility of molec ular cloning techni ques, most protoco ls can be trans ferr ed

betw een genotypes of one specie s and betw een specie s with relative ease.

Ther efore, local physica l maps can be c onstruc ted for almos t any locus

irre spective of the plant specie s, provided that a de nse fram ework of geneti c

marker s within the region of interest is avail able for chromosom e wal king

tow ard the locus of inter est.

The situatio n is more critical if a whol e genome phy sical map is intende d.

The complex ity of plant genomes, due to duplica tions, rearran gement s an d

delet ions, the often large g enome size, and the high degree of repetiti ve

sequen ces, is the great est obstacle for the gen eration of physica l maps. For

maiz e, whi ch has an estimat ed genome size of 2500 Mb p (Arum ugan athan

and Earle, 1991 ), represen ting a bout 80% of the human ge nome in term s of

size, a physical map based on three diVerent BAC libraries is under construc-

tion (Coe et al., 2002; Cone et al., 2002; Yim et al., 2002). The number of

con tigs was reduced to 760 (htt p://www. genome. arizona .edu/ fpc/mai ze/).

Meanwhile, a massive sequencing eVort of aligned BAC ends has partly

elucidated sequence composition and genome organization and confirmed

a repeat content of 58% in the maize genome (Messing et al., 2004). Addi-

tional criteria for selecting a species for a whole genome physical map

construction include the potential to serve as model species and the expected

increase in economic value with regard to crop improvement by molecular

breeding strategies. Almost complete physical maps have been published

for Arabidopsis thaliana (Chang et al., 2001; Marra et al., 1999; Mozo

et al., 1999), rice (Chen et al., 2002; Tao et al., 2001), sorghum (Klein et al.,

2000), and soybean (Wu et al., 2004b). To achieve complete genome

coverage, large‐insert libraries containing at least six to eight genome equiva-

lents have proved to be a prerequisite (Zhang and Wu, 2001). The cloning

eViciency of large inserts was found to be dependent on the restriction

enzyme used because the distribution of restriction sites is uneven within a

genome. Therefore the use of diVerent restriction enzymes for cloning

large fragments is necessary to fill gaps and to improve genomic coverage

(Tao et al., 2001; C. C. Wu et al., 2004a; Yim et al., 2002). Projects to

generate whole genome physical maps are inspired mostly by the desire to

sequence entire genomes (Section IV.A). For this purpose the tiling path of

minimally overlapping clones to be sequenced is deduced from the physical

maps, which indeed were essential tools for the sequencing of both

the Arabidopsis and rice genomes (Arabidopsis Genome Initiative, 2000;

Feng et al., 2002; Rice Chromosome 10 Sequencing Consortium, 2003;

Sasaki et al., 2002).

http://www.genome.arizona.edu/fpc/maize/
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IV. Pla nt Genomes
A. Whole Geno me Seque nces
A catal og of trans cribed sequences can be assemb led for any specie s in a cost‐
e Vicien t manner by generat ing thousand s of single ‐ pass sequencing reads of
randoml y chosen cDNA clones (expre ssed sequenc e tags, ESTs) ( Secti on IV.

C.1 ). For an EST pro ject, cDNA clones are isolated either from a library

made from mRN A isolated from a mixt ure of tissues and con ditions

(New man et al ., 1994 ) or from di Verent cDNA libra ries made from a varie ty

of tis sues and cultur ed cells ( Hö fte et al ., 1993; Uchimiya et al., 1992 ). It is

possible to reconst ruct con sensus sequ ences of ESTs that are often longer

than ind ividual ESTs be cause many genes are repres ented multiple times in a

particular EST co llection ( Quackenbu sh et al ., 2001; Roun sley et al ., 1996 ).

Extensiv e EST collections have be en establ ished for many plan t specie s. For

example , more than 100,000 ESTs e ach are availab le in publ ic da tabase s for

14 di Verent higher plant specie s ( Triticum aesti vum, Zea mays , Arabidop sis

thaliana, Oryza sativa, Glycine max, Saccharum oVicinarum, Pinus taeda,

Medicago truncatula, Sorghum bicolor, Solanum tuberosum, Solanum lycoper-

sicum, Malus domesti ca, Vitis vinifera , and Lotus japonicus ; http://w ww.ncbi .

nlm.nih.g ov/dbES T/). However, even these large data sets do not rep resent

the entire gene repertoires of these organisms because scarce transcripts are

poorly represented in cDNA libraries. Another drawback of EST sequencing

is that this approach fails to provide information about elements of impor-

tance for gene regulation as these are located mostly outside transcribed

regions. In contrast, a comprehensive description of the gene and repeat

repertoire of a particular species is possible if the entire genome of a species

is analyzed at the sequence level. Such an eVort also gives an insight into

chromosomal architecture.

Plant genomes consist of three components located in the nucleus, the

plastids, and the mitochondria. The plastid genomes of land plants are

generally similar in size (120–220 kbp) (Palmer, 1992). Complete sequences

of chloroplast genomes were described for the liverwort Marchantia poly-

morpha and tobacco in 1986 (Ohyama et al., 1986; Shinozaki et al., 1986).

Similar orders of the densely packed genes are observed in species as distantly

related asMarchantia, Arabidopsis, tobacco, and rice (Hiratsuka et al., 1989;

Sato et al., 1999a). Cytogenetic analyses of the Arabidopsis, tobacco, and pea

chloroplast genomes revealed, in addition to monomeric circular forms,

linear and circular multimers as well as rearranged, partial genome units

(Lilly et al., 2001).

Mitochondrial genomes of land plants are more variable in size (180–2500

kb; Ward et al., 1981) than plastid genomes. Homologous recombination

http://www.ncbi.nlm.nih.gov/dbEST/
http://www.ncbi.nlm.nih.gov/dbEST/
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between repeated sequences present in the mitochondrial genome results in

the simultaneous occurrence of a variable number of diVerent mitochondrial

genome molecules in the organelle (Palmer and Shields, 1984). Comparison

of the complete sequences for the mitochondrial genomes of the liverwort

Marchantia polymorpha, Arabidopsis thaliana, andOryza sativa (Notsu et al.,

2002; Oda et al., 1992; Unseld et al., 1997) revealed a greater degree

of variation in gene repertoire than is found for plastid genomes. Sequences

of nuclear and plastid genome origin were found in the mitochon-

drial genomes of Arabidopsis and rice (Notsu et al., 2002; Unseld et al.,

1997). Likewise, evidence of frequent, ongoing transfer of sequences from

the organelles to the nuclear genomes has been reported (Timmis et al.,

2004).

