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B Abstract Currently, genetic variation is probably the most important basic re-
source for plant biology. In addition to the variation artificially generated by mutants
in model plants, naturally occurring genetic variation is extensively found for most
species, including Arabidopsis. In many cases, natural variation present among ac-
cessions is multigenic, which has historically hampered its analysis. However, the
exploitation of this resource down to the molecular level has now become feasible,
especially in model species like Arabidopsis, where several genes accounting for nat-
ural variation have already been identified. Dissecting this variation requires first a
quantitative trait locus (QTL) analysis, which in Arabidopsis has proven very effective
by using recombinant inbred lines (RILs). Second, identifying the particular gene and
the nucleotide polymorphism underlying QTL is the major challenge, and is now fea-
sible by combining high-throughput genetics and functional genomic strategies. The
analysis of Arabidopsis natural genetic variation is providing unique knowledge from
functional, ecological, and evolutionary perspectives. This is illustrated by reviewing
current research in two different biological fields: flowering time and plant growth.
The analysis of Arabidopsis natural variation for flowering time revealed the identity
of several genes, some of which correspond to genes with previously unknown func-
tion. In addition, for many other traits such as those related to primary metabolism and
plant growth, Arabidopsis QTL analyses are detecting loci with small effects that are
not easily amenable by mutant approaches, and which might provide new insights into
the networks of gene regulation.
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INTRODUCTION

Arabidopsishas been adopted as a major model or reference plant especially suit-
able for genetic and molecular research. This has led to the establishment of a large
research community with important biological and molecular resources available
(104). The presence of the complete genomic sequence (11) and a huge collection
of gene disruptions provide a research resource that is unique for higher plants
(http://Iwww.arabidopsis.org). It enables functional analysis of individual genes by
studying the phenotype of genotypes in which specific genes have been disrupted
by T-DNA or transposon insertions or in which gene-expression is reduced by
RNAI technology or overexpressed. Although studying the effect of individual
genes has impressively increased our knowledge, the genetic analysis of complex
traits requires the study of the phenotypic effect of gene combinations and their sub-
sequent effect on other genes, gene products, and processes indirectly controlled.
This is being achieved by studying these genotypes with genomic, transcriptomic,
metabolomic, and proteomic approaches, leading us into the era of system biology.

In addition to the artificially generated genotypes and high-throughput tech-
nologies, analysis of variants that are found in nature provides an important source
of genetic variation that can be used to gain insight into the control of important
processes in plants. This resource is relevant to discover which specific allelic vari-
ants are present in nature, where they might either be neutral or have a selective
advantage under specific conditions.

Here we describe the analysis and use of this natural variation present among
Arabidopsiswild accessions. The approaches described\fabidopsiscan also
be used in other plant species including crop plants, provided that sufficient genetic
and genomic resources are available (54). Presently, this is the case for rice, and it
is expected that these resources will soon also be available for several other crop
plants (54).

Taxonomic Status

Arabidopsis thaliangL.) Heyhn (2n= 10) is a small annual weed in the mustard
family (Brassicaceae or Cruciferae). Until recently little was known about the
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systematics of thérabidopsisgenus, although the position éf thalianaas a
species has never been disputed (10) and natural or fully fertile hybrids with other
species have not been reported. Supported by molecular analyses (10), O'Kane &
Al-Shehbaz (124) revised the taxonomy of the geAtsbidopsisand assigned

nine species to this genus while removing others previously assigned to it (10).
All other Arabidopsisspecies for which the chromosome number was determined
have a higher number than 2a 10. Some species, suchAslyrata(2n = 16)

andA. halleri (2n = 16), previously described &8ardaminopsisspecies, are

the subject of increasing research. Within this genus, the allotetraploid species
A. suecica2n = 26) originates from an ancient hybrid 8f thalianawith A.
arenosa(2n = 16). This hybrid could be reconstructed in the laboratory (28).
Vigorous but male-sterile hybrids arose from crosstaghalianawith A. lyrata,

which could be used as female parents in backcrosses with both parental species.
However, recombination between the homologous chromosomes of these species
probably does not occur (122).

Geographic Distribution, Habitat, and Ecology

Arabidopsis thalianacalledArabidopsishereafter, is native to Europe and central
Asia and now is naturalized at many places elsewhere in the world (10). Hoffmann
(50) (Figure 1) described the biogeography of the species in detail and showed
that too-low spring and autumn temperatures, and high temperatures (average
month temperature 22°C) with low precipitation in summer, limit its distribution
range. Climatic conditions are, on a global scale, sufficient for explaining the
distribution boundaries. Hoffmann (50) concluded that laboratory conditions with
sufficient water and high mean temperatures are artificial for most accessions
except in the southeastern North American range. However, within its limitations,
Arabidopsishas a wider climatic amplitude than other well-investigated species
of the Brassicaceagand it has an impressive latitudinal range fronilb§North
Scandinavia) to O(mountains of Tanzania and Kenya), which makes it suitable
for analyzing variation in adaptive traits.

Arabidopsisoccupies open or disturbed habitats often on sandy or loamy soils
such as riverbanks, roadsides, rocky slopes, waste places, and cultivated grounds.
It has been found from sea level up to 4250 m (10). Its life history characteris-
tics and occurrence in disturbed habitats indicate that the species is vulnerable
to rapid colonization and extinction cycles and is a poor competitor in dense
vegetations.

The ecology ofArabidopsisvas reviewed by Pigliucci (129) and is summarized
here. Flowering time and seed dormancy are key traits that determine the timing
and length of theArabidopsisnatural life cycle. For both traits extensive varia-
tion is present amongrabidopsisaccessions (89), which determine the variation
observed in life cycles. In EuropArabidopsislowers most abundantly in spring
and early summer, and mature seeds are available from May to July (89). However,
flowering plants can also be found in late summer up to early fall, although they
are much less abundant. These later flowering plants almost certainly germinate in
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spring in the same year and presumably are summer annuals. However, the plants
flowering early in the year probably germinate in the fall and survive the winter as
rosettes and therefore are winter annuals. These differences become obvious when
accessions collected from nature are grown in greenhouse conditions without ver-
nalization. In these conditions, winter annual accessions are late flowering but very
responsive to vernalization, which under natural conditions synchronizes flowering
in springtime. In contrast, accessions that do not require vernalization, and which
flower early, only after a limited number (6—20) of rosette leaves form (120 and
references therein), are most likely summer annuals. Because many accessions,
including recently collected ones (90; M. Koornneef & C. Alonso-Blanco, unpub-
lished data) are early flowering, it is clear that this trait is not specifically found in
laboratory strains as Pigliucci suggested (129). In general, most accessions from
Northern Europe are late flowering and typical winter annuals; southern popula-
tions are of both types, summer and winter annuals (58). In Western Europe, both
early and late flowering types are found among the progeny of seeds harvested in
early summer (89, 90).

Population Structure and Genetic Variation

Arabidopsids predominantly a selfing species, and therefore most plants collected
in nature representinbred lines (89), which are practically homozygous. These wild
homozygous lines are commonly referred to as ecotypes, a term originally defined
as distinct races of a species genetically adapted to particular habitats. However,
as previously noted, the use of this worddrabidopsisdoes not strictly conform

to its ecological definition. Because the ecological meaning has been lost, the term
accession, as it is often used in germplasm collections, is becoming more common
to refer to a sample of a species collected at a specific location (8).

