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Seasonal behavior is important for fitness in temperate environ-
ments but it is unclear how progeny gain their initial seasonal
entrainment. Plants use temperature signals to measure time of
year, and changes to life histories are therefore an important
consequence of climate change. Here we show that in Arabidopsis
the current and prior temperature experience of the mother plant
is used to control germination of progeny seeds, via the activation
of the florigen Flowering Locus T (FT) in fruit tissues. We demon-
strate that maternal past and current temperature experience are
transduced to the FT locus in silique phloem. In turn, FT controls
seed dormancy through inhibition of proanthocyanidin synthesis
in fruits, resulting in altered seed coat tannin content. Our data
reveal that maternal temperature history is integrated through
FT in the fruit to generate a metabolic signal that entrains the
behavior of progeny seeds according to time of year.

seed dormancy | temperature | germination | transgenerational | seed coat

Many organisms use annual changes in temperature to
control their phenology, resulting in predictable timing of
key life history events, such as flowering, spawning, and migra-
tion (1-3). Understanding crop and ecosystem response to cli-
mate change requires knowledge of the temperature control of
key developmental transitions, but how new generations achieve
seasonal orientation is currently unclear. Seed germination is the
first step in plant life history and therefore plays a central role in
the control of plant phenology (4) and is extremely sensitive to
environmental temperature (3-5). Seed dormancy is established
during seed maturation and is imposed by control of hormone
signaling and the action of the maternal seed coat. Nearly 30 y
ago it was found that environmental signaling throughout the
whole maternal life history can affect seed dormancy control in
wild oats, and that temperature experience in the vegetative
phase before flowering affected progeny seed dormancy (6).
Here we show that this response is conserved on the model species
Arabidopsis. Our data show that fruit tissues carry a memory of
past temperature experience and that flowering pathways control
a transgenerational metabolic signal of maternal past temperature
experience, which modulates progeny dormancy according to time
of year.

To test whether past parental temperature experience affected
progeny dormancy in the model species Arabidopsis thaliana, we
grew plants until the first sign of flowering at either 22 °C or
16 °C and then placed plants side by side to set seed at 22 °C in
long days (LDs) (Fig. 14). We found that in Landsberg erecta
(Ler) lower temperature during the vegetative phase caused a
large increase in the dormancy of seeds produced later on the
plants (Fig. 14). Lower temperatures during seed set also increase
progeny dormancy (6), but we observed no effect of photoperiod
on dormancy either before or after flowering, as has been reported
previously (7, 8). Therefore, temperature signals before seed
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fertilization are remembered by the parent plant and used to
control offspring behavior.

Previously we have shown that late flowering gigantea (gi)
mutants have strongly increased seed dormancy in the Ler and
Wassilewskija (Ws) accessions (9). We found that this phenotype
was shared by constans (co) and flowering locus t (ft) mutants
(10), but not with mutants in meristem-expressed genes flowering
locus d (fd-1), or apetala 1 (ap-1), or with autonomous pathway
mutants (fca-1 and fy-1), all of which showed similar seed dor-
mancy to wild type (Fig. 1B). The lack of phenotype for the FT-
binding partner fd-1 (11) suggests that FT does not act in the
shoot apex to control seed dormancy. The role of the canonical
photoperiod-sensitive flowering time pathway in seed dormancy
inhibition was confirmed by observation of a clear epistatic
relationship between gi-3 and ft-1 (Fig. 1C). Therefore, FT has a
clear uncharacterized role in seed germination promotion, de-
spite previous reports of a role in germination repression (12).

Because FT is known to play a role in temperature responses,
and because the ft-1 mutant phenotype was similar to the effects
of low temperature applied before flowering (Fig. 14), we tested
whether mutation or overexpression of FT affected the ability of
progeny seeds to respond to temperature treatments given to the
mother plant during the vegetative phase (Fig. 1D). Seeds were
collected from plants maintained at 22 °C in LDs from first sign
of bolting, but which had had experienced either 22 °C or 16 °C
before first flowering (BFF). Whereas WT seeds showed a strong
decrease in progeny dormancy in response to prior maternal
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Fig. 1. FT controls progeny seed dormancy in response to maternal tem-
perature history. (A) Response of wild-type (Ler) progeny seeds to temper-
ature and photoperiod treatments given to the mother plants either before
fertilization (BF) or after fertilization during seed set (AF). LD, long days; SD,
short days. Figures given are temperatures in degrees Celsius. (B) Germina-
tion of late flowering mutant seeds from mother plants grown at 22 °C and
long days. (C) G/ and FT have an epistatic role in dormancy control. After-
ripening of dry-stored seeds of Ler, gi-3, ft-1, and gi-3 ft-1 double mutants.
(D) Germination of wild-type, ft-1, and 35S:FT progeny seeds from plants
that experienced either 16 °C (white bars) or 22 °C (black bars) until first
flowering, and thereafter 22 °C during flowering and seed set. (E) In the Col-0
ecotype, neither FT nor the vegetative temperature experience of the mother
plant has an effect on progeny dormancy. Germination of progeny seeds
from plants raised under the indicated temperature before fertilization of the
first flowers. (F) Reciprocal crosses demonstrate that the ft-1 low-germination
phenotype is maternally inherited. (G and H) pSUC2:NLS-FT rescues the
flowering time, but not the dormancy phenotype of ft-1 mutants, demon-
strating that flowering time itself does not affect progeny seed dormancy.
Data points shown are the mean + SE of a minimum of four biological rep-
licate seed batches for each genotype per experiment.

experience of 22 °C, this response was lacking in f¢-1. In contrast
358:FT seeds showed the opposite response and germinated at
high levels, regardless of the temperature experience of the
parent plant (Fig. 1D). Taken together, these observations reveal
that FT is necessary and sufficient for high progeny seed