Both organellar genomes together encode only a small proportion of the

genes in a plant. The vast majority are found in the nuclear genome. For

example, the organellar genomes ofArabidopsis contribute coding information

for little more than 0.5% of all genes in this organism (Arabidopsis Genome

Initiative, 2000). Nuclear genomes of angiosperms varymore than 1000‐fold in
genome size (Leitch et al., 1998). Thus, species with comparatively small

genomes, such as Arabidopsis and rice, were chosen for the first plant genome

sequencing projects. More recently, approaches have been devised that are

suitable for the analysis of large genomes containing a high proportion of

repetitive sequences. Adopting a clone‐by‐clone sequencing approach,

Arabidopsis thaliana was the first higher plant species for which the sequence

of the nuclear genomewas determined. Clone contig chromosomemaps assem-

bled from libraries of large‐insert clones (Section III.B) were a prerequisite for

the map‐based sequencing strategy. A tiling path of clones with minimal

overlap was chosen and for each of these large‐insert clones libraries of ran-
domly sheared DNA were prepared in high‐copy plasmid vectors. The inserts

of the plasmid clone libraries were sequenced and the resulting sequences were

assembled. Finally, the assembled sequences of the diVerent large‐insert clones
were used to reconstruct the sequences of the five chromosomes. Sequences of

two of the five chromosomes of the Arabidopsis accession Columbia

were reported in 1999 (European Union Arabidopsis Sequencing Consortium,

Cold Spring Harbor Laboratory, Washington University St. Louis, and

PE Biosystems, 1999; Lin et al., 1999). In 2000 the sequence of the genome

covering 115.4 Mbp in total was released at accuracy rates between 99.99

and 99.999% (ArabidopsisGenome Initiative, 2000; EuropeanUnion Chromo-

some 3 Arabidopsis Sequencing Consortium, Institute for Genomic Research,

and Kazusa DNA Research Institute, 2000; Kazusa DNA Research Institute,

Cold Spring Harbor and Washington University in St. Louis Sequencing

Consortium, and European Union Arabidopsis Genome Sequencing Consor-

tium, 2000; Theologis et al., 2000). Regions containing highly repetitive

tandemly organized sequences such as the rDNA repeat regions and



244 GEBHARDT ET AL.
the centromeric repeat regions were not completely sequenced. Thus, the

sequenced portions of the chromosomes extended from either the telomeres

or ribosomal DNA repeats into the centromeric repeat regions.

Gene structures were determined by a combination of appropriate com-

puter algorithms and by taking into account similarities to known proteins

and ESTs (Arabidopsis Genome Initiative, 2000). Annotation eVorts are still
ongoing, and substantial refinements of the exon/intron structures were

achieved by integrating information derived from large sets of full‐length
cDNA sequences (Castelli et al., 2004; Haas et al., 2002; Seki et al., 2002;

Yamada et al., 2003). Genome‐wide mapping of transcriptional units was

also performed by hybridizing RNA populations prepared from various

tissues to a set of high‐density oligonucleotide arrays spanning the entire

genome (Yamada et al., 2003).

The availability of the genome sequence for the Columbia accession facil-

itates strategies aimed at genome‐wide detection of polymorphisms for other

Arabidopsis accessions. Hybridization of genomic DNA of two Arabidopsis

thaliana accessions to oligonucleotide arrays that had been initially designed

for gene expression monitoring enabled the detection of almost 4000 single‐
feature polymorphisms between the Columbia and Landsberg erecta acces-

sions (Borevitz et al., 2003). An even higher number of polymorphisms

between these two accessions was the result of a genome‐sequencing eVort
adopting a whole‐genome shotgun strategy for the Landsberg erecta geno-

type. Approximately 500,000 sequences corresponding to Arabidopsis nucle-

ar DNA and amounting to 263 Mbp of good‐quality raw sequence were

obtained and assembled in 92.1 Mbp of sequence. Comparison of this data

set with the genome sequence of the Columbia accession was performed for

polymorphism prediction. On average, a single‐nucleotide polymorphism

(SNP) was found every 3.3 kbp and an insertion/deletion event (InDel) was

found every 6.6 kbp. In total, more than 50,000 polymorphisms were pre-

dicted, hence greatly facilitating map‐based cloning eVorts in Arabidopsis

(Jander et al., 2002). The InDel polymorphisms ranged from 1 bp to 38 kbp;

insertions greater than 250 bp in Columbia often matched transposon‐
related proteins, indicating that a proportion of the large InDels were

explained by transposon insertion or excision events. However, comparison

of the genomic sequences of the Columbia and Landsberg erecta accessions

also revealed evidence of gene translocation events (Arabidopsis Genome

Initiative, 2000).

The annotated sequence of the Arabidopsis nuclear genome oVers unique
opportunities for comparative sequence analyses with closely and distantly

related species. The comparative study of small chromosome segments

revealed similar gene arrangements in Arabidopsis and Capsella rubella, a

species that diverged from Arabidopsis approximately 6 to 10 million years

ago (Acarkan et al., 2000; Rossberg et al., 2001). Notably, conservation of
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microstructure was also observed when small genome segments of species

were compared that belong to diVerent clades of the eudicots, Arabidopsis

and tomato (Ku et al., 2000; Rossberg et al., 2001). However, it was also

discovered that gene loss in duplicated regions of a genome is a particularly

important process in plant genome evolution (Section II.A). Many but not all

the observed deviations from colinearity were explained by this process (Ku

et al., 2000; Rossberg et al., 2001). This was also seen when Arabidopsis

genome segments were compared with corresponding regions in Brassica

(O’Neill and Bancroft, 2000; Rana et al., 2004), a lineage that was subjected

to polyploidization after divergence of the progenitors of Arabidopsis and

Brassica approximately 20 million years ago.

For sequencing of the rice genome in the context of the International Rice

Genome Sequencing Project, the clone‐by‐clone strategy was chosen. The

sequencing consortium selected the 430‐Mbp nuclear genome of the Oryza

sativa subspecies japonica as a target for their sequencing eVorts. So far,

sequences of 3 of the 12 rice chromosomes have been reported to the same

degree of accuracy as for the Arabidopsis genome project (Rice Chromosome

10 Sequencing Consortium, 2003; Feng et al., 2002; Sasaki et al., 2002).

Owing to the high abundance of highly repetitive satellite DNA, centromeric

regions of plants or animals resist mapping and sequencing eVorts. However,

the centromeric region of chromosome 8 of rice has an unusually low

abundance of highly repetitive satellite DNA. This enabled mapping and

sequencing of this centromeric region, thus allowing insight into the struc-

tural architecture of such a region that is of crucial importance for chromo-

some segregation and karyotype stability (Nagaki et al., 2004; Wu et al.,

2004). A 750‐kbp region underlying the kinetochore was identified

and several active genes were found in this heterochromatic area (Nagaki

et al., 2004).

If gene discovery is the main aim of a genome‐sequencing project, the

production of a draft sequence—a sequence that is not completely assem-

bled—is an attractive option. Such a draft sequence was generated for the

rice genome (Barry, 2001). Information derived from 3391 BAC clones added

up to 399 Mbp of sequence. After assembly of redundant sequences into

contigs, 259Mbp of sequence was obtained, thus determining the sequence of

approximately 60% of the rice genome.

