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ABSTRACT
Variation in inflorescence development patterns is a central factor in the evolutionary ecology of plants.

The genetic architectures of 13 traits associated with inflorescence developmental timing, architecture,
rosette morphology, and fitness were investigated in Arabidopsis thaliana, a model plant system. There is
substantial naturally occurring genetic variation for inflorescence development traits, with broad sense
heritabilities computed from 21 Arabidopsis ecotypes ranging from 0.134 to 0.772. Genetic correlations
are significant for most (64/78) pairs of traits, suggesting either pleiotropy or tight linkage among loci.
Quantitative trait locus (QTL) mapping indicates 47 and 63 QTL for inflorescence developmental traits
in Ler � Col and Cvi � Ler recombinant inbred mapping populations, respectively. Several QTL associated
with different developmental traits map to the same Arabidopsis chromosomal regions, in agreement with
the strong genetic correlations observed. Epistasis among QTL was observed only in the Cvi � Ler popula-
tion, and only between regions on chromosomes 1 and 5. Examination of the completed Arabidopsis
genome sequence in three QTL regions revealed between 375 and 783 genes per region. Previously
identified flowering time, inflorescence architecture, floral meristem identity, and hormone signaling
genes represent some of the many candidate genes in these regions.

THE inflorescence is a central element of the shoot plant Arabidopsis thaliana, the main inflorescence shoot
is an elongated stem whose features develop from threesystem of flowering plants (Coen and Nugent

1994; Tucker and Grimes 1999). Arrayed on inflores- types of reproductive meristems: the primary apical in-
florescence meristem, secondary inflorescence meri-cence shoots are the flowers that serve as the main

reproductive structures of angiosperm taxa. The devel- stems, and the floral primordia (Bowman 1994; Hempel
and Feldmann 1994). The reproductive shoot apex con-opment of the inflorescence, including the timing of
tains the indeterminate, primary inflorescence meri-ontogenetic events that lead to the morphological elab-
stem that produces the main inflorescence axis of theoration of mature inflorescence shoots, plays a crucial
plant. At the flanks of the main inflorescence meristem,role in the ecology and evolution of flowering plant
secondary inflorescence meristems and floral primordiaspecies (Coen and Nugent 1994; Fishbein and Ven-
are established (Hempel and Feldmann 1994). Second-able 1996; Diggle 1999). Several life history character-
ary inflorescence meristems are positioned at basalistics are controlled by the timing of the transition from
nodes of the main inflorescence shoot and are sub-vegetative to reproductive development (Mitchell-
tended by bract-like cauline leaves. These secondaryOlds 1996; Kuittinen et al. 1997; Stratton 1998; Dig-
meristems develop into axillary inflorescences, some-gle 1999), while plant reproductive ecology is deter-
times referred to as coflorescences; axillary inflores-mined, in part, by the architecture of the inflorescence
cences can also emerge from the axils of basal rosetteshoot (Schoen and Dubec 1990; Fishbein and Venable
leaves. Floral meristems or primordia also develop1996; Diggle 1999). Inflorescence architectures display
closer to the apices of the main and axillary inflores-a wide range of diversity among plant species (Coen
cence shoots, and the total reproductive output of Arabi-and Nugent 1994) and are critical determinants of
dopsis plants results from floral meristem activity on allinterspecies differences in plant morphology and life
inflorescence shoots.history.

The precise details of Arabidopsis inflorescence archi-Diversity of inflorescence morphologies within and
tecture are characterized by the numbers and distribu-between species arises through the functions, fates, and
tion of axillary inflorescence shoots and main axis flow-positions of meristems distributed along the inflores-
ers, which in turn are governed by the development andcence shoot axis (Sussex and Kerk 2001). In the model
distribution of all three reproductive meristem types
(Figure 1). The developmental phenotypes associated
with inflorescence shoot development are generally
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Figure 1.—Architecture of A. thaliana.

lines. Quantitative variation in Arabidopsis inflores- Suarez-Lopez et al. 2001), CRYPTOCHROME2 (CRY2 ;
Guo et al. 1998, 1999), and LUMIDEPENDENS (LD ; Leecence morphology results in intraspecific architectural

diversity, with some individuals possessing highly branched et al. 1994). Other genes have been identified whose
mutant phenotypes affect the types, distribution, andinflorescences with numerous axillary inflorescences,

while others have reproductive architectures marked by elongation of meristems along the inflorescence shoot.
These include floral meristem identity genes such asonly one main inflorescence shoot and no (or few)

axillary inflorescences. Developmental decisions such LEAFY (Weigel et al. 1992), APETALA1 (AP1), and CAU-
LIFLOWER (CAL) (Mandel et al. 1992; Bowman et al.as meristem allocation, fate, and timing (Sussex and

Kerk 2001) are thus observed as quantitative variation 1993; Kempin et al. 1995), the inflorescence architec-
ture gene TERMINAL FLOWER1 (TFL1; Shannon andin the number of main axis inflorescence meristems

established, the number of elongated axillary inflores- Meekswagner 1991, 1993; Bradley et al. 1997), and
hormone biosynthesis and activity genes (Blazquez etcences, or the timing of shoot bolting. Identification of

genes that lead to variation in quantitative aspects of al. 1998; Walker and Estelle 1998) such as AUXIN
RESISTANT1 and 3 (AXR1 and AXR3; Lincoln et al.inflorescence morphology can thus provide insights into

developmental pathways that lead to diversity in plant 1990; Leyser et al. 1993; Ouellet et al. 2001).
With the exception of flowering (or bolting) timereproductive shoot architectures.

In the last few years, geneticists have managed to iden- (Kowalski et al. 1994; Lee et al. 1994; Clarke et al. 1995;
Mitchell-Olds 1996; Sanda et al. 1997; Koornneef ettify and isolate several Arabidopsis genes that regulate

the development of the inflorescence (Shannon and al. 1998a,b), however, genetic dissection of inflorescence
development has not been undertaken in an explicitlyMeeks-Wagner 1991, 1993; Bowman et al. 1993; Brad-

ley et al. 1997; Koornneef et al. 1998a; Levy and Dean quantitative genetic framework. Quantitative genetic
studies, including the use of quantitative trait locus1998; Schmitz and Theres 1999). Several of these loci

are known, through mutant analysis, to control the tim- (QTL) mapping techniques, provide an opportunity to
investigate the underlying genetic mechanisms that reg-ing of inflorescence development by regulating the tran-

sition of vegetative to inflorescence shoot development ulate developmental programs in plant architecture
(Juenger et al. 2000; Mackay 2001). Quantitative ge-(Koornneef et al. 1998a; Levy and Dean 1998) and the

sensitivity of this developmental transition to environ- netic analysis permits investigators to examine the func-
tions of previously identified developmental regulatorymental cues (Simpson et al. 1999). These flowering-time

genes include, among others, FLOWERING LOCUS C genes in new phenotypic contexts. QTL mapping ap-
proaches are also some of the first steps in identifying(FLC ; Michaels and Amasino 1999; Sheldon et al.