Genetic variation within populations, and especially among populations, has
been studied extensively using a variety of tools. Plants raised from seeds collected
in nature have been analyzed phenotypically and molecularly for numerous char-
acteristics including morphological traits (84, 161, for early studies in the United
Kingdom and Czech Republic see 89); isozyme markers (3); microsatellites (53,
95 161); restriction fragment length polymorphisms, mainly analyzed as cleaved
amplified polymorphicsequences (CAPS) markers (13, 17, 47, 158), amplified
fragment length polymorphism (AFLP) markers (23, 38, 118, 147); and extensive
DNA sequencing (144). Most studies have focused on detecting polymorphisms
in single-copy nuclear sequences. However, repeated sequences and gene families
have been also analyzed, including mtDNA (158), centromere repeats (46), and
transposable elements (41). Cytogenetic polymorphisms have also been found, but
these have been studied only in a limited number of accessions (reviewed in 76).
From all these analyses, we can conclude that within populatioAsatfidopsis
polymorphisms are limited but not absent (84, 89), in agreement with the high
degree of selfing reported (3). However, exceptions with higher variation have
been reported (3, 84, 89). In addition, the relatively high genetic variation found



Annu. Rev. Plant Biol. 2004.55:141-172. Downloaded from arjournals.annualreviews.org
by Deutsche Forschungsgemeinschaft on 05/23/07. For personal use only.

NATURAL VARIATION IN ARABIDOPSIS 145

amongArabidopsisaccessions using genome-wide markers such as AFLP, CAPS,
and microsatellites (17, 38, 47, 53, 95, 118, 147, 158) shows that in general there
is no association (or weak association) between geographical origin and genetic
distance. The topology of neighbor-joining trees is often star—like with relatively
long, and often similar, branch lengths for individual accessions. This lack of phy-
logeografic structure is explained by a rapid recent expansion of the species with
strong involvement of human-induced migrations. Nevertheless, Sharbel et al.
(147) found genetic isolation by distance by analyzing 79 AFLP markers in a
worldwide collection of 142 accessions, with a major representation from central
Europe. These authors suggested that after the last glacitadndopsiscolo-

nized Central and Northern Europe from Asia and from Mediterranean Pleistocene
refugia.

More than 25 genes have been systematically sequenced and compared in var-
ious accessions, and the number of genes for which DNA sequence comparisons
among accessions are available is increasing rapidly (4, 33, 52, 62—-64, 83, 90,
102, 117, 125, 133, 134, 149, 155). These include mainly floral and meristem
developmental genes, pathogen resistance and defense genes, and genes encodir
metabolic enzymes. Sequence analyses of individual genes revealed nucleotide
diversity values ranging from 0.0006 f&TTI1 (33) to 0.0558 forICLV2 (149),
with an average value of 0.006. Similar levels of variation have been estimated
by analyzing 606 sequence tagged sites (STS) in 12 accessions, where the mean
sequence divergence to the Col accession was 0.68%. A well-defined dimorphic
haplo-structure with a clear separation in two highly differentiated haplotypes has
been found for some genes suct&H (52),ChiA(62),ChiB(63),FAH, F3H (4),

TFL (125), andRPS2(102), but not for others such &l (83), CAL (133),AP3
P1(134),AP1, LFY (125), orFRI (90). The frequent presence of sequence dimor-
phism could be due to a recent admixture of two differentiated populations (134).
However, because allelic dimorphism is seemingly not present at a genome-wide
scale, this remains unclear. In addition, the maintenance of a dimorphic pattern of
variation might involve selection processes such as balancing selection (52, 102,
149, 155). Nevertheless, as Agead) argued, sequence dimorphisms could also

fit the expectations of a neutral process in an essentially selfing species. Therefore,
the role played by demographic events, drift, and selection in the evolutionary
history of Arabidopsisis currently unclear.

GENETIC ANALYSIS OF NATURAL VARIATION

Analyzing natural genetic variation involves three overall steps:

1. phenotypic identification of genetic variation for traits of interest,
2. determination of the genetic basis underlying this variation,

3. finding the molecular nature of the allelic differences that account for the
genetic differences.
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Phenotypic Variation Among Accessions

When differentArabidopsisaccessions are grown together and compared under
similar environmental conditions, genetic variation can be observed for many traits.
Phenotypic variation for morphological and physiological traits is abundant and
enables almost everfrabidopsisaccession to be distinguished from other ac-
cessions collected at different locations. This variation is of interest from two
general points of view. First, analyzing this natural variation makes it possible to
identify the function of individual genes. Despite the fact that mutant approaches
have been very powerful for functional analysis, the definition of gene functions
using these procedures is limited by the small number of genetic backgrounds
analyzed. Ultimately, the sort of mutant phenotypes that can be identified depends
on the wild-type genotype. For instance, mutant phenotypes of genes for which
the wild-type accession carries a natural null allele (either mutated or silenced) or
a weak allele might not be detected. Epistatic interactions ensure that some phe-
notypes appear only in certain genetic backgrounds. One of the best documented
examples of the identification of genes using natural variation that could not be
identified in the standard laboratory strains are the flowering timeHB¢iand

FLC (described in detail below). Late flowering is produced only when both loci
carry active alleles, and in early accessions sucheas@ol, and Ws, one or both
genes is defective. Examples of loss of function and probably null alleles present
in accessions are increasing, which is illustrated with the large number of deletions
found between the two laboratory accessioaesdnd Col (18). By hybridization of
genomic DNA on Affimetrix microarrays designed for gene expression containing
part of the Columbia sequence, 111 Col genes were found that were very likely
partially or completely deleted in theek accession (18). These genes mainly in-
cluded transposons and R genes, but also several secondary metabolism genes and
genes with unknown function. There are specific alleles in nature that would not
be easily recognized in mutant screens because they require very specific amino
acid changes and therefore appear at an extremely low frequency (37).

Second, analysis of natural variation has an increasing interest from an eco-
logical and evolutionary perspective (114, 139). Thus, the patterns of phenotypic
and molecular variation observed are analyzed aiming to infer the mechanisms
generating and maintaining this variation, and to identify which allelic variants
are adaptive under specific environmental conditions. It is likely that variation for
certain traits, e.g., timing of flowering and germination, or tolerance to biotic and
abiotic factors, reflect adaptations to specific environments and bear ecological
significance. However, for many other traits it is less clear how variation is main-
tained. In this respect, one important aspect to understanding natural variation
requires the determination of the genetical and physiological trade-offs between
different traits. Ultimately, due to the limited resources of the organism, any ap-
parently positive trait involves a cost for the individual to maintain that trait. Thus,
for instance, susceptible alleles of resistance loci might survive in nature when no
strong selection for resistance occurs (78, 80, 102).
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Natural genetic variation was identified for many traits mainly by direct analysis
and comparison of accessions. This evaluation is facilitated by the large collec-
tion of more than 300 different accessions collected worldwide, which are publicly
available in the stock centers (Figure 1). However, certain genetic variation present
amongArabidopsisaccessions is undetectable by comparison of accessions, and
can only be revealed when accessions are crossed and segregating individuals of
the offspring display phenotypes outside the range of variation of the parents (trans-
gression). Analysis of transgressive segregation has proven particularly useful for
detecting variation for homeostatic traits such as the circadian period (152) or
for viability loci detected by the segregation distortion observed in most mapping
populations (9).