Two rice genome‐sequencing programs took advantage of the whole ge-

nome shotgun approach to produce draft sequences of the rice genome (GoV
et al., 2002; Yu et al., 2002). For the whole genome shotgun strategy, libraries

of randomly sheared DNA, ideally of diVerent size ranges, are prepared and

the resulting clones are sequenced from both ends. The resulting sequences

are assembled. Moreover, the information that nonoverlapping sequences

are generated from a pair of end sequences of a given clone is exploited to

link sequence assemblies into scaVolds. The depth of the sequence coverage
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determines not only the average length of the sequence assemblies but also

the quality of the sequence. The draft sequence for the indica subspecies was

generated at approximately fourfold coverage and a total of 361 Mbp was

assembled for the 466‐Mbp genome (Yu et al., 2002). The more than sixfold

coverage of the genome of the japonica subspecies resulted in 389 Mbp of

assembled sequence for the 430‐Mbp genome (GoV et al., 2002). Data

produced by the two diVerent shotgun approaches were combined to aid

the assembly. The high genome colinearity of the indica and japonica subspe-

cies was exploited to construct scaVolds and superscaVolds by integrating

data of the indica subspecies for assembly of the japonica subspecies and vice

versa. This approach resulted in increased long‐range contiguity: 140

mapped superscaVolds with an average size of 8.2 Mbp were established

for the indica subspecies and 119 mapped superscaVolds of an average size

11.6 Mbp were established for the japonica subspecies (Yu et al., 2005). By

integrating data from large‐scale EST and cDNA sequencing programs, the

gene repertoire of both subspecies is now estimated at approximately 38,000

to 40,000 genes (Yu et al., 2005).

Many of the important crop plants have genomes as large or even larger

than the human genome. A high abundance of mobile element sequences and

in particular retrotransposon sequences is characteristic for large‐genome

plant species. For example, repetitive sequences make up 80% of the 2500‐
Mbp maize genome. Given that amplification of retrotransposon sequences

within the last 3 million years caused a doubling in genome size (SanMiguel

et al., 1998) it is evident that many of these sequences are closely related.

Thus, not only the abundance of repetitive elements, but also the high degree

of sequence similarity between elements that may be widely dispersed in the

genome, causes problems for mapping and sequencing projects. Therefore,

strategies had to be devised that enrich for genes in shotgun libraries. In a

solution of sheared, heat‐denatured DNA a specific sequence reassociates at

a rate proportional to its copy number in the genome. On the basis of such an

analysis genomic DNA can be fractionated into highly repetitive, moderately

repetitive, and single‐ and/or low‐copy DNA; cloned; and sequenced. Adopt-

ing this strategy for sorghum and maize revealed that libraries made from the

single‐ and/or low‐copy fraction may be an eVective means to capture the

sequence complexity of these genomes (Peterson et al., 2002; Yuan et al.,

2003), thus providing a cost‐eVective alternative to a whole genome sequenc-

ing eVort. Sequencing by methyl filtration provides an alternative strategy.

This approach exploits the fact that most repetitive elements are heavily

methylated when compared with gene sequences. Given that shotgun clone

libraries are prepared in a methylation‐restrictive Escherichia coli host

strain, repeat sequences are largely excluded whereas unmethylated genic

regions are preserved in these libraries (Rabinowicz et al., 1999). The eVec-
tiveness of these gene‐enrichment strategies was demonstrated by the first
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pilot experiments. Raw coverage of 300 Mbp of methylation filtration

sequence of the 735‐Mbp sorghum genome resulted in the sequence tagging

of 96% of the genes in this species with, on average, two‐thirds coverage

across their lengths (Bedell et al., 2005). A sixfold reduction in eVective
genome size and a fourfold increase in gene identification rate were achieved

by applying a combination of both described gene enrichment strategies for

analysis of the maize genome when compared with a nonenriched library

(Whitelaw et al., 2003).
B. Model Systems
The analysis of model organisms is of special importance in eukaryotic

genome research. Ideally, eukaryotic model organisms for genome research

combine high amenability to genetic analyses with a small genome size.

Saccharomyces cerevisiae was the first eukaryotic genome to be fully

sequenced (Mewes et al., 1997). The description of the gene complement in

this organism led to a wealth of follow‐on experiments aimed at the elucida-

tion of gene function, the systematic study of protein localization, and a

comprehensive analysis of protein–protein interactions.

In plants, Arabidopsis and rice are considered model species for eudicots

and monocotyledonous plants, respectively. The following section gives a

short overview on genome organization in these species and the available

resources for functional genomic analyses. Many aspects of plant biology

that are common to all plants can be studied in the tractable model systems

Arabidopsis and rice. However, these two model systems do not, by any

means, encompass the vast diversity found in the plant kingdom at the

whole plant, physiological, biochemical, genetic, or molecular level. More-

over, Arabidopsis and rice are not suitable to study certain biological phe-

nomena that are of great importance in plant biology, such as symbiotic

nitrogen fixation or wood formation. To address such issues, the legumes

Lotus japonicus and Medicago truncatula, the tree Populus trichocarpa, and

the moss Physcomitrella patens have also been selected for plant genome

projects.
1. Arabidopsis thaliana
The small crucifer Arabidopsis thaliana has with approximately 125 Mbp one

of the smallest known nuclear genomes in higher plants. The genome is

characterized by a low amount of repetitive sequences and a high density

of gene sequences. On average, a gene was found every 4.5 kbp in the nuclear

genome. Only 35% of the predicted proteins are unique in the genome;

analysis of duplicated gene sequences revealed that 17% of all genes are
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arranged in tandem arrays. Approximately 60% of the genome was found in

large segmental duplications (Arabidopsis Genome Initiative, 2000). High‐
precision genetic mapping defined regions containing centromere function

for each of the five chromosomes (Copenhaver et al., 1999). Pericentromeric

regions containing numerous classes of repetitive sequences flank the centro-

mere cores that consist of homogeneous arrays of 180‐bp repeats and in some

cases of long tandem arrays of 5S rDNA sequences (Arabidopsis Genome

Initiative, 2000). A first insight into sequence determinants of importance for

chromosome condensation was provided by the sequence of a heterochro-

matic island on the short arm of chromosome 4 (Cold Spring Harbor

Laboratory, Washington University Genome Sequencing Center, and PE

Biosystems Arabidopsis Sequencing Consortium, 2000).

The function of only a small fraction of the Arabidopsis genes has been

characterized experimentally. Even assigning a putative function based on

suVicient similarity to proteins of known function is not possible for approx-

imately 30% of the predicted genes (Arabidopsis Genome Initiative, 2000).

With the annotated genome sequence in hand, functional analysis of all

Arabidopsis genes became the goal. To meet this objective, emphasis is

currently on global approaches such as transcriptomics, proteomics, and

metabolomics (Somerville and Dangl, 2000; Section IV.C). Furthermore,

the excellent amenability of Arabidopsis to mutational and genetic analyses

is an essential prerequisite for functional genomics approaches. The short

generation time of less than 2 months, the small stature of fully grown plants,

and the large number of oVspring render Arabidopsis ideally suited for

genetic and mutational studies. Extensive mutant collections have been

generated by ionizing radiation and chemicals such as ethyl methane-

sulfonate (EMS) and many mutants have been placed on the genetic map

(Koornneef et al., 1983; Meinke et al., 1998; Rhee et al., 1998), often as a first

step toward gene isolation by map‐based cloning approaches. Dense molec-

ular marker maps (Chang et al., 1988; Lister and Dean, 1993; Meinke et al.,

1998; Rhee et al., 1998) extensively cross‐referenced with contig maps based

on artificial chromosome clones (Kotani et al., 1997; Marra et al., 1999;

Mozo et al., 1999; Sato et al., 1998; Schmidt et al., 1995; Zachgo et al.,

1996) facilitated positional cloning of mutant loci and sequencing of the

genome. A compilation shows that more than 100 genes with mutant phe-

notypes have been isolated by map‐based strategies (Meinke et al., 2003).