1999), FRIGIDA (FRI ; Clarke and Dean 1994; Johan- naturally occurring allelic variation and can serve as a
gene discovery tool (Alonso-Blanco and Koornneefson et al. 2000), CONSTANS (CO ; Putterill et al. 1995;
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TABLE 1

A. thaliana ecotypes examined for quantitative genetic variation in inflorescence development and morphology

ABRC stock number Ecotype (abbreviation) Origin

CS1092 Columbia (Col-0) Derived from Columbia (Col-1)
CS20 Landsberg erecta (Ler -0) Derived from Landsberg (La-0)
CS6059 Kent United Kingdom
CS6098 Bretagny Sur Orge France
CS6627 Basel (Bs-1) Switzerland
CS6632 Burghaun/Rhon (Bu-0) Germany
CS6633 Burghaun/Rhon (Bu-2) Germany
CS6665 Chisdra (Chi-1) Russia
CS6669 Coimbra (Co-1) Portugal
CS6675 Cape Verde Islands (Cvi-0) Cape Verde Islands
CS6701 Estland (Est-1) Russia
CS6725 Graz (Gr-3) Austria
CS6743 Vranov u Brno (Jl-1) Czech Republic
CS6779 Limburg (Li-8) Germany
CS6782 Llagostera (Ll-1) Spain
CS6788 Lezoux (Lz-0) France
CS6835 Playa de Aro (Pla-1) Spain
CS6841 Frankfurt-Praunheim (Pr-0) Germany
CS6850 Rschew (Rsch-4) Russia
CS6852 San Eleno (Se-0) Spain
CS6857 San Feliu (Sf-2) Spain

tained if replicate individuals per line are measured; QTL2000; Mackay 2001; Yano 2001) by facilitating the iden-
mapping can then be performed on RI line means. A total oftification of new inflorescence development genes. The
15 individuals from each line (for both sets of RI lines) were

identification of naturally occurring allelic variation in measured for all traits. Because some plants were lost during
genes not only contributes to a greater understanding the experiment and because some seeds failed to germinate,

between 11 and 14 and between 12 and 14 replicate individualsof the developmental genetics of the inflorescence, but
were measured for 4 Ler � Col RI lines and for 21 Cvi � Leralso allows us to explore the evolutionary and ecological
RI lines, respectively.implications of variation in these development patterns.

Plant growing conditions: Seeds were imbibed and cold
treated at 4� for 4 days to break dormancy and promote uni-
form germination. Plants were grown in flats consisting of 72

MATERIALS AND METHODS cells, with one plant in each cell. Individuals were assigned
to flat/cell positions in a way that minimized the number ofArabidopsis ecotypes and mapping populations: Twenty- replicate individuals of the same ecotype/RI line on a singleone ecotypes of A. thaliana originally collected over a wide flat but randomly assigned individuals to cell positions. For therange of the species distribution (Table 1) were analyzed for ecotypes, this planting strategy resulted in 3 or 4 individuals ofquantitative genetic variation in inflorescence development the same ecotype per flat; for the mapping populations, thisand morphology. Between 13 and 15 replicate individuals per resulted in (at most) one RI line replicate per flat. Assignmentecotype were analyzed. Seeds of these ecotypes were obtained of plants to cell positions within individual flats was random-from the Arabidopsis Biological Resource Center at Ohio State ized. Any flat and/or positional effects were therefore random-University. ized across the ecotype and RI lines. All plants were grownTwo sets of recombinant inbred (RI) lines were utilized for under long-day conditions (14 hr of light at 20�:10 hr of darkQTL mapping of inflorescence development and morphology at 18�) in a growth chamber at the North Carolina State Uni-traits. The first set (Ler � Col, 97 lines) is derived from a cross versity Phytotron Facility and subirrigated with deionized wa-between ecotypes Landsberg erecta and Columbia (Lister and ter at regular intervals.Dean 1993) and the second set (Cvi � Ler, 160 lines) is derived Inflorescence development and morphology traits: Thirteenfrom a cross between ecotypes Cape Verde Islands and Lands- traits (Table 2) reflecting various aspects of inflorescence de-berg erecta (Alonso-Blanco et al. 1998a). Alleles of the Lands- velopment and morphology were measured on all individuals.berg erecta ecotype are segregating in both sets of lines used These traits are categorized below, although many could bein these experiments. All lines were advanced to the F8 genera- placed in more than one category.tion, were extensively genotyped, and are available from the

Arabidopsis Biological Resource Center. Residual heterozygos- 1. Developmental timing:
ity for the Ler � Col and Cvi � Ler RI lines has been estimated i. Bolting time: number of days from the transfer of seeds
at 0.42% (Lister and Dean 1993) and 0.71% (Alonso- to the growth chamber to the emergence of the repro-
Blanco et al. 1998a), respectively; these values are similar to, ductive shoot;
and slightly less than, the theoretical expectation of 0.78%. ii. Length of reproductive phase of main axis: number of

Because individuals of the same RI line are genetically iden- days from bolting to abscission of the last petal on the
youngest flower of the main axis;tical, more precise estimates of genotype values can be ob-
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TABLE 2

Summary statistics for 13 inflorescence development and morphology traits in a sample of
21 A. thaliana ecotypes

Trait X � (SD) [VG]a [VE]b [H 2]c [CVG]d

Bolting time (days) 34.08 (16.26) 251.926**** 74.265 0.772 38.47
Length of reproductive phase of main axis (days) 19.05 (3.06) 8.733**** 12.617 0.409 13.81
Time to maturity of main axis (days) 53.13 (17.90) 310.563**** 96.564 0.763 28.13
Rosette leaves at bolting 12.81 (3.77) 13.291**** 6.278 0.679 24.25
Rosette diameter (cm) 1.47 (0.13) 0.012**** 0.062 0.166 6.83
Plant height (cm) 11.23 (1.99) 3.677**** 4.659 0.441 15.34
Main inflorescence fruits 10.28 (1.35) 1.369**** 6.851 0.167 10.13
Axillary fruits 8.60 (2.31) 4.316**** 15.209 0.221 22.73
Nonelongated 2� meristems 0.69 (0.44) 0.137**** 0.887 0.134 44.19
Elongated axils 2.69 (0.71) 0.432**** 1.078 0.286 23.34
2� inflorescence meristems on main axis 3.35 (0.59) 0.287**** 0.826 0.258 14.73
Early flowers 3.31 (0.79) 0.551**** 1.198 0.315 20.67
Total fruits 18.65 (3.29) 8.882**** 27.625 0.243 14.65

a Among-ecotype variance component from ANOVA; tests whether genetic differences exist among ecotypes
for specified traits: ****P � 0.0001.

b Residual variance component from ANOVA.
c Measure of total phenotypic variance attributable to genetic differences among ecotypes (broad sense

heritability) calculated as VG/(VG � VE ).
d Coefficient of genetic variation calculated as (100 � √VG)/X.

iii. Time to maturity of main axis: number of days from type (genotype, G) and error using a random effects analysis
of variance (ANOVA) according to the model y � � � G �the transfer of seeds to growth chamber to abscission

of the last petal on the youngest flower of the main error. Components of variance were used to estimate broad
sense heritability according to the formula VG/(VG � VE), whereaxis (bolting time � length of reproductive phase of

main axis). VG is the among-ecotype variance component and VE is the
residual (error) variance component. Genetic correlations2. Rosette morphology:

iv. Rosette leaves at bolting: number of basal rosette leaves (rG) were estimated as cov12/√VG1VG2, where cov12 is the covari-
produced at bolting; ance of trait means and VG1 and VG2 are the among-ecotype

v. Rosette diameter: diameter (in centimeters) of rosette variance components for those traits (Roberston 1959). Con-
at maturity of main axis. fidence intervals (95%) for genetic correlation estimates were

3. Inflorescence architecture: determined using a z-transformation (Sokal and Rohlf
vi. Plant height: height (in centimeters) of main axis at 1995). The coefficient of genetic variation (CVG) was estimated

maturity; for each trait as (100 � √VG)/X, where VG is the among-ecotype
vii. Main inflorescence fruits: number of fruits (siliques) variance component and X is the trait mean of the ecotypes

produced on the main axis; (Houle 1992). Quantitative genetic analyses were conducted
viii. Axillary fruits: number of fruits produced on axillary on RI lines in similar fashion to the ecotypes with the exception

inflorescences (in the Ler � Col lines, this trait was that among-line (instead of among-ecotype) variance compo-
scored as the number of fruits and flowers produced nents were determined and used in all statistical calculations.
on axillary inflorescences at the time of maturity of Analyses were conducted using statistical software packages
the main axis; in the Cvi � Ler lines, it was scored SAS (GLM and VARCOMP procedures; SAS Institute 1988)
simultaneously with total fruits); and/or STATVIEW (SAS Institute 1999).

