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Naturally occurring variation in
Arabidopsis : an underexploited
resource for plant genetics

Carlos Alonso-Blanco and Maarten Koornneef

The definition of gene functions requires the phenotypic characterization of genetic variants.
Currently, such functional analysis of  Arabidopsis genes is based largely on laboratory-
induced mutants that are selected in forward and reverse genetic studies. An alternative
complementary source of genetic variation is available: the naturally occurring variation
among accessions. The multigenic nature of most of this variation has limited its application

until now. However, the use of genetic methods developed to map quantitative trait loci, in
combination with the characteristics and resources available for molecular biology in
Arabidopsis , allow this variation to be exploited up to the molecular level. Here, we describe
the current tools available for the forward genetic analysis of this variation, and review the
recent progress in the detection and mapping of loci and the cloning of large-effect genes.

model system because it allows genetics to combine with meérliest stages &rabidopsisresearch, the phenotypic characteri-

ecularbiology (i.e. it has a short generation time, a smatlation of plants collected from different geographical regions (in
genome and is easily transformed@heArabidopsisgyenome is esti- relation to traits presumed to be ecologically important for adap-
mated to contain ~25 000 protein-coding genes, of which it is thougdition to different environments) revealed considerable genetic
that nearly 40% will have unknown cellular roles, and @BB6 will  variation>". BecauseArabidopsisis predominantly a selfing
have an established phenotypic functiderefore, finding func- species, most collected plants represent inbred lines that are prac-
tions for these genes will be a major challenge for the next decatmlly homozygous. These wild homozygous lines are referred to

commonly as ecotypes — a term originally defined as distinct races

The wild cruciferArabidopsis thaliandas become an importantnaturally occurring populations dfrabidopsis(Fig. 1). In the

Genetic variation is required for the functional analysis of the of a species genetically adapted to particular habitdtsvever,
Arabidopsis genome as has been noted previoldsie use of this word with regard to
Laboratory-induced mutants Arabidopsisdoes not conform strictly to its ecological definition.

Currently, the functional analysis éfrabidopsisgenes and the At present, its ecological meaning has been lost; therefore we
dissection of complex traits are based largely on the phenotypge the term accession, as this is often used in germplasm collec-
characterization of mutants selected by forward and reverse gigoms to refer to a plant genotype of a species collected at a
etics in a few laboratory ‘wild-type’ genotypes. The inbred straispecific location.

generally used are Landsbertecta(Ler), Columbia (Col) and  Exploitation of the genetic variation among accessions has
Wassilewskija (Ws), originally collected from the wild by theébeen limited because of its mostly quantitative (continuous)
pioneers oArabidopsigesearch, Friedrich Laibach and colleaguesnature, in contrast with the commonly studied mutants, which pro-
These forward and reverse genetic approaches using classiimdg qualitative (discrete) variation. This dichotomy is defined
(physical or chemical) and insertional (biological) mutagens habasically by the number of loci and the environmental effect
proven their usefulnessThe possibility of identifying genotypes underlying the variation under study, which determine the tools
with an insertion in a gene of known nucleotide sequence, indised for its analysis. Only in the past decade, with the advent of
pendently of the presence of a phenotype, has led to large-scale pfisient molecular marker technologies and specific statistical
ectsfor disrupting most of thérabidopsisgenes®. In addition, methods, has the map position and the effects of quantitative trait
sophisticated mutant screens are continuously being develogedi. (QTL) been establishé&d®2 Recently, the study of variation
However, the definition of gene functions using these procedussaongArabidopsisaccessions has been renewed by the appli-
will be limited by the small number of genetic backgroundsation of methods that were developed and extensively used in crop
analysed, because the type of mutant phenotypes that can be idenpfeaats. In contrast with larger genomes, the characterist&saef
ultimately depends on the wild-type genotype. For example, firsidopsisallow these genetic analyses to be followed up efficiently
mutant phenotypes of genes, for which the wild type carriesathe molecular level, and thus it is becoming a model organism
functionally null allele (either mutated or silenced) or a wedbkr quantitative genetics. Several recent reviews have summarized
allele, might not be detected. Secondly, epistatic interactions (g¢b@ current status of these studies to either address questions
consequence of, for example, redundancy of either gene functicgiated to the molecular basis of quantitative variation and adap-
or of genetic pathways) will ensure that some phenotypes apptadion and its application to domesticated cféps; or to address

only in certain genetic backgrounds. ecological questions related to population structure, plasticity and
ultimately to the evolution okrabidopsisand its relatives In this
Naturally occurring variants: new times for an old resource review, we focus on the systematic exploitation of the naturally