Increasingly, the study of naturally occurring genetic variation inArabidopsis

thaliana is used in addition to the study of mutants to gain insight into the

control of important plant processes (Koornneef et al., 2004).

Arabidopsis is readily transformed by various methods (Damm et al., 1989;

Lloyd et al., 1986). High‐throughput transformation methods devoid of

tissue culture steps are in place (Clough and Bent, 1998) enabling, for

example, protein localization studies by introducing fusions between reporter
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genes an d cDNA or gene sequen ces (Cut ler et al ., 2000; Ti an et al., 2004 )

or e Vicie nt transgen e ‐ind uced RNA interfer ence ( McGi nnis et al., 2005 ).

Fur thermore, the T‐ DNA of Agrobact erium tum efaciens an d trans posable

elem ents from maize that had bee n intr oduce d into Arabidop sis have

been exp loited to establis h large popul ations of inser tion mutant s ( Azpi roz ‐
Lee han an d Feldmann , 1997; Meissne r et al., 1999 ). Cloning of mutant genes

by taggi ng app roaches has been widely adop ted in Arabidop sis . Meinke et al .

(2003) compiled more than 295 cases. The extens ive mutant collections are

also exploi ted for revers e geneti c app roaches. Point mutat ions in a gen e of

inter est can be screened for in a high ‐ throu ghput fashio n by TILLI NG

( Heniko V et al ., 2004 ). Se quences fla nking inser tions of the T‐ DNA of

Agr obacterium tumefacien s have be en determined for more than 88,000

di Veren t events (Alons o et al ., 2003 ) and the analys is of this mutant co llec-

tion sho wed that mutant s had been identified for app roximatel y 75% of the

predicted genes. A centralized entry point to information and research

materials that have been assembled for this species is provided by the

Ara bidopsis Inform ation Resour ce (TAIR, http: //arabi dopsis.o rg; Rhee

et al., 2003). Moreover, this database oVers many links to other databases

and/or functional genomics projects.
2. Oryza sativa
Rice has been selected as a model organism because it combines

several attributes such as a small genome size of approximately 430 Mbp

(Arumuganathan and Earle, 1991), amenability to transformation (Christou,

1997; Hiei et al., 1997), and a wealth of genetic and molecular resources.

Furthermore, it is a principal food crop. Rice belongs to the Poaceae and is

related to species of agronomic importance such as maize and wheat, which

have much larger genomes (Arumuganathan and Earle, 1991). Despite

the fact that some Poaceae species diverged as long as 60 million years ago,

a remarkable degree of genome conservation has been established for

this plant family, using comparative genetic mapping experiments (Gale

and Devos, 1998). Thus, information collected for the rice genome has an

immediate impact on studies in many other crop plants.

Extensive germplasm collections have been assembled for rice. As many as

80,000 samples are, for example, stored at the International Rice Research

Institute (IRRI; Jackson, 1997). The collection comprises landrace varieties,

modern as well as obsolete varieties, special genetic stocks, and wild species.

Comprehensive molecular marker maps (Causse et al., 1994; Harushima

et al., 1998) enabled mapping of quantitative trait loci for many diVerent
traits in rice (McCouch and Doerge, 1995; Yano and Sasaki, 1997). Clone

contig maps based on artificial chromosome clones have been established for

all 12 rice chromosomes (Chen et al., 2002; Saji et al., 2001; Wu et al., 1998,

http://arabidopsis.org
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2002, 2003). These maps form an indispensable basis not only for the

sequencing of the rice genome but also for positional cloning of quantitative

trait loci (Takahashi et al., 2001; Yano et al., 2000).

The wealth of sequence information about the nuclear, chloroplast, and

mitochondrial genomes of the two rice subspecies indica and japonica

(Barry, 2001; Feng et al., 2002; GoV et al., 2002; Hiratsuka et al., 1989;

Notsu et al., 2002; Rice Chromosome 10 Sequencing Consortium, 2003;

Sasaki et al., 2002; Tang et al., 2004; Yu et al., 2002, 2005) is complemented

by extensive collections of ESTs (Sasaki et al., 1994; Uchimiya et al., 1992;

Zhou et al., 2003) and the availability of more than 28,000 full‐length cDNA

sequences (Rice Full‐Length cDNA Consortium, 2003). Estimates of gene

number in rice vary, but all gene counts suggest that rice contains more genes

than Arabidopsis (GoV et al., 2002; Yu et al., 2002, 2005). Approximately

80% of the Arabidopsis genes have a homolog in rice, but only 50% of the

predicted rice genes have a homolog in Arabidopsis (Yu et al., 2002). In

diVerent species of the Gramineae (rice, maize, barley, and wheat) gradients

in GC content, codon usage, and amino acid usage are observed in genes

along the direction of transcription. In contrast, when genes were studied

in several eudicot species, similar features were not found. These diVerent
characteristics of monocot and eudicot genes severely hamper the detection

of protein homologs across the monocot–eudicot divide (Wong et al., 2002).

Analysis of duplication patterns in the rice nuclear genome revealed evi-

dence of a recent segmental duplication (Wu et al., 1998; Yu et al., 2005)

and an ancient whole genome duplication before the divergence of the cereals

from one another (Paterson et al., 2004; Yu et al., 2005). Individual

gene duplications are particularly frequent events (Yu et al., 2005), with a

significant proportion of genes being present in tandem arrays (Sasaki et al.,

2002).

The indica and japonica genotypes vary little with respect to gene content.

Alignments of indica‐ and japonica‐derived sequences showed extensive co-

linearity, but deviations from colinearity due to InDels, especially in inter-

genic regions, are frequent (Yu et al., 2005). Comparing homologous regions

of approximately 2.3Mbp in size revealed 9056 SNPs and 201 InDels between

the indica and japonica genotypes. More than 35% of the InDels were longer

than 1 kbp and at least some of them correspond to gene regions (Feng et al.,

2002). Comparative analysis of the genome sequences for the two subspecies

has enabled genome‐wide identification of single‐nucleotide polymorphisms

and single‐base InDels between these genotypes (Feltus et al., 2004). The vast

majority of known maize, wheat, and barley genes have homologs in

rice (GoV et al., 2002). Moreover, a comparison of rice chromosome

sequence maps with genetic maps of sorghum and maize corroborated the

extensive synteny between rice and other cereal genomes (GoV et al., 2002;

Rice Chromosome 10 Sequencing Consortium, 2003). In contrast, little
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con servation in gene order was found betw een rice an d Ara bidopsis ( Feng

et al ., 2002; Go V et al ., 2002 ).
Studies of gene functi on at a gen ome ‐ wide level in rice can build on the

avail ability of high ‐ density arrays for gene express ion pro filing ( Rensin k an d