ix. Nonelongated secondary meristems: number of main Linkage map construction: Genotype data for these lines
stem cauline leaves without an associated elongated are publicly available and were obtained on the web at http:/
axillary inflorescence; nasc.nott.ac.uk/. Because not all lines have been genotyped

x. Elongated axils: number of elongated axillary inflo- for all markers and because the quality of a genetic map relies
rescences along the main stem; heavily on the accuracy and amount of genotype data in the

xi. Secondary inflorescence meristems on main axis: mapping population, the maps used for QTL analyses were
number of secondary inflorescence meristems pro- constructed from a subset of the total genotype data available.
duced along main axis (nonelongated secondary meri- Markers were selected using the criteria that they be genotyped
stems � elongated axils). in �80% of lines and that they be distributed evenly through-

4. Reproductive fitness: out the genome. The Ler � Col and Cvi � Ler RI lines have
xii. Early flowers: cumulative number of flowers produced been genotyped for largely different sets of markers. However,

7 days after bolting; a small number of markers were mapped in both sets. These
xiii. Total fruits: total number of fruits produced through- “integrating” markers were included in our data sets even if

out life span of plant (main inflorescence fruits � they were genotyped in 	80% of lines.
axillary fruits). Maps were constructed using Mapmaker/EXP 3.0 (Lander

Some of these traits are depicted in Figure 1. et al. 1987). Three-point likelihoods were computed (LOD 

Quantitative genetic analysis: For each trait, total pheno- 3.0) for each linkage group prior to marker order determina-

tion with multipoint analysis. Marker orders were confirmedtypic variance was partitioned into sources attributable to eco-
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by permuting positions of neighboring markers within a scroll- ance was highly significant by ANOVA (P � 0.0001 in
ing window (window size, five markers; log-likelihood thresh- all instances), indicating substantial standing genetic
old, 2.0) and comparing likelihoods of the permuted and

variation for inflorescence developmental patterns inoriginal marker orders. Recombination frequencies were con-
this species. Broad sense heritability estimates for theseverted to centimorgan distances with the Kosambi (1944)

mapping function. traits ranged from 0.134 (nonelongated secondary meri-
QTL analyses: QTL for inflorescence development and stems) to 0.772 (bolting time) and averaged 0.373 (Ta-

morphology were mapped using the composite interval map- ble 2). These heritability estimates are, on average, lower
ping (CIM; Zeng 1993, 1994) function of QTL Cartographer

than heritability estimates for floral morphology traits in1.13 (Basten et al. 1994, 1999). This procedure tests sequen-
A. thaliana, which ranged from 0.40 to 0.80 and averagedtially along each chromosome whether intervals flanked by

two molecular markers contain a QTL while statistically ac- 0.67 (Juenger et al. 2000). Heritability estimates tended
counting for other QTL segregating outside the tested inter- to be higher than average, however, for traits associated
val. The identity (and number) of markers for this genetic with developmental timing such as bolting time, lengthbackground control was determined independently for each

of reproductive phase, and time to maturity of maintrait by forward selection, backward elimination stepwise re-
axis (mean heritability of 0.648 for developmental tim-gression. A 10-cM scan window was used for all analyses and

the likelihood ratio (LR) test statistic, 2 ln(L0/L1) [where L0/ ing traits vs. mean heritability of 0.291 for all others).
L1 is the ratio of likelihoods of two hypotheses, there is no There were significant genetic correlations among
QTL in the tested interval (L0) and there is a QTL in the most traits (Table 3). These correlations ranged fromtested interval (L1)] was calculated every 0.1 cM.

�0.68 to the theoretical maximum of 1.0. CorrelationsExperiment-wide significance thresholds for QTL identifi-
with 95% confidence intervals not encompassing zerocation were determined separately for each trait by permuta-

tion analysis (Churchill and Doerge 1994; Doerge and are considered significant; by this criterion, 82% of cor-
Churchill 1996). This procedure randomly permutes trait relations were significantly different from zero. In addi-
data and recalculates LRs across all genetic intervals. The most

tion, higher-order combinations of traits forming corre-extreme LR value from each permutation is saved and used
lated blocks were identified. For example, bolting time,to generate a distribution of LRs to which empirical data are

then compared. Empirical values equal to or exceeding the number of rosette leaves at bolting, and time to maturity
5% highest values in the distribution of extreme permutation of main axis were positively genetically correlated at
values are considered significant at P 	 0.05. One thousand �0.92. Bolting time and rosette leaves at bolting pre-
permutations were performed for each trait.

viously have been identified as strongly correlated in A.Tests for epistasis among QTL were conducted using ANO-
thaliana (Napp-Zinn 1969, 1985) but the strong correla-VAs to examine interaction effects of QTL with known additive

effects (Long et al. 1995; Leips and Mackay 2000). For each tion of these traits with time to maturity of main axis,
test of epistasis involving pairwise combinations of QTL, an to our knowledge, has not been previously observed.
ANOVA model was fitted with main effects, including the These strong genetic correlations suggest considerablemarkers nearest each QTL peak (as determined from QTL

developmental integration in these ecotypes and indi-Cartographer) and a single interaction effect of two of these
cate that many pairwise and higher-order combinationsmarkers. A significant interaction effect in the analysis was

interpreted as evidence for epistasis between QTL. Additional of traits are likely influenced by the same loci (pleiot-
tests were performed until all pairwise combinations of mark- ropy) or by tightly linked loci.
ers were examined for each trait. Significance thresholds were Quantitative variation was also explored in two setsadjusted using a sequential Bonferroni procedure. For each

of RI lines used for QTL mapping. Significant among-three-way test of epistasis, a model was fitted with main effects,
including markers nearest each significant QTL peak, all sig- line variance was found for all traits in both sets of RI
nificant two-way interactions, and a single three-way interac- lines by ANOVA (P 	 0.01 in all instances; Table 4).
tion. These analyses were conducted using the GLM proce- Broad sense heritability estimates for the Ler � Col RI
dure of SAS (SAS Institute 1988).

lines ranged from 0.034 (axillary fruits) to 0.522 (plantCandidate gene scan: Markers defining the limits of QTL
height) and averaged 0.215. For the Cvi � Ler RI linesregions (nearest and outside of the flanking 2-LOD support

limits) were identified on the Ler � Col genetic map and their these estimates ranged from 0.129 (rosette diameter)
positions on the Arabidopsis physical map were determined. to 0.744 (bolting time) and averaged 0.368. Similar to
The annotated sequence within these regions was then the ecotypes, heritabilities for developmental timingscanned for information regarding candidate genes (Arabi-

traits were higher than average in each set of RI lines.dopsis Genome Initiative 2000). Because these regions rep-
Genetic correlations in the Ler � Col and Cvi � Lerresent large stretches of chromosomes (up to �3.6 Mb), a

computer program (written by M. C. Ungerer) was employed RI lines are listed in Table 5. Genetic correlations
to scan the annotated sequence and provide summary infor- ranged from �0.80 to 1.0 and from �0.71 to 1.0 for
mation on candidate genes. Markers used to construct the the Ler � Col and Cvi � Ler RI lines, respectively. Ap-Cvi � Ler map have not been located on the Arabidopsis

proximately 78 and 73% of these correlations were sig-physical map and it was not possible to conduct a similar
nificantly different from zero for the Ler � Col andanalysis for QTL mapped in the Cvi � Ler RI lines.
Cvi � Ler RI lines, respectively. Comparisons of the same
correlations across the two sets of RI lines revealed that