As an alternative to generating laboratory-induced mutants, anothecurring variation as a complementary resource for the func-
source of genetic variation can be found among and withional analysis of thArabidopsisgenome.
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Wealth of naturally occurring variation

Arabidopsisis distributed widely in the
world”: many accessions have been col-
lected from wild populations growing
throughout the Northern hemisphere i
Europe, Asia and Africa; from northern
Scandinavia at 68to the Cape Verde
Islands at 18 from sea-level in The
Netherlands to the high western Himalayan
region. It has also been found in North
America, Australia and Japan, where pro
ably it was introduced from Europe (Fig
2). This broad geographic distributio

=

- L Fig. 1.Naturally occurring variation iArabidopsis thalianaPlants from two wild populations,
embraces substantial Va”at'on_ In g'tov,vt (a) and (b), illustrate the variation existing between and within (b) populations, even g
environments, hence, phenotypic variation |evel of overall morphological appearance. (c) When inbred lines collected from diffe]
among accessions is expected to reflect the populations (accessions) are grown together under the same experimental environment,
genetic variation that is important for adap- typic variation among lines reflects genetic variation. For instance, the plants of seven g
tation to specific conditions (Fig. 1; Table 1). sions presented in (c) differ in several traits of the vegetative growth phase, su
Considerable variation has been found for trichome density, leaf production rate and leaf colour, size and shape. Scal@ bar.

t the
rent
pheno-
cces-
h as

potentially adaptive traits, such as resis}-

ance(measured as plant survival or damage)

to biotic stresses (pathogerigkluding insects, fungi, bacteria andmendelian genetic analysis of these large-effect alleles has been
viruses®, or tolerance to abiotic stress parameters, such as hggiformed in a similar manner to that used with induced mutants,
temperature, freezing, drought, metals, carbon dioxide abdcause the genotype of an individual at the segregating loci can

ozoné&'% Variation has also been described for many othbe inferred from its phenotype. Several molecular marker
characters including: niques are available #rabidopsisincluding restriction fragme

tech-
nt

» Developmental traits, such as flowering time, plant size, seletigth polymorphisms (RFLPSs), cleaved amplified polymorphic
size, venation pattern and trichome nurib&r sequences (CAPSs), microsatellites and duplex analysis mdtkers

» Physiological traits, such as seed dormancy, phosphate uptikaddition, efficient multilocus predures, such as amplified frag-
and water-use efficienéy’>° ment polymorphismgAFLPs), have been appli&dnd new high-

« Biochemical traits, such as glucosinolate, seed oligosaccharideoughput protocols are being develofledThese marker

or epicuticular wax composition and several enzymattechniques, together with the availability of the complete ge

nome

activities®**(Table 1). sequence and the relatively high frequency of polymorphisms

Thus, comparison of accessions from different geographical samdong accessions, allow a rapid and accurate linkage map
ecological environments allows genetically different parenttiese loci. In this way, mamyrabidopsisdisease resistance ge

ping of
nes

lines to be selected for further studies. In addition, genetic vafiesistance to fungal, bacterial or viral pathod&fig) and several
ation that is undetectable by accession comparison might diecosinohte biosynthesis Ioti*have been identifiefTable 1). In

revealed when analysing segregating popu-
lations derived from crosses betwee

accessions. This is the case when segregat
ing individuals have phenotypes outside of
the parental range of variation (transgres-

sion). Therefore, segregating populations & y b
provide a better estimate of the variation ' S %- LG i .
present between two accessions. Trans- . iy i ;

gressive segregation has proven to be use-
ful particularly for the analysis of
homeostatic traits, such as the circadign
period, or for viability loci detected by
the segregation distortion observed in mogt
mapping populatiors™’.