Buell, 2004 ) and a proteom e databas e ( Komat su and Tana ka, 2005 ). More-

over, rice can be trans form ed by di Verent methods ( Christo u, 1997; Hiei et al.,

1997 ). The T‐ DNA of Agrobact erium tumefaci ens, Ac/Ds an d En/Spm , maiz e

trans posable elem ents that had been introd uced into rice, and Tos17 , an

end ogenous retr otrans poson, have all been used to establis h large

popul ations of inser tion mutant s and in a num ber of cases gene taggin g

has resulted in the cloning of mutant gen es ( Hiroch ika et al ., 2004 ). Screening

of delet ion ( Li et al., 2001 ) or inser tion (Enoki et al ., 1999 ; Lee et al ., 2003 ;

Sato et al ., 1999b) mutant popul ations by PCR app roaches has been estab-

lish ed and mutant s for genes of interest have been isol ated by reverse geneti c

app roaches. The use of revers e geneti c app roaches in rice will be eve n

more facile in future because program s ha ve been init iated that aim at large ‐
scale identi ficati on of rice seque nces that fla nk insertions of the T‐ DNA of

Agr obacterium tumefaci ens ( Sallaud et al., 2004 ), the Ds trans posable elem ent

( Kolesn ik et al ., 2004 ), and the Tos17 elem ent (M iyao et al ., 2003 ).
3. Legume Models: Medica go trunc atula and Lotus japoni cus
Leg umes provide unique insights into the pheno menon of plant– microb e

symbi osis. Ther efore, two legum e specie s, Lotus japoni cus and Medica go

trunc atula , whi ch are hosts for the nitr ogen ‐fixing symbi otic bacter ia

Sinorhi zobium melilo ti and Mesorh izobium meliloti , respect ively, ha ve be en

selec ted as plant model specie s. Sy mbiotic relationsh ips wi th arbuscul ar

mycorr hizal fungi can a lso be studi ed in these specie s. Lotus japonicu s an d

Medica go trunc atula are self ‐ fertilizing diploi d specie s that ha ve a generat ion
time of app roximatel y 3 months and are amenab le to Agr obacterium ‐
media ted transform ation ( Barker et al ., 1990; Hand berg an d Sto ugaard,

1992 ). Screening mutant populati ons gen erated by insertion mutag enesis ,

EMS, or irrad iation treatmen ts led to the discove ry of di Ve rent class es of
symbi otic mutant s in Medica go and Lotus (Sto ugaard, 20 01 ). Import antly, a

set of common signal transduction components has been identified that is

required to redirect the development of root cells so that the plants can

engage in symbiotic relationships with bacteria and fungi (Kistner and

Parniske, 2002). Map‐based cloning of some of the genes involved has been

carried out. Thus, the study of plant symbioses has clearly benefited from the

resources that have been put in place by the ongoing clone‐by‐clone genome

sequen cing program s for these specie s (http ://www. medic ago.org /genom e/;

http: //www.kazus a.or. jp/lotus /), whi ch ha ve, with 47 0 Mbp , relative ly

http://www.medicago.org/genome/
http://www.kazusa.or.jp/lotus/
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compact genomes. Large ‐ scale EST pr ograms have en abled trans cript

profilin g in M edicag o and Lotus , an d many genes were de tected that were

more highly express ed in nodul es than in roots (Federova et a l., 2002;

Colebatch et al ., 2004 ). Furtherm ore, genes of importance for arbu scular

mycorrh izal symbio sis were identified in Medica go ( Liu et al ., 2003 ). With the

complete geno me sequ ences of the symbio tic bacter ia in hand ( Galibert et al .,

2001; Kaneko et a l., 2000 ), trans criptional analys es of rhizobia are also likely

to reveal new details concern ing many di Verent aspect s of symbi osis.
4. Tree Model: Pop ulus trichocar pa
It may be di Vicult to extra polate findings from annual, herbaceous mod el

systems to organis ms su ch as trees that are distinguis hed by a long life span ,

large size, extens ive formati on of seco ndary xylem , dormancy, and phase

change from juveni le to mature stat e. Thi s notion toget her with the econo mic

and ecologi cal impor tance of fores t trees has fueled the idea to promot e a tree

species as a mo del for perennial plan ts. Populus co mbines many feat ures of

importance for a model orga nism. It has a relative ly small geno me of appro x-

imately 550 Mbp an d a fast grow th rate ( Bradsh aw et al ., 2000; Tay lor, 2002 ).

Vegetat ive propagat ion is easily possible and Populus can be readily trans -

formed. An outcros sing mating syst em, the long generat ion time, and the

large physica l size of the trees prevent the ge neration of colle ctions of recess ive

mutations. Therefor e, trans genic stra tegies aime d at dominan t changes

through suppress ion or ov erexpre ssion of particular genes are prefer red for

the study of gene–fun ction relationshi ps in trees ( Brunne r et al., 2004 ). A large

set of Populus EST sequences e nabled a first compari son of the gene reper-

toires of Populus and Arabidop sis . The high simila rity of gene content found

possibly indicates that diVerences between annual and perennial angiosperms

are primarily manifested in altered gene regulation rather than altered gene

content (Sterky et al., 2004).Muchmore refined analyses will be possible once

the assembled and annotated genome sequence is available. The Populus

genome sequence was generated by the DOE Joint Genome Institute, using

a whol e genome shotgun approach (htt p://www. jgi.doe.gov /seque ncing/ ).

Paired end‐reads were obtained for clone libraries of diVerent size classes

and sequencing proceeded until 7.5‐fold coverage was reached (Tuskan et al.,

2004).
5. Moss Model: Physcomitrella patens
All plant model systems described so far belong to the angiosperms. Mosses

and flowering plants diverged approximately 450 million years ago. A com-

parison of a moss genome with that of a flowering plant may be a particularly

fruitful way to learn more about plant genome evolution. In seed plants the

http://www.jgi.doe.gov/sequencing/


PLANT GENOME ANALYSIS 253
diploi d spo rophyte is the pred ominating ge neration; for mo st of their live s

seed plants stay in the spo rophytic ge neration. In con trast, the ha ploid

gamet ophyte is the pred ominating generat ion in the life cycle of mosse s.

This ch aracteris tic oV ers uni que advan tages for mutag enesis because mutant

phe notypes can be direct ly observed in the haploid gamet ophyte. The moss

Phy scomitrell a patens co mbines man y features that mak e it an attracti ve

model system, for exampl e, sim ple cu lture methods , cryopres ervat ion, an d

a high regener ativ e capacit y. Moreove r, the study of cell pol arity and patte rn

determ ination is facilitated by a ccessibil ity to direct observat ion of all cell s in

the protonem al tissue of the gamet ophyte stage ( Cove, 2000 ). A major asset

of this experimen tal syst em is the discove ry that the e Vicie ncy of homo logous

recombi nation is high enough in this species to be exp loited as an e Vicie nt
tool for the study of gen e–funct ion relationshi ps. Lar ge mutant co llections

have be en establis hed by e xploiting homologo us recombin ation ( Ege ner

et al ., 2002 ). In higher plants, this ha s so far not been possibl e because the

e V iciency of homologous reco mbination is severa l orders of magni tude low er

than in Physcom itrell a ( Schaefer , 2001 ). Large ‐ scale EST program s resul ted

in a set of more than 19,000 nonred undan t ope n reading frames (ORF s).