RESULTS approximately two-thirds had overlapping 95% confi-
dence intervals, indicating that many of the same traitsQuantitative genetic variation for inflorescence devel-

opment in A. thaliana: For all traits, among-ecotype vari- were correlated in both the Ler � Col and Cvi � Ler RI
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TABLE 4

Summary statistics for 13 inflorescence development and morphology traits for two populations of RI lines
used for QTL analyses

Trait X � (SD) [VG]a [VE]b [H 2]c [CVG]d

Ler � Col RI population
Bolting time (days) 25.30 (1.72) 2.703**** 2.842 0.487 6.50
Length of reproductive phase of main axis (days) 16.73 (0.95) 0.653**** 2.993 0.179 4.83
Time to maturity of main axis (days) 42.03 (1.54) 2.070**** 4.381 0.321 3.42
Rosette leaves at bolting 11.04 (1.33) 1.629**** 2.489 0.396 11.56
Rosette diameter (cm) 1.65 (0.19) 0.014**** 0.276 0.049 7.26
Plant height (cm) 10.94 (3.69) 12.882**** 11.795 0.522 32.80
Main inflorescence fruits 18.45 (2.15) 1.648*** 39.952 0.040 6.96
Axillary fruits 3.22 (2.67) 2.431** 68.859 0.034 48.37
Nonelongated 2� meristems 0.76 (0.58) 0.257**** 0.886 0.225 66.59
Elongated axils 0.99 (0.45) 0.125**** 0.957 0.116 35.63
2� inflorescence meristems on main axis 1.75 (0.46) 0.147**** 1.057 0.122 21.81
Early flowers 8.71 (2.02) 3.392**** 9.929 0.255 21.16
Total fruits 24.08 (4.36) 7.232**** 154.827 0.045 11.17

Cvi � Ler RI population
Bolting time (days) 22.54 (4.31) 17.434**** 6.003 0.744 18.52
Length of reproductive phase of main axis (days) 18.43 (2.61) 6.254**** 8.047 0.437 13.57
Time to maturity of main axis (days) 41.08 (5.20) 25.311**** 11.007 0.697 12.25
Rosette leaves at bolting 8.26 (1.55) 2.194**** 1.913 0.534 17.93
Rosette diameter (cm) 1.71 (0.25) 0.041**** 0.275 0.129 11.83
Plant height (cm) 10.18 (3.70) 12.995**** 10.440 0.555 35.40
Main inflorescence fruits 13.62 (3.33) 9.438**** 24.208 0.281 22.55
Axillary fruits 2.53 (3.04) 6.508**** 40.212 0.139 100.69
Nonelongated 2� meristems 2.06 (0.66) 0.372**** 0.889 0.295 29.57
Elongated axils 0.38 (0.35) 0.090**** 0.557 0.139 79.28
2� inflorescence meristems on main axis 2.44 (0.55) 0.252**** 0.689 0.268 20.58
Early flowers 4.91 (1.32) 1.560**** 3.116 0.334 25.42
Total fruits 16.15 (6.00) 29.592**** 94.906 0.238 33.68

a Among-line variance component from ANOVA; tests whether genetic differences exist among RI lines for
specified traits: **P � 0.01; ***P � 0.001; ****P � 0.0001.

b Residual variance component from ANOVA.
c Measure of total phenotypic variance attributable to genetic differences among lines (broad sense heritabil-

ity) calculated as VG/(VG � VE ).
d Coefficient of genetic variation calculated as (100 � √VG)/X .

lines. Similarities in trait correlations, however, were consists of 138 markers, spans 458.45 cM, and has aver-
age intermarker distances of 3.32 cM (Figure 2). Forgreater between the sets of RI lines than between either

set and the ecotypes. The (Ler � Col) vs. ecotypes and both maps, marker orders were largely identical to those
of previous maps based on these lines [see http://nasc.(Cvi � Ler) vs. ecotypes comparisons revealed �45 and

56%, respectively, of trait correlations with overlapping nott.ac.uk/new_ri_map.html for the current Ler � Col
RI line map and Alonso-Blanco et al. (1998a) for the95% confidence intervals. Despite variability among

these comparisons, certain trait correlations were invari- Cvi � Ler RI line map]. The exceptions are three order
changes on the Ler � Col map (all on chromosome 1)antly strong. For example, a block of correlated traits

identified in the ecotypes—bolting time, rosette leaves and a single order change on the Cvi � Ler map (on
chromosome 3). Three of these changes were orderat bolting, and time to maturity of main axis—was also

observed in both sets of RI lines. reversals of tightly linked adjacent markers and the re-
maining change involved a previously telomeric markerLinkage maps of A. thaliana: Because the two sets of

RI lines used for QTL mapping have been genotyped (SNP308) on chromosome 1 (Ler � Col) mapping to
10.22 cM. Our revised genetic map position of SNP308 isfor largely different sets of molecular markers, it was

necessary to construct separate linkage maps for QTL consistent with the physical map position of this marker
(http://www.arabidopsis.org/servlets/mapper).analyses. The Ler � Col linkage map consists of 217

markers, spans 565.65 cM, and has average intermarker Chromosomal map lengths were consistently shorter
in the Cvi � Ler RI lines than in the Ler � Col RIdistances of 2.60 cM (Figure 2). The Cvi � Ler map
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lines. This difference may be attributable to (i) reduced the laboratory through mutagenesis. If QTL mapping
to erecta are removed from the analysis, the remainingrecombination in the Cvi � Ler RI lines, (ii) reduced

marker coverage in telomeric regions for the Cvi � Ler QTL (representing natural variation) account for 2.1–
35.6% of phenotypic variance in the Ler � Col RI linesRI lines, (iii) a larger number of genotype scoring errors

in the Ler � Col data set (inflation of map length), or and 1.2–19.5% of phenotypic variance in the Cvi � Ler
RI lines.(iv) some combination of these factors. Some of the

integrating markers (those mapped in both sets of RI A distribution of standardized QTL effects is illus-
trated in Figure 3 (data combined across all traits andlines) did not map to unique positions given the criteria

set during map construction. These markers were not sets of RI lines). QTL mapping to the erecta mutation
are included but are indicated by shaded regions of theused for QTL mapping but are included on the linkage

maps (in the genetic interval of highest likelihood) for histogram bars. Overall, the largest proportion of QTL
detected were of relatively small effect and large-effectmap comparisons (Figure 2) and are indicated as open

symbols. QTL were relatively rare. This result is consistent with
findings of other QTL studies documenting that mostNumbers and magnitude of inflorescence develop-

ment QTL: The two mapping populations provided an differences between lines are due to a small number of
QTL of large effect accompanied by a larger numberopportunity to map loci that contribute to quantitative

genetic variation in inflorescence developmental pat- of QTL of smaller effect (reviewed in Tanksley 1993;
Falconer and Mackay 1996; Lynch and Walsh 1998).terns in Arabidopsis. Detection of QTL is necessarily

restricted to genetic variation segregating between lines The apparent decline of QTL in the class of smallest
effect should not be interpreted as evidence that smallused to construct mapping populations. A larger sample

of genetic variation can be explored by examining more effect QTL are rare, but rather simply reflects the statisti-
cal difficulties of detecting these loci.than one mapping population. QTL for 13 inflores-

cence development and morphology traits detected by Clustering of QTL was evident and consistent with
strong genetic correlations among inflorescence devel-CIM in two sets of RI lines are depicted graphically in