Genetic variation has been found for resistances to biotic factors such as bac-
teria, fungi, viruses, insects, and mammals (24, 30, 35, 42, 45, 51, 55, 68, 87,
106, 156, 162, 164). Variation for disease resistance genes is large and involves
multiple pathogens (51) and many variants of one of the approximately 200 types
of plant disease resistance genes of the so-called NBS-LRR classes (106). Large
variation has been reported for tolerance to abiotic factors such as freezing temper-
atures (100), drought (103, 105), UV light (34, 157), high and low carbon dioxide
(167), salt (135), metals (49, 73), or oxidative factors (2, 136). Developmental
traits showing large variation include flowering time (reviewed in 74, and further
discussed below), floral morphology (59), leaf morphology (128), trichome den-
sity (88), venation pattern (26), branching (6, 159, 163), plant size (6, 98, 113, 128,
159, 163), and growth rate and cell division (14). Considerable genetic variation
has also been analyzed for physiological traits such as seed dormancy (5, 89, 160);
circadian period (152); components of plant growth (see below) such as nitrogen
use efficiency (98, 138) or plant responses to light and hormone treatments (19,
21, 36, 67, 68, 99, 165). Biochemical traits also differ among accessions, such as
the content of seed lipids (110); glucosinolates (25, 70, 116); epicuticular waxes
(137); seed oligosaccharides (15); phytate and phosphate (16) or anions (97); and
enzyme activities for primary and secondary metabolism (115, 146). Finally, ge-
netic variation has been detected for complex genetic mechanisms such as chiasma
frequency (141), DNA methylation (27, 140), and gene expression levels (65).

Finding genetic variation for this increasing list has largely been based on
more or less complex standard laboratory phenotypic assays. However, new high-
throughput technologies allow automatization of highly specific assays, including
morphological measurements (22) or metabolite and transcript profiling (39, 56).
Itis expected that these and other high-throughput technologies will facilitate and
increase the power to find relevant natural genetic variation.

The Genetic Basis of Natural Variation: From Phenotype to
Quantitative Trait Locus (QTL)—QTL Mapping

Once genetic variation is found amoAgabidopsisaccessions, we aim to identify
how many loci account for it and where they are located in the genome (mapping).
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Part of this variation is of a qualitative nature, so the phenotypes in the progeny of
experimental crosses can be classified in a limited number of unambiguous discrete
classes that correspond to the genotypes of a single segregating locus (monogenic).
The genetic analysis of these monogenic traits is similar to that used for the study
of mutants, including mapping by Mendelian linkage analysis (detection of coseg-
regation with markers) and allelism tests by complementation. The first example
of such recessive qualitative alleles described anfmadpidopsisaccessions was
probably the absence or reduction of trichomes found in a small number of ac-
cessions whose segregation was already analyzed in 1943 by Laibach (86). Now
it is known that most natural variants with trichome reduction can be assigned to
the GL1 gene (M. Koornneef, unpublished data). Tdrectamutation is present
in several American and one Japanese accession, and at least three semidwarf ac-
cessions allelic to thga5 mutant have been found (M. Koornneef, unpublished
data). Multiple resistance genes (51, 106) and glucosinolate composition (116) loci
have been identified in this way. In addition, large differences for the primarily
quantitative trait flowering time segregate often as qualitative (described below).
Nevertheless, most variation among accessions is of a quantitative nature due
to the effects of allelic variation at several loci (multigenic), which, combined
with the environmental effect, determines a continuous (quantitative) phenotypic
distribution of the trait in segregating populations. The genotype at these loci
cannot be directly known from the single phenotypic value of a plant, but it can
only be indirectly inferred from linked marker loci. The estimation of the num-
ber and genome position of the segregating QTL in an experimental population
is referred to as QTL mapping and requires the following steggsthe gener-
ation of an experimental mapping populatiob) {ts genotyping with markers
throughout the genome and the phenotyping for the trait of interesthé as-
sociation analysis between phenotypic values of the trait and genotypic classes
of the polymorphic markers. For the latter step specific software is available
(http://mapmgr.roswellpark.org/qgtsoftware.html). Thus, the number and genetic
position of loci that control the trait variation in that population, their relative ad-
ditive effect, the contribution of genetic interactions between loci (epistasis) and,
depending on the population type, the mode of action of each QTL (dominance
effects) are calculated. The number of loci identified per analysis varies from 1 to
>10 (Table 1), depending on the complexity of the genetic variation under study;,
including parameters such as the true number of loci segregating, the relative ad-
ditive effect of each QTL, and the effect of genetic interactions. In addition, this
number depends on the heritability of the trait in the assay performed, i.e., the
control of the environmental uniformity, the quality and density of genotypic data,
the statistical method used to map QTL, and the size of the mapping population.
In principle, any experimental segregating population can be used for QTL map-
ping. However, there are advantages to using immortal mapping populations such
as RILs or introgression lines (ILs), also referred to as near isogenic lines (NILs),
backcross inbred lines (BILs), or congenic lines (CLs). Such populations are prac-
tically homozygous and therefore phenotypic values can be based on multiple
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TABLE 1

Mapping crosses Mapping Number of
Trait analyzed population loci identified References

Resistance and tolerance to biotic factors

Bacterial and fungi-Mendelian various AF3 >18 (51)
analyses
Powdery mildew resistance Cgl-x Kas-1 RIL 3 (165)
Xanthomonas resistance et x Col; RIL 3 (24)
Ralstonia resistance Col-& Nd-1 RIL 1 (35)
Rhizobacteria induced resistance ColRLD F2 1 (156)
Bacterial flagellin induced Ws Col; R 1 (45)
growth inhibition Wsx Ler
Long-distance movement of viruses C24Col-3; R, RIL 1 (30)
Ler x Col
Insect resistance (Plutella -P- and erLx Col RIL 3(T) (55, 72, 87)
Trichoplusia -T-)
Ler x Cvi RIL 2(P)+3(M (72)
Resistance to rabbit herbivory ek x Col RIL 6 (162)
Resistance to abiotic factor8
Freezing tolerance (plant survival) et x Cvi RIL 4 (100)
NacCl tolerance (plant fresh weight, ek x Col RIL 11 (135)
germination)
Aluminium tolerance (root growth) ér x Col RIL 2 49.73
Developmental traits
Flowering time: Mendelian Li-5x St, R/Fs, BC 3 (74, 120)
genetic analyses Lex Sf-2,
Ler x Sy-0
Flowering time: Quantitative HMx WS R 3 (79)
genetic analyses H5% Ler FalF3 5 (32)
Li-5 x Nantali BC 7 (85)
Ler x Col RIL 2-12 (57, 60, 113, 151,
159, 162, 169
Ler x Cvi RIL 8 (7, 60, 159)
Bay-0 x Sha RIL 5 (96)
Ler x Sha RIL 6 M.E. El-Lithy,

M. Koornneef &
C. Alonso-Blanco,
unpublished data

Inflorescence morphology dr x Col RIL 5 (159, 163)
Ler x Cvi RIL 4,7 (6, 159)
Floral morphology ler x Col RIL 11 (59)
Plant size ler x Col RIL 2-8 (113, 159, 163, 128
Ler x Cvi RIL 4 (6, 159)
Bay-0 x Sha RIL 4-8 (98)
Seed size er x Cvi RIL 11 (6)
Leaf shape er x Col RIL 16 (128)
Leaf trichome density &r x Col RIL 1 (88)
Physiological traits
Seed dormancy ér x Col RIL 14 (161)
Ler x Cvi RIL 7 (5)
Circadian period of leaf movement ek x Col RIL 2 (152)
Ler x Cvi RIL 4 (152)
Tissue culture response ek x Col RIL 4 (143)