Only about 30% of these EST contigs were found to have a homolog in both

rice and Arabidopsis (Rensing et al., 2005). Sequencing of the Physcomitrella

genome, which encompasses 511 Mbp (Reski and Cove, 2004), is currently

ongoing at the DOE Joint Genome Institute by means of a whole genome

shotgun strategy (http ://www. jgi.doe.gov /seque ncing/ ).
C. Functional Genomics
Functional genomics integrates multiparallel approaches to assess the activ-

ities of plant cells and tissues at diVerent levels. The analysis of automatically

generated ‘‘high‐throughput’’ experimental data by bioinformatics aims at a

more holistic understanding of complex processes such as plant cell diVer-
entiation, organ development, or cell death. ‘‘Systems biology’’ has been

coined as a new discipline uniting the diVerent approaches in this area. In

the following sections, the methodological strategies and concepts to analyze

three main classes of cellular components, namely transcripts, proteins, and

metabolites, for which plant research is most advanced, are described and an

outlook on future developments is presented. Selected illustrative examples

are given in each section.
1. Transcriptomics
The parallel analysis of large numbers of transcripts is called ‘‘transcrip-

tomics.’’ Transcripts are the prerequisite for and the primary product of gene

http://www.jgi.doe.gov/sequencing/


254 GEBHARDT ET AL.
expression acco rding to the centra l dogma of molec ular biology (revisi ted in

Crick, 1 970 ). The discove ry of viral RNA ‐de pendent DNA pol ymerase or

reverse transcript ase enab led the in vitr o generat ion of cDNA (copy DNA )

complem entary to a ribonucl eic acid templ ate (Ross et al ., 1972 ). Nowad ays,

cDNA synthes is is still the first step in all trans cript omics resear ch.

Subsequ ent enzymatic steps lead to the molec ular cloning of a populati on

of cDNA s, which repres ent a sn apshot of type and abund ance of the tran-

scripts present in a given tissue or organ at a given developm ental stage. The

resulting colle ction of cDNAs, the cDNA libr ary, is an invent ory of the

genes expressed in the tissue sampl e. M ass sequ encing of cDNA s g enerates

expresse d sequence tags (EST s; Adam s et al ., 1991 ), which typicall y have a

length of 300–700 bp. For many diVerent plant species extensive EST

collections have be en assem bled (http:/ /www.n cbi.nlm. nih.gov /dbEST /;

Section IV.A).

Northern analysis used to be the technique of choice for monitoring the

expression of a single gene in diVerent tissues, which is based on the hybri-

dization of a labeled DNA probe to electrophoretically separated mRNAs

immobilized on a membrane support. With the onset of transcriptomics,

array technologies were developed for the parallel monitoring of thousands

of transcripts. Individual cDNAs are fixed at a known position to a solid

support and then hybridized with a complex transcript sample converted

into labeled cDNA. For so‐called macroarrays, PCR‐amplified cDNAs are

spotted onto nylon membranes, which are then used for hybridization with

radioactively labeled complex cDNA probes. This method requires relatively

little equipment and produces robust results of satisfying sensitivity and

reliability. Macroarrays are therefore the method of choice for transcrip-

tomics research on plant species for which genomic information and tools are

at present limited, such as barley (Potokina et al., 2002) and sugar beet

(Bellin et al., 2002). Microarrays diVer from macroarrays by miniaturization

of the solid support carrier, which is usually a glass slide printed with the

hybridization targets, and by using a hybridization protocol involving two

cDNA samples labeled with diVerent fluorescent dyes in the same experiment

(Aharoni and Vorst, 2001; Brown and Botstein, 1999; Schena et al., 1995). As

an alternative to printed slides, photolithographic procedures allow the

synthesis of up to 100,000 oligonucleotides of 25‐mer length directly on a

chip surface (Fodor et al., 1991). Thus, all possible transcripts of the anno-

tated Arabidopsis thaliana genome (transcriptome) can be accommodated on

a single chip. This chip is now used to analyze at a genome‐wide level the

response of the Arabidopsis transcriptome to environmental factors such as

nitrate supply (Scheible et al., 2004; Wang et al., 2003). To improve compa-

rability and transferability of the large data sets produced by microarray

experiments, common standards for experimental and data analysis proce-

dures have been defined in the MIAME (minimum information about a

http://www.ncbi.nlm.nih.gov/dbEST/


PLANT GENOME ANALYSIS 255
microarray experiment) protocol (Brazma et al., 2001), including documen-

tation of plant cultivation, which is now widely accepted in the plant research

community.

The array approach depends on the availability of suitable cDNA collec-

tions or the sequence information thereof. Only transcripts occurring in the

interrogated pool can be assessed for their expression profile within the

technical limits of the array. As an alternative to this ‘‘closed’’ system, several

‘‘open’’ systems have been developed, which are based on the generation of

specific cDNA samples amplified by PCR and their independent fingerprint-

ing. Among the first methods used was diVerential display (Liang and Pardee,

1992). However, because of nonstringent PCR conditions for short random

primers, the results showed low reproducibility and were not sensitive

enough. The cDNA AFLP method (Bachem et al., 1996) combines cDNA

synthesis with the fidelity of AFLP fingerprinting, using two selective PCR

amplification steps. DiVerentially expressed cDNA fragments are recovered

and cloned for further analysis. The cDNA AFLP technique proved highly

eVective in diVerent studies on potato, tomato, and Zinnia elegans (Bachem

et al., 1996; Durrant et al., 2000; Milioni et al., 2002). This technique was

upscaled by the use of quantitative PCR for cDNA amplification, resulting in

precise transcript profiles for cell cycle‐modulated genes in tobacco and genes

expressed during rice seed development (Breyne et al., 2003; Suzuki et al.,

2005). Suppression subtractive hybridization (SSH; Diatchenko et al., 1996)

is a method to enrich for cDNAs that are specifically expressed in one of two

samples. Safener‐inducible transcripts in poplar (Rishi et al., 2004) or abscisic

acid‐inducible transcripts in the desiccation‐tolerant plant Craterostigma

plantagineum (Kirch et al., 2001) were selected by this method.

A second group of ‘‘open system’’ transcript profiling techniques is based

on the enzymatic generation of short sequence signatures (tags) from each

cDNA consisting of maximally 20 bp. Serial analysis of gene expression

(SAGE; Velculescu et al., 1995) is an example of this strategy. It involves

the restriction of a cDNA sample with two enzymes to generate the tags,

which are then ligated, cloned, and mass sequenced. The abundance of each

tag is a direct measurement for the transcript level of the corresponding gene.

For plant genomes with large sequence data resources available, SAGE

provides suVicient information for the reliable identification of the

corresponding gene. SAGE was applied to analysis of the Arabidopsis root

transcriptome, using the genome sequence as reference (Fizames et al., 2004).