Figure 2 and are listed in Tables 6 and 7. opment traits: QTL for inflorescence development traits
mapped to all five Arabidopsis chromosomes in bothA total of 47 QTL were detected in the Ler � Col RI

lines and 63 QTL were detected in the Cvi � Ler RI sets of RI lines. Despite this genome-wide distribution,
a large proportion of QTL had overlapping 2-LOD sup-lines. The larger number of QTL detected in the Cvi �

Ler RI lines may be attributable to increased statistical port limits (Figure 2) and were clustered in specific
chromosomal regions (i.e., at the top and bottom ofpower associated with the larger number of lines (160

Cvi � Ler lines vs. 97 Ler � Col lines) and/or different chromosomes 1 and 5 and middle of chromosome 2).
Clustering of QTL was not unexpected given the strongQTL alleles segregating in the two mapping popula-

tions. For each trait, between 1 and 6 and between 1 genetic correlations observed among many inflores-
cence development traits (Table 5). This pattern wasand 8 QTL were detected in the Ler � Col and Cvi �

Ler RI lines, respectively. Where multiple QTL were especially evident for QTL of larger magnitude. It is
not possible with the resolution of QTL mapping todetected for a trait, allele effects were usually both posi-

tive and negative (Tables 6 and 7). Thus, the direction determine whether these patterns result from pleiotro-
pic effects of single genes or tight linkage. Only whenof allele effects was not consistently in the direction

of the relative differences among parental lines. This these QTL have been resolved to the level of the gene
and, eventually, molecular variants within genes, will itphenomenon is commonly observed in QTL studies

(reviewed in Tanksley 1993; Lynch and Walsh 1998) be possible to discover with any degree of confidence
the underlying genetic mechanisms involved in theseand the sorting of these alleles likely explains trans-

gressive segregation in progeny of genetically differenti- correlations.
Comparisons of the Ler � Col and Cvi � Ler mapsated parental lines (Rieseberg et al. 1999).

The amount of phenotypic variance explained by reveal that QTL for many of the same traits appear to
map to similar regions of chromosomes (e.g., QTL forQTL varied greatly in both sets of RI lines. Individual

QTL account for 2.1–68.4% of phenotypic variance in rosette diameter, plant height, main inflorescence
fruits, axillary fruits, elongated axils, and early flowersthe Ler � Col RI lines and 1.2–67.4% of phenotypic

variance in the Cvi � Ler RI lines (Tables 6 and 7). The on chromosome 2 and QTL for bolting time, time to
maturity of main axis, and nonelongated secondaryindividual QTL explaining the most variance in each set

of RI lines mapped to the same region on chromosome 2 meristems on chromosome 5). Alleles of the Landsberg
erecta ecotype segregate in both sets of RI lines and thus(near er) and explained variance in the same trait (plant

height). These QTL (and others mapping to this same it is plausible that these patterns are due to segregation
of the same genetic factor(s). Indeed, on chromosomeregion) are likely attributable to the erecta mutation,

which segregates in both sets of RI lines and affects 2, the actual erecta mutation (marker er) maps nearest
those QTL in both Ler � Col and Cvi � Ler and is likelyinflorescence architecture. erecta is not a naturally oc-

curring mutation, however, but rather was generated in the genetic factor responsible. However, because these
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Figure 2.—Continued.

maps are based on largely different sets of molecular tion across traits was strikingly similar (Figure 5, A–C).
This latter result is perhaps not surprising, given thatmarkers, QTL positions (and 2-LOD support limits)

cannot be directly compared across the Ler � Col and the traits affected by these interactions—bolting time,
time to maturity of main axis, rosette leaves at bolting,Cvi � Ler maps unless, as with er, markers used to define

QTL (or 2-LOD support limits) are used in both map- and nonelongated secondary meristems—were highly
correlated in the Cvi � Ler RI lines (average rG � 0.78).ping populations.

QTL on chromosomes 1 and 5 have epistatic effects The interaction effect of markers BH.325 and DF.184
on two traits (rosette leaves at bolting and nonelongatedin the Cvi � Ler RI lines: Tests for epistasis among QTL

revealed no significant interactions in the Ler � Col RI secondary meristems) was especially noteworthy. When
the genotype of marker BH.325 is Ler, phenotypic valueslines but five significant two-way interactions and one

significant three-way interaction in the Cvi � Ler RI are virtually identical irrespective of the genotype of
marker DF.184. However, when the genotype of markerlines (Figures 4 and 5). Where significant interactions

affected more than one trait, the nature of the interac- BH.325 is Cvi, the phenotype is strongly dependent on

Figure 2.—A. thaliana genetic linkage maps constructed from the Ler � Col (left chromosomes) and Cvi � Ler (right chromosomes)
RI lines and QTL positions for 13 inflorescence development and morphology traits. QTL for different traits are depicted with
different symbols and vertical lines associated with each QTL indicate 2-LOD support limits. Symbol size is proportional to the amount
of variance explained by the QTL. Colors of QTL are associated with trait subcategories as follows: black, inflorescence developmental
timing; green, basal rosette morphology; blue, inflorescence architecture; red, fitness. These categories are not mutually exclusive as
many traits could be classified in more than one category. Genetic markers are depicted as round symbols on chromosomes. Markers
connected by lines were mapped in both sets of RI lines and represent landmarks for map comparisons. Markers represented as
open symbols did not map to unique intervals, given the mapping criteria, and are placed here in the interval of highest likelihood.
These markers were not used in QTL analyses. Units of map length are in centimorgans.
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TABLE 6

QTL for 13 inflorescence development and morphology traits mapped in Ler � Col RI lines

QTL map
position, cM 2-LOD support limit, Additive

Trait Chromosome (nearest marker) cM range (flanking markers)a effectb [r2]c

Bolting time 1 0.01 (ve001) 0–8.60 (ve001–SNP308) �0.53 0.083
2 17.65 (g4133) 11.12–29.39 (DF.225L–mi148) 0.58 0.085
2 42.71 (er) 37.02–52.32 (mi238–ve096) �0.61 0.109
5 20.15 (ve033) 16.80–23.36 (KG31–mi174) 0.99 0.162
5 126.01 (SNP153) 121.44–133.20 (ve032–BIO205) 0.74 0.187

Length of reproductive phase 1 0.01 (ve001) 0–3.06 (ve001–T1G11a) 0.38 0.067
of main axis 1 12.83 (mi443) 10.20–15.16 (SNP308–BH.147L) �0.43 0.085

1 24.12 (EG17G9) 10.20–25.54 (SNP308–mi113) �0.34 0.079
1 113.19 (mi185) 92.60–113.66 (mi259–mi103) 0.22 0.045
2 39.69 (GPA1) 39.62–44.21 (GPA1–mi54) 0.40 0.088
5 28.34 (mi322) 25.47–30.64 (mi174–g4560) �0.49 0.203

Time to maturity of main axis 1 24.82 (EG17G9) 20.66–25.54 (ve007–mi113) �0.64 0.073
2 62.57 (g4514) 47.81–70.77 (mi54–mi79a) �0.48 0.079
5 124.03 (g2368) 120.14–133.06 (ve032–BIO205) 0.72 0.195

Rosette leaves at bolting 1 0.01 (ve001) 0–2.81 (ve001–T1G11a) �0.60 0.178
1 108.69 (mi185) 103.01–113.09 (m315–Tag1) 0.49 0.103
3 72.37 (AtPK41A) 61.98–83.51 (g4117–g2778) 0.34 0.058
4 3.28 (mi122) 0.11–11.26 (mi51–app) �0.49 0.120
5 21.66 (CDs5) 18.20–26.61 (KG31–cor6.6) 0.87 0.356

Rosette diameter 2 41.81 (er) 41.79–44.71 (er–mi54) 0.12 0.309
2 68.71 (Ubique) 66.09–71.17 (m336–mi79a) �0.07 0.076
5 0.01 (pAtT80) 0–4.89 (pAtT80–g3715) 0.06 0.085