Forward genetic analysis of naturally
occurring variation

Mapping large-effect loci from qualitative
variation: mendelian mapping

The varlatlo_n ina partlcular trait betweeLl\ Fig. 2. Geographical distribution ofirabidopsis thalianaShaded areas correspond to
two accessions is, in some cases, becaysegjightly updated distribution that has been described previotig 240 accessions col-
of the major effect of allelic variation at| |ected from different locations, which are available currently througAthidopsisstock

one or two loci. This gives rise in experii centres, have been plotted as green dots. Most sampling has been performed in Eurg
mental segregating populations to pheno- therefore there is a lack of publicly available samples from various regions, such as A

discrete classes and fitted to monogenic pr Were kindly provided by Randy L. Scholl from theabidopsisOhio Stock Center, USA

pe and
frica

typic distributions that can be classified i} and, especially, Central Asia, which is a region rich in populations and varfébiligta
I

digenic segregations (Fig. 3). Classic
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Table 1. Traits showing variation among  Arabidopsis accessions

Trait Type of Mapping Type of Number of Ref.
analysis' crosses mapping loci
analysed population  identified®
Pathogen disease resistance (plant lessions and survival) 1,2 ° F,/F; >18 16
3 Ler X Col; RIL 3 59
2 Col-5 X Nd-1 RIL 1 40
Rhizobacteria-induced resistance 1,2 ®ARLD F, 1 41
Bacterial flagellin-induced growth inhibition 1,2 Wes Col; 5 1 60
2 Ws X Ler = 1 60
Long-distance movement of viruses 1,2 C24o0l-3; B 1 61
2 Ler X Col RIL 1 61
Crown gall tumorogenesis 1 62
High temperature tolerance (plant fresh weight) 1 6
Freezing tolerance (plant survival) 1,3 erlx Cvi RIL 2 J.M. Martinez-Zapater and
J. Salinas
Metal tolerance (growth inhibition) 1 17
Drought tolerance (water content status) 3 er X Col RIL N. Vartaniafi
Ozone tolerance (leaf cellular damage) 1,3 erk Cvi RIL 1 18; I. Aguilar and K.R. Davfs
High carbon dioxide tolerance (multiple plant traits) 1 19
Limited carbon dioxide tolerance (plant survival) 1 20
Flowering time 1,2, 3 B RIL, F/F, BC  >1% 21
8 Ler X Col RIL 12 22,47
8 Ler X Cvi RIL 8 48
Plant size 3 er X Col RIL 2 22
3 Ler X Cvi RIL 4 23
Seed size 1 24
3 Ler X Cvi RIL 11 23
Venation pattern 1 25
Leaf trichome density 3 ér X Col RIL 1 26
Circadian period of leaf movement 3 elLx Col RIL 2 34
8 Ler X Cvi RIL 4 34
Cotyledon unfolding very-low fluence response 3 erix Col RIL 2 63
Hypocotyl growth light inhibition 1,3 er X Cvi RIL H. Smittf, J. Maloof
Seed dormancy 1 5,27
8 Ler X Col RIL 14 49
3 Ler X Cvi RIL 7 C. Alonso-Blanco, L. Bentsink
and M. Koornneéf
Tissue culture and transformation 62,64
Phosphate uptake and root mass 28
Water use efficiency 29
Cytokinin-induced inhibition of root growth D.E. Harike
Auxin-induced growth 1 K. Soga
Epicuticular wax composition 1 32
Aliphatic glucosinolates 1,2 dr X Col RIL 2 30,31
2 Limburg-5x H51 == 1 31
Seed oligosaccharide content 1,3 erlX Cvi RIL 4 L. Bentsink and
M. Koornneet
Enzyme activities 8 er X Col RIL 1-3 per enzyme 33
Sugar-induce@-amylase 2 er X Col = 1 65
Viability (segregation distortion) 3 Net Ler = 1 85
2 Ler X Cvi RIL 2 C. Alonso-Blanco and

M. Koornneet

“Two sorts of studies have been performed: searches of genetic variation among accessions (indicated as ‘1’ in the serand geluatic mapping analyses.
Genetic mapping analyses are classified as mendelian (indicated as ‘2’ in the second column) or quantitative trail fedigmtiaanalyses.