Using a specialized bioinformatics tool, 144,083 sequenced tags were found

to represent at least 15,964 diVerent mRNAs expressed in roots, some of

which had not been identified previously. A comparison of tag frequencies in

SAGE libraries generated from plants grown either on nitrate or ammonium

nitrate as nitrogen source revealed 270 diVerentially expressed genes. The

second technique to be mentioned in this context is massive parallel signature
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sequencing (MPSS ; Bren ner et al ., 2000 ), whi ch relies on the enzymatic

generation of rest riction fragments of 16–20 nuc leotides and nonc onv ention-

al sequen cing of micro bead ‐ bound templates . M PSS libra ries are now avail -

able for Ara bidopsis thaliana , rice, and grape (http:/ /mpss.udel .edu/). Nearly

37 million 17‐bp sequence tags were identified from 14 MPSS libraries of

diVerent Arabidopsis samples alone (Meyers et al., 2004b). Many of them

identified previously uncharacterized transcripts.

Apart from improving the resolution of gene expression levels, there is a

strong trend to refine the spatial pattern of plant gene expression by cell type‐
specific profiling (Schnable et al., 2004). Transcripts of single cells are re-

trieved by microcapillary methods, protoplast preparation, and laser‐capture
microdissection before expression profiling. By protoplasting Arabidopsis

root cells that were cell type specifically labeled with green fluorescent protein

(GFP), and classifying them into three developmental stages, a three‐
dimensional gene expression map of the Arabidopsis root was constructed

on the basis of a whole genome microarray (Birnbaum et al., 2003). This

approach enabled the correlation of the expression of groups of genes to

specific cell fates.
2. Proteomics
Proteomics describes the science of analyzing the complement of proteins

(the proteome) in a given sample. Proteins are the translation products of

mRNAs, and some of them carry out the gene function triggered by tran-

scription immediately. However, there is also regulation at the translational

and posttranslational level to control gene activity. In yeast it was found that

only a small number of transcripts and proteins followed similar profiles on

carbon source perturbation whereas the majority showed quantitative as well

as qualitative diVerences (GriVin et al., 2002). Therefore, the profiling of gene

expression at the transcriptome and proteome levels is complementary, and

both levels are required for a ‘‘systems biology’’ approach. In addition, the

protein complement is believed to be much more complex than the tran-

scriptome. As estimated for humans, each gene encodes at least six proteins

(Service, 2001) and 105–106 proteins are present in a eukaryotic cell

(Patterson and Aebersold, 2003). Explanations for this complexity are alter-

native splicing of transcripts to generate proteins with diVerent domains and

a multitude of posttranslational modifications such as phosphorylation and

glycosylation.

The challenges of proteomics in general, and plant proteomics in particu-

lar, are intact and comprehensive protein extraction, separation and identifi-

cation, and, finally, data analysis and integration (Rose et al., 2004). Because

of the sensitive and reactive nature of proteins, elaborate extraction proto-

cols using diVerent solvents and physical treatments have been established

http://mpss.udel.edu/
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(Rabilloud, 1996). However, with most protocols only one protein fraction is

extracted. It also must be noted that especially during plant development,

metabolic changes such as cell wall synthesis occur that influence cross‐
reactivity with proteins to be extracted. This will necessitate adaptation of

extraction protocols to generate correct protein profiles (Rose et al., 2004).

Two‐dimensional gel electrophoresis (2D‐PAGE), originally introduced by

O’Farrell (1975), has been adapted for protein separation and improved for

reliable, large‐scale proteomic analyses (Rabilloud, 2002). In the first dimen-

sion, the proteins are separated according to the isoelectric point depending

on protein charge, and in the second dimension according to protein molec-

ular mass. For protein visualization, classic stains such as Coomassie blue

and silver, and covalent labeling of protein extracts with diVerent fluorescent
dyes, similar to those used in microarray transcriptome analysis, are used.

The latter technique, called diVerence gel electrophoresis (DIGE; Unlu et al.,

1997), allows the analysis of diVerent protein samples in the same gel and

thereby improves comparative studies. DIGE was applied to the analysis of

photosynthetic proteins in mutant and wild‐type plants (Kubis et al., 2003).

For image processing and data analysis specialized software was developed

(Rose et al., 2004). Gel‐free approaches such as multidimensional protein

identification technology (MudPIT), which is based on biphasic capillary

liquid chromatography, were shown to complement 2D‐PAGE eViciently in

detecting proteins (Koller et al., 2002). In fact, with the exception of 165

proteins that were detectable only by 2D‐PAGE, all of the approximately

2500 proteins identified in leaves, roots, and seeds of rice were discovered

by MudPIT.

The final step is the identification of the proteins, their association with a

sequence and a gene. First, proteins are digested in‐gel by specific proteases

to yield defined peptide fragments. Thanks to improvement and adaptation,

mass spectroscopy is now the method of choice for the identification of

peptide mass fingerprints by matrix‐assisted laser desorption/ionization

time‐of‐flight (MALDI‐TOF) mass spectrometry or the de novo sequencing

of peptide fragments by electrospray ionization (ESI)–tandem mass spec-

trometry (MS/MS) (Aebersold and Mann, 2003). Apart from the high costs

associated particularly with the latter approach, the success of a proteomics

project largely depends on the availability of cDNA or genomic sequence

data to compare the experimental with the predicted peptide fragments for

identification. The aim of large‐scale identification of protein populations is

at present feasible only with two plant species, Arabidopsis thaliana and rice,

for which the genome sequence is known (see Section IV). The complexity of

plant proteomes puts severe constraints on interspecies comparisons

(Saravanan and Rose, 2004). The 2D gels of complex protein samples from

tomato and pepper fruits showed little congruence, whereas comparative

transcriptomics of fruit ripening have already yielded first results (Fei et al.,
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2004). More reports are available on intraspecies analyses of genetic varia-

bility of proteins and their use as genetic markers (Canovas et al., 2004;

Thiellement et al., 1999). The 2D‐PAGE approach appears also to be suited

for studies of phylogenetic relationships between diVerent Triticeae species,
based on the computational analysis of shared and nonshared protein spots

(Zivy et al., 1995). However, at that time the identity of proteins could not be

verified by sequence analysis.

The resolution of 2D gels is limited to identify not more than 2000 plant

proteins per sample (Tsugita and Kamo, 1999). This technical limitation

generated the idea that analyzing several, less complex subproteomes sepa-

rately helps in assembling the entire proteome. Large‐scale studies on the

proteome of chloroplasts and mitochondria have been carried out (Millar

et al., 2005; Peltier et al., 2002). To ensure organelle purity, isotope‐coded
aVinity tags (ICATs) were used to specifically label the proteins of one cell

compartment (Dunkley et al., 2004). Other studies focused on membrane

proteins (Borner et al., 2005) or cell wall‐associated proteins (Chivasa et al.,

2002). These analyses led to the discovery of proteins that were not previous-

ly identified or predicted. The association of an unknown protein with a

location in the cell and with other known proteins in the same compartment

provides a first clue to its function.