Plant height 2 41.79 (er) 39.99–44.51 (GPA1–mi54) 3.69 0.684
2 68.69 (Ubique) 62.17–79.29 (g4514–RRS2) �0.60 0.021
4 72.34 (CDs11) 61.85–81.07 (mi422–m214) �0.66 0.027

Main inflorescence fruits 2 41.79 (er) 39.79–45.41 (GPA1–mi54) �1.12 0.250
Axillary fruits 1 0.51 (ve001) 0–10.20 (ve001–SNP308) 0.95 0.114

2 41.79 (er) 33.02–47.21 (mi238–mi54) �1.03 0.125
5 26.51 (cor6.6) 17.30–31.02 (KG31–TSL) �1.29 0.088

Nonelongated 2� meristems 1 117.88 (CD.173L) 108.29–128.01 (mi185–agp64) 0.14 0.055
2 29.32 (mi139) 20.23–29.39 (PR1–mi148) 0.21 0.079
2 41.49 (er) 39.69–44.51 (mi238–mi54) �0.33 0.209
5 21.16 (CDs5) 17.90–23.66 (KG31–mi174) 0.28 0.215
5 126.01 (SNP153) 122.63–128.11 (g2368–CATHANK) 0.31 0.147

Elongated axils 1 75.41 (mi72) 69.66–78.22 (mi133–mi291a) 0.16 0.120
2 41.79 (er) 31.39–47.71 (mi148–mi54) 0.16 0.109
5 126.31 (SNP153) 118.35–133.20 (ATR3–BIO205) �0.16 0.119

2� inflorescence meristems on 1 113.26 (Tag1) 107.79–124.28 (mi185–mi425) 0.13 0.070
main axis 5 20.55 (CDs5) 17.10–23.46 (KG31–mi174) 0.25 0.235

Early flowers 1 36.37 (DF.73L) 23.32–39.80 (BH.147L–mi265) 0.45 0.045
2 41.79 (er) 39.99–44.71 (GPA1–mi54) �1.67 0.420
4 2.76 (mi204) 2.71–5.68 (mi204–g3843) �0.48 0.043
4 14.47 (app) 9.76–17.97 (mi390–Gsl_ohp) �0.78 0.078
5 70.63 (m247) 61.40–76.97 (mi137–mCH1) 0.43 0.043
5 100.9 (h2a1) 87.79–125.23 (ve027–SNP153) �0.43 0.039

Total fruits 1 20.96 (ve007) 14.66–30.75 (ATTSO477–g3829) 1.59 0.136
5 87.89 (ve027) 82.60–98.25 (mi83–m435) �2.01 0.144

a Markers nearest (but outside of) the 2-LOD support limits.
b The additive effect (a) of a QTL is defined as (Q 1Q 1 � Q 2Q 2)/2, where Q 1Q 1 and Q 2Q 2 represent the mean phenotypes of

RI lines homozygous for alternative genotypes at a QTL position. The sign of the additive effect corresponds to the direction
of effect of the Columbia allele on the phenotype.

c Proportion of variance explained by the QTL after accounting for background markers.

the genotype of marker DF.184. This conditional neu- rally occurring alleles under selection are fixed in (or
lost from) a population may be slowed due to this phe-trality may be of evolutionary importance, since it sug-

gests that in some circumstances, allelic effects may be nomenon.
The single significant three-way interaction involveddependent on genetic context. The rate at which natu-
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TABLE 7

QTL for 13 inflorescence development and morphology traits mapped in Cvi � Ler RI lines

Map position, cM 2-LOD support limit, Additive
Trait Chromosome (nearest marker) cM range (flanking markers)a effectb [r2]c

Bolting time 1 7.71 (AXR-1) 7.61–12.84 (PVV4–DF.162L) 1.35 0.091
5 15.9 (BH.325L) 14.32–19.8 (FD.239L–BH.107L) �2.22 0.195
5 42.15 (GH.121L) 32.91–45.45 (DF.184L–DF.154C) �1.33 0.076
5 104.32 (BF.168L) 100.35–109.9 (HH.143C–GD.222C) 1.07 0.049

Length of reproductive phase 1 90.67 (HH.375L) 83.1–101.38 (EC.88C–GH.157L) �0.64 0.054
of main axis

Time to maturity of main axis 1 7.71 (AXR-1) 0.01–21.41 (PVV4–CC.120C) 1.06 0.038
5 15.4 (BH.325L) 14.32–19 (FD.239L–BH.107L) �2.53 0.175
5 43.75 (GH.121L) 39.16–48.19 (GH.117C–HH.480C) �1.56 0.073
5 108.65 (DF.119L) 102.27–109.9 (BF.168L–GD.222C) 1.41 0.056

Rosette leaves at bolting 1 7.71 (AXR-1) 0.01–12.44 (PVV4–DF.162L) 0.30 0.035
3 22.46 (GH.390L) 18.72–26.56 (CC.110L–HH.158L) 0.33 0.037
3 53.45 (HH.117C) 48.21–61.64 (AD.108L–GH.172C) �0.38 0.041
5 16.90 (BH.325L) 14.52–20.20 (FD.239L–BH.107L) �0.83 0.212
5 34.31 (DF.184L) 31.54–42.65 (DF.184L–DF.154C) �0.54 0.086
5 109.45 (GD.222C) 103.82–109.45 (BF.168–GD.222C) 0.53 0.113

Rosette diameter 2 49.03 (er) 46.88–52.13 (FD.150C–AD.191L) �0.12 0.210
3 0.01 (DF.77C) 0–1.71 (DF.77C–GB.120C) �0.11 0.155
3 21.49 (GH.390L) 12.09–28.3 (FD.111L–GD.318C) 0.09 0.082
3 80.18 (AD.112L) 74.67–80.78 (DF.65L–AD.112L) 0.09 0.123
4 43.44 (g4539) 32.07–51.12 (FD.154L–FD.167L) �0.06 0.058
5 12.51 (FD.239L) 3.4–19.1 (CH.690C–BH.107L) 0.06 0.059
5 68.11 (CH.88L) 61.29–70.1 (EC.395C–CD.116L) �0.07 0.075

Plant height 1 86.51 (GD.160C) 81.3–96.72 (EC.88C–BF.116C) �0.54 0.020
2 49.33 (er) 48.27–50.83 (GD.460L–AD.191L) �3.16 0.674
3 12.09 (FD.111L) 12.06–29.47 (FD.111L–GD.318C) 0.56 0.013
3 39.6 (GB.210L) 32.32–50.12 (AD.92L–HH.440L) �0.44 0.012
4 6.98 (GH.250C) 1.21–15.28 (ANL2–CH.169C) 0.56 0.021
5 14.52 (FD.239L) 7.81–21.17 (BH.144L–BF.269C) 0.53 0.017

Main inflorescence fruits 1 15.24 (EC.480C) 0–20.9 (DF.162L–CC.120C) �1.02 0.090
2 49.03 (er) 43.4–52.23 (GB.150L–AD.191L) 1.06 0.098
5 16.5 (BH.325L) 10.21–41.06 (BH.144L–GH.121L) 0.91 0.058

Axillary fruits 2 49.63 (er) 37.84–53.03 (BF.221L–AD.191L) 1.02 0.108
3 4.50 (GB.120C) 0–15.72 (DF.77C–CC.266L) �0.85 0.072
3 72.46 (DF.65L) 61.56–80.8 (GH.172C–HH.90L) �0.78 0.062
5 35.81 (DF.184L) 26.46–36.69 (DF.231C–GH.473C) 0.78 0.060