(Continued
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TABLE 1 (Continued
Mapping crosses Mapping Number of
Trait analysed population loci identified References
Water and anion content Bay-® Sha RIL 19 97)
Nitrogen use efficiency Bay-& Sha RIL 18 (98)
(growth, content)
Nitrogen response (growth) er x Col RIL 5 (138)
Cotyledon unfolding fluence dr x Col RIL 2 (165)
responses
Ler x Cvi RIL 3 (21)
Hypocotyl growth light inhibition ler x Cvi RIL 12 (19, 21, 99)
Col x Be-0 R 1 (127)
Hypocotyl growth hormone &r x Cvi RIL 5 (29)
response
Glucosinolate accumulation er x Col RIL >10 (68)
jasmonate response
Chemical contents and enzyme activities
Glucosinolate composition and Limburgsb6 H51 RIF; 1 (116)
quantity Ler x Col RIL 2,>10 (25,71, 116)
Ler x Cvi RIL 15 (69)
Seed oligosaccharide content erLx Cvi RIL 4 (15)
Phytate and phosphate content erlx Cvi RIL 5 (16)
Nitrogen/nitrate/amino acid content Bays0 Sha RIL 7-8 per trait (98)
Anion (water, chloride, phosphate) Bay>0 Sha RIL 6-8 per trait 97)
Primary and secondary metabolism erLx Col RIL 1-3 per enzyme (115)
enzyme activities
PGM activity Ler x Cvi RIL 6 (146)
Sugar-induced b-amylase ek x Col R 1 (112)
Genetic mechanisms
Cytosine methylation er x Cvi RIL 5 (140)
Viability (segregation distortion) Nd Ler R 1 (35)
Ler x Cvi RIL 2 )

aThe specific trait measured in tolerances to environmental factors is indicated between brackets.

bpifferent assays applied by different authors.

replicates, reducing the environmental effects and increasing the power to detect
QTL. They can be analyzed in multiple environments without the need of further
genotyping, and thus, the effects of each QTL in different environments can be pre-
cisely estimated and tested for QTL by environment interactions. These mapping
populations can be genotyped very efficientlyAirabidopsisusing microsatel-
lites, AFLP markers, or any technique to detg@ngle-nucleotidepolymorphisms
(SNPs) such as CAPS markers. However, the availability of polymorphism and
sequence data from several accessions (http://arabidopsis.org) (18, 144) is ac-
celerating the development and implementation of high-throughput protocols to
genotype microsatellites (132), indels (18), or SNPs (20).
Currently, five different RIL populations (9, 35, 94, 96, 164) are publicly
available. Their usefulness has stimulated the development of many other well-
genotyped RIL populations, with an increasing population size (see http://natural-
eu.org). The power of this approach can be seen from the many studies that have
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been performed using mainly two RIL populations that are publicly available for a
few years (Table 1). Specifically, thet x Cvi RIL population has been analyzed

for more than 40 traits (Table 1 and references therein). Figure 2 shows a summary
of the QTL detected in this cross, giving an impression of the amount of genetic
variation present between Cvi anéiithat resulted in the identification of QTL.

In addition, the analysis of many traits in the same mapping population enables
comparisons of QTL map positions. Although the inaccuracy of QTL mapping
should be taken into account, colocation of different QTL is a first indication of
pleiotropic effects, even for a priori unrelated traits. Using single-gene mutants (as
shown forFLC andER) or transgenic plants expressing only one gene from one
accession in the other accession (as showiCRY 3 has allowed an unambigu-

ous assignment for QTL of different traits to the same gene. Such comparative
QTL mapping will be particularly useful in the near future, when high-throughput
techniques are used for QTL mapping, such as metabolomic assays that simultane-
ously measure large numbers of metabolites (39) or transcriptomic protocols that
measure gene expression at a genome-wide scale, as reported for other organisms
(142).

By means of QTL mapping the position of each QTL is assigned to a genetic
interval of 5 to 50 cM, depending on its relative effect and the quality of the
QTL mapping assay. These genetic distances correspond, on average, to 1.2 to
12 Mb of ArabidopsiDNA, containing 240 to 2400 predicted open reading frames
(ORFs). Therefore, after QTL mapping, ILs with single introgressions around a
particular QTL can be used to confirm the effects of the QTL and to generate a
new mapping population for further fine QTL mapping. Crossing such IL with the
recurrent parent will derive a secondary population that avoids the complexity of
multigenic inheritance because a single QTL will segregate and, in addition, will
provide the polymorphisms needed around the locus under study. Alternatively,
more heterogeneous second-generation populations can be derived from particular
individuals of the first mapping population, such as two RILs, selected as parentals
on the basis of predicted single QTL differences. To date, fine (or high-resolution)
mapping has been performed to identify a limited numbefAabidopsisQTL
involved in flowering time (37), phytate content (16), seed dormancy (L. Bentsink,
unpublished data), insect resistance and glucosinolate content (80, 81).

Recently, the potential of another alternative strategy for identifying and map-
ping loci accounting for natural variation, so-called linkage disequilibrium (LD)
mapping, is being theoretically and empirically evaluatefirebidopsisand many
other plants (reviewed in 20, 40). In the QTL linkage mapping described above,
segregating experimental populations are developed from F1 hybrids to maximize
LD between close loci, which will be reduced in further generations. In contrast,
LD mapping aims to exploit the LD between very close loci, haturally persisting in
Arabidopsisaccessions as a consequence of their shared ancestry and evolution-
ary history. For that, a collection of practically unrelated accessions is thoroughly
genotyped with markers at a very high density and phenotyped for the trait of
interest. Then, marker-trait associations are directly searched, with expectations
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that markers closely linked to a QTL will show significant association. Thus, the
variation present in a relatively large collectionAfabidopsisaccessions is di-
rectly and simultaneously analyzed. The potential of LD mapping will depend on
the physical distance for LD to decay, whichAmabidopsishas been estimated

to be within 250 kb (equivalent to 1 cM) (123). In addition, the persistence of
LD between two markers will depend on the age of the alleles, the history of the
mutations in the region, the recombination rate, and breeding system, among other
things (19, 40). Despite these factors, associating traits with the actual genes caus-
ing the phenotypic differences is expected to be significant, and thus, association
studies using candidate genes within a particular region where a QTL is located
have a higher potential (82, 154). Therefore, LD mapping seems a promising tool
to complement standard QTL mappingAmabidopsis due to its relatively small
genome and high frequency of polymorphisms (20). However, there are impor-
tant issues regarding statistical significance and power, population structure and
selection, and experimental design that must first be explored (40).