"Disease resistance and flowering time are the most studied traits and have been previously reviewed in Refs 16 and @it meimizr of loci identified in
the various crosses detailed in those references is given. For the remaining traits, the number of loci identified ia Baotoeitsd.

Personal communicatiofiJnpublished.

Abbreviations: RIL, recombinant inbred line; BC, backcross; Nd, Niederzenzt &ndsburgerecta Col, Columbia; Cvi, Cape Verdi Islands; Ws, Wassilewskija;
RLD, Rschew.
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Fig. 3. A comparison of qualitative and quantitative variation and mapping. Qualitative variation for a trait, defined by a pluistatyyion that
can be classified in discrete classes in a segregating population, is caused mostly by the major effect of allelic wagatiotwat loci. This is
found, for example, in crosses betwenabidopsisaccessions differing in pathogen disease-resistant genes (a), and in crosses betwee
isogenic lines (NILs) differing in a single flowering time quantitative trait locus (QTL) dallédearly, day-length insensitive) (b). In (b), the gend
type of the parental NILs is depicted in the insetBbéphenotype is depicted in light grey and tiee (Landsbergerectg phenotype is depicted in
white. (c) Because the genotype of an individual at the segregating locus can be inferred from its phenotype, classtcayeretatedinalysis and
linkage mapping of these loci can be performed. Recombination frequenciesidtie estimated directly between the locus of interest and
marker loci, thus defining its map position. For a given population size, the accuracy of the mapping is limited by theaitaioiiésy in the locus
region. Quantitative variation, defined by a continuous phenotypic distribution in a segregating population, is causedlpdokstfects of allelic
variation at several segregating loci (multigenic) and the environment, such as is found among accessions for flowe)inghéngerfdtype at
these loci (so-called QTL) cannot be directly known from the single phenotypic value of a plant, but this can be infecthdfindirlinked marker
lociin a QTL mapping analysis. First, this requires a genome-wide molecular genetic map of the mapping population. Ssatatibnsbetween
the genotypes at the markers and the phenotypes of the trait are searched to identify the closest linked markers tov@IT kplittifed pheno-
typic distribution in significantly different but overlapping sub-distributions. (e) The distribution from (d) has beeiedlassirding to the alleles
at theAXRmarker, linked to the QTL EDI [recombinant inbred lines (RILs) carnpii@Ler alleles are depicted in white and those carrpi&-
Cvi (Cape Verde Islands) alleles are depicted in light grey]. These associations are searched by means of statistitdf thatragufsly the
mendelian and linkage principles using the information of flanking markers to estimate the likelihood of a QTL existmgffant &t every map
position along each linkage group. In (f), the mapping of QTL from the data of (d) is shown; the map of linkage grougsiriseepr the abscis-
sas, the likelihood is given as an LOD (logarithm of odds) score. A QTL is declared on the basis of a significance theéfihdiddied in (f) as
a grey broken line] and is located within a genomic region defined by a statistical confidence interval [representertataglesiy (f)]. Because
the detection and location of QTL relies on linked markers it depends on a good genome coverage of the marker map,atesivehlgansity,
with a marker every 10 cM. For standard population sig@9Q individuals) the accuracy of QTL mapping is not improved by adding more m
ers in the QTL regions. Arrows in the graphs correspond to the parental means and the horizontal bars t®#taifor (a) and (c) were extracte
from Ref. 40 and for (d—f) from Ref. 48; data for (b) were provided by S.E-D. El-Asdal@ipublished.
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Fig. 4. The production and use of experimental segregating populations and near isogenic lines
The graphical genotype of individual plants is depicted for a representative single pair of chromog
(a) To detect and locate quantitative trait loci (QTL) any type of experimental segregating populatid
be used, such as the common backcross (BC) mugtilations (for other designs see Ref. 67). Howevg
recombinant inbred lines (RILs) are the usual choidgabidopsisbecause, although they take longer t
be produced, they offer unique advantatydRiLs are derived by successively selfing single plants frg

