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Although multiple environmental cues regulate the transition to flowering in Arabidopsis thaliana, previous studies
have suggested that wild A. thaliana accessions fall primarily into two classes, distinguished by their requirement for
vernalization (extended winter-like temperatures), which enables rapid flowering under long days. Much of the
difference in vernalization response is apparently due to variation at two epistatically acting loci, FRI and FLC. We
present the response of over 150 wild accessions to three different environmental variables. In long days, FLC is among
those genes whose expression is most highly correlated with flowering. In short days, FRI and FLC are less important,
although their contribution is still significant. In addition, there is considerable variation not only in vernalization
response, but also in the response to differences in day length or ambient growth temperature. The identification of
accessions that flower relatively early or late in specific environments suggests that many of the flowering-time
pathways identified by mutagenesis, such as those that respond to day length, contribute to flowering-time variation
in the wild. In contrast to differences in vernalization requirement, which are mainly mediated by FRI and FLC, it seems
that variation in these other pathways is due to allelic effects at several different loci.
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Introduction

Arabidopsis thaliana, a facultative long-day plant, occurs
throughout the northern hemisphere, and wild accessions
show extensive variation in several traits including flowering
time [1]. The major environmental factors that control
flowering time are light quantity (day length) and quality,
ambient growth temperature, and vernalization. In general,
long days, high ambient temperature, and vernalization
promote flowering, and many genes with positive and
negative roles in mediating these effects have been identified,
primarily through the analysis of laboratory-induced muta-
tions.

Analysis of wild accessions has shown that there are winter
annuals, in which flowering is strongly delayed unless plants
are vernalized, as well as rapidly cycling strains [2,3]. A major
factor that prevents A. thaliana from flowering rapidly without
vernalization is FRI (FRIGIDA) [4]. FRI delays flowering by
maintaining high expression levels of FLC (FLOWERING
LOCUS (), which encodes a MADS domain protein that
represses flowering [5-7]. The widely used laboratory strains
Landsberg erecta (Ler) and Columbia (Col-0) lack FRI activity
because of deletions at the FRI locus. These two deletions are
found in many other rapid-cycling accessions, indicating that
FRI is a major determinant of natural variation in flowering
time [4]. In addition, less commonly occurring deletions and
point mutations in FRI have been reported [8-10]. Apart
from loss of FRI function, attenuation of FLC activity
provides an alternative mechanism to achieve rapid-cycling
behavior in wild strains [8,11].

Natural variation in the flowering responses to other
environmental variables has not been studied in as much
detail as the vernalization response has been analyzed. A
naturally occurring deletion in FLM, which causes early
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flowering in both long and short days [12], has so far only
been found in accessions from Niederzenz [13]. Similarly, the
EDI (EARLY DAY-LENGTH INSENSITIVE) allele of the photo-
receptor CRY2 (CRYPTOCHROME 2) causes early flowering
under short days, but appears to be restricted to accessions
from the Cape Verde Islands [14]. It has been proposed that
other CRY2 alleles affect flowering in a wide range of
accessions, but experimental data supporting this suggestion
are still lacking [15].

Despite the immense interest in exploiting natural varia-
tion to identify A. thaliana genes controlling flowering time,
large studies that simultaneously compare the responses of
wild accessions to different environments have been lacking.
In three previous reports, summary statistics for short and
long days, along with flowering times for about 70 strains in
common garden experiments, were published [10,15,16]. In
these 70 strains, FRI and FLC significantly delayed flowering
only in long days. Here, we present detailed data on the
flowering responses of over 150 wild strains along with several
mutants under four different conditions. We report sub-
stantial variation in pathways other than those affected by

Received January 20, 2005; Accepted April 21, 2005; Published July 25, 2005
DOI: 10.1371/journal.pgen.0010006

Copyright: © 2005 Lempe et al. This is an open-access article distributed under the
terms of the Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the original work is
properly cited.

Abbreviations: Col-0, Columbia; DTF, days to flowering; TLN; total leaf number; Ler,
Landsberg erecta; 16LD, 16 °C long days; 16LDV, 16 °C long days after 5 wk
vernalization; 23LD, 23 °C long days; 23SD, 23 °C short days

Editor: John Doebley, University of Wisconsin, United States of America
*To whom correspondence should be addressed. E-mail: weigel@weigelworld.org

@These authors contributed equally to this work.

July 2005 | Volume 1 | Issue 1 | e6



Synopsis

Flowering is a quintessential adaptive trait in plants: Its correct
timing ensures, for example, that plants do not produce seeds when
they will not find favorable conditions for dispersal or germination.
Befitting its importance, flowering is affected by several different
environmental variables. The authors have compared the flowering
times of over 150 Arabidopsis thaliana wild strains in response to
three environmental factors: ambient growth temperature, day
length, and vernalization (extended winter-like temperatures).
Genetic and molecular analyses confirmed the important role of
the previously identified FRI and FLC genes in flowering time.
Genome-wide expression studies showed that FLC is among the
genes whose expression is most highly correlated with flowering.
Their studies, however, also revealed that the impact of FRI and FLC
depends not only on vernalization treatment, which leads to
repression of FRI and FLC activity, but also on day length. Within
the groups of relatively early- and late-flowering strains, they find
several unique responses, suggesting that many of the signaling
pathways identified in mutant studies of laboratory strains are also
being used to generate flowering diversity in the wild.

vernalization, including the pathway that mediates responses
to ambient temperature, which so far has not been studied in
a range of natural accessions.

Results/Discussion

Extensive Variation in Flowering Responses of A. thaliana
Accessions

We analyzed flowering time in a random set of accessions
of single-seed descent, reflecting much of the geographic
diversity represented in the European Arabidopsis Stock
Centre (http://www.arabidopsis.info) at the time (Dataset S1;
Table S1; Figure S1). We measured several traits, including
days to flowering (DTF) and total leaf number (TLN), which
were highly correlated under different conditions *=0.6 to
0.9), with environment-dependent variation in growth rate
found in only a few accessions. Heritability of TLN was higher
than that of DTF (Table S2). We studied the effects of
vernalization, ambient growth temperature, and photoper-
iod, using four different environments: 23 °C long days
(23LD), 16 °C long days (16LD), 16 °C long days after 5 wk
vernalization (16LDV), and 23 °C short days (23SD). DTF and
TLN data from 155 wild strains, along with the common
laboratory strains Col-0 and Ler and 32 flowering time
mutants in Col-0 or Ler backgrounds, passed our quality
controls in at least two conditions. A complete dataset across
all environments was obtained from 177 strains.

In general, the distribution of flowering times reflected the
action of genetic pathways known from the analysis of
laboratory strains (Figure 1). In these, both long days and
elevated temperatures accelerate flowering, and the wild
accessions flowered on average earlier in 23LD compared to
23SD and 16LD. Similarly, a large tail of late-flowering
accessions seen in 16LD largely disappeared upon vernal-
ization. In contrast to the prominent peak of early-flowering
accessions observed in 23LD (Figure 1A), flowering time in
23SD was more evenly distributed (Figure 1D).

Having found substantial variation in the flowering time of
accessions, we asked how similar the accessions were in their
responses to environmental cues. The degree of genetic
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correlation between different environments indicated that
the largest differences were in the response to vernalization,
and the smallest in the response to ambient temperature
(Table 1). Genotype-by-environment interactions accounted
for 27% of flowering-time variation in response to vernal-
ization (16LDV vs. 16LD); 9% in response to photoperiod
(23LD vs. 23SD); and 3% in response to ambient temperature
(23LD vs. 16LD), all of which were significant at p < 0.0001.
The variation in sensitivity to different environmental factors
was obvious when flowering times were regressed on the
environmental mean (Figure 2) [17]. Accessions also differed
extensively in other traits related to flowering, such as
juvenile, adult, and cauline leaf number, indicating further
differences in developmental physiology (see Table S1).
Taken together, these results demonstrate that there is
extensive variation in the responses of accessions to several
environmental cues.

Co-variation between environmental factors and a partic-
ular trait can be evidence for selection. Environmental
factors such as light and temperature, in turn, are strongly
correlated with latitude, and latitudinal clines for different
phenotypes are not uncommon [18]. Previously, a strong
correlation between flowering time and latitude was demon-
strated for accessions that were sown in fall and overwintered
in a common garden in Rhode Island. Among strains with
apparently functional FRIIFLC (see below), this correlation
was particularly high (r?=0.38, n=21) [10].

In our set of accessions, we found the strongest correlation
between latitude and flowering (TLN) in 16LDV (Figure 3A;
rZ= 0.18, p < 0.0001), suggesting that the latitude correlation
in the aforementioned common garden experiment is
dependent on vernalization during natural winter conditions.
This correlation is even higher in the group of accessions that
was shared between our study and that of Stinchcombe and
colleagues [10], namely r2= 0.38, n=9. Thus, the differences
in the strength of the latitudinal cline that we and
Stinchcombe and colleagues [10] observed might be due to
different sampling biases.

Consistent with flowering time being correlated with the
magnitude of the vernalization response, there is also a
significant latitudinal cline in the vernalization sensitivity of
accessions (Figure 3B; r? =012, p < 0.0001). Because there
was very little correlation between latitude and longitude for
the origin of strains (r* = 0.085), we did not include longitude
as a covariant in our analyses. Although population structure
may be a confounding factor in evaluating latitudinal clines,
this concern is somewhat mitigated by the relatively small
amount of population structure in A. thaliana [19,20].

The Contribution of FLC Activity to Flowering-Time
Variation

In both laboratory-induced mutant strains and natural
accessions, there is broad correlation of FLC expression
levels, as determined by RNA blots, and flowering time, such
that plants flower late when FLC levels are high and early
when FLC levels are low [5,6,8,11,21]. However, a recent study
of 17 accessions revealed also considerable variation in FLC
expression among late-flowering accessions [22]. To evaluate
more precisely the relationship between absolute FLC levels
and quantitative variation in flowering time, we analyzed FLC
expression by qRT-PCR in 149 accessions grown at 23LD
(Figure 4A). Across all strains, variation in FLC levels

July 2005 | Volume 1 | Issue 1 | e6



Flowering Time Variation in A. thaliana

A B C D E
70 70 70 70 1909
60 - 60 - 60 60 el
50 50 50 50
=
md
gao— gaa— £ 40 - gao— =
g 1 g a0 g a0 E'ao F
b b b & 40
20 | 20 - 20 - 20
10 10 10 10 dﬁﬁﬁ 20 1 ﬁ iD
o L 0 - —— 0 - o = - g

0 20 40 60 B0 100120 0 20 40 60 B0 100 120

TLN23 “CLD TLN 18 “CLD

Figure 1. Distribution of Flowering Times among Wild Accessions
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(A-D) Distribution of flowering times expressed as TLN in23LD, 16LD, 16LDV, and 23SD. White and black bars represent accessions with and without
Col- or Ler-type deletions in FRI, respectively. Gray bars indicate strains subsequently identified to have defects in FRI or FLC.
(E) Mean flowering times of putatively FRI/FLC functional (black bars) and nonfunctional (white bars) accessions in four environments.

DOI: 10.1371/journal.pgen.0010006.g001

accounted for 42% and 40% of TLN and DTF variation (?),
respectively (p < 0.0001). As expected, this is largely due to
FLC mediating the vernalization response, which can be
calculated as the relative reduction in TLN or DTF when
16LDV and 16LD are compared. The correlation of FLC
expression level with vernalization response using TLN and
DTF is 47% and 52 %, respectively.

In other members of the Brassicaceae family, loci control-
ling flowering time co-localize with FLC orthologs [23], but
the relationship between expression of different FLC paralogs
and flowering time appears to be more complex than in A.
thaliana [24,25]. Furthermore, FLC expression in Brassica
oleracea var. capitata shows differential responses to vernal-
ization, depending on the tissue examined [26].

To determine whether the substantial correlation between
FLC expression levels and flowering time across 149 A.
thaliana accessions was unusual compared to other genes
known to control flowering, or even to the remainder of the
transcriptome in general, we examined Affymetrix ATHI
array data for 34 accessions, which had been generated as
part of the AtGenExpress project (Table S3). The correlation
of FLC with TLN and DTF at 23LD that we obtained using
array analyses was 37% and 42%, respectively, which is quite
similar to the 42% and 40% estimated from qRT-PCR
analyses. We found that, among a set of 68 floral regulators,
FLC was the one most highly associated with either TLN or
DTF (Figure 4B; Table S4). In addition, when examining other
conditions, we found none of the other floral regulators were
as highly correlated with flowering time as FLC was for 23LD.

When we considered all genes represented on the ATHI1
array, we found FLC to be among the ten most highly
correlated genes at 23LD (both positively and negatively

Table 1. Genetic Correlation across Environments

Environment 16LD 23LD 16LDV

23LD 0.93 (0.90-0.94) — —

16LDV 0.47 (0.33-0.68) 0.31 (0.15-0.69) -

23SD 0.78 (0.71-0.84) 0.72 (0.63-0.80) 0.38 (0.23-0.67)

95% confidence intervals in parentheses.
DOI: 10.1371/journal.pgen.0010006.t001
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correlated) (Figure 4C). This was true regardless of whether
expression was regressed linearly or logarithmically onto
flowering time, and whether Pearson or Spearman rank
correlation was calculated. With respect to DTF, FLC levels
were considerably more correlated with this trait than
expression levels of any other gene. We determined signifi-
cance by permutation analysis, and found that FLC was the
only gene significantly correlated with DTF at a p < 0.05 level
under both Pearson and Spearman rank correlation. The
prominence of FLC, whose levels are highly correlated with
vernalization response, may reflect the fact that this response
is the most important variable affecting flowering time in A.
thaliana accessions. We note, however, that the analysis was
biased, because we analyzed young seedlings, a stage in which
FLC levels are particularly high.

There was a general association of low FLC levels with the
Col- and Ler-type deletions in FRI and early flowering, but
this relationship was not absolute. Several exceptions to this
rule are explained by other nonfunctional FRI alleles or
variation in FLC itself, as shown by a combination of genetic
and molecular analyses (Table 2; Figure 5; Figure S2). Several
of the early accessions have missense mutations in FRI that
are different from those described before [8,9], whereas one
nonfunctional FRI allele has extensive polymorphisms (Fig-
ure H5A). Because the effects of FRI on flowering time are
entirely dependent on FLC [7], we were also curious whether
there are any molecular effects of FRI in the absence of FLC.
To this end, we compared the global expression profile at the
shoot apex in response to floral induction by long days
between FRI flc-3 and fri-Col flc-3 plants, similar to a design
used before [27]. We detected no significant differences
between the two genotypes (data not shown), confirming that
FRI function absolutely requires FLC activity.

Although null alleles of FRI are easily found in natural
accessions [4,9], only transposon insertions with reduced
expression level of a wild-type transcript have been described
for FLC [6,8,11,16], which has led to the proposal that null
alleles of FLC have reduced fitness in the wild [3]. However,
we discovered three natural FLC alleles with severely affected
protein function (Figure 5B). At least one of the very early
accessions, LI-2, likely carries a null allele, because transgenic
overexpression of the LI-2 FLC cDNA, which lacks exons 2 to
6, in an flc-3 background has no effect on flowering (not
shown). These findings demonstrate that FLC alleles with
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Figure 2. Environmental Responses Plotted against TLN

Environmental responses were calculated from regression of TLN onto
environmental means. (A) 23LD vs. 16LD; (B) 16LD vs. 16LDV; (C) 23LD vs.
23 SD; 95% of all values are between the gray dotted lines. The means
are not centered because the responses are not normally distributed.
DOI: 10.1371/journal.pgen.0010006.9002

severely compromised protein function can be recovered
from wild populations. We also found several new transposon
insertions in the first intron of FLC (Figure 5C).

Variation in Responses to Photoperiod and Ambient
Temperature

In total, our collection of 155 strains included 67 strains
that carry either the common Col- or Ler-type lesions in FRI,
and at least 23 accessions with alternative FRI/FLC lesions. A
two-way analysis of variance (ANOVA) model showed that
FRI and FLC can account for 63% of variation in 23LD TLN.
In contrast, FRI and FLC accounted for only 23% variation in
238D, consistent with this pathway being most important
when other floral inductive stimuli are strong, as in long days.
Nevertheless, our finding that FRI and FLC significantly affect
flowering in short days in a large set of wild strains is at
variance with previous surveys that did not find a significant
effect of FRI [10,16]. Twenty-four wild strains are in common
between the previous studies and our study. A comparison of
flowering times indicates limited correlation in these 24
strains (2 =0.55 for long days, 0.35 for short days). Consistent
with the differences in observed flowering time, FRI and FLC
are significant factors in our long day and short day
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Correlation of latitude with (A) flowering time, (B) and vernalization
sensitivity (expressed as the regression coefficient of TLN on 16LD and
16LDV grand means). Both accessions with putatively functional alleles
(black dots) and nonfunctional alleles (grey dots) at FRI/FLC are shown.
Regression line with only FRI/FLC functional accessions (black line) and
with all accessions (grey line) is shown separately. FRI/FLC functional
accessions are indicated by black dots, FRI/FLC nonfunctional accessions
by hollow circles. The correlation of flowering in FRI/FLC functional
accessions with latitude (black line; r? = 0.18) is higher than of all
accessions (grey line; r?=0.13).

DOI: 10.1371/journal.pgen.0010006.g003

conditions in this set of 24 strains, indicating that these
discrepancies are not due to sampling bias, but different
experimental conditions. Our results are consistent with
earlier studies using FRI/FLC introgressed laboratory strains,
which also displayed late flowering in short days [28,29]. In
addition, we did not limit our assessment of FRI and FLC
activity to genotyping of major, previously known alleles.

It has been suggested that a disadvantage of growth
chamber experiments compared to common garden experi-
ments is an increased contribution of random environmental
variation, which may obscure ecologically relevant responses
[10,30]. We believe that we have been able to limit random
environmental variation with very accurate growth facilities
along with a completely randomized experimental design (see
Materials and Methods).

Consistent with FRI and FLC mediating most of the
vernalization response, there is no significant difference
between groups with and without FRIIFLC activity in 16LDV,
suggesting that our vernalization treatment is largely
saturating (see Figure 1E). However, although vernalization
strongly reduces late flowering, it does not abolish variation
in flowering time, which still varies more than 4-fold (see
Figure 1C).
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One of our long-term goals is to identify genes and
pathways that contribute to vernalization-independent var-
iation in flowering time of natural accessions. To identify
candidate accessions with interesting variation in flowering
responses, we applied hierarchical clustering, which has been
used before to group accessions according to light sensitivity
during seedling development [31] (Figures 6A-6C, S3-S5).
Potentially interesting accessions were also identified as those
having large residuals when comparing contrasting condi-
tions, such as 23LD versus 16LD, 23LD versus 23SD, and 16L.D
versus 16LDV. These specific comparisons yielded similar
results to hierarchical clustering (Figure 6D-6G).

To associate accessions with variation in specific genetic
pathways, the cluster analysis included a large number of
known flowering-time mutants. The first major distinction was
between accessions that flowered either relatively early or late
in long days, with the first group comprising accessions that

carry lesions at FRI or FLC. The second cluster consisted of
late-flowering, vernalization-responsive accessions along with
strains that behaved similarly to very late-flowering photo-
periodic mutants such as constans (co) or gigantea (gi) [32,33].
Because all the mutants we examined had been isolated from
backgrounds that lacked FRI function, we independently
clustered rapid-cycling accessions with laboratory-induced
mutants (see Figure S4), which resulted in several major
groups, two of which were similar to photoperiodic mutants in
that there was relatively little difference in flowering under
long and short days. One was relatively late in long days
(Figure 6F), whereas the other was relatively early in short days
(Figure 6G). Another group behaved similarly to autonomous
pathway mutants and included accessions that were rather late
in 16LD and 23LD, but not in 23SD (Figure 6B).

We looked specifically for variation among putatively FRI/
FLC functional accessions, by clustering them together with

Table 2. Accessions with Compromised FRI or FLC Activity

Accession? FRI Sequence FRI Complementation FLC First Intron FLC cDNA FLC Complementation
Ang-1 Stop No n/d n/d Yes
Bd-0 No change Yes ~ 4-kb insertion 3’ No change No
BG1 Stop No n/d n/d Yes
BG4 Stop n/d n/d n/d n/d
BG6 Stop n/d n/d n/d n/d
BG9 Stop No n/d n/d Yes
Cen-0 No change Yes no change Deletion/frame shift No
Gr-3 No change Yes ~ 4-kb insertion 3’ no change No
HR5 Stop n/d n/d n/d n/d
HR15 Stop n/d n/d n/d n/d
JI-1 Ext variation No ~ 4-kb insertion 3’ No change No
Kin-0 No change No ~ 1-kb insertion 5’ No change No
Lip-0 No change Yes no change No change No
LI-2 No change Yes no change Deletion/frame shift No
M7884S Stop n/d n/d n/d n/d
Pog-0 Stop No n/d n/d Yes
Ri-0 Stop No n/d n/d Yes
Rsch-0 No change Yes no change No change No
Stw-0 No change n/d ~ 4-kb insertion 3’ n/d n/d
Cal-0® n/d n/d n/d Frame shift n/d

“The first 19 accessions (all but the last) were analyzed because of early flowering.

The new FLC allele in this strain was found during FLC RT-PCR analyses of all strains.

n/d, no data.

DOI: 10.1371/journal.pgen.0010006.t002
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(A) Diagrams of FRI alleles. Exons are represented by boxes, introns by
lines. Black lines indicate nonsynonymous changes, gray lines synon-
ymous changes as well as polymorphisms in the non-coding region
compared to the reference sequence of H51 [4]. Insertions and deletions
(indels) are designated by triangles, numbers indicate size in base pairs
(bp). Premature stop codons are caused by a 1-bp insertion in Ang-1,
single bp polymorphisms in BG1 and Ri-0, or a deletion and inversion
(gray box) in Pog-0. Note extensive polymorphisms in JI-1. BG4, BG6,
BG9, and HR5 were only partially sequenced.

(B) Changes in FLC transcripts in three accessions. Dotted lines indicate
exons that are missing in part or completely. These deletions cause frame
shifts and thus altered amino acid sequences (grey boxes). Premature
stop codons are indicated. The reasons for the aberrant transcript
processing in LI-2 are not known. In Cen-0, an alternative splice acceptor
site in the last exon is used, leading to a deletion of exon sequences and
a frame shift, whereas in Cal-0 an alternative splice acceptor site in the
last intron is used, which adds additional sequences and also causes a
frame shift of sequences of the last exon.

(C) Large insertions in the first intron of FLC in several accessions.

DOI: 10.1371/journal.pgen.0010006.g005

some of the accessions that we had identified as lacking FRI/
FLC activity. This resulted in three major groups, which differ
in their vernalization sensitivity (Figure S5). Several acces-
sions from lower latitudes were found in a class that becomes
particularly early after vernalization (Figure S5). This
observation, although consistent both with our observation
of a latitudinal cline in vernalization sensitivity (Figure 5B)
and with earlier findings [10], does not imply that FRI

@ PLoS Genetics | www.plosgenetics.org
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promotes flowering after vernalization, but rather may reflect
that other mechanisms, which otherwise delay flowering, are
dispensable in this cluster of accessions.

As a first step toward identifying the genetic mechanisms
underlying the newly identified flowering behaviors, we
examined Fo populations from crosses of Ei-6 and Fr-2, two
strains that flower relatively early in 23SD, to the reference
strain Col-0. In both cases, the earliness appeared to be
recessive compared to Col-0 (Figure 7A). Consistent with the
recessive nature of earliness, neither strain carries the
naturally occurring, dominantly acting EDI allele of CRY2,
which can cause early flowering in short days accession [14]. In
addition, when we crossed Ei-6 and Fr-2 to each other, the F;
hybrids were later than either parent, indicating that earliness
in short days has a different genetic basis in these strains
(Figure 7A). The Fy progeny from a cross of Fr-2 to Col-0
included a distinct early class, suggesting that early flowering
is due to variation at a major locus (Figure 7B). In contrast, in
the Fi-6 X Col-0 cross, continuous variation can be seen,
indicating the involvement of multiple loci (Figure 7C).

Conclusions

We provide an extensive dataset on flowering-time
associated traits in a large number of A. thaliana accessions
across multiple environments, which forms a valuable
resource for both experimental and population genetic
studies. We have tested the response to three major environ-
mental variables affecting flowering time: photoperiod,
vernalization, as well as ambient growth temperature, whose
effects had not been studied before in natural strains.
Although our data confirm that FRI and FLC are indeed
major factors regulating the rapid-cycling or winter-annual
habit, loss of FRI and FLC function cannot explain all of the
variation observed. Some of the remaining variation may be
due to more subtle differences in the activity of the
vernalization pathway.

Although there is less variation in the ambient temper-
ature response compared to vernalization and photoperiod,
we could identify accessions that responded more strongly or
more weakly to temperature than the majority of accessions
(see Figure 6C and 6D). The identification of accessions that
flower relatively early or late in specific environments
suggests that many of the flowering-time pathways identified
by mutagenesis, such as those that respond to photoperiod or
temperature, participate in generating flowering-time varia-
tion in the wild. In contrast to variation in vernalization
requirement, which appears to be largely due to FRI and FLC,
it seems that variation in these other pathways is due to
allelic effects at several different loci, a conclusion that is
supported by a growing number of other studies [13,14,22].
The hypothesis of a complex genetic basis of non-vernal-
ization variation is further supported by the finding that, in
contrast to vernalization response, none of the known
flowering-time regulators are particularly highly correlated
with photoperiod or temperature response. It will be
interesting to learn which genes control variation in these
other pathways.

Materials and Methods

Stocks. Accessions were obtained from the Nottingham Arabidop-
sis Stock Centre (http://www.arabidopsis.info). Strains with different
combinations of FRI and FLC alleles have been described [6,7,28].
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Figure 6. Variation in Responses to Environmental Cues Other than Vernalization

(A-C) Hierarchical clustering identifies groups with different flowering behaviors (see Figure S3 for entire cluster diagram). Green and red indicate earlier
and later flowering than the mean, respectively. Gray indicates missing data. Conditions are, from left to right: 16LD, 23LD, 16LDV, 23SD; with six
columns each (DTF, juvenile rosette leaf number, adult rosette leaf number, rosette leaf number, cauline leaf number, TLN).

(A) Accessions that cluster with photoperiodic mutants.
B) Accessions that cluster with mutants of the autonomous pathway.
C) Accessions that flower late in 16LD.

D) Accessions that are temperature-insensitive and not delayed in 16LD (black) compared to 23LD (white bars).
E) Accessions that do not respond to vernalization and flower similarly in 16LD (black) and 16LDV (white).

(
(
(D-G) Comparison of specific accessions with laboratory strains Col-0 and Ler.
(
(
(

F) Accessions that flower late in long days (23LD, black), but not short days (23SD, white). For comparison, the photoperiodic co-1 mutant is included.
(G) Accessions that flower early in short days (23SD, white) compared to long days (23LD, black).

DOI: 10.1371/journal.pgen.0010006.9006

Growth conditions. Plants were grown in controlled growth rooms
with a temperature variability of about plus or minus 0.1 °C under a
1:1 mixture of Cool White and Gro-Lux Wide Spectrum fluorescent
lights, with a fluence rate of 125 to 175 pmol m™> s™". All light bulbs
were of the same age. Long days had 16 h of light, short days had 8 h.
Maximal humidity was 65%. Light, temperature, and humidity were
continuously monitored online and logged data were stored in a
Structured Query Language (SQL) database.

Plant culture. Seeds were stratified at 4 °C for 7 d (to minimize
variation due to differences in stratification requirements) in 0.1%

@ PLoS Genetics | www.plosgenetics.org

agarose, then planted on soil. Before vernalization, seed germination
was induced at 16 °C for 24 h. Plants were cultivated for 5 wk at 4 °C
in a vernalization room with 8 h light of about 50 pmol m™2 s,
before transfer to normal growth rooms.

Experimental design. Twelve seeds per genotype were sown in a
completely randomized design in individually numbered positions of
multiple-well flats. If more than one seed had been deposited at a
certain position, only one plant was allowed to remain after 1 wk.
Flats were watered on alternating days and rotated every time to
minimize the effects of positional light or stagnant water. Only
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Figure 7. Genetic Analysis of Two Accessions that Flower Early in 23SD
(A) Flowering time of accessions and F; progeny.

(B) A distinct class of early-flowering plants in the Fr 2 X Col-0 F, population.

(C) Continuous segregation of flowering times in Ei-6 X Col-0 F, population.

DOI: 10.1371/journal.pgen.0010006.9007

genotypes with at least four germinated plants in a given environ-
ment were included in further analysis. Typically, eight to ten plants
per genotype and condition were analyzed. For the first set of
experiments (which included mostly the vernalization-requiring
accessions), seeds from the stock center were used. For the second
set of experiments, progeny derived by single-seed descent were used.
We analyzed the efficiency of randomization by observing the total
average across shelves. There was no statistically significant variation
across the shelves.

Scoring of traits. The following traits were scored: DTF, TLN,
juvenile leaf number (JLN), adult leaf number (ALN), cauline leaf
number (CLN), and rosette leaf number (RLN). Flowering was scored
on a daily basis for first macroscopic appearance of the inflorescence.
DTF was calculated from the date of sowing. For vernalized plants,
the vernalization period was subtracted. In our conditions, plants did
not produce leaves during vernalization. Individual plants that had
flowered were removed. Flats remained in their specific conditions
throughout the entire experiment. Leaves were counted under the
microscope, and juvenility was determined by the presence of
trichomes on the abaxial side.

Quality control. As a first step of quality control, we analyzed
variation between identical genotypes that had been included in
both sets of experiments. No statistically significant variation could
be detected. Therefore, we pooled the two datasets and treated them
as a single experiment for further analysis. Some accessions
displayed unusually large variation, suggestive of segregation or
seed contamination. We therefore removed those genotypes from
the analysis.

Statistical analyses. Data were analyzed using JMP (version 5.1, SAS
Institute, Cary, North Carolina, United States), the “base” package of
R (http://lwww.R-project.org) [34], or Excel (Microsoft, Redmond,
Washington, United States). The total variance was partitioned into
between-line variance and the residuals with a one-way ANOVA using
phenotype as a response and accession as a single factor of random
effect. The variance component was estimated using a restricted
maximum likelihood method (REML). Broad-sense heritability H?
was calculated as between-line variance (V) divided by total variance.
The coefficient of genetic variation (CV) was calculated as (100 X
v VG)imean for each trait. Genetic correlations (rgg) were calculated
from covariance and variance components estimated through REML,
using those genotypes for which data across all environments were
available. The significance of each genetic correlation was deter-
mined using a t-test after Z transformation of the correlation
coefficient [35]. Genotype-by-environment interactions were tested
using a two-way ANOVA with strain and conditions as classifying
factors. Hierarchical cluster analysis was performed with Cluster 3.0
[36]. The data were normalized to the overall mean, followed by log
transformation. Noncentric, average linkage (UPGMA) clustering was
then performed using Pearson correlation. To evaluate environ-
mental sensitivity, TLN was regressed onto the environmental mean,
[log(TLNenvironmentA) - 10g(TLNen\'ironmentB)]/[log(me"ln TLNen\'ironmenlA) -
log(mean TLNnyironments)] [17].

DNA analyses. DNA was extracted using the CTAB method [27]
with minor modifications. For sequence analysis of #RI and FLC, 3.3
kb and 4.2 kb genomic fragments, respectively, were amplified using
ExTaq polymerase (TaKaRa Biomedical, Shiga, Japan). Pooled
products from four independent PCR reactions were directly
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sequenced on both strands. See Table S5 for oligonucleotide primers
used.

Expression studies. The aerial parts of plants grown on soil in
23LD for 12 d were collected at dusk and flash frozen in liquid
nitrogen. RNA was extracted using Trizol, and 1 pg of total RNA was
reverse transcribed using a Reverse Transcription kit (Invitrogen,
Carlsbad, California, United States). See Table S5 for a list of
oligonucleotide primers. PCR was performed in the presence of
SYBR Green (Invitrogen), and amplification was monitored in real
time with the Opticon Continuous Fluorescence Detection System
(MJ Research, Reno, Nevada, United States). Two biological replicates,
each with two technical replicates, were analyzed. Threshold cycles
(cT) were based on a reaction reaching a specific fluorescence
intensity in the log-linear phase of the amplification curve. AcT was
calculated as the difference in c¢T between FLC and UBQI10. PCR
efficiency was assumed to be the same and relative transcript
abundance compared to Col-0 was calculated as 9 AACT

Microarray data were generated as part of the AtGenExpress
project (http:/larabidopsis.org/info/expression/ATGenExpress.jsp) (see
Table S3). RNA isolated from the aerial parts of 4-d-old seedlings was
hybridized to Affymetrix ATHI1 arrays as described [27], and
normalized expression estimates were obtained using gcRMA (bio-
conductor.org), a modification of the robust multi-array analysis
(RMA) algorithm [37]. Microarray data have been deposited with the
ArrayExpress database (http://lwww.ebi.ac.uk/arrayexpress; experi-
ment E-TABM-18 and E-TABM-19). In addition, normalized micro-
array data are available from our website (http:/lwww.weigelworld.org/
resources/microarray).

Supporting Information
Dataset S1. Means of Flowering Time Traits in Accessions and Mutant
Strains

Data file of flowering-time-related traits in accessions and mutants.
Also available as a PDF file (Table S1).

Found at DOL 10.1371/journal.pgen.0010006.sd001 (38 KB CSV).
Figure SI.
Survey
Open circles indicate known FRIIFLC defects.

Found at DOI: 10.1371/journal.pgen.0010006.sg001 (47 KB PDF).

Geographic Distribution of Wild Strains Used in the

Figure S2. Genetic Analysis of Rapid-Cycling Accessions

Flowering times of F; progeny from crosses of accessions that do not
carry Ler- or Col-type deletions in FRI to fri-Col flc-3 (white), FRI-Sf2
fle-3 (gray), fri-Col FLC (black), and FRI-Sf2 FLC (striped).

(A) Fy progeny in which FRI causes late flowering.

(B) F; progeny in which FLC causes late flowering.

(C) F, progeny in which only simultaneous introduction of FRI and
FLC causes late flowering.

Found at DOI: 10.1371/journal.pgen.0010006.sg002 (78 KB PDF).

Figure S3. Hierarchical Cluster Analysis of All Genotypes

Columns for each condition are DTF, JLN, ALN, RLN, CLN, and TLN.
Hierarchical clustering identifies groups with different flowering
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behaviors. Green indicates earlier flowering than the mean, red later
flowering than the mean, and gray indicates missing data.
Found at DOI: 10.1371/journal.pgen.0010006.sg003 (110 KB PDF).

Figure S4. Hierarchical Clustering of Accessions Lacking Functional
FRI or FLC

(A) Accessions that are similar to Col.

(B) Accessions that are similar to Ler, with a reduced adult phase at
16LD.

(C) Accessions that are severely delayed in 16LD compared to 23LD.
(D) Accessions that cluster together with mutants of the photo-
periodic pathway. This group includes several accessions that flower
early in 23SD.

(E) Accessions that cluster with mutants of the autonomous pathway.

Found at DOI: 10.1371/journal.pgen.0010006.sg004 (950 KB PDF).

Figure S5. Hierarchical Clustering of Accessions with Functional FRI/
FLC Pathway

(Top) Accessions with moderate vernalization response.

(Middle) Accessions with extreme vernalization response. Several
accessions in this cluster originate from lower latitudes (given in
parentheses).

(Bottom) Accessions that are delayed after vernalization, possibly
indicating FRI-independent variation. Note that BG6, HR5, and Wil-
1, which lack functional FRI, cluster with this group.

Found at DOI: 10.1371/journal.pgen.0010006.sg005 (594 KB PDF).

Table S1. Means of Flowering Time Traits in Accessions and Mutant
Strains

A, B, C, etc., denote multiple stocks and repeated assays. Latitude
information was obtained from Geographic Names Information
System (US Geological Survey).

ALN, adult rosette leaf number; CLN, cauline leaf number; DTF, days
to flowering; JLN, juvenile rosette leaf number; TLN, total leaf
number.

The data are also available as a CSV file (Dataset S1).

Found at DOI: 10.1371/journal.pgen.0010006.st001 (62 KB PDF).

Table S2. Summary Statistics Based on Individual Plants
Asterisk indicates £ 95% confidence intervals (2 X SEM).
Found at DOI: 10.1371/journal.pgen.0010006.st002 (31 KB PDF).

Table S3. Key to ATH1 Array Data
Found at DOI: 10.1371/journal.pgen.0010006.5st003 (33 KB PDF).

References

1. Alonso-Blanco C, Koornneef M (2000) Naturally occurring variation in
Arabidopsis: An underexploited resource for plant genetics. Trends Plant Sci
5: 22-29.

2. Sung S, Amasino RM (2004) Vernalization and epigenetics: How plants
remember winter. Curr Opin Plant Biol 7: 4-10.

3. Koornneef M, Alonso-Blanco C, Vreugdenhil D (2004) Naturally occurring
genetic variation in Arabidopsis thaliana. Annu Rev Plant Physiol Plant Mol
Biol 55: 141-172.

4. Johanson U, West ], Lister C, Michaels S, Amasino R, et al. (2000) Molecular
analysis of FRIGIDA, a major determinant of natural variation in Arabidopsis
flowering time. Science 290: 344-347.

5. Sheldon CC, Burn JE, Perez PP, Metzger J, Edwards JA, et al. (1999) The FLF
MADS box gene: a repressor of flowering in Arabidopsis regulated by
vernalization and methylation. Plant Cell 11: 445-458.

6. Michaels SD, Amasino RM (1999) FLOWERING LOCUS C encodes a novel
MADS domain protein that acts as a repressor of flowering. Plant Cell 11:
949-956.

7. Michaels SD, Amasino RM (2001) Loss of FLOWERING LOCUS C activity
eliminates the late-flowering phenotype of FRIGIDA and autonomous
pathway mutations but not responsiveness to vernalization. Plant Cell 13:
935-941.

8. Gazzani S, Gendall AR, Lister C, Dean C (2003) Analysis of the molecular
basis of flowering time variation in Arabidopsis accessions. Plant Physiol 132:
1107-1114.

9. Le Corre V, Roux F, Reboud X (2002) DNA polymorphism at the FRIGIDA

gene in Arabidopsis thaliana: Extensive nonsynonymous variation is

consistent with local selection for flowering time. Mol Biol Evol 19: 1261-

1271.

Stinchcombe JR, Weinig C, Ungerer M, Olsen KM, Mays Cet al. (2004) A

latitudinal cline in flowering time in Arabidopsis thaliana modulated by the

flowering time gene FRIGIDA. Proc Natl Acad Sci U S A 101: 4712-4717.

10.

@ PLoS Genetics | www.plosgenetics.org 0117

Flowering Time Variation in A. thaliana

Table S4. Pearson Correlation of Known Flowering Regulators with
DTF and TLN in 23LD

Found at DOI: 10.1371/journal.pgen.0010006.5st004 (33 KB PDF).

Table S5. Oligonucleotide Primers Used

Uses: 1/3, amplification of 3.3-kb FRI genomic region; 1-13, FRI
sequence analysis; 12/13, PCR genotyping of Col-type deletion in FRI;
3/4, PCR genotyping of Ler-type deletion in FRI; 6/7, FRI qRT-PCR;
30/31 and 28/34, amplification of 4.2-kb FLC genomic region (divided
into two fragments); 14-35, FLC sequence analysis; 34/35, FLC cDNA
amplification; 36-38, PCR genotyping of Ler-type insertion in FLC;
39/40, UBQ10 qRT-PCR; 41/42, FLC qRT-PCR.

Found at DOIL 10.1371/journal.pgen.0010006.5st005 (36 KB PDF).

Accession Numbers

GenBank (http:/flwww.ncbi.nlm.nih.gov/Genbank/) accession numbers
of the new sequences discussed in this paper are AY964090-
AY964098 and AY0528-AY970557.

Acknowledgments

We thank the Nottingham Arabidopsis Stock Centre and Rick
Amasino for seed stocks; Josip Perkovic for technical assistance; Jan
Lohmann for help with microarray experiments; Norman Warth-
mann for help with programming in R; and John Stinchcombe for
providing the flowering data referred to in his Proceedings of the
National Academy of Science of the United States (2004) paper [10]. We
thank Kirsten Bomblies, Justin O. Borevitz, Joanne Chory, Richard
Clark, Vava Grbic, Yasushi Kobayashi, Julin Maloof, Norman
Warthmann, and Jonathan Werner for discussion and critical reading
of the manuscript; and two anonymous reviewers for insightful
comments. We acknowledge the use of microarray data produced in
the context of the AtGenExpress project, which is coordinated by
Lutz Nover (Frankfurt), Thomas Altmann (Potsdam), and D.W., and
supported by funds from the Deutsche Forschungsgemeinschaft
(DFG) and the Max Planck Society. Our work was also supported by a
European Molecular Biology Organization (EMBO) Long-Term
Fellowship to S.B., a National Institutes of Health (NIH) grant
(GM62932) to D.W., and by the Max Planck Society, of which D.W. is a
director.

Competing interests. The authors have declared that no competing
interests exist.

Author contributions. SB and DW conceived and designed the
experiments. JL, SB, SS, AS, and MS performed the experiments. JL,
SB, and DW analyzed the data and wrote the paper. ]

11. Michaels SD, He Y, Scortecci KC, Amasino RM (2003) Attenuation of
FLOWERING LOCUS C activity as a mechanism for the evolution of
summer-annual flowering behavior in Arabidopsis. Proc Natl Acad Sci U S A
100: 10102-10107.

12. Scortecci KC, Michaels SD, Amasino RM (2001) Identification of a MADS-
box gene, FLOWERING LOCUS M, that represses flowering. Plant ] 26: 229-
236.

13. Werner JD, Borevitz JO, Warthmann N, Trainer GT, Ecker JR, et al. (2005)
Quantitative trait locus mapping and DNA array hybridization identify an
FLM deletion as a cause for natural flowering-time variation. Proc Natl
Acad Sci U S A 102: 2460-2465.

14. El-Assal SE-D, Alonso-Blanco C, Peeters AJ, Raz V, Koornneef M (2001) A
QTL for flowering time in Arabidopsis reveals a novel allele of CRY2. Nat
Genet 29: 435-440.

15. Olsen KM, Halldorsdottir SS, Stinchcombe JR, Weinig C, Schmitt J, et al.
(2004) Linkage disequilibrium mapping of Arabidopsis CRY2 flowering time
alleles. Genetics 167: 1361-1369.

16. Caicedo AL, Stinchcombe JR, Olsen KM, Schmitt J, Purugganan MD (2004)
Epistatic interaction between Arabidopsis FRI and FLC flowering time genes
generates a latitudinal cline in a life history trait. Proc Natl Acad Sci U S A
101: 15670-15675.

17. Falconer DS, Mackay TFC (1996) Introduction to quantitative genetics, 4th
ed. Harlow (United Kingdom): Addison Wesley Longman. 463 p.

18. Endler JA (1977) Geographic variation, speciation, and the clines. Prince-
ton (New Jersey): Princeton University Press. 262 p.

19. Sharbel TF, Haubold B, Mitchell-Olds T (2000) Genetic isolation by
distance in Arabidopsis thaliana: Biogeography and postglacial colonization
of Europe. Mol Ecol 9: 2109-2118.

20. Nordborg M, Borevitz JO, Bergelson J, Berry CC, Chory ], et al. (2002) The
extent of linkage disequilibrium in Arabidopsis thaliana. Nat Genet 30: 190-
193.

21. Sheldon CC, Rouse DT, Finnegan EJ, Peacock WJ, Dennis ES (2000) The

July 2005 | Volume 1 | Issue 1 | e6



22.

23.

24,

26.

27.

28.

molecular basis of vernalization: the central role of FLOWERING LOCUS C
(FLC). Proc Natl Acad Sci U S A 97: 3753-3758.

Werner JD, Borevitz JO, Uhlenhaut NH, Ecker JR, Chory J, et al. (2005)
FRIGIDA-independent variation in flowering time of natural A. thaliana
accessions. Genetics. E-pub ahead of print. DOIL: 10.1534/genetics.
104.036889

Kole C, Quijada P, Michaels SD, Amasino RM, Osborn TC (2001) Evidence
for homology of flowering-time genes VFR2 from Brassica rapa and FLC
from Arabidopsis thaliana. Theor Appl Genet: 425-430.

Tadege M, Sheldon CC, Helliwell CA, Stoutjesdijk P, Dennis ES, et al. (2001)
Control of flowering time by FLC orthologues in Brassica napus. Plant J 28:
545-553.

. Pires JC, Zhao J, Schranz ME, Leon EJ, Quijada PA, et al. (2004) Flowering

time divergence and genomic rearrangements in resynthesized Brassica
polyploids (Brassicaceae). Biol J Linnean Soc 82: 675-688.

Lin SI, Wang JG, Poon SY, Su CL, Wang SS, et al. (2005) Differential
regulation of FLOWERING LOCUS C expression by vernalization in cabbage
and Arabidopsis. Plant Physiol 137: 1037-1048.

Schmid M, Uhlenhaut NH, Godard F, Demar M, Bressan R, et al. (2003)
Dissection of floral induction pathways using global expression analysis.
Development 130: 6001-6012.

Lee I, Bleecker A, Amasino R (1993) Analysis of naturally occurring late
flowering in Arabidopsis thaliana. Mol Gen Genet 237: 171-176.

@ PLoS Genetics | www.plosgenetics.org

0118

29.

30.

32.

33.

34.

35.

36.

Flowering Time Variation in A. thaliana

Lee I, Amasino RM (1995) Effect of vernalization, photoperiod, and light
quality on the flowering phenotype of Arabidopsis plants containing the
FRIGIDA gene. Plant Physiol 108: 157-162.
Endler JA (1986) Natural selection in the wild. In: Monographs in
Population Biology 21.: Levin SA, Horn HS, editors. Princeton (New
Jersey): Princeton University Press. 354 p.

. Maloof JN, Borevitz JO, Dabi T, Lutes J, Nehring RB, et al. (2001) Natural

variation in light sensitivity of Arabidopsis. Nat Genet 29: 441-446.
Mouradov A, Cremer F, Coupland G (2002) Control of flowering time:
Interacting pathways as a basis for diversity. Plant Cell 14: S111-130.
Simpson GG, Dean C (2002) Arabidopsis, the Rosetta stone of flowering time?
Science 296: 285-289.

Thaka R, Gentleman R (1996) R: A language for data analysis and graphics. J
Comput Graph Stat 5: 299-314.

Sokal RR, Rohlf FJ (1981) Biometry, 2nd ed. New York: WH Freeman and
Company. 859 p.

Eisen MB, Spellman PT, Brown PO, Botstein D (1998) Cluster analysis and
display of genome-wide expression patterns. Proc Natl Acad Sci U S A 95:
14863-14868.

. Irizarry RA, Bolstad BM, Collin F, Cope LM, Hobbs B, et al. (2003)

Summaries of Affymetrix GeneChip probe level data. Nucleic Acids Res 31:
elb.

July 2005 | Volume 1 | Issue 1 | e6