The Molecular Basis of Natural Variation: From QTL
to Quantitative Trait Nucleotide (QTN)—QTL Cloning

Once a QTL is mapped, identifying the molecular variation underlying this QTL

is a major challenge. This includes the identification of the particular gene and
the discovery of the nucleotide polymorphisms within the genes that determine
the phenotypic differences. The difficulties behind this are shown by the very lim-
ited number of QTL that have been cloned in plant species (summarized in 126).
However,Arabidopsisoffers several specific advantages due to the efficiency of
its genetics and the resources available. As with mutants, the positional cloning
of QTL is an efficient strategy to pursue this goal with principles similar to map-
based cloning of genes identified by induced mutations. It basically consists in
the identification of closely linked recombination events, requiring analysis of a
large number of segregating progeny with molecular markers covering the critical
region at high density. As with mutants, unambiguously inferring the genotype
of each plant from the phenotype is the main requirement to avoid misinterpre-
tations. This is accomplished by analyzing monogenic fine mapping populations,
which can be derived from ILs or NILs, as described above. In addition, the phe-
notyping should be done as accurately as possible, often requiring the analysis
of a large progeny from particular individuals. Preselecting recombinants around
the locus using molecular markers reduces the number of individuals for which
this accurate phenotyping should be performed. Finding markers in the region
is very much facilitated by the availability of sequence data from multiple acces-
sions (http://www.Arabidopsis.org) (20, 144). Ultimately, the resolution of the fine
mapping will depend on the number of plants analyzed. For instance, on average,
1000Arabidopsisgametes (0.1 cM) will allow a resolution of 50 kb, which will
contain about 10 ORFs. In addition to fine mapping, several functional strategies
are available irArabidopsisto select relevant candidate genes for the QTL. First,
knowledge of the complete genome sequence allows the search of such candidates
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on the bases of the predicted gene functions. Nevertheless, the function of many
ArabidopsisORFs is still unknown at the cellular and/or phenotypic level and,
therefore, one cannot always find obvious candidates from the genome sequence.
An additional complexity arises when gene families of tandemly repeated genes
are found, as observed for three methylthioalkylmalate syntih&&&1) enzymes,
suggested as candidates for the glucosinolate biosynthesis3&:&sond80, 81),

or threeCBF genes found for a freezing tolerance QTL (100). Sequence compari-
son of several accessions, and association analysis using the sequence of numerou:
accessions that are phenotypically well characterized, provides a complementary
tool to test candidate genes. For instance, indel polymorphisms deleting one or
the other of twoMAM genes in different accessions enabled the functional dis-
tinction of both genes (80). Further sequence analysis using population genetics
parameters strongly suggested thathtt&M2 gene, only present indr and not in

Col, is responsible for the increased resistanceasfth the generalist herbivore
Spodoptera exiguéd0).

Another resource for finding candidate genes is analzying gene expressionin the
vicinity of the QTL. This can be done using standard assays for a limited number
of candidate genes, or using high-throughput genome-wide techniques, such as
microarrays (20). When the functional allelic variation results in gene expression
differences, as found for several natural alleles offRéandFLC loci (58, 107,

148), this may give a clear indication of which is the candidate gene.

Identifying an artificially induced mutant showing phenotypic effect in the trait
of interest provides a unique functional argument to select a candidate gene. The
availability of T-DNA insertion mutants for almost arrabidopsisgene and
the efficiency of tilling procedures to identify mutations in numerous candidate
genes (48) provide efficient strategies to analyze knockout phenotypes of (nearly)
all genes in a QTL region. Nevertheless, most collections of mutants are in the
laboratory backgroundsdr and Col, which do not necessarily carry functional
alleles at the gene of interest and, consequently, will not always show a distinct
phenotype when mutated. Therefore, loss of function mutants can also be induced
by mutagenesis with standard chemical or physical agents of particular lines such
as NILs carrying alleles different from the common laboratory accessions. This
approach is especially useful when identifying novel alleles that are dominant over
laboratory backgrounds, which suggests they are active, as shown FuGrgene
(107).

Ultimately, the proof for the identification of a QTL gene should come from
complementation experiments by plant transformation. The transfer of an allele
from one parent to the other and vice versa, or the transfer of either allele in a null
background, should show the predicted effects of the QTL. Further sequencing of
both alleles of the corresponding QTL gene will identify DNA polymorphisms.
However, to find the precise nucleotide polymorphism underlying the QTL (or
QTN) requires further work. Currently, about 15 genes accounting for natural
variation for various traits have been identifiedArabidopsis(Table 2). Most of
them participate in flowering time or pathogen-related traits, for either bacteria or
insect pathogens, and encode for photoreceptors, transcription factors, R-genes,
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TABLE 2 Summary of the genes accounting for natural variation identifigktatidopsis
including the molecular characteristics of their natural alleles

Molecular Functional Functional

Locus Trait function polymorphism alteration References

CAL Inflorescence MADS TF SNP Altered protein (66)
morphology

FRI Flowering Unknown INDELs Truncated protein (43, 58, 79)

(1-345 bp)
FLC Flowering MADS TF INDELs Expression level (43, 109)
(1.2t0 4.2 kb)

EDI Flowering CRY2 photoreceptor SNP AA substitution 37)

PHYA Hypocotyl length PHYA photoreceptor SNP AA substitution (99)

PHYD Flowering/hypocotyl PHYD photoreceptor INDEL (14 bp) Truncated protein ~ (12)
length

AOP2 Glucosinolate 2-oxoglutarate-dioxygenase  INDEL (5 bp) Expression level (71)
biosynthesis

AOP3 Glucosinolate 2-oxoglutarate-dioxygenase  Unknown Expression level (71)
biosynthesis

ESP Glucosinolate Epithiospecifier INDELs, SNP Expression level (87)
hydrolysis protein

MAM1  Glucosinolate Methylthioalkylmalate INDELSs, Deleted gene (80)
biosynthesis synthase (several kb)

MAM2  Glucosinolates/insect Methylthioalkylmalate INDELSs, Deleted gene (80)
resistance synthase (several kb)

RTM1 Virus resistance Jacalin-like protein SNP Truncated protein ~ (30)

RPS2 Resistance to LRR protein INDEL (10 bp), Truncated protein  (111)
pseudomonas SNP

RPM1 Resistance to LRR protein INDEL (2.8 kb) Deleted gene (150)

pseudomonas

or glucosinolate biosynthesis genes. Several types of molecular polymorphisms
underlying the phenotypic variation have been reported, including SNPs that gen-

erate single amino acid substitutions as foundd&Y2andPHYA(37, 99); small
deletions that give rise to truncated proteins, as reported foFfflend PHYD

loci (12, 43, 58, 90); large deletions spanning the complete gene, as those found
for RPM1, MAM1, andMAM2 (80, 150); and large transposon-related insertions

in noncoding regulatory regions, foundkh.C (43, 109).

CONTRIBUTIONS OF THE ANALYSIS OF ARABIDOPSIS
NATURAL VARIATION: TWO CASE STUDIES

The analysis of natural variation, from determining its genetic magnitude within
Arabidopsisto identifying the molecular variants accounting for it, is providing
unigue knowledge. These contributions include the discovery of novel functions
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of genes affecting a particular trait and the further characterization of previously
identified genes. In addition, it is starting to make available information on the
ecological function of genes at the population and species level. To illustrate these
contributions, we describe the current status of the analysis of natural variation
in Arabidopsisfor two processes: the initiation of flowering and plant growth.
Both aspects differ in their general complexity because the initiation of flowering
is a specific developmental transition that is already well-studie@rabidop-

sis whereas growth might be considered at any developmental stage and has
been studied less extensively Arabidopsis Due to these differences, knowl-
edge and progress have been qualitatively different for both case studies, showing
the future potential and limitations of these analyses for two different sorts of
traits.

Natural Variation Affecting Flowering Time

Natural environmental conditions differ throughout the year, and therefore, the tim-
ing of the transition from the vegetative to reproductive phase of a plant is a major
determinant of its reproductive success. The genetic and molecular dissection of
this developmental transition is being undertaken through the analysis of artifi-
cially induced mutants ifrabidopsis(74, 119). These analyses have identified
around 100 genes that affect this transition, and these genes are classified in differ-
ent pathways that integrate the environmental signals (such as photoperiod, light
intensity, light quality, or temperature) and the endogenous signals (including hor-
mones and metabolites). Basically, four interacting pathways have been described
as the photoperiod response pathway, the vernalization response pathway, the au-
tonomous pathway, and the gibberellin pathway, whose signals ultimately regulate
the expression of genes involved in flower development (74, 119).