Most proteins interact with one or several other proteins in complexes or

networks to execute their function. The analysis of protein interaction in vitro

was greatly facilitated by the yeast two‐hybrid (Y2H) system (Fields and

Song, 1989). The system was adapted to large‐scale plant projects (Soellick

and Uhrig, 2001), and numerous analyses were performed in plants to

characterize groups of interacting proteins such as transcription factors

(Ouellet et al., 2001; Zimmermann et al., 2004).

The first results from plant protein arrays have been reported (Kramer

et al., 2004). Clones from a cDNA expression library of filial tissue of

developing barley seeds were selected for expression of the encoded proteins

and fixed on a chip. This array was subjected to a kinase assay using a specific

barley protein kinase and [g‐33P]ATP as substrate. The identification of

target proteins for posttranslational modification by autoradiography and

phosphor imaging indicates the power of this emerging technology in plant

functional genomics.
3. Metabolomics
Metabolomics is the analysis of all low molecular weight molecules present in

cells in a particular physiological or developmental state. It is a nontargeted,

open and unbiased approach toward the complete characterization of the

metabolome, which is estimated to comprise between 90,000 and 200,000

diVerent compounds (Fiehn, 2002). At the level of metabolites, the
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components of the metabolic networks set up by gene expression and regu-

lated by, but also regulating, protein activity are directly captured. Despite

the high number of diVerent metabolites it must be seen that there is also

redundancy in their use by the cell. The same metabolite might play a role in

diVerent pathways in the same compartment or in diVerent cell compart-

ments, in which the metabolite concentration might be quite diVerent.
An example is malate, which takes part in the tricarboxylic acid pathway

and in amino acid biosynthesis, and shuttles between the cytosol and orga-

nelles. In such cases, the information associated with the identification and

quantification of the metabolite in a tissue sample is limited.

At present, the complex chemical nature of the molecules, which diVer in
their composition, configuration, charge, polarity, mass, and susceptibility to

environmental conditions, restricts the number of individual compounds that

can be analyzed in a single extraction and detection protocol. Therefore,

rapid methods for tissue harvesting, extraction, and sample preparation were

developed to minimize artifacts and to increase the number of detectable

metabolites (Fiehn, 2002). To obtain a better resolution, complex mixtures

are first subjected to a chromatographic step such as gas or liquid chroma-

tography. The separated compounds are then analyzed by diVerent types of
mass spectrometers for qualitative analysis. The chromatographic retention

indices and the mass‐to‐charge ratios of the metabolites as well as the mass

spectral fragmentation patterns serve to identify each substance. The identi-

fication of new metabolites is still laborious (Fiehn et al., 2000b). The

relatively small number of cataloged metabolites accounts for the fact that

only 77 of 150 metabolites detected in potato tubers were identified

(Roessner et al., 2000), as were only 90 of 400 metabolites detected in phloem

exudates of Cucurbita maxima (Fiehn, 2003), and only 75 of the 325 meta-

bolites that increased with cold acclimation of Arabidopsis thaliana (Cook

et al., 2004). Specific mass spectral data collections are now being developed

by plant laboratories in addition to commercially available resources (Bino

et al., 2004). To help the interpretation of primary data with respect to

metabolic pathways, databases and data analysis tools are accessible by

internet (Bino et al., 2004). Biological replicates were found to have the

largest eVect on variability, causing 40% standard deviation for metabolites

in Arabidopsis leaves (Fiehn et al., 2000a), whereas the analytical variability

contributed less than 10%. This high biological variability reflects the dy-

namic state of the metabolome and stresses the necessity of controlled

environment for standardized analyses.

A further challenge is the handling of large data sets in comparative

metabolomics because the metabolites identified must be grouped with re-

spect to occurrence and abundance in diVerent samples. To extract this

information, statistical data‐mining procedures for multivariate clustering

such as hierarchical component analysis (HCA) and principal component
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analysis (PCA) are performed (Fiehn et al., 2000a). Metabolic phenotypes

are defined, related to genotype, and the distances between two samples are

evaluated. Metabolomics research currently aims at having a framework of

standards to be able to link the results between diVerent laboratories and to

transfer procedures (Jenkins et al., 2004).

Because of its complexity, metabolomics is at present the greatest chal-

lenge in plant functional genomics, but also the most promising, particularly

in combination with other approaches such as transcriptomics and proteo-

mics. Integrated protocols have already been developed (Weckwerth et al.,

2004), and first results based on integration of transcriptomics and metabo-

lomics to analyze responses to nitrogen and/or sulfur deficiencies in

Arabidopsis have been reported (Hirai et al., 2004). In this case, coordinated

modulation of genes involved in glucosinolate metabolism was revealed, and

the potential of such analyses for the genetic engineering of crop plants with

modified metabolite content was highlighted.
V. Conclusion and Outlook
This chapter has shown that plant genome analysis is a rapidly evolving and

growing part of genome research. Fruitful collaborations with specialists in

disciplines such as nanotechnology and engineering have helped to upscale

experiments such as nucleic acid detection, sequencing, and protein as well as

metabolite identification. There is a strong trend toward miniaturization of

the biological experiments in order to increase throughput for systematic

genome‐wide analyses. Second, genome analysis aims at increasing spatial

and temporal resolution when studying biological processes. Looking at

many single components in parallel at the same time, rather than at complex

mixtures or fractions separated by long intervals of time, helps to better

understand the dynamics of biological processes. At the same time it is now

possible to pinpoint single nucleotides in whole chromosomes and to study

their particular function. Because of the special features of plant cells, plant

genome research faces great challenges for the adaptation of the technologies

addressed. The new developments lead to an unprecedented size of data sets

which can be handled and interpreted only with adequate bioinformatics

software, another area of research. Thus, in modern plant molecular genetics

the strength will come from an integration of resources to complement

each other. This is the aim that plant systems biology is trying to achieve,

and the eVorts are motivated by our need for healthy plants in a healthy

environment.

Plants are the basis for the survival of all ‘‘higher’’ organisms on Earth,

and the manipulation of crop plants in agriculture is the material basis of
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most human civil societies. The results of research in chemistry, physics,

plant biology, and genetics have changed agricultural practice and plant

breeding in the nineteenth and twentieth centuries. These changes had a

dramatic impact on the present way of life in industrialized countries, as it

reduced the input of labor required to ensure adequate food supply for a

growing population to a fraction. Molecular biology and genetics have

changed plant science completely. What impact, besides satisfying our curi-

osity, will modern plant genome research have, hopefully for the good of

mankind in the twenty‐first century? We envision the same two options as

seen for genome research in humans and animal models: new therapeutics

and new diagnostics.
� New therapeutics: Knowledge of the molecular basis of plant develop-

ment, morphology, and chemical composition can lead to the discovery of

new targets for crop protection or to the generation of novel crops by

transgenic approaches.
� New diagnostics: The same knowledge can also be used to diagnose more

eViciently the eVects and consequences of natural variation, not only on crop
performance but also on plant ecology and adaptation. As in medicine,

correct diagnosis is the first prerequisite for eVective treatment.
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