Nonelongated 2� meristems 1 7.71 (AXR-1) 2.91–10.71 (PVV4–HH.335C) 0.21 0.089
3 65.95 (FD.98C) 57.36–74.97 (HH.117C–AD.495L) 0.17 0.063
5 17.8 (BH.325L) 14.01–26.46 (FD.239L–DF.231C) �0.21 0.064
5 36.61 (DF.184L) 32.21–36.69 (DF.231C–GH.473C) �0.26 0.121
5 100.35 (HH.143C) 94.45–109.9 (FD.345C–GD.222C) 0.16 0.057

Elongated axils 1 7.41 (AXR-1) 0–13.74 (PVV4–DF.162L) �0.10 0.071
1 88.81 (HH.375L) 79.12–101.38 (DF.260L–GH.157L) �0.09 0.058
2 47.48 (FD.150C) 43.4–48.07 (GB.150L–GD.460L) 0.12 0.095
3 1.41 (GB.120C) 0–11.76 (DF.77C–FD.111L) �0.09 0.063
3 72.46 (DF.65L) 61.56–80.8 (GH.172C–HH.90L) �0.08 0.049
5 31.44 (DF.184L) 26.46–31.81 (DF.231C–DF.184L) 0.09 0.053

2� inflorescence meristems 1 7.71 (AXR-1) 2.01–10.21 (PVV4–HH.335C) 0.13 0.056
on main axis 2 0.51 (AD.156C) 0.01–13.98 (AD.156C–GH.580L) 0.11 0.038

2 43.99 (GB.150L) 41.20–51.53 (FD.85C–AD.191L) 0.21 0.139
3 2.01 (GB.120C) 0–5.7 (DF.77C–EG.75L) �0.15 0.066
4 78.88 (BH.342C) 74.38–78.88 (GB.750C–BH.342C) 0.12 0.040
5 24.56 (AD.114C) 21.67–26.54 (BF.269C–DF.231C) �0.23 0.157
5 43.65 (GH.121L) 36.69–59.47 (GH.473C–EC.395C) �0.14 0.047
5 100.15 (HH.143C) 92.00–109.45 (CC.262C–GD.222C) 0.13 0.049

(continued)
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TABLE 7

(Continued)

Map position, cM 2-LOD support limit, Additive
Trait Chromosome (nearest marker) cM range (flanking markers)a effectb [r2]c

Early flowers 1 9.41 (AXR-1) 2.41–14.5 (PVV4–BH.147L) �0.31 0.052
2 42.6 (FD.85C) 37.24–43.49 (BF.221L–GB.150L) 0.51 0.103
2 50.33 (er) 48.37–52.53 (GD.460L–AD.191L) 0.79 0.280
5 15.22 (BH.325L) 8.71–20.3 (BH.144L–BF.269C) 0.37 0.064

Total fruits 1 11.41 (HH.335C) 0–19.9 (PVV4–CC.120C) �1.56 0.064
2 49.33 (er) 43.49–52.63 (GB.150L–AD.191L) 2.05 0.110
3 3.00 (GB.120C) 0–15.72 (DF.77C–CC.266L) �1.44 0.053
3 72.46 (DF.65L) 61.56–79.68 (GH.172C–HH.90L) �1.48 0.058
5 37.66 (GH.117C) 26.46–42.15 (DF.231C–GH.121L) 1.54 0.060

a Markers nearest (but outside of) the 2-LOD support limits.
b The additive effect (a) of a QTL is defined as (Q 1Q 1 � Q 2Q 2)/2, where Q 1Q 1 and Q 2Q 2 represent the mean phenotypes of

RI lines homozygous for alternative genotypes at a QTL position. The sign of the additive effect corresponds to the direction
of effect of alleles from the Landsberg erecta ecotype.

c Proportion of variance explained by the QTL after accounting for background markers.

markers AXR1, BH.325L, and GH.121L and had effects Two of the markers (BH.325L and GH.121.L) in-
volved in these interactions have been identified pre-on both bolting time (ANOVA, F � 6.09, P 	 0.0148)

and time to maturity of main axis (ANOVA, F � 7.71, viously with interaction effects on flowering time, rosette
leaf number, cauline leaf number, and total leaf numberP 	 0.0062). Note that the three-way interaction is com-

posed mostly of markers with significant two-way interac- in a separate study of these lines (Alonso-Blanco et al.
1998b). In the current study, these markers were jointlytions on these same traits (Figure 4). The significant two-

way combinations were included in the ANOVA models involved in a significant two-way interaction (affecting
bolting time and time to maturity of main axis) andtesting for significant three-way interactions.
comprised two of the three markers involved in the
single significant three-way interaction (Figure 4).
Taken separately, however, one or the other was in-
volved in all significant interactions with the exception
of a single two-way interaction (Figure 4).

The amount of phenotypic variance explained by
QTL interaction effects relative to QTL main effects
was evaluated by comparing type III sums of squares of
interaction and main effects of markers to the total type
III sums of squares in each ANOVA model. In models
examining two-way marker combinations, only one in-
teraction effect (BH.325L � DF.184L, which affected
rosette leaves at bolting) explained approximately as
much variance as corresponding main effects of markers
(23.6% vs. 24.7% of variance explained by the interac-
tion and largest main effect, respectively). In ANOVA
models examining combined two-way and three-way in-
teractions, main effects always explained considerably
more variance than either two-way or three-way interac-
tions. Thus, although multiple significant interactions
were detected in the Cvi � Ler RI lines, in the majority
of instances main effects of QTL accounted for more
total variance than epistatic effects.

DISCUSSION
Figure 3.—Distribution of standardized effects of QTL for all

We broadly surveyed four classes of traits associatedtraits across both sets of RI lines. Shaded regions of histogram
bars indicate effects of QTL mapping on the erecta mutation. with Arabidopsis reproductive development: inflores-
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previous studies using these lines limited their analyses
to fewer (and mostly different) traits, considerable over-
lap of results was found between this study and one of
these earlier studies. Using the Cvi � Ler RI lines,
Alonso-Blanco et al. (1998b) mapped QTL for flow-
ering time, number of rosette leaves, number of cauline
leaves, and total leaf number under different day-length
and/or vernalization conditions. Four main QTL were
detected with effects on all traits in most environments.
These QTL were designated EDI, FLC/FLF, FLG, and
FLH and mapped to the top of chromosome 1 and to the
top, middle, and bottom of chromosome 5, respectively.
This same set of QTL was detected in our study and
affected (as a set) bolting time and time to maturity of
main axis (Figure 2, Table 7). Individually, these QTL
were also found to have effects on many additional traits
in our study (e.g., QTL EDI fell within the 2-LOD support
limits of 8 of the 13 traits measured).

Clustering of QTL was evident in our study and likely
reflects a similar underlying genetic basis of many inflo-
rescence development traits. Indeed, this result is but-
tressed by the finding of strong genetic correlations
among several inflorescence developmental pheno-
types. It is interesting to note that several strong correla-
tions span our presumed phenotypic categories (develop-
mental timing, inflorescence architecture, etc.), perhaps
indicating that, developmentally, these are artificialFigure 4.—Epistatic interactions detected in the Cvi � Ler RI
boundaries. It remains unclear, however, whether thesemapping population. Lines connect different pairwise combina-

tions of markers (QTL) with significant epistatic effects on speci- correlations are due to pleiotropy or to the presence of
fied traits. Precise positions of QTL are shown to the right of closely linked loci in the same genomic region. If the
the chromosomes (notation is the same as in Figure 2). Markers

former, then such correlations as between bolting timeAXR-1, BH.325L, and GH.121L have a significant three-way inter-
and elongated axils may suggest common genetic basesaction on both bolting time and time to maturity of main axis.
underlying ontogenetic timing and shoot inflorescenceSolid line, digenic interaction affecting bolting time; dashed line,

digenic interaction affecting time to maturity of main axis; green morphology. The existence of common genetic under-
line, digenic interaction affecting rosette leaves at bolting; blue pinnings for different inflorescence developmental
line, digenic interaction affecting nonelongated secondary meri-

traits is also indicated by epistasis among QTL detectedstems.
in our study. Epistatic interactions among QTL were
detected in the Cvi � Ler RI lines between and within
regions on chromosomes 1 and 5. Several of these inter-cence architecture, developmental timing, rosette mor-

phology, and reproductive fitness traits. Several aspects actions affected more than one trait and in these in-
stances the nature of the interaction was strikingly simi-of inflorescence development, such as bolting time and

number of rosette leaves at bolting, have already been lar across traits.
The overall epistatic contribution to inflorescencethe subject of extensive investigation (Lee et al. 1993;

Kowalski et al. 1994; Clarke et al. 1995; Mitchell- development traits may be underestimated in this study
for two reasons. First, tests for epistasis were restrictedOlds 1996; Sanda et al. 1997; Koornneef et al. 1998a,b).

Other quantitative features of inflorescence develop- to QTL with significant additive effects only. Although
global scans for epistasis are possible (evaluating allment in Arabidopsis, however, have been less well char-

acterized. Nevertheless, it is clear that naturally oc- pairwise combinations of markers), they are not always
practical because of statistical problems associated withcurring variation in elements of inflorescence shoot

architecture and developmental timing exists within this the large number of tests needed to conduct them.
Global scans for epistasis can be conducted using per-species.

Mapping populations of recombinant inbred lines mutations to establish significance thresholds and it will
be interesting to determine whether this type of analysishave been generated between several ecotypes and have

proven useful for mapping QTL in A. thaliana (Jansen can uncover other epistatic interactions for inflores-
cence development. Second, and more generally, theet al. 1995; Mitchell-Olds 1996; Alonso-Blanco et al.

1998b; Mitchell-Olds and Pedersen 1998; Stratton ANOVA methods used to detect epistasis may be biased
against finding significant interactions because the stan-1998; Swarup et al. 1999; Juenger et al. 2000). Although
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Figure 5.—QTL with significant epistatic interac-
tions in the (�) Cvi � (�) Ler RI lines. Values
represent two-locus genotype means �SE. (A)
AXR1 � BH.325; (B) BH.325 � DF.184; (C) BH.325
� GH.121; (D) AXR1 � DF.184; (E) AXR1 �
GH.121.

dard errors associated with interaction effects can be variation in inflorescence development traits. Isolation
of the genes and genetic polymorphisms that result inlarger than those associated with main effects (Wade

1992). naturally occurring quantitative variation in inflores-
cence developmental phenotypes may reveal the molec-An ultimate goal of this work will be to identify, at the

molecular level, genes underlying naturally occurring ular mechanisms behind ecologically and evolutionarily
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relevant architectural and phenological phenotypes. limited at the top of chromosome 5 harbors flowering-
time genes CONSTANS (Putterill et al. 1995) and FLCThis approach also holds promise in identifying new

loci in inflorescence developmental pathways and in (Michaels and Amasino 1999), both of which are tran-
scription factors. The region delimited at the bottom ofanalyzing the evolutionary origins, histories, and forces

that characterize these developmental genes. chromosome 5 harbors four genes closely related to FLC
that are found as tandem duplicates within a 30-kb regionThe recently completed sequence of A. thaliana pro-

vides a physical map of the highest resolution (Arabi- (Ratcliffe et al. 2001) and a gene in the auxin biosyn-
thetic pathway that encodes ACC synthase.dopsis Genome Initiative 2000) and permits us to scan

chromosomal regions identified as harboring QTL and Collectively, these genes represent plausible candidates
that can be pursued through finer-scale mapping effortsto isolate putative positional candidate loci. On the basis

of the QTL analyses, we examined three genomic re- and/or complementation tests. It cannot be overempha-
sized, however, that these remain candidates until defini-gions in closer detail: (i) the top of chromosome 1 and

(ii) the top and (iii) bottom of chromosome 5. These tively shown to be causally associated with naturally oc-
curring variation in the observed phenotypes. Indeed, thethree regions contain QTL for more than one inflores-

cence development trait (see Figure 2). The region on three chromosomal regions we have focused on (the top
of chromosome 1 and the top and bottom of chromosomethe top of chromosome 1 is centered at the �5-cM map

position, is delineated by markers ve001 and SNP308, 5) together contain nearly 1900 discrete genes which, by
definition, all hold candidate gene status. More than one-and encompasses 10.2 cM. This region harbors QTL

for four inflorescence development traits: bolting time, third of these are novel genes of no known function.
The previously identified genes described above representlength of the reproductive phase, number of rosette

leaves at bolting, and number of axillary fruits. Although 	1% of the total number of genes in these regions.
Resolving a QTL to a single gene remains a formidablerepresenting 	2% of the total Arabidopsis genetic map

length, this genomic region is 3.32 Mb in length and task. The genetic tools available in Arabidopsis, however,
including the whole genome sequence map, high numbercontains 722 genes. The chromosomal region at the top

of chromosome 5 is centered at map position �21 cM of molecular (including single nucleotide polymorphism)
markers, availability of mutant lines, and ease of generat-and flanked by markers mi97 and cor6.6. This region is

11.81 cM long (�2.1% of the genetic map length) and ing T-DNA knockout insertion lines, will undoubtedly fa-
cilitate the process. Once QTL can be resolved to a reason-harbors QTL for four traits: bolting time, number of

rosette leaves at bolting, nonelongated secondary meri- able list of defined candidate genes, quantitative
complementation tests (Long et al. 1996; Mackay andstems, and number of secondary inflorescence meri-

stems. This region contains 3.56 Mb and 783 genes. The Fry 1996; Mackay 2001) can be used to define actual
genes underlying variation in these traits, providing thatfinal region of interest is at the bottom of chromosome

5 centered on map position 127 cM. This genomic re- suitable mutations in these loci exist and are available in
the appropriate genetic backgrounds. Moreover, becausegion is flanked by marker ve023 and extends to marker

BIO205 at the tip of chromosome 5. This region contains Arabidopsis can be readily grown in field conditions, inves-
tigators can combine high-resolution genetic informationQTL for three traits, including bolting time, time to

maturity of main axis, and nonelongated secondary and molecular population genetic analyses with ecological
field studies and approach questions about the molecularmeristems. This region is �13.07 cM (�2.3% of the

genetic map length), encompasses a physical distance evolutionary ecology of developmental phenotypes from
differing perspectives. The difficulties of these challengesof 1.35 Mb, and contains 375 genes.

Several genes in these regions are known from previ- will be offset by the rich genetic information and resulting
understanding of naturally occurring variation in develop-ous genetic studies to be components of the inflores-

cence developmental pathway. For example, the region ment in this model plant species.
delimited at the top of chromosome 1 harbors CRY2, The authors thank Johanna Schmitt, Cynthia Weinig, Lisa Dorn, and
which encodes a blue light receptor protein (Guo et al. Carlos Alonso-Blanco for stimulating discussions; and the NCSU South-

eastern Plant Environmental Laboratory for use of growth space. This1999) and has been shown to affect flowering time in
work was supported in part by a National Science Foundation IntegrativeArabidopsis (Guo et al. 1998); AXR1, which encodes a
Research Challenges in Environmental Biology grant to M.D.P., T.F.C.M.,protein with similarity to the ubiquitin-activating en-
and Johanna Schmitt.

zyme E1 (Lincoln et al. 1990; Leyser et al. 1993); AXR3,
which encodes a member of the IAA/ARF regulatory
gene family (Ouellet et al. 2001); and a gene with LITERATURE CITED
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