Additionally, the timing of the flowering transition is genetically differentiated
among natural populations 8fabidopsisas shown by the large genetic variation
observed for this trait amongrabidopsisaccessions. For instance, when grown
under long day photoperiods, some accessions will flower in three weeks, others
will require four months, and some will be unable to flower unless they are treated
with low, nonfreezing temperatures during several weeks (vernalization) (61;
C. Alonso-Blanco, unpublished data). As indicated above, two extreme natural
life cycles have been described in annual plants suchralidopsis e.g., sum-
mer and winter—annuals which differ in the timing of germination and flowering;
winter annuals having a considerably larger vegetative phase (late flowering time)
than summer annuals. This variation is presumed to reflect adaptations to different
environments because environmental conditions determined by biotic and abiotic
factors are very different along the distribution areaAoébidopsis(Figure 1).

The study of natural variation for flowering initiation has attracted a great deal of
interest from the earliest work éfrabidopsisresearch (reviewed in 74). Much of

the pioneering work aiming to estimate the number of loci determining the vari-
ation between winter and summer annuals was accomplished by Napp-Zinn, who
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systematically analyzed the cross between the early flowering accession Limburg-
5 and the late flowering Stockholm (summarized in 120). He identified four loci
and vernalization was able to overcome the effect of the late flowering alleles.
Late alleles at theRIGIDA (FRI) locus showed the largest effect, were dominant,
and interacted with the late alleles of smaller effect akkRY OPHILA(KRY) and
JUVENALIS(JUV) loci. The advent of molecular markers in combination with
Mendelian genetic analyses allowed the mapping of Napp-ZiRidocus on top

of chromosome 4 (31) and the identification and location on top of chromosome 5
of another locus namdelowering Locus GFLC) (75, 91). Late dominant alleles

at these two loci interact synergistically to account for a large proportion of the
late flowering of severalrabidopsisaccessions (74). Using similar approaches,

a third locus namedERIAL ROSETTE{ARTY) was identified in the middle

of chromosome 5, whose dominant late allele also interacts Fithand FLC
(131).

Although classical Mendelian analysis allowed the finding and mapping of three
large effect loci, most of the flowering variation amofgabidopsisaccessions is
multigenic and has required the quantitative analysis of crosses to identify and map
the corresponding QTL. Currently, seven different crosses have been analyzed in
this way (see Table 1), two of them involving an early flowering parental accession
and a late one (32, 85), whereas the rest were derived from two early flowering
accessions (7, 57, 96). The latter crosses show considerable transgression despite
the fact that the parents differed little in their flowering behavior, in some cases
providing as much variation as the crosses obtained from phenotypically distinct
parents (7, 96). Five to twelve QTL per cross have been detected in the crosses
derived from early accessions, a number that is similar to, if not larger than, the five
to seven QTL detected in crosses involving late flowering accessions (Table 1).
Comparing the QTL map positions identified in the various crosses aiming to de-
termine whether they are the same or different loci is not straightforward. Due
to heterogeneity, it is not possible to decide if QTL found at similar map posi-
tions in different crosses recognize similar or different effect alleles that might
provide a natural allelic series. Conservatively, a minimum number of 14 different
QTL have been identified, accounting for the flowering time differences between
Arabidopsisaccessions. Some of them show different effects in different environ-
ments, measured by significant QTL by environment interactions that have been
estimated in those analyses performed in multiple controlled environments differ-
ing in photoperiod or vernalization treatment (7, 32, 57, 96, 151, 163). Significant
interactions among QTL have been detected in several cases as well (7, 32, 60,
85, 159). Among these QTL, the strong effect |&dkl and FLC were clearly
detected in several crosses. In addition, three other QTL identified in the Lands-
bergerecta(Ler) x Cape Verde Islands (Cvi) mapping population and one QTL
in the Ler x Columbia (Col) cross were confirmed by characterizing introgres-
sion lines carrying particular alleles at a single genomic region into the reference
genetic backgrounds,dr or Col (7, 77). However, most of the smaller effect
QTL described so far await confirmation. Developing other introgression lines in
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reference backgrounds will allow not only confirmation and further characteriza-
tion but also complementation tests aiming to determine whether different intro-
gressed alleles belong to the same locus. Comparing map positions of QTL and
known flowering genes has enabled discovery of several candidate genes for most
of the QTL described (7, 60, 96, 159). However, further molecular, physiological,
and genetical analysis of the QTL is required to evaluate those candidate genes on
the basis of functional information.

The molecular characterization of the first loci causing natural variation for
flowering has begun with the isolation of the large effect leRil andFLC (58,

107) (see Table 2). Isolating these loci has identified two novel genes involved in
the regulation of flowering, which could not be found by mutant analyses because
the common laboratory early flowering strains carry loss of function alleles at
FLC and/orFRI, and given their synergistic interaction, further loss of function
alleles could not be easily detected in these accesskRisencodes a protein
with no significant homology to previously identified proteins (58), wheFda3
encodes a transcription factor of the MADS box family (107). FRI positively
regulates the expression BL.C, whereas the FLC protein negatively regulates
the expression of other transcription factors involved in the regulation of flowering
such as0OC1(108). Further molecular characterizatioriC is showing that itis

a central integrator of flowering signals from the autonomous and the vernalization
pathways through a complex regulation of its expression (148).

In addition, thesarly, day-length insensitivéEDI) locus was recently isolated,
being the firstArabidopsislocus identified as a QTL that was cloned (3Pl
affects the flowering response to photoperiod and is the blue light photoreceptor
genecryptochrome ZCRY 3, which is mutated in the photoperiod pathway mutant
fha(119). A single amino acid substitution in the CRY2 protein of Cvi compared
to Ler affects the CRY2 light-induced down regulation in short days and alters the
CRY?2 flowering promotion.

Natural variation has also been found in the phytochrome gBhéD and
PHYA which are other photoreceptors known to affect flowering (12, 99), by
using different candidate gene approaches. Based on the identification of the
Wassilewskija (WS) accession as a bearer of a deletiétH¥D, it was demon-
strated that the lack of function of this phytochrome determines several pleiotropic
phenotypes including early flowering (12). In contrast, based on detailed pheno-
typic analyses, the Lm-2 accession was identified as resembling plants carrying
the loss of function alleles d&?hyA(99). It was demonstrated that a single amino
acid substitution in the PhyA protein of Lm-2 reduces the far-red light response
measured by hypocotyl elongation, compared to that of Col. Starting from a sim-
ilar reverse approach, the flowering géf&Ahas been suggested to account for
the different flowering response to demethylation treatments showreh\Col,
and C24 (44). Two amino acid substitutions in a very conserved region of this
transcription factor were found in C24 compared tr,Llsuggesting a C24 loss
of function. However, this needs to be proven because any downskéskar-
get might be nonfunctional in C24. Analysis of these last three genes illustrates
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the power of selecting candidate genes on the basis of sequence variation and/or
well-defined phenotypic differences between accessions.

Identifying genes responsible for the natural variation in flowering time enabled
the characterization of the natural molecular variation present in these genes in
relation to their function and in relation to the ecological and evolutionary forces
that maintain it. Nine differenERI loss of function, probably null, alleles have
been identified produced by insertion/deletion events of 1 to 376 bps (see Table 2)
(43, 58, 90). Two different alleles with reduced functionFafC have been iden-
tified, generated by the insertion of transposon-related sequences in the first in-
tron (Table 2) (43, 109). Thus, the early flowering behavioArEbidopsissum-
mer annual accessions derived from winter annual ancestor accessions by loss
of function of FRI and/or FLC. The large number of rare alleles in th&lI
gene suggests that early flowering has derived in multiple independent occasions.
This flowering variation might be maintained as local adaptations to different
environments.

