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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 X Col and Cvi X Lerrecombinant 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 X 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.

HE inflorescence is a central element of the shoot

system of flowering plants (COEN and NUGENT
1994; Tucker and GrIMES 1999). Arrayed on inflores-
cence shoots are the flowers that serve as the main
reproductive structures of angiosperm taxa. The devel-
opment of the inflorescence, including the timing of
ontogenetic events that lead to the morphological elab-
oration of mature inflorescence shoots, plays a crucial
role in the ecology and evolution of flowering plant
species (COEN and NUGENT 1994; FisHBEIN and VEN-
ABLE 1996; D1GGLE 1999). Several life history character-
istics are controlled by the timing of the transition from
vegetative to reproductive development (MITCHELL-
OLDs 1996; KUITTINEN et al. 1997; STRATTON 1998; D1G-
GLE 1999), while plant reproductive ecology is deter-
mined, in part, by the architecture of the inflorescence
shoot (ScHOEN and DuBtc 1990; FisHBEIN and VENABLE
1996; DiGGLE 1999). Inflorescence architectures display
a wide range of diversity among plant species (COEN
and NUGENT 1994) and are critical determinants of
interspecies differences in plant morphology and life
history.

Diversity of inflorescence morphologies within and
between species arises through the functions, fates, and
positions of meristems distributed along the inflores-
cence shoot axis (Sussex and KErxk 2001). In the model
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plant Arabidopsis thaliana, the main inflorescence shoot
is an elongated stem whose features develop from three
types of reproductive meristems: the primary apical in-
florescence meristem, secondary inflorescence meri-
stems, and the floral primordia (BowMAN 1994; HEMPEL
and FELDMANN 1994). The reproductive shootapex con-
tains the indeterminate, primary inflorescence meri-
stem that produces the main inflorescence axis of the
plant. At the flanks of the main inflorescence meristem,
secondary inflorescence meristems and floral primordia
are established (HEMPEL and FELDMANN 1994). Second-
ary inflorescence meristems are positioned at basal
nodes of the main inflorescence shoot and are sub-
tended by bract-like cauline leaves. These secondary
meristems develop into axillary inflorescences, some-
times referred to as coflorescences; axillary inflores-
cences can also emerge from the axils of basal rosette
leaves. Floral meristems or primordia also develop
closer to the apices of the main and axillary inflores-
cence shoots, and the total reproductive output of Arabi-
dopsis plants results from floral meristem activity on all
inflorescence shoots.

The precise details of Arabidopsis inflorescence archi-
tecture are characterized by the numbers and distribu-
tion of axillary inflorescence shoots and main axis flow-
ers, which in turn are governed by the development and
distribution of all three reproductive meristem types
(Figure 1). The developmental phenotypes associated
with inflorescence shoot development are generally
manifested as quantitative traits that vary either continu-
ously or meristically between individuals or genetic
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lines. Quantitative variation in Arabidopsis inflores-
cence morphology results in intraspecific architectural
diversity, with some individuals possessing highly branched
inflorescences with numerous axillary inflorescences,
while others have reproductive architectures marked by
only one main inflorescence shoot and no (or few)
axillary inflorescences. Developmental decisions such
as meristem allocation, fate, and timing (Sussex and
Kerk 2001) are thus observed as quantitative variation
in the number of main axis inflorescence meristems
established, the number of elongated axillary inflores-
cences, or the timing of shoot bolting. Identification of
genes that lead to variation in quantitative aspects of
inflorescence morphology can thus provide insights into
developmental pathways that lead to diversity in plant
reproductive shoot architectures.

In the last few years, geneticists have managed to iden-
tify and isolate several Arabidopsis genes that regulate
the development of the inflorescence (SHANNON and
MEEKS-WAGNER 1991, 1993; BowMAN et al. 1993; BRAD-
LEY et al. 1997; KOORNNEEF ¢f al. 1998a; LEvy and DEAN
1998; ScumitTz and THERES 1999). Several of these loci
are known, through mutant analysis, to control the tim-
ing of inflorescence development by regulating the tran-
sition of vegetative to inflorescence shoot development
(KOORNNEEF ¢f al. 1998a; LEvy and DEAN 1998) and the
sensitivity of this developmental transition to environ-
mental cues (SIMPSON et al. 1999). These flowering-time
genes include, among others, FLOWERING LOCUS C
(FLC; MicHAELS and AMASINO 1999; SHELDON et al.
1999), FRIGIDA (FRI; CLARKE and DEAN 1994; JOHAN-
SON et al. 2000), CONSTANS (CO; PUTTERILL et al. 1995;
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SuaArez-LLorEz et al. 2001), CRYPTOCHROME2 (CRY2;
Guo et al. 1998, 1999), and LUMIDEPENDENS (LD; LEE
et al. 1994). Other genes have been identified whose
mutant phenotypes affect the types, distribution, and
elongation of meristems along the inflorescence shoot.
These include floral meristem identity genes such as
LEAFY (WEIGEL et al. 1992), APETALA1 (API),and CAU-
LIFLOWER (CAL) (MANDEL et al. 1992; BOWMAN et al.
1993; KEMPIN et al. 1995), the inflorescence architec-
ture gene TERMINAL FLOWERI (TFLI; SHANNON and
MEEKSWAGNER 1991, 1993; BRADLEY e al. 1997), and
hormone biosynthesis and activity genes (BLAZQUEZ et
al. 1998; WALKER and EsTELLE 1998) such as AUXIN
RESISTANTI and 3 (AXRI and AXR3; LINCOLN et al.
1990; LEYSER et al. 1993; OUELLET et al. 2001).

With the exception of flowering (or bolting) time
(KowaLsKI et al. 1994; LEE et al. 1994; CLARKE et al. 1995;
MITCHELL-OLDS 1996; SANDA et al. 1997; KOORNNEEF et
al. 1998a,b), however, genetic dissection of inflorescence
development has not been undertaken in an explicitly
quantitative genetic framework. Quantitative genetic
studies, including the use of quantitative trait locus
(QTL) mapping techniques, provide an opportunity to
investigate the underlying genetic mechanisms that reg-
ulate developmental programs in plant architecture
(JUENGER et al. 2000; Mackay 2001). Quantitative ge-
netic analysis permits investigators to examine the func-
tions of previously identified developmental regulatory
genes in new phenotypic contexts. QTL mapping ap-
proaches are also some of the first steps in identifying
naturally occurring allelic variation and can serve as a
gene discovery tool (ALONSO-BLANCO and KOORNNEEF
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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 (JI-1) Czech Republic
CS6779 Limburg (Li-8) Germany

CS6782 Llagostera (LI-1) Spain

CS6788 Lezoux (L.z-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

2000; Mackay 2001; YaNo 2001) by facilitating the iden-
tification of new inflorescence development genes. The
identification of naturally occurring allelic variation in
genes not only contributes to a greater understanding
of the developmental genetics of the inflorescence, but
also allows us to explore the evolutionary and ecological
implications of variation in these development patterns.

MATERIALS AND METHODS

Arabidopsis ecotypes and mapping populations: Twenty-
one ecotypes of A. thaliana originally collected over a wide
range of the species distribution (Table 1) were analyzed for
quantitative genetic variation in inflorescence development
and morphology. Between 13 and 15 replicate individuals per
ecotype were analyzed. Seeds of these ecotypes were obtained
from the Arabidopsis Biological Resource Center at Ohio State
University.

Two sets of recombinant inbred (RI) lines were utilized for
QTL mapping of inflorescence development and morphology
traits. The first set (Ler X Col, 97 lines) is derived from a cross
between ecotypes Landsberg erectaand Columbia (LISTER and
DEeAN 1993) and the second set (Cvi X Ler, 160 lines) is derived
from a cross between ecotypes Cape Verde Islands and Lands-
berg erecta (ALONSO-BLANCO et al. 1998a). Alleles of the Lands-
berg erecta ecotype are segregating in both sets of lines used
in these experiments. All lines were advanced to the F; genera-
tion, were extensively genotyped, and are available from the
Arabidopsis Biological Resource Center. Residual heterozygos-
ity for the Ler X Col and Cvi X LerRI lines has been estimated
at 0.42% (LisTerR and DreanN 1993) and 0.71% (ALONSO-
BLANCO et al. 1998a), respectively; these values are similar to,
and slightly less than, the theoretical expectation of 0.78%.