Mapping loci from quantitative
variation: quantitative trait loci
mapping
Most of the variation among
accessions is of a quantitative
nature because of the effects of
allelic variation at several loci
(multigenic), which, combined
with the environmental effect,
determines a continuous pheno-
typic distribution of the trait in
segregating populations. The
genotype at these loci cannot
be directly known from the sin-
gle phenotypic value of a plant
determined by the various loci
and the environment, but this
can only be inferred indirectly
from linked marker loci (Fig. 3).
The detection and location of
the loci underlying this quanti-
tative  variation (so-called
QTL) requires first the gener-
ation of a segregating popu-
lation (Fig. 4) and its
characterization for molecular
arkers (i.e. the obtainment
Nl%}' its genome-wide genetic
omes. .
p). Secondly, after scoring
o, the trait of interest, associ-
b ations between the genotypes
m at the molecular markers and

>

the progeny of individual fplants (single-seed descent method) until homozygosity is achieved at the Ehe phenotypes of the trait are

generation. Because they are homozygous, well characterized RIL populations can be permanently
gated and used indefinitely without further genotyping. A trait can be analysed on several sister plaj
line, which minimizes the environmental variation and improves the accuracy of the QTL mapping;
can be measured in the same population grown in different environments, which allows the detec
QTL that cause genotype environment interactions; the same population can be studied for diffe
traits, enabling the identification of putative QTL with pleiotropic effects. Nevertheless, in contrast
F, populations, RILs and BC do not allow the degree of dominance at the detected QTL to be esti
(b) NILs differing in the alleles around a single QTL can be obtained by producing either introgre
lines (ILs) or heterogeneous inbred families (HIF). ILs, which contain a genomic region from a d
parental accession, into the genetic background of one of the laboratory strains are more useful
they are in a reference genetic background. They are obtained by recurrent backcrossing and s¢
starting from a plant chosen on the basis of its phenotype and/or genotype (such as an accessid
individual, a characterized RIL or another IL), and, hence, are also referred to as recombinant ba
lines or backcross inbred lines (BILs). Selection can be based on the phenotype [when large-effe
are of interest (backcross breeding)] and/or on the genotype by marker-assisted selection (MAS)
reduces the number of generations negdBepending on the dominance of the alleles of interest, phe
typic selection might be done on the BC progenies, avoiding selfing generations. Final genotyping
ILs should establish the regions containing the alleles for which selection was performed and for
single QTL ILs are derived subsequently. Alternatively, NILs can be produced from inbred lines th

not entirely homozygous (so-called heterogeneous inbred families) derived by continuing selfing un

F5 generation (single-seed descent). Analysis of HIF with molecular markers around the QTL of in

(MAS) allows selection of heterozygous lines in this rediofihe phenotypic examination of further

selfing progeny in combination with further genotyping should enable the selection of NILs that ar
mixed heterogeneous genetic background. Abbreviations: RP, recurrent parent; DP, donor
S, selected plant.

preparched by means of specific
nisgrettistical methods (reviewed
A rf Refs 10—12). These methods
tiony8k the information from flank-
€Mng markers, resulting in the
Wit . . . .
na g&illrect estimation of the posi-
Lsidipn and effect of QTL along
ondpe different linkage groups.
hecausde quality of QTL mapping
slediibe, number of QTL detected
n, andr the accuracy of their map
keggssition and effect estimates)
Ct GfElpends, among others, on the
WRiGrall heritability of the trait,
”Oc;' e magnitude and location of
W; QTL and the amount of
Lt Zppserved recombination in the
til thegregating population. In addi-
teréi@n, it is affected by the follow-
ing manipulable experimental
e inp@arameters:

barenize and type of mapping
population.

» Coverage of the molecular

genetic map.

addition, large-effect alleles have been found for flowering Statistical QTL mapping method employed.

time (an otherwise typically quantitative trait), as shown witin Arabidopsis relatively large populations can be grown in a
the allelic variation at the lodfRI, FLC and ART, which are small area, under controlled environments, and mapping popu-
largely responsible for the differences in flowering behaviolations can be obtained in a relatively short period of time. Although
and the vernalization requirement between late and eaalyy type of mapping population can be used, recombinant inbred
accessiorfé™ lines (RILs) offer unique advantad®@Fig. 4), mainly because
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they are homozygous. Well characterized RIL populations areNILs for a particular QTL can be obtained by producing either
permanent and can be used indefinitely without further genotypimmatrogression lines (ILs), or heterogeneous inbred families ¢HIF)
allowing their simultaneous analysis by any laboratory. Furthermog€ig. 4). ILs (containing a genomic region from a donor parental
the availability of the molecular marker techniques described ab@ezession) into the genetic background of one of the laboratory
make it relatively easy to generate genome-wide genetic magisains are more useful because NILs are in a reference genetic
QTL mapping experiments have been performed for various traitdeckground. These lines are obtained by recurrent backcrossing and
Arabidopsis mainly using three RIL populatioli$’*°(Table 1). their production can be facilitated using marker-assisted selection
Analyses under several different environmental conditions hafddAS), which reduces the number of required generatioNgerna-
identified QTL causing genotype environment interactions for tively, when only relatively large-effect alleles are of interest,
flowering tim&”*3and seed dormantdyMoreover, analysis of sev- backcross breeding (without MAS) can be applied, such as has been
eral related traits in the same RIL population, which aimed to idettene for flowering tim&. In this case, extreme phenotypic selection
tify QTL with pleiotropic effects, have been performed for sead performed during several recurrent backcross generations, intro-
size®, flowering timé***and enzyme activities of primary and secgressing simultaneously most of the large-effect alleles at the
ondary metabolisfi. The number of QTL detected in these studiesxisting QTL (Ref. 52). Final genotyping of the ILs should establish
varies between one and 14 loci depending on the experimental se¢hapregions containing the alleles for which selection was per-
and on the complexity of the trait (Table 1). Importantly, most édrmed and for which single QTL NILs are derived subsequently.
these studies have identified loci whose absolute effects are si8fich breeding can be performed without previous knowledge of QTL
cientlylarge to allow further analysis, their allele effects being contecations, thus obtaining simultaneously the map position of large-
parable tdhe effect of laboratory mutant alleles. Nevertheless, tléfect QTL and the advanced material needed for further analysis.
number of detected QTL and the estimation of their effect and posThe characterization éfrabidopsidarge-effect QTL isolated in
ition remain subject to considerable statistical error and’biEise  ILs has been reported for loci involved in flowering tiffé*
confidence intervals for the position of the QTL in the populatiomércadian periotf and seed dormancy (C. Alonso-Blanebal,
studied (usually not more than 200 individuals) are ~10 cM (centirpublished ). In addition, the availability of sets of ILs with differ-
Morgans) for large-effect loci, which might correspond to severaht introgressed regions that together cover the entire genome has
closely linked loci, their effect estimates being biased towargsovided a useful tool for QTL mapping and analysis in several
larger values. In addition, small additive effect and/or epistatic lomiops speci€$® but has not yet been developed\nabidopsis
are either not detected or require confirmation in further analyses.
Comparison of map positions among the QTL identified and tiWplecular isolation and characterization of loci responsible for the
mutant or genes known to affect a trait have indicated that someaf.rally occurring variation
the QTL correspond to loci of previously unknown funciéhy The molecular characterization of the allelic variation requires
In particular, the identification of loci at novel map positions habkat the respective genes are cloned. In the past few years, several
allowed the rapid identification of new function loci for traits thaggenes involved in disease resistance have been isolated using the
are not exhaustively analysed, for which only a few mutants hassdsting variation among accessisn addition, the cloning of
been previously isolated. Examples are laborious traits, suchtws flowering time gene$;LC (Ref. 55) and=RI (C. Dean, pers.
enzyme activitie§, seed oligosaccharide content (L. Bentginkl, commun.), with large-effect allelic variation, has been accom-
unpublished) or the circadian perfbdFor traits for which more plished recently. This progress has proven the feasibility of isolat-
knowledge is available, apparent co-location is often found, sugg the genes responsible for wild variation, and to establish the
gesting that QTL identify new naturally occurring alleles at paphenotypic function, previously unknown, of important genes. To
ticular candidate loci or genes. However, these rough co-locatiatage, only large-effect loci of ‘qualitative’ effect have been iso-
must be interpreted with caution given the low resolution of QTlated, but this research has established the methods that can be
mapping and the complexity of many traits for which knowapplied to identify molecularly the QTL of smaller relative effect,
mutants and genes affecting the trait are scattered throughoutdiéiected in continuous distributions. Thus, the cloning of several
genome. Further phenotypic characterization of the QTL of inter€¥TL, identified in the ker X Cvi RIL population is currently
and finer mapping are needed to determine whether the trait variatioderway, including loci that affect the photoperiodic induction
is because of mutation(s) at a single locus or several tightly linkefdflowering, seed dormancy (M. Koornnestfal, unpublished),
loci and its/their effect(s). The eventual molecular isolation of tlieeezing tolerance (J.M. Martinez-Zapater and J. Salinas, pers.
gene should establish the molecular nature of the allelic variatisommun.) and circadian period (A. Millar, pers. commun.).
Isolation of these loci has been achieved mainly by using chro-
Mendelizing quantitative trait loci mosome walking approaches, which, with the availability of the
To characterize an individual QTL it must be separated from themplete physical map of large genomic inserts (YACs and BACs)
rest of the segregating loci (i.e. to obtain genotypes that will giaad the nucleotide sequence for the five linkage gtpiias become
rise to monogenic segregation in subsequent progenies). Cameutine procedure irabidopsis High-precision regional mapping
monly, this process is referred to as mendelization of a QTL (Figsejuires that the genotype at the locus of interest can be unam-
and 4). The mendelization of a QTL is best accomplished biguously determined in a segregating population, and that enough
constructing near-isogenic lines (NILs), ideally differing only fomolecular polymorphisms are available around it. Although such
the alleles in a small genomic region spanning a few cM aroupadpulations could be derived directly from selected accessions for
the QTL of interest. Once NILs with monogenic segregation attge qualitative-effect alleles cloned so far, their production requires
obtained, their comparison enables the phenotypic and genetiusses between NILs for the fine mapping of QTL (Fig. 3). For weak
characterization of a QTL in a similar way to that performed witQTL, unambiguous genotyping might not be possible on a single
mutants. The genetic characterization includes the analysis of pfent basis, but this requirement can be met by progeny testing.
dominance relationships between the two alleles under study afide availability of sequence information usually allows PCR-
in some cases, complementation tests between QTL alleles bagsed molecular markers to be generated around the target locus.
known mutant alleles at candidate loci. In addition, NILs allow fdn addition, similar to the positioning of mutant loci, the selection
further fine mapping and chromosome walking towards the locwf.recombinant plants around the locus of interest can sometimes

January 2000, Vol. 5, No. 1 27



 venis

Reviews

be accelerated by including easily scorable flanking morphologi-New functional alleles of known function genes, which could

cal markers in the parental lines. Thus, the locus of interest cameveal important information about the molecular mechanisms

be positioned within a few kilobases by analysing between 2000involved in the function of those genes might be identified.

and 5000 segregating gametes. In contrast with the analysisTbé exploitation of this source of variation will increase and

induced mutants, evidence that a cloned gene is responsible folbixeome more systematic and efficient with the development of

observed variation of a trait is limited when workimigh the nat- more permanent mapping populations between distamgssions

ural variation among accessions. This is because various nucledficieluding NIL populations), high-throughput automatghotyp-

changes are probably present in the mapped region and, therefoge,(marker) technologies, improved QTL mapping diatik

genomic sequence polymorphisms and RNA differences for lengtiethods, and more precise assays for phenotype analysis. Thus, not

or expression level cannot be unambiguously argued. The identifly large-effect alleles, but also smaller ones and natural allelic

cation of the locus carrying the mutation(s) that cause the phenotyggdes, might be available for functional analysis in the future. In

variation, mainly relies on complementation by plant transfoaddition, the molecular identification of the actual loci and alleles

mation of one of the parental accessions with a genomic claféecting important adaptive traits that have been selected in nature

from the other parent. The availability of sequence data in a smaider particular environments should provide a unique source of

genomic region might expedite this process by finding ‘candidaiaformation to understand gene functions at the supra-organism

genes with which to generate transgenic plants. Nevertheless, the ldegel. In other words, by knowing the selection experience of nature

effect alleles of the resistance genesfln@ have made it easy to we should have a greater understanding of the molecular basis of

select induced mutatiofi$®, which has facilitated their identification. adaptation and of quantitative variation, and we might be able to
As an alternative to chromosome walking, the availability ahanipulate the important agronomic traits more effectively.
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