Despite this enlightening contribution of tR&l andFLC analysis, there is still
much flowering genetic variation among accessions carrying the same functional
classes ofFRI and FLC alleles. This additional flowering genetic variation is
determined by the large number of QTL identified so far. To fully understand
the flowering variation requires the identification of many other naturally varying
loci and the simultaneous analysis of all these genes. In addition, the interactions
among the various loci such as that describedFBt and FLC, as well as for
several other loci, need to be implemented (7, 60, 75, 91, 131, 159). Taking into
accountthe genetic interactions will help in understanding the patterns of molecular
variation. For instance, unlike tHRI alleles, thé=LC loss of function alleles are
not null alleles. This might be related to their genetic interaction determined by
the functional relationship between these geiés; being downstream in the
regulatory pathway (58, 107, 148).

A better understanding of the functional, ecological, and evolutionary meaning
of flowering variation will require the simultaneous analysis of multiple traits
because genes affecting flowering time also affect other vegetative and reproductive
traits. The naturally occurring flowering variation has been studied in relation to
other life history traits such as morphological and physiological plasticity (166),
plantgrowth (113), seed size and seed number (6), inflorescence morphology (159),
circadian rhythm (152), drought resistance (103), and resistance and tolerance to
herbivory (162). These reports show the large amount of pleiotropic effects of the
primarily so-called flowering loci, and the various trade-offs between flowering
time variation and other adaptation mechanisms. Knowing the distinct pleiotropic
effects of each gene will assist the understanding of its pattern of variation, like
for FRIandFLC, which have been also associated with circadian rhythm (152) or
dehydration avoidance (103).

Ultimately, understanding the ecological significance of the flowering variation
for plant adaptation will require its analysis under well-defined natural field envi-
ronments because so far most of the work has been performed under laboratory
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conditions. However, natural environments are far more complex due to the number
of environmental factors involved and to spatial and temporal heterogeneity. This
is illustrated in the first analysis @rabidopsisflowering variation under natural
conditions, which was recently reported (162, 163). The authors found consid-
erable QTL by environment interactions, several flowering QTL appearing only
under controlled conditions with their effects overridden in natural environments.
In addition, it is suggested that genes determining variation in ecological relevant
conditions might not be identified under laboratory conditions because various
QTL were identified only under natural conditions. Further field experiments will
identify the precise environments in which variation at particular loci plays a role
and thus, the relevant factors shaping this variation.

Flowering variation is an adaptive mechanism common to many annual plants
including wild and domesticated species. To know if the genes accounting for flow-
ering variation under particular environments are conserved among plant species
will be of great relevance, from basic and applied perspectives. Currently, flower-
ing variation is mainly studied among varieties of cultivated species. This variation
present in cultivated species probably had a natural origin, but it involves different
evolutionary forces to maintain it due to the participation of artificial selection
during domestication and breeding. Nevertheless, its comparison with the varia-
tion observed iMArabidopsisis allowing a first estimation of this conservation.
Three major QTL were recently isolated in ridddl, Hd3a andHd6, involved
in photoperiod sensitivity (reviewed in 54)d1 andHd3aare orthologues of the
Arabidopsis CCQandFT flowering genes, respectively, both implicated in the pho-
toperiod pathway, where&fd6 encodes the CK2 casein kinase (references in 54).
Characterizing=LC-like genes inBrassica napug153) andB. rapa(145) sug-
gests thaFLC orthologues account for the different vernalization response among
cultivars ofBrassicaspecies. Association analysis of the candidatearf8 gene,
orthologue of theArabidopsisflowering related gen&Al, suggests that this gib-
berellin signaling gene accounts for part of the flowering time variation found
in maize (154). Similar analyses Brassica nigrasuggest that an orthologue of
the Arabidopsis COlowering gene underlies a flowering QTL (82). These results
show that there is considerable conservation of the molecular mechanisms that reg-
ulate flowering among plant species. In addition, it suggests that among species of
the crucifer family, there is partial conservation of the genes accounting for within
species variation. In contrast genome comparisons between ricArahitiop-
sis have failed to identify rice orthologues of sevefahbidopsisvernalization
pathway genes (54). Because vernalization has not been reported in rice, it is sug-
gested that these genes have been lost in rice during evolution (54). Therefore,
substantial differences among species will also occur depending on the flowering
mechanisms and genes available in each species. The isolation of more QTL in
Arabidopsis crop plants, and wild species, combined with their detailed analysis
described above, will allow an integrative understanding of the mechanisms regu-
lating flowering at the species level, including comprehension of the evolutionary
forces that maintain flowering variation and its relevance for plant adaptation.
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Natural Variation Affecting Plant Growth

Although Arabidopsishas been used mainly for studies related to developmental
and general biology, it will also be useful for dissecting complex traits that are
essential for plant breeding and ecology, of which growth and reproductive success
are probably the most important traits.

Plant growth can be defined in an absolute manner in many different ways,
depending on different parameters used to measure it, such as size, fresh weight,
dry weight, reproductive yield, or plant height. In addition, growth can be estimated
using a time-component, which provides a more integrative parameter referred to
as relative growth rate (RGR), defined as the relative increase in a certain parameter
per time-unit. Absolute growth and RGR are the integrative results of a complex set
of parameters, including directly related components such as carbon fixation, water
and mineral uptake, partitioning of reserves and respiration, and more indirect
components like stress tolerances, senescence, flower formation, and so on. Thus,
growth and RGR must be highly multigenic traits determined by the numerous
genes affecting one or several of the various components, and large environmental
effects will strongly affect its output. Due to this complexity, measuring overall
growth will often lead to low heritabilities and the detection of relatively small
effect loci, from which many might easily escape detection. However, measuring
particular components or subprocesses contributing to plant growth will increase
the power to detect loci affecting this trait.

Arabidopsisnatural genetic variation has been reported for overall growth pa-
rameters and for several of its components. Variation has been analyzed for various
traits related to overall growth of the plants such as rosette diameter (128), plant
height (130), fresh or dry weight (1, 93, 98), number of lateral branches (130),
and leaf shape (128). The range of variation for some of these parameters was
substantial, such as for dry weight of the whole plant at final harvest (93) or plant
height and number of basal branches (130), where a sixfold variation or a more
than tenfold variation were reported, respectively. However, lower variation has
been reported for other traits, such as root elongation rate (fourfold variation) (14)
or above-ground vegetative biomass (twofold variation) (1).

In addition, genetic variation has also been described using a noninvasive
method to estimate plant growth ratefofibidopsiglants by determining the area
of the rosette, using digital imaging (92; M.E. El-Lithy, M.E. Clerkx,

G. Ruys, M. Koornneef, D. Vreugdenhil, unpublished data).

Several integrative parameters related to plant growth and water use efficiency
have been analyzed such as carbon stable isotope discrimis&@nvhich mea-
sures transpiration efficiency, or chlorophyll fluorescence. Considerable variation
among accessions has been found for carbon stable isotope discrimistd@on
(101, 103), which was correlated with flowering time (103). In contrast, chloro-
phyll fluorescence, which is a nondestructive measurement for plant performance,
shows more limited variation under normal conditigisE. El-Lithy, J.F.H. Snel,

M. Koornneef, D. Vreugdenhil, unpublished data).
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Parameters estimating overall growth have been correlated with particular com-
ponents. For instance, a negative correlation has been found between maximum
plant size (above-ground vegetative biomass) and fecundity (number of seeds per
plant weight) (1), or between carbon stable isotope discriminatit and flow-
ering time (103). In addition, a positive correlation was found between root elon-
gation rate and the activity of the cyclin-dependent kinase (CDKA), suggesting
that cell-cycle activity might be an important determinant for growth differences
of roots (14).