Because individuals of the same Rl line are genetically iden-
tical, more precise estimates of genotype values can be ob-

tained if replicate individuals per line are measured; QTL
mapping can then be performed on RI line means. A total of
15 individuals from each line (for both sets of RI lines) were
measured for all traits. Because some plants were lost during
the experiment and because some seeds failed to germinate,
between 11 and 14 and between 12 and 14 replicate individuals
were measured for 4 Ler X Col RI lines and for 21 Cvi X Ler
RI lines, respectively.

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
cells, with one plant in each cell. Individuals were assigned
to flat/cell positions in a way that minimized the number of
replicate individuals of the same ecotype/RI line on a single
flat but randomly assigned individuals to cell positions. For the
ecotypes, this planting strategy resulted in 3 or 4 individuals of
the same ecotype per flat; for the mapping populations, this
resulted in (at most) one Rl line replicate per flat. Assignment
of plants to cell positions within individual flats was random-
ized. Any flatand/or positional effects were therefore random-
ized across the ecotype and RI lines. All plants were grown
under long-day conditions (14 hr of light at 20°:10 hr of dark
at 18°) in a growth chamber at the North Carolina State Uni-
versity Phytotron Facility and subirrigated with deionized wa-
ter at regular intervals.

Inflorescence development and morphology traits: Thirteen
traits (Table 2) reflecting various aspects of inflorescence de-
velopment and morphology were measured on all individuals.
These traits are categorized below, although many could be
placed in more than one category.

1. Developmental timing:

i. Bolting time: number of days from the transfer of seeds
to the growth chamber to the emergence of the repro-
ductive shoot;

ii. Length of reproductive phase of main axis: number of
days from bolting to abscission of the last petal on the
youngest flower of the main axis;
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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) [Vel* W' [ OVl
Bolting time (days) 34.08 (16.26) 251.926%**** 74265 0.772  38.47
Length of reproductive phase of main axis (days)  19.05 (3.06) 8.733%%x% 12,617 0.409  13.81
Time to maturity of main axis (days) 53.13 (17.90) 310.563*+** 96564 0.763  28.13
Rosette leaves at bolting 12.81 (3.77) 13.297 sk 6.278 0.679 24.25
Rosette diameter (cm) 1.47 (0.13) 0.01 27k 0.062 0.166 6.83
Plant height (cm) 11.23 (1.99) 3.67 7k 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) 0.13 7% 0.887 0.134  44.19
Elongated axils 2.69 (0.71) 0.4327%%%% 1.078 0.286  23.34
2° inflorescence meristems on main axis 3.35 (0.59) 0.28 73k 0.826 0.258 14.73
Early flowers 3.31 (0.79) 0.55 ] ek 1.198 0.315  20.67
Total fruits 18.65 (3.29) 8.882####  27.625  0.243  14.65

“ Among-ecotype variance component from ANOVA; tests whether genetic differences exist among ecotypes

for specified traits: ****P = (.0001.
"Residual variance component from ANOVA.

“Measure of total phenotypic variance attributable to genetic differences among ecotypes (broad sense

heritability) calculated as V;/ (Vg + Vg).

¢ Coefficient of genetic variation calculated as (100 X \WG) /X

iii. Time to maturity of main axis: number of days from
the transfer of seeds to growth chamber to abscission
of the last petal on the youngest flower of the main
axis (bolting time + length of reproductive phase of
main axis).

2. Rosette morphology:

iv. Rosette leaves at bolting: number of basal rosette leaves
produced at bolting;

v. Rosette diameter: diameter (in centimeters) of rosette
at maturity of main axis.

3. Inflorescence architecture:

vi. Plant height: height (in centimeters) of main axis at
maturity;

vii. Main inflorescence fruits: number of fruits (siliques)
produced on the main axis;

viii. Axillary fruits: number of fruits produced on axillary
inflorescences (in the Ler X Col lines, this trait was
scored as the number of fruits and flowers produced
on axillary inflorescences at the time of maturity of
the main axis; in the Cvi X Ler lines, it was scored
simultaneously with total fruits);

ix. Nonelongated secondary meristems: number of main
stem cauline leaves without an associated elongated
axillary inflorescence;

x. Elongated axils: number of elongated axillary inflo-
rescences along the main stem;

xi. Secondary inflorescence meristems on main axis:
number of secondary inflorescence meristems pro-
duced along main axis (nonelongated secondary meri-
stems + elongated axils).

4. Reproductive fitness:

xii. Early flowers: cuamulative number of flowers produced
7 days after bolting;

xiii. Total fruits: total number of fruits produced through-
out life span of plant (main inflorescence fruits +
axillary fruits).

Some of these traits are depicted in Figure 1.

Quantitative genetic analysis: For each trait, total pheno-

typic variance was partitioned into sources attributable to eco-

type (genotype, G) and error using a random effects analysis
of variance (ANOVA) according to the model y = p + G +
error. Components of variance were used to estimate broad
sense heritability according to the formula V;/ (Vi + V;), where
Vi is the among-ecotype variance component and V; is the
residual (error) variance component. Genetic correlations
(7;) were estimated as covlg/\/Vp,l Ve, where covy, is the covari-
ance of trait means and Vg and Vg, are the among-ecotype
variance components for those traits (ROBERSTON 1959). Con-
fidence intervals (95%) for genetic correlation estimates were
determined using a ztransformation (SOKAL and ROHLF
1995). The coefficient of genetic variation (CV) was estimated
for each trait as (100 X \IAY%Q/X, where V; is the among-ecotype
variance component and X is the trait mean of the ecotypes
(HouLk 1992). Quantitative genetic analyses were conducted
on Rl lines in similar fashion to the ecotypes with the exception
that among-line (instead of among-ecotype) variance compo-
nents were determined and used in all statistical calculations.
Analyses were conducted using statistical software packages
SAS (GLM and VARCOMP procedures; SAS INSTITUTE 1988)
and/or STATVIEW (SAS INsTITUTE 1999).

Linkage map construction: Genotype data for these lines
are publicly available and were obtained on the web at http:/
nasc.nott.ac.uk/. Because not all lines have been genotyped
for all markers and because the quality of a genetic map relies
heavily on the accuracy and amount of genotype data in the
mapping population, the maps used for QTL analyses were
constructed from a subset of the total genotype data available.
Markers were selected using the criteria that they be genotyped
in =80% of lines and that they be distributed evenly through-
out the genome. The Ler X Col and Cvi X Ler RI lines have
been genotyped for largely different sets of markers. However,
a small number of markers were mapped in both sets. These
“integrating” markers were included in our data sets even if
they were genotyped in <80% of lines.

Maps were constructed using Mapmaker/EXP 3.0 (LANDER
et al. 1987). Three-point likelihoods were computed (LOD >
3.0) for each linkage group prior to marker order determina-
tion with multipoint analysis. Marker orders were confirmed
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by permuting positions of neighboring markers within a scroll-
ing window (window size, five markers; log-likelihood thresh-
old, 2.0) and comparing likelihoods of the permuted and
original marker orders. Recombination frequencies were con-
verted to centimorgan distances with the Kosams1 (1944)
mapping function.

QTL analyses: QTL for inflorescence development and
morphology were mapped using the composite interval map-
ping (CIM; ZENG 1993, 1994) function of QTL Cartographer
1.13 (BASTEN et al. 1994, 1999). This procedure tests sequen-
tially along each chromosome whether intervals flanked by
two molecular markers contain a QTL while statistically ac-
counting for other QTL segregating outside the tested inter-
val. The identity (and number) of markers for this genetic
background control was determined independently for each
trait by forward selection, backward elimination stepwise re-
gression. A 10-cM scan window was used for all analyses and
the likelihood ratio (LR) test statistic, 2 In(1,/L,) [where L,/
L, is the ratio of likelihoods of two hypotheses, there is no
QTL in the tested interval (I,) and there is a QTL in the
tested interval (1;)] was calculated every 0.1 cM.

Experiment-wide significance thresholds for QTL identifi-
cation were determined separately for each trait by permuta-
tion analysis (CHURCHILL and DOERGE 1994; DOERGE and
CHURCHILL 1996). This procedure randomly permutes trait
data and recalculates LRs across all genetic intervals. The most
extreme LR value from each permutation is saved and used
to generate a distribution of LRs to which empirical data are
then compared. Empirical values equal to or exceeding the
5% highest values in the distribution of extreme permutation
values are considered significant at P < 0.05. One thousand
permutations were performed for each trait.

Tests for epistasis among QTL were conducted using ANO-
VAs to examine interaction effects of QTL with known additive
effects (LONG et al. 1995; LeEips and Mackay 2000). For each
test of epistasis involving pairwise combinations of QTL, an
ANOVA model was fitted with main effects, including the
markers nearest each QTL peak (as determined from QTL
Cartographer) and a single interaction effect of two of these
markers. A significant interaction effect in the analysis was
interpreted as evidence for epistasis between QTL. Additional
tests were performed until all pairwise combinations of mark-
ers were examined for each trait. Significance thresholds were
adjusted using a sequential Bonferroni procedure. For each
three-way test of epistasis, a model was fitted with main effects,
including markers nearest each significant QTL peak, all sig-
nificant two-way interactions, and a single three-way interac-
tion. These analyses were conducted using the GLM proce-
dure of SAS (SAS INsTITUTE 1988).

Candidate gene scan: Markers defining the limits of QTL
regions (nearest and outside of the flanking 2-LLOD support
limits) were identified on the Ler X Col genetic map and their
positions on the Arabidopsis physical map were determined.
The annotated sequence within these regions was then
scanned for information regarding candidate genes (ARABI-
popsis GENOME INITIATIVE 2000). Because these regions rep-
resent large stretches of chromosomes (up to ~3.6 Mb), a
computer program (written by M. C. Ungerer) was employed
to scan the annotated sequence and provide summary infor-
mation on candidate genes. Markers used to construct the
Cvi X Ler map have not been located on the Arabidopsis
physical map and it was not possible to conduct a similar
analysis for QTL mapped in the Cvi X Ler RI lines.

RESULTS

Quantitative genetic variation for inflorescence devel-
opment in A. thaliana: For all traits, among-ecotype vari-

ance was highly significant by ANOVA (P = 0.0001 in
all instances), indicating substantial standing genetic
variation for inflorescence developmental patterns in
this species. Broad sense heritability estimates for these
traits ranged from 0.134 (nonelongated secondary meri-
stems) to 0.772 (bolting time) and averaged 0.373 (Ta-
ble 2). These heritability estimates are, on average, lower
than heritability estimates for floral morphology traits in
A. thaliana, which ranged from 0.40 to 0.80 and averaged
0.67 (JUENGER et al. 2000) . Heritability estimates tended
to be higher than average, however, for traits associated
with developmental timing such as bolting time, length
of reproductive phase, and time to maturity of main
axis (mean heritability of 0.648 for developmental tim-
ing traits vs. mean heritability of 0.291 for all others).

There were significant genetic correlations among
most traits (Table 3). These correlations ranged from
—0.68 to the theoretical maximum of 1.0. Correlations
with 95% confidence intervals not encompassing zero
are considered significant; by this criterion, 82% of cor-
relations were significantly different from zero. In addi-
tion, higher-order combinations of traits forming corre-
lated blocks were identified. For example, bolting time,
number of rosette leaves at bolting, and time to maturity
of main axis were positively genetically correlated at
=0.92. Bolting time and rosette leaves at bolting pre-
viously have been identified as strongly correlated in A.
thaliana (NAPP-ZINN 1969, 1985) but the strong correla-
tion of these traits with time to maturity of main axis,
to our knowledge, has not been previously observed.
These strong genetic correlations suggest considerable
developmental integration in these ecotypes and indi-
cate that many pairwise and higher-order combinations
of traits are likely influenced by the same loci (pleiot-
ropy) or by tightly linked loci.

Quantitative variation was also explored in two sets
of RI lines used for QTL mapping. Significant among-
line variance was found for all traits in both sets of RI
lines by ANOVA (P < 0.01 in all instances; Table 4).
Broad sense heritability estimates for the Ler X Col RI
lines ranged from 0.034 (axillary fruits) to 0.522 (plant
height) and averaged 0.215. For the Cvi X Ler RI lines
these estimates ranged from 0.129 (rosette diameter)
to 0.744 (bolting time) and averaged 0.368. Similar to
the ecotypes, heritabilities for developmental timing
traits were higher than average in each set of RI lines.

Genetic correlations in the Ler X Col and Cvi X Ler
RI lines are listed in Table 5. Genetic correlations
ranged from —0.80 to 1.0 and from —0.71 to 1.0 for
the Ler X Col and Cvi X Ler RI lines, respectively. Ap-
proximately 78 and 73% of these correlations were sig-
nificantly different from zero for the Ler X Col and
Cvi X LerRlI lines, respectively. Comparisons of the same
correlations across the two sets of RI lines revealed that
approximately two-thirds had overlapping 95% confi-
dence intervals, indicating that many of the same traits
were correlated in both the Ler X Col and Cvi X LerRI
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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

* (SD) [Vel” [Vl [H]’

[CVe]!

Ler X Col RI population

Bolting time (days)

Length of reproductive phase of main axis (days)
Time to maturity of main axis (days)
Rosette leaves at bolting

Rosette diameter (cm)

Plant height (cm)

Main inflorescence fruits

Axillary fruits

Nonelongated 2° meristems

Elongated axils

2° inflorescence meristems on main axis
Early flowers

Total fruits

25.30 (1.72) 2,703k 2.842  0.487 6.50
16.73 (0.95) 0.653%*** 2.993  0.179 4.83
42.03 (1.54) 2,070k 4.381 0.321 3.42
11.04 (1.33) 1.6297%##* 2489  0.396 11.56
1.65 (0.19) 0.01 4% 0.276  0.049 7.26
10.94 (3.69)  12.882%*** 11.795  0.522 32.80
18.45 (2.15) 1.648%** 39.952  0.040 6.96
3.22 (2.67) 2.431%%* 68.859  0.034 48.37
0.76 (0.58) 0.257###s% 0.886  0.225 66.59
0.99 (0.45) 0.125%*#* 0.957 0.116 35.63
1.75 (0.46) 0.14 7% 1.057  0.122 21.81
8.71 (2.02) 3,392 9.929  0.255 21.16
24.08 (4.36) 7.232%kx% 154,827  0.045 11.17

Cvi X Ler RI population

Bolting time (days)

Length of reproductive phase of main axis (days)
Time to maturity of main axis (days)
Rosette leaves at bolting

Rosette diameter (cm)

Plant height (cm)

Main inflorescence fruits

Axillary fruits

Nonelongated 2° meristems

Elongated axils

2° inflorescence meristems on main axis
Early flowers

Total fruits

22.54 (4.31)  17.434%#% 6.003  0.744 18.52
18.43 (2.61) 6.254+*** 8.047  0.437 13.57
41.08 (5.20)  25.311%*** 11.007  0.697 12.25
8.26 (1.55) 2. 194 1.913  0.534 17.93
1.71 (0.25) 0.0417%*** 0.275  0.129 11.83
10.18 (3.70)  12.995%## 10.440  0.555 35.40
13.62 (3.33) 9.4 38 4% 24.208  0.281 22.55
2.53 (3.04) 6.508%*** 40.212  0.139  100.69
2.06 (0.66) 0.37 2%k 0.889  0.295 29.57
0.38 (0.35) 0.0907%*** 0.557  0.139 79.28
2.44 (0.55) 0.2527% 3% 0.689  0.268 20.58
4.91 (1.32) 1.560%##%* 3.116  0.334 25.42
16.15 (6.00)  29.592%*** 94.906  0.238 33.68

“ 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.

’Residual variance component from ANOVA.

“Measure of total phenotypic variance attributable to genetic differences among lines (broad sense heritabil-

ity) calculated as Vg/ (Vg + Vi).

¢ Coefficient of genetic variation calculated as (100 X \WC,)/X.

lines. Similarities in trait correlations, however, were
greater between the sets of RI lines than between either
set and the ecotypes. The (Ler X Col) vs. ecotypes and
(Cvi X Ler) vs. ecotypes comparisons revealed ~45 and
56%, respectively, of trait correlations with overlapping
95% confidence intervals. Despite variability among
these comparisons, certain trait correlations were invari-
antly strong. For example, a block of correlated traits
identified in the ecotypes—bolting time, rosette leaves
at bolting, and time to maturity of main axis—was also
observed in both sets of RI lines.

Linkage maps of A. thaliana: Because the two sets of
RI lines used for QTL mapping have been genotyped
for largely different sets of molecular markers, it was
necessary to construct separate linkage maps for QTL
analyses. The Ler X Col linkage map consists of 217
markers, spans 565.65 cM, and has average intermarker
distances of 2.60 cM (Figure 2). The Cvi X Ler map

consists of 138 markers, spans 458.45 cM, and has aver-
age intermarker distances of 3.32 cM (Figure 2). For
both maps, marker orders were largely identical to those
of previous maps based on these lines [see http://nasc.
nott.ac.uk/new_ri_map.html for the current Ler X Col
RI line map and ALONSO-BLANCO et al. (1998a) for the
Cvi X LerRI line map]. The exceptions are three order
changes on the Ler X Col map (all on chromosome 1)
and a single order change on the Cvi X Ler map (on
chromosome 3). Three of these changes were order
reversals of tightly linked adjacent markers and the re-
maining change involved a previously telomeric marker
(SNP308) on chromosome 1 (Ler X Col) mapping to
10.22 cM. Our revised genetic map position of SNP308is
consistent with the physical map position of this marker
(http://www.arabidopsis.org/servlets/mapper).
Chromosomal map lengths were consistently shorter
in the Gvi X Ler RI lines than in the Ler X Col RI
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QTL for Arabidopsis Inflorescence Development 1141

lines. This difference may be attributable to (i) reduced
recombination in the Cvi X Ler RI lines, (ii) reduced
marker coverage in telomeric regions for the Gvi X Ler
Rl lines, (iii) a larger number of genotype scoring errors
in the Ler X Col data set (inflation of map length), or
(iv) some combination of these factors. Some of the
integrating markers (those mapped in both sets of RI
lines) did not map to unique positions given the criteria
set during map construction. These markers were not
used for QTL mapping but are included on the linkage
maps (in the genetic interval of highest likelihood) for
map comparisons (Figure 2) and are indicated as open
symbols.

Numbers and magnitude of inflorescence develop-
ment QTL: The two mapping populations provided an
opportunity to map loci that contribute to quantitative
genetic variation in inflorescence developmental pat-
terns in Arabidopsis. Detection of QTL is necessarily
restricted to genetic variation segregating between lines
used to construct mapping populations. A larger sample
of genetic variation can be explored by examining more
than one mapping population. QTL for 13 inflores-
cence development and morphology traits detected by
CIM in two sets of RI lines are depicted graphically in
Figure 2 and are listed in Tables 6 and 7.

A total of 47 QTL were detected in the Ler X Col RI
lines and 63 QTL were detected in the Cvi X Ler RI
lines. The larger number of QTL detected in the Cvi X
Ler RI lines may be attributable to increased statistical
power associated with the larger number of lines (160
Cvi X Lerlines vs. 97 Ler X Col lines) and/or different
QTL alleles segregating in the two mapping popula-
tions. For each trait, between 1 and 6 and between 1
and 8 QTL were detected in the Ler X Col and Cvi X
Ler RI lines, respectively. Where multiple QTL were
detected for a trait, allele effects were usually both posi-
tive and negative (Tables 6 and 7). Thus, the direction
of allele effects was not consistently in the direction
of the relative differences among parental lines. This
phenomenon is commonly observed in QTL studies
(reviewed in TANKSLEY 1993; LyNcH and WALSH 1998)
and the sorting of these alleles likely explains trans-
gressive segregation in progeny of genetically differenti-
ated parental lines (RIESEBERG et al. 1999).

The amount of phenotypic variance explained by
QTL varied greatly in both sets of RI lines. Individual
QTL account for 2.1-68.4% of phenotypic variance in
the Ler X Col RI lines and 1.2-67.4% of phenotypic
variance in the Cvi X LerRI lines (Tables 6 and 7). The
individual QTL explaining the most variance in each set
of RIlines mapped to the same region on chromosome 2
(near er) and explained variance in the same trait (plant
height). These QTL (and others mapping to this same
region) are likely attributable to the erecta mutation,
which segregates in both sets of RI lines and affects
inflorescence architecture. erecta is not a naturally oc-
curring mutation, however, but rather was generated in

the laboratory through mutagenesis. If QTL mapping
to erecta are removed from the analysis, the remaining
QTL (representing natural variation) account for 2.1-
35.6% of phenotypic variance in the Ler X Col RI lines
and 1.2-19.5% of phenotypic variance in the Cvi X Ler
RI lines.

A distribution of standardized QTL effects is illus-
trated in Figure 3 (data combined across all traits and
sets of RI lines). QTL mapping to the erecta mutation
are included but are indicated by shaded regions of the
histogram bars. Overall, the largest proportion of QTL
detected were of relatively small effect and large-effect
QTL were relatively rare. This result is consistent with
findings of other QTL studies documenting that most
differences between lines are due to a small number of
QTL of large effect accompanied by a larger number
of QTL of smaller effect (reviewed in TANKSLEY 1993;
FaLcoNER and MackAy 1996; LyncH and WALsH 1998).
The apparent decline of QTL in the class of smallest
effect should not be interpreted as evidence that small
effect QTL are rare, but rather simply reflects the statisti-
cal difficulties of detecting these loci.

Clustering of QTL was evident and consistent with
strong genetic correlations among inflorescence devel-
opment traits: QTL for inflorescence development traits
mapped to all five Arabidopsis chromosomes in both
sets of RI lines. Despite this genome-wide distribution,
a large proportion of QTL had overlapping 2-LOD sup-
port limits (Figure 2) and were clustered in specific
chromosomal regions (i.e., at the top and bottom of
chromosomes 1 and 5 and middle of chromosome 2).
Clustering of QTL was not unexpected given the strong
genetic correlations observed among many inflores-
cence development traits (Table 5). This pattern was
especially evident for QTL of larger magnitude. It is
not possible with the resolution of QTL mapping to
determine whether these patterns result from pleiotro-
pic effects of single genes or tight linkage. Only when
these QTL have been resolved to the level of the gene
and, eventually, molecular variants within genes, will it
be possible to discover with any degree of confidence
the underlying genetic mechanisms involved in these
correlations.

Comparisons of the Ler X Col and Cvi X Ler maps
reveal that QTL for many of the same traits appear to
map to similar regions of chromosomes (e.g., QTL for
rosette diameter, plant height, main inflorescence
fruits, axillary fruits, elongated axils, and early flowers
on chromosome 2 and QTL for bolting time, time to
maturity of main axis, and nonelongated secondary
meristems on chromosome 5). Alleles of the Landsberg
erecta ecotype segregate in both sets of RI lines and thus
it is plausible that these patterns are due to segregation
of the same genetic factor(s). Indeed, on chromosome
2, the actual erecta mutation (marker er) maps nearest
those QTL in both Ler X Col and Cvi X Lerand is likely
the genetic factor responsible. However, because these
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Bolting time

Length of reproductive phase of main axis
Time to maturity of main axis
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FiGURE 2.—Continued.

maps are based on largely different sets of molecular
markers, QTL positions (and 2-LOD support limits)
cannot be directly compared across the Ler X Col and
Cvi X Lermaps unless, as with er, markers used to define
QTL (or 2-LOD support limits) are used in both map-
ping populations.

QTL on chromosomes 1 and 5 have epistatic effects
in the Cvi X Ler Rl lines: Tests for epistasis among QTL
revealed no significant interactions in the Ler X Col RI
lines but five significant two-way interactions and one
significant three-way interaction in the Cvi X Ler RI
lines (Figures 4 and 5). Where significant interactions
affected more than one trait, the nature of the interac-

AV,

Chromosome 5

7 '° i

Qf:: WGT Jf
s e f
. 1
B
S L9

pofs o

Ler x Col

tion across traits was strikingly similar (Figure 5, A-C).
This latter result is perhaps not surprising, given that
the traits affected by these interactions—bolting time,
time to maturity of main axis, rosette leaves at bolting,
and nonelongated secondary meristems—were highly
correlated in the Cvi X LerRI lines (average r; = 0.78).

The interaction effect of markers BH.325 and DF. 184
on two traits (rosette leaves at bolting and nonelongated
secondary meristems) was especially noteworthy. When
the genotype of marker BH.325is Ler, phenotypic values
are virtually identical irrespective of the genotype of
marker DF.184. However, when the genotype of marker
BH.325 is Cvi, the phenotype is strongly dependent on

F1GURE 2.—A. thaliana genetic linkage maps constructed from the Ler X Col (left chromosomes) and Cvi X 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 X Col RI lines

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

Trait Chromosome (nearest marker) cM range (flanking markers)* effect’ [*]°
Bolting time 1 0.01 (ve00I) 0-8.60 (ve001-SNP308) —0.53 0.083
2 17.65 (g4133) 11.12-29.39 (DF.225L-mil48) 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-mil74) 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-T1GI11a) 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-mill3) —0.34 0.079

1 113.19 (mil85) 92.60-113.66 (mi259-mil03) 0.22 0.045

2 39.69 (GPAI) 39.62-44.21 (GPAI-mi54) 0.40 0.088

5 28.34 (mi322) 25.47-30.64 (mil 74-g4560) —0.49 0.203

Time to maturity of main axis 1 24.82 (EGI17GY9) 20.66-25.54 (ve007-mill3) —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 (mil85) 103.01-1138.09 (m315-Tagl) 0.49 0.103

3 72.37 (AtPK41A) 61.98-83.51 (g4117-g2778) 0.34 0.058

4 3.28 (mil22) 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-mi7%a) —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 (GPAI-mi54) 3.69 0.684
2 68.69 (Ubique) 62.17-79.29 (g4514-RRS2) —0.60 0.021

4 72.34 (CDsl11) 61.85-81.07 (mi422-m214) —0.66 0.027

Main inflorescence fruits 2 41.79 (er) 39.79-45.41 (GPAI-mi54) —-1.12 0.250
Axillary fruits 1 0.51 (ve00I) 0-10.20 (veO0I-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 (mil85-agp64) 0.14 0.055
2 29.32 (mil39) 20.23-29.39 (PR1-mil148) 0.21 0.079

2 41.49 (er) 39.69-44.51 (mi238-mi>4) —0.33 0.209

5 21.16 (CDs5) 17.90-23.66 (KG31-mil74) 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 (mil33-mi291a) 0.16 0.120
2 41.79 (er) 31.39-47.71 (mil48-mi54) 0.16 0.109

5 126.31 (SNP153) 118.35-133.20 (ATR3-BI0205) —0.16 0.119

2°inflorescence meristems on 1 113.26 (Tagl) 107.79-124.28 (mil85-mi425) 0.13 0.070
main axis 5 20.55 (CDs5) 17.10-23.46 (KG31-mil74) 0.25 0.235
Early flowers 1 36.37 (DF.73L) 23.32-39.80 (BH.1471-mi265) 0.45 0.045
2 41.79 (er) 39.99-44.71 (GPAI-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 (mil37-mCHI) 0.43 0.043

5 100.9 (h2al) 87.79-125.23 (ve027-SNPI53) —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

“ Markers nearest (but outside of) the 2-LLOD support limits.

" The additive effect (a) of a QTL is defined as (Q,Q, —

0:Q,)/2, where Q,Q,and Q,Q, 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.
Proportion of variance explained by the QTL after accounting for background markers.

the genotype of marker DF.184. This conditional neu-
trality may be of evolutionary importance, since it sug-
gests that in some circumstances, allelic effects may be

dependent on genetic context. The rate at which natu-

rally occurring alleles under selection are fixed in (or
lost from) a population may be slowed due to this phe-
nomenon.

The single significant three-way interaction involved
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TABLE 7

QTL for 13 inflorescence development and morphology traits mapped in Cvi X Ler RI lines
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Map position, cM 2-LOD support limit, Additive

Trait Chromosome (nearest marker) cM range (flanking markers)* effect’ [*]°
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.2391-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.2391-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.1681-GD.222C) 1.41 0.056

Rosette leaves at bolting 1 7.71 (AXR-I) 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.1081-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.1841L-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.1111-GD.318C) 0.09 0.082

3 80.18 (AD.112L) 74.67-80.78 (DF.651-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.1111-GD.318C) 0.56 0.013

3 39.6 (GB.210L) 32.32-50.12 (AD.921-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.1621-CC.120C) —1.02 0.090
2 49.03 (er) 43.4-52.23 (GB.1501-AD.191L) 1.06 0.098

5 16.5 (BH.325L) 10.21-41.06 (BH.1441-GH.121L) 0.91 0.058

Axillary fruits 2 49.63 (er) 37.84-53.03 (BF.2211-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.2391-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-I) 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-I) 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 2456 (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)* effect’ [#]°
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.460I-AD.191L) 0.79 0.280
5 15.22 (BH.325L) 8.71-20.3 (BH.1441—-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.1501-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

“ Markers nearest (but outside of) the 2-LLOD support limits.

" The additive effect (@) of a QTL is defined as (Q,Q; — Q,0Q5)/2, where Q,Q,and Q,Q, 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.

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

markers AXRI, BH.3251, and GH.1211. and had effects
on both bolting time (ANOVA, F = 6.09, P < 0.0148)
and time to maturity of main axis (ANOVA, F = 7.71,
P < 0.0062). Note that the three-way interaction is com-
posed mostly of markers with significant two-way interac-
tions on these same traits (Figure 4). The significant two-
way combinations were included in the ANOVA models
testing for significant three-way interactions.

20
@ &
= 15 E
g [
S
2 -
E 10—
=3
= —
5_.
0 rvrirrrrrrrrri1r7r1rrrnriiuvit
N —— — — — p— —
885885858552 888s8288¢8¢8
— 0 w ~ oo
it Tt il s A L0, R T g e e e S S e
TEERESSES S T
T e St St S St Sl S
Ll 111 1135535388588
oo osaooogEnaazinecas
é : SSa

FiGure 3.—Distribution of standardized effects of QTL for all
traits across both sets of RI lines. Shaded regions of histogram
bars indicate effects of QTL mapping on the erecla mutation.

Two of the markers (BH.325L. and GH.I121.L) in-
volved in these interactions have been identified pre-
viously with interaction effects on flowering time, rosette
leaf number, cauline leaf number, and total leaf number
in a separate study of these lines (ALoNsO-BLANCO el al.
1998b). In the current study, these markers were jointly
involved in a significant two-way interaction (affecting
bolting time and time to maturity of main axis) and
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 X 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 X LerRI lines, in the majority
of instances main effects of QTL accounted for more
total variance than epistatic effects.

DISCUSSION

We broadly surveyed four classes of traits associated
with Arabidopsis reproductive development: inflores-
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FiGure 4.—Epistatic interactions detected in the Cvi X Ler RI
mapping population. Lines connect different pairwise combina-
tions of markers (QTL) with significant epistatic effects on speci-
fied traits. Precise positions of QTL are shown to the right of
the chromosomes (notation is the same as in Figure 2). Markers
AXR-1, BH.325L, and GH.1211 have a significant three-way inter-
action on both bolting time and time to maturity of main axis.
Solid line, digenic interaction affecting bolting time; dashed line,
digenic interaction affecting time to maturity of main axis; green
line, digenic interaction affecting rosette leaves at bolting; blue
line, digenic interaction affecting nonelongated secondary meri-
stems.

cence architecture, developmental timing, rosette mor-
phology, and reproductive fitness traits. Several aspects
of inflorescence development, such as bolting time and
number of rosette leaves at bolting, have already been
the subject of extensive investigation (LEE et al. 1993;
KowALskr et al. 1994; CLARKE ef al. 1995; MITCHELL-
OLDS 1996; SANDA et al. 1997; KOORNNEEF ¢/ al. 1998a,b).
Other quantitative features of inflorescence develop-
ment in Arabidopsis, however, have been less well char-
acterized. Nevertheless, it is clear that naturally oc-
curring variation in elements of inflorescence shoot
architecture and developmental timing exists within this
species.

Mapping populations of recombinant inbred lines
have been generated between several ecotypes and have
proven useful for mapping QTL in A. thaliana (JANSEN
et al. 1995; MITcHELL-OLDS 1996; ALONSO-BLANCO ¢t al.
1998b; MiTcHELL-OLDS and PEDERSEN 1998; STRATTON
1998; SWARUP et al. 1999; JUENGER et al. 2000). Although

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 X 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
FLHand 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 EDIfell 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 artificial
boundaries. It remains unclear, however, whether these
correlations are due to pleiotropy or to the presence of
closely linked loci in the same genomic region. If the
former, then such correlations as between bolting time
and elongated axils may suggest common genetic bases
underlying ontogenetic timing and shoot inflorescence
morphology. The existence of common genetic under-
pinnings for different inflorescence developmental
traits is also indicated by epistasis among QTL detected
in our study. Epistatic interactions among QTL were
detected in the Cvi X Ler RI lines between and within
regions on chromosomes 1 and 5. Several of these inter-
actions affected more than one trait and in these in-
stances the nature of the interaction was strikingly simi-
lar across traits.

The overall epistatic contribution to inflorescence
development traits may be underestimated in this study
for two reasons. First, tests for epistasis were restricted
to QTL with significant additive effects only. Although
global scans for epistasis are possible (evaluating all
pairwise combinations of markers), they are not always
practical because of statistical problems associated with
the large number of tests needed to conduct them.
Global scans for epistasis can be conducted using per-
mutations to establish significance thresholds and it will
be interesting to determine whether this type of analysis
can uncover other epistatic interactions for inflores-
cence development. Second, and more generally, the
ANOVA methods used to detect epistasis may be biased
against finding significant interactions because the stan-
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dard errors associated with interaction effects can be variation in inflorescence development traits. Isolation
larger than those associated with main effects (WADE of the genes and genetic polymorphisms that result in
1992). naturally occurring quantitative variation in inflores-
An ultimate goal of this work will be to identify, at the cence developmental phenotypes may reveal the molec-

molecular level, genes underlying naturally occurring ular mechanisms behind ecologically and evolutionarily
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relevant architectural and phenological phenotypes.
This approach also holds promise in identifying new
loci in inflorescence developmental pathways and in
analyzing the evolutionary origins, histories, and forces
that characterize these developmental genes.

The recently completed sequence of A. thaliana pro-
vides a physical map of the highest resolution (ARABI-
DOPSIS GENOME INITIATIVE 2000) and permits us to scan
chromosomal regions identified as harboring QTL and
to isolate putative positional candidate loci. On the basis
of the QTL analyses, we examined three genomic re-
gions in closer detail: (i) the top of chromosome 1 and
(ii) the top and (iii) bottom of chromosome 5. These
three regions contain QTL for more than one inflores-
cence development trait (see Figure 2). The region on
the top of chromosome 1 is centered at the ~5-cM map
position, is delineated by markers ve001 and SNP308,
and encompasses 10.2 cM. This region harbors QTL
for four inflorescence development traits: bolting time,
length of the reproductive phase, number of rosette
leaves at bolting, and number of axillary fruits. Although
representing <2% of the total Arabidopsis genetic map
length, this genomic region is 3.32 Mb in length and
contains 722 genes. The chromosomal region at the top
of chromosome 5 is centered at map position ~21 cM
and flanked by markers mi97 and cor6.6. This region is
11.81 cM long (~2.1% of the genetic map length) and
harbors QTL for four traits: bolting time, number of
rosette leaves at bolting, nonelongated secondary meri-
stems, and number of secondary inflorescence meri-
stems. This region contains 3.56 Mb and 783 genes. The
final region of interest is at the bottom of chromosome
5 centered on map position 127 ¢cM. This genomic re-
gion is flanked by marker ve023 and extends to marker
BI0205 at the tip of chromosome 5. This region contains
QTL for three traits, including bolting time, time to
maturity of main axis, and nonelongated secondary
meristems. This region is ~13.07 ctM (~2.3% of the
genetic map length), encompasses a physical distance
of 1.35 Mb, and contains 375 genes.

Several genes in these regions are known from previ-
ous genetic studies to be components of the inflores-
cence developmental pathway. For example, the region
delimited at the top of chromosome 1 harbors CRY2,
which encodes a blue light receptor protein (Guo et al.
1999) and has been shown to affect flowering time in
Arabidopsis (Guo et al. 1998); AXRI, which encodes a
protein with similarity to the ubiquitin-activating en-
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
strong similarity to Zea DWARI3, which encodes a cyto-
chrome P450-like enzyme involved in an early step in
the GA synthesis pathway (WINKLER and HELENTJARTIS
1995; HELLIWELL et al. 2001). Mutations at AXRI and
AXR3 affect auxin signaling and result in increased in-
florescence branching in Arabidopsis. The region de-

limited at the top of chromosome 5 harbors flowering-
time genes CONSTANS (PUTTERILL et al. 1995) and FLC
(M1cHAELS and AMASINO 1999), both of which are tran-
scription factors. The region delimited at the bottom of
chromosome 5 harbors four genes closely related to FLC
that are found as tandem duplicates within a 30-kb region
(RATCLIFFE et al. 2001) and a gene in the auxin biosyn-
thetic pathway that encodes ACC synthase.

Collectively, these genes represent plausible candidates
that can be pursued through finer-scale mapping efforts
and/or complementation tests. It cannot be overempha-
sized, however, that these remain candidates until defini-
tively shown to be causally associated with naturally oc-
curring variation in the observed phenotypes. Indeed, the
three chromosomal regions we have focused on (the top
of chromosome 1 and the top and bottom of chromosome
5) together contain nearly 1900 discrete genes which, by
definition, all hold candidate gene status. More than one-
third of these are novel genes of no known function.
The previously identified genes described above represent
<1% of the total number of genes in these regions.

Resolving a QTL to a single gene remains a formidable
task. The genetic tools available in Arabidopsis, however,
including the whole genome sequence map, high number
of molecular (including single nucleotide polymorphism)
markers, availability of mutant lines, and ease of generat-
ing T-DNA knockout insertion lines, will undoubtedly fa-
cilitate the process. Once QTL can be resolved to a reason-
able list of defined candidate genes, quantitative
complementation tests (LONG et al. 1996; MACKAY and
Fry 1996; Mackay 2001) can be used to define actual
genes underlying variation in these traits, providing that
suitable mutations in these loci exist and are available in
the appropriate genetic backgrounds. Moreover, because
Arabidopsis can be readily grown in field conditions, inves-
tigators can combine high-resolution genetic information
and molecular population genetic analyses with ecological
field studies and approach questions about the molecular
evolutionary ecology of developmental phenotypes from
differing perspectives. The difficulties of these challenges
will be offset by the rich genetic information and resulting
understanding of naturally occurring variation in develop-
ment in this model plant species.

The authors thank Johanna Schmitt, Cynthia Weinig, Lisa Dorn, and
Carlos Alonso-Blanco for stimulating discussions; and the NCSU South-
eastern Plant Environmental Laboratory for use of growth space. This
work was supported in part by a National Science Foundation Integrative

Research Challenges in Environmental Biology grant to M.D.P., T.F.C.M.,
and Johanna Schmitt.

LITERATURE CITED

Aronso-Branco, C., and M. KOOrRNNEEF, 2000 Naturally occurring
variation in Arabidopsis: an underexploited resource for plant genet-
ics. Trends Plant Sci. 5: 22-29.

Avronso-Branco, C., A. J. M. PEeTERS, M. KOORNNEEF, C. LISTER, C.
DEAN et al., 1998a  Development of an AFLP based linkage map
of Ler, Col and Cvi Arabidopsis thaliana ecotypes and construction of
a Ler/Cvi recombinant inbred line population. Plant J. 14: 259-271.



1150 M. C. Ungerer et al.

ALoONsO-BrLanco, C., S. E.-D. E1-AssAL, G. CouPLAND and M. KOORNNEEF,
1998b  Analysis of natural allelic variation at flowering time loci in
the Landsberg erecta and Cape Verde Islands ecotypes of Arabidopsis
thaliana. Genetics 149: 749-764.

ARABIDOPSIS GENOME INITIATIVE, 2000 Analysis of the genome se-
quence of the flowering plant Arabidopsis thaliana. Nature 408: 796—
815.

BasTeN, C. ], B. S. WEIR and Z-B. ZENG, 1994 Zmap—a QTL cartogra-
pher, pp. 66—66 in Proceedings of the 5th World Congress on Genetics
Applied to Livestock Production: Computing Strategies and Software, Vol.
22, edited by C. SmiTh, J. S. GAVORA, B. BENKEL, . CHESNATS, W.
FAR¥ULL ef al. The Organizing Committee, 5th World Congress
on Genetics Applied to Livestock Production, Guelph, Ontario,
Canada.

BasteN, C. J.,, B. S. WEIR and Z-B. ZenG, 1999 QTL Cartographer
(Version 1.13). Department of Statistics, North Carolina State Uni-
versity, Raleigh, NC.

BrazQuEez, M., R. GREEN, O. NiLssoN, M. R. SussMaN and D. WEIGEL,
1998  Giberellins promote flowering of Arabidopsis by activating the
LEAFY promoter. Plant Cell 10: 791-800.

BowMman, J. L., 1994 Avabidopsis: An Atlas of Morphology and Development.
Springer-Verlag, New York.

BowwMmaN, J. L., J. ALvarez, D. WEIGEL, E. M. MEYEROWITZ and D. R.
SMyTH, 1993  Genetic control of flower development in Arabidopsis
thaliana by APETALAI and interacting genes. Development 119:
721-743.

BrADLEY, D., O. RaTCLIFFE, C. VINCENT, R. CARPENTER and E. COEN,
1997 Inflorescence commitment and architecture in Arabidopsis.
Science 275: 80-83.

CHURCHILL, G. A., and R. W. DOERGE, 1994  Empirical threshold values
for quantitative trait mapping. Genetics 138: 963-971.

CLARKE, J. H., and C. DraN, 1994 Mapping FR/, a locus controlling
flowering time and vernalization response in Arabidopsis thaliana.
Mol. Gen. Genet. 242: 81-89.

CLARKE, J. H., R. MITHEN, J. K. M. BROWN and C. DraN, 1995 QTL
analysis of flowering time in Arabidopsis thaliana. Mol. Gen. Genet.
248: 278-286.

CokN, E. S., and J. M. NUGENT, 1994 The evolution of flowers and
inflorescences. Development (Suppl.), 107-118.

DiGGLE, P. K., 1999  Heteroblasty and the evolution of flowering phenol-
ogies. Int. J. Plant Sci. 160 (Suppl.): 123-124.

DoEeRrRGE, R. W., and G. A. CHURCHILL, 1996 Permutation tests for
multiple loci affecting a quantitative character. Genetics 142: 285—
294.

FALCONER, D. S., and T. F. C. Mackay, 1996  Introduction to Quantitative
Genelics, Ed. 4. Longman, Essex, UK.

FisaBEIN, M., and D. L. VENABLE, 1996 Evolution of inflorescence
design: theory and data. Evolution 50: 2165-2177.

Guo, H.W,, W.Y. YAaNG, T. C. MockLER and C. T. LIN, 1998 Regulation
of flowering time by Arabidopsis photoreceptors. Science 279: 1360—
1363.

Guo, H. W, H. DuoNG, N. Ma and C. T. LiN, 1999 The Arabidopsis
blue light receptor cryptochrome2 is a nuclear protein regulated
by a blue light-dependent post-transcriptional mechanism. Plant J.
19: 279-287.

HerLLiweLr, C. A., P. M. CHANDLER, A. PooLE, E. S. DExnis and W. J.
Pracock, 2001 The CTP88A cytochrome P450, ent-kaurenoic acid
oxidase, catalyzes three steps of the giberellin biosynthetic pathway.
Proc. Natl. Acad. Sci. USA 98: 2065-2070.

HempeL, F. D, and L. ]J. FELDMANN, 1994  Bidirectional inflorescence
development in Arabidopsis thaliana. Planta 192: 276-286.

Houtg, D., 1992 Comparing evolvability and variability of quantitative
traits. Genetics 130: 195-204.

Jansen, R. C,, J. W. Van Oorjen, P. Stam, C. LisTErR and C. DEAN,
1995 Genotype-by-environment interaction in genetic mapping of
multiple quantitative trait loci. Theor. Appl. Genet. 91: 33-37.

Jonanson, U., J. WEsT, C. LISTER, S. MICHAELS, R. AMASINO et al., 2000
Molecular analysis of FRIGIDA, a major determinant of natural
variation in Arabidopsis flowering time. Science 290: 344-347.

JUENGER, T., M. PURUGGANAN and T. F. C. MACKAY, 2000  Quantitative
trait loci for floral morphology in Arabidopsis thaliana. Genetics 156:
1379-1392.

KemPIN, S. A., B. SAVIDGE and M. F. YANOFsKY, 1995 Molecular basis
of the cauliflower phenotype in Arabidopsis. Science 267: 522-525.

KoORNNEEF, M., C. ALONSO-BLANCO, A. J. M. PEETERS and W. SOPPE,

1998a  Genetic control of flowering time in Arabidopsis. Annu.
Rev. Plant Physiol. Plant Mol. Biol. 49: 345-370.

KoORNNEEF, M., C. ALONSO-BLANCO, H. BLANKESTIN-DE VRIEs, C. J.
HaNHART and A. J. M. PEETERS, 1998b  Genetic interactions among
late-flowering mutants of Arabidopsis. Genetics 148: 885-892.

Kosambi, D.D.,1944 The estimation of map distances from recombina-
ton values. Ann. Eugen. 12: 172-175.

KowawLski, S. P, T-H. LaN, K. A. FELbMANN and A. H. PATERSON, 1994
QTL mapping of naturally-occurring variation in flowering time of
Arabidopsis thaliana. Mol. Gen. Genet. 245: 548-555.

Kurrtinen, H., M. J. SiLLANPAA and O. SAVOLAINEN, 1997  Genetic
basis of adaptation: flowering time in Arabidopsis thaliana. Theor.
Appl. Genet. 95: 573-583.

LANDER, E. S., P. GREEN, ]J. ABRAHAMSON, A. BARLOW, M. ]J. DALY ¢ al.,
1987 MAPMAKER: an interactive computer package for con-
structing primary genetic linkage maps of experimental and natural
populations. Genomics 1: 174-181.

LEE, I, M. J. AUKERMAN, S. L. GOrEg, K. N. LonMmAN, S. D. MICHAELS e/
al., 1994  Isolation of LUMINIDEPENDENS—a gene involved in the
control of flowering time in Arabidopsis. Plant Cell 6: 75-83.

Lerps, J., and T. F. C. MAckAy, 2000  Quantitative trait loci for lifespan
in Drosophila melanogaster: interactions with genetic background and
larval density. Genetics 155: 1773-1788.

LEvy, Y. Y, and C. DEAN, 1998 The transition to flowering. Plant Cell
10: 1973-1989.

LEvsEr, H. M. O., C. A. LINcOLN, C. TimpTE, D. LAMMER, ]. TURNER et
al., 1993 Arabidopsis auxin-resistance gene AXRI encodes a protein
related to the ubiquitin-activating enzyme E1. Nature 364: 161-164.

LincorN, C,, J. H. BRiTTOoN and M. ESTELLE, 1990  Growth and develop-
ment of the AXRI mutants of Arabidopsis. Plant Cell 2: 1071-1080.

LisTER, C., and C. DEAN, 1993 Recombinant inbred lines for mapping
RFLP and phenotypic markers in Arabidopsis thaliana. Plant J. 4:
745-750.

Long, A. D., S. L. MULLANEY, L. A. RED, . D. Fry, C. H. LANGLEY et
al., 1995 High resolution mapping of genetic factors affecting
abdominal bristle number in Drosophila melanogaster. Genetics 139:
1273-1291.

Long, A. D., S. L. MuLLANEYy, T. F. C. Mackay and C. H. LANGLEY,
1996 Genetic interactions between naturally occurring alleles at
quantitative trait loci and mutant alleles at candidate loci affecting
brisde number in Drosophila melanogaster. Genetics 114: 1497-1510.

LyncH, M., and B. WaLsH, 1998  Genetics and Analysis of Quantitative
Traits. Sinauer Associates, Sunderland, MA.

Mackay, T. F. C, 2001 Quantitative trait loci in Drosophila. Nat. Rev.
Genet. 2: 11-20.

Mackay, T. F. C,, and J. D. Fry, 1996  Polygenic mutation in Drosophila
melanogaster: genetic interactions between selection lines and candi-
date quantitative trait loci. Genetics 144: 671-688.

MANDEL, M. A., C. GUSTAFSON-BROWN, B. SAVIDGE and M. F. YANOFSKY,
1992 Molecular characterization of the Arabidopsis floral homeotic
gene APETALAI Nature 360: 273-277.

MicHAELS, S. D., and R. M. AmasiNno, 1999 FLOWERING LOCUS C
encodes a novel MADS domain protein that acts as a repressor of
flowering. Plant Cell 11: 949-956.

MitcHELL-OLDS, T., 1996 Genetic contraints on life-history evolution:
quantitative-trait loci influencing growth and flowering in Arabidopsis
thaliana. Evolution 50: 140-145.

MitcHELL-OLDS, T., and D. PEDERSEN, 1998 The molecular basis of
quantitative genetic variation in central and secondary metabolism
in Arabidopsis. Genetics 149: 739-747.

Napp-ZINN, K., 1969  Arabidopsis thaliana (L.) Heynh., pp. 291-304 in
The Induction of Flowering: Some Case Histories, edited by L. T. EVANS.
MacMillan, Melbourne.

Napp-ZINN, K., 1985 Arabidopsis thaliana, pp. 492-503 in Handbook of
Flowering, Vol. 1, edited by H. A. HAaLevy. CRC Press, Boca Raton,
FL.

OUuELLET, F., P. J. OVERVOORDE and A. THEOLOGIS, 2001  JAA17/AXR3:
biochemical insight into an auxin mutant phenotype. Plant Cell 13:
829-841.

PurterILL, J., F. RossoN, K. Leg, R. StmoN and G. CoupLAND, 1995
The CONSTANSgene of Arabidopsis promotes flowering and encodes
a protein showing similarities to zinc-finger transcription factors.
Cell 80: 847-857.

RIESEBERG, L. H., M. A. ARCHER and R. K. WAYNE, 1999  Transgressive
segregation, adaptation and speciation. Heredity 83: 363-372.



QTL for Arabidopsis Inflorescence Development 1151

ROBERSTON, A., 1959  The sampling variance of the genetic correlation
coefficient. Biometrics 15: 469-485.

SANDA, S., M. JouN and R. AMasINO, 1997  Analysis of flowering time
in ecotypes of Arabidopsis thaliana. J. Hered. 88: 69-72.

SAS INSTITUTE, 1988  SAS/STAT User’s Guide, Release 6.03 Edition. SAS
Institute, Cary, NC.

SAS INSTITUTE, 1999  Statview Reference Manual. SAS Institute, Cary, NC.

Scamitz, G., and K. THERES, 1999  Genetic control of branching in
Arabidopsis thaliana. Curr. Opin. Plant Biol. 2: 51-55.

ScHOEN, D. J., and M. DuBkc, 1990 The evolution of inflorescence
size and number—a gamete-packaging strategy in plants. Am. Nat.
135: 841-857.

SHANNON, S., and D. R. MEEKS-WAGNER, 1991 A mutation in the Arabi-
dopsis TFLI gene affects inflorescence meristem development. Plant
Cell 3: 877-892.

SHANNON, S., and D. R. MEEKS-WAGNER, 1993  Genetic interactions that
regulate inflorescence development in Arabidopsis. Plant Cell 5:
639-655.

SHELDON, C. C,, J. E. BURN, P. P. PEREZ, ]. METZGER, ]. A. EDWARDS et
al., 1999  The FLF MADS box gene: a repressor of flowering in
Arabidopsis regulated by vernalization and methylation. Plant Cell
11: 445-458.

SimpsoN, G. G., A. R. GENDALL and C. DrAN, 1999 When to switch to
flowering. Annu. Rev. Cell Dev. Biol. 15: 519-531.

SoxaL, R. R, and F. J. RoHLr, 1995  Biometry: The Principles and Practice
of Statistics in Biological Research, Ed. 3. W. H. Freeman and Company,
New York.

STrRATTON, D. A., 1998 Reaction norm functions and QTL-environ-
ment interactions for flowering time in Arabidopsis thaliana. Heredity
81: 144-155.

Suarez-LLoPEZ, P., K. WHEATLEY, F. RoBsoN, H. ONoucHI, F. VALVERDE
et al., 2001 CONSTANS mediates between the circadian clock and
the control of flowering time in Arabidopsis. Nature 410: 1116-1120.

Sussex, I. M., and N. M. Kerg, 2001 The evolution of plant architecture.
Curr. Opin. Plant Biol. 4: 33-37.

Swarup, K., C. ALONSO-Branco, J. R. LynN, S. D. MicHAELS, R. M.
AMASINO et al., 1999  Natural allelic variation identifies new genes
in the Arabidopsis circadian system. Plant J. 20: 67-77.

TANKSLEY, S. D., 1993 Mapping polygenes. Annu. Rev. Genet. 27: 205-
233.

TUCKER, S. C,, and J. GriMEs, 1999 The inflorescence. Bot. Rev. 65:
303-316.

WabpE, M. J., 1992 Sewall Wright: gene interaction and the shifting
balance theory. Oxf. Surv. Evol. Biol. 8: 35-62.

WALKER, L., and M. ESTELLE, 1998 Molecular mechanisms of auxin
action. Curr. Opin. Plant Biol. 1: 434—439.

WEIGEL, D, ]. ALVAREZ, D. R. SMYTH, M. F. YANOFsKY and E. M. MEYERO-
witz, 1992 LEAFY controls floral meristem identity in Arabidopsis.
Cell 69: 843-859.

WINKLER, R. G., and T. HELENTJARIS, 1995 The maize DWARF3 gene
encodes a cytochrome P450-mediated early step in giberellin biosyn-
thesis. Plant Cell 7: 1307-1317.

Yano, M.,2001  Genetic and molecular dissection of naturally occurring
variation. Curr. Opin. Plant Biol. 4: 130-135.

ZENG, 7-B., 1993 Theoretical basis of separation of multiple linked
gene effects on mapping quantitative trait loci. Proc. Natl. Acad.
Sci. USA 90: 10972-10976.

ZENG, 7-B., 1994  Precision mapping of quantitative trait loci. Genetics
136: 1457-1468.

Communicating editor: O. SAVOLAINEN