In addition, genetic variation amomgrabidopsisaccessions has also been an-
alyzed for various biochemical and metabolic components of plant growth such
as plant mineral contents (29, 97, 98, 121, 138) and seed sugar contents (15).
Large variation has been described for phosphate acquisition efficiency (PAE)
(121), revealing different underlying mechanism affecting PAE: root and root hair
morphologies, phosphate uptake kinetics, organic acid release, and rhizosphere
acidification (121).

Finally, the genetic variation affecting plant growth has been analyzed in vari-
ous environments differing in mineral contents, mainly phosphorus and nitrogen
(29, 98, 138). Thus, the availability of P has profound effects on root morpholog-
ical characteristics, e.g., root length, the number of lateral roots, root hair length,
and density. Significant variation was found for the growth responses of these pa-
rameters to P-availability, comparing P-starved and control plants (29). Similarly,
it has been reported that different sources of nitrogen strongly affect dry matter
accumulation (98, 138).

Despite this considerable variation, little is known about the genetic basis of
plant growth inArabidopsis Recently, several QTL mapping efforts focusing on
growth-related traits were initiated using the resources availabdahidopsis
The traits that were determined and for which loci were mapped are descriptive
traits, not including a time-component.

QTLs for plant height have been mapped in two RIL populations (see Table 1).
Not surprisingly, the major QTL for this trait colocated with the position of the
ERECTAgene in both RIL populations (6, 159) because both populations involve
Landsberg carrying therectamutation, as parental line. In addition, 2 to 4 other
loci affecting plant height were found in both populations (Table 1). Above-ground
biomass was estimated by determining dry weight (98) or rosette area (128, 159).
For these traits major QTL were also found around ERECTAIlocus in the
populations having &r as one of the parents, in agreement with the pleiotropic
effect of this gene. Five additional major QTL affecting the rosette area were found
on chromosomes 3, 4, and 5 (6, 159, 163), and eight loci affecting above-ground
dry matter (98).

QTL mapping experiments have been also performed for several biochemical
and metabolic components of plant growth. For instance, sugar content has been an-
alyzed in mature seeds in thelx Cvi RIL population revealing a major QTL af-
fecting sucrose, stachyose, and raffinose content, which suggest pleiotropic effects
by altering a step in the conversion from sucrose into raffinose and stachyose (15).
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In addition, Mitchell-Olds & Pedersen (115) studied the activities of several en-
zymes involved in primary and secondary metabolism in leaves of¢he ICol

RIL population. For 7 out of 10 enzymes studied one or more QTL were mapped.
Some of these mapped very close to enzyme-coding loci. They also mapped a
locus that might be a joint regulator of activities of three different enzymes, all
involved in primary carbon metabolism. PGM activities have been also analyzed
in seedlings of the &r x Cvi RIL population (146). Besides QTL colocating with

all five putative PGM genes, other loci affecting PGM activities were also mapped,
pointing toward possible regulating genes. QTL have also been mapped for leaf
phosphate content in several populations (see Table 1) (16, 97). Six loci were iden-
tified on four chromosomes in the BaySha population, two of them colocating
with loci affecting chloride levels and/or water content, suggesting a role in os-
motic regulations. In the ér x Cvi population QTL were mapped for phosphate
and phytate (inositol-1,2,3,4,5,6-hexakisphosphate, the major storage form of P
in plants) in leaves and seeds (16). A major QTL at the top of chromosome 3
explained most of the variation observed in seeds and leaves, both for phosphate
and phytate, which again suggested pleiotropic effects.

QTL for plant growth parameters have been mapped in environments with dif-
ferent nitrogen sources (98, 138). Rauh et al. (138) studied biomass and root-shoot
ratios in relation to nitrogen type (ammonium or nitrate) and availability using the
Ler x Col RIL population. A total minimum number of 14 QTL was identified
affecting the various traits in four N-treatments. Interestingly, most QTL were not
shared across treatments indicating strong QTL by environment interactions. Simi-
larly, Loudet etal. (98) analyzed a large RIL population (415 lines) derived from the
cross Bayx Sha to map QTL for N-related traits, by growing the plants at high or
low nitrate supply. They found atleast 18 loci affecting one or more traits, and again,
the regulation of the traits measured was mostly specific for the N-treatments.

These works show the feasibility of identifying QTL affecting plant growth
and/or plant growth components, and inferring putative roles of these QTL on the
basis of pleiotropy. However, in contrast to the analysis of natural variation for
flowering time, the fine mapping of these QTL has just started, and only candi-
date genes have been reported without definite proof for any of these. Thus, many
candidate genes are available based on colocation of QTL with genes involved in
the processes studied. For instance, as described above, QTL affecting enzyme
activities (115, 146) often colocate with the position of the structural genes, which
makes it likely that some QTL are due to different activities of the structural genes,
either by differences in the promoter region, resulting in variation in transcription,
or in activities of the resulting enzyme. In addition, several QTL affecting plant
growth parameters such as total biomass and root-shoot ratios, have been colo-
cated with the positions of genes associated with nitrogen metabolism (98, 138)
e.g., a cytosolic glutamine synthase gene, or with developmental genes, like the
ERECTAgene, suggesting these as candidates. It is expected that the combination
of approaches described before will soon identify the molecular bases for this
important and complex variation.
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CONCLUSIONS

Natural variation is becoming an important tool for functional biology, and it is
at the core of evolutionary biology and plant breeding (20). Currently, the large
amount of genetic variation found amorgabidopsisaccessions collected at
different regions of the world can be efficiently analyzed up to the molecular
identification of the genes and polymorphism underlying QTL of relative large
effect. This has become feasible thanks to the genetic featubeahifiopsissuch

as short generation time, autogamy, and the small and low complexity genome,
combined with the unique tools developed byAnabidopsigesearch community.

The traits analyzed thus far deal with important adaptive plant characteristics
such as seed dormancy, flowering, and tolerance to abiotic and biotic factors, and
are relevant in ecology and plant breeding. It is expected that the methods and
knowledge generated #rabidopsiswill assist to speed up the analysis of similar
traits and genes in other plants, including wild and domesticated crop species.
CurrentArabidopsisQTL analyses enable the study of loci with small effects,
due to the experimental control of the environmental conditions and the use of
genetically well-definedhrabidopsislines. It is expected that the application of
these functional resources will soon lead to the identification and characterization
of small effect alleles, which will be relevant to understand and artificially fine-tune
the networks of plant gene regulation.
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Figure 1 Geographical distribution oArabidopsis thalianaGreen shaded areas corre-
spond to the species distribution (8) modified according to (50). The ~300 accessions col-
lected from different locations and publicly available through stock centers are plotted as
red dots.
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Figure 2 Map position of QTL found for various traits in therlx Cvi population based on
published analyses (5-7, 15, 16, 19, 21, 70-72, 100, 140, 147, 152, 159). The approximate
position of each QTL is depicted by an arrow pointing to the maximum LOD score reported.
CRY2ER andFLC indicate genes proven to correspond to pleiotropic QTL (see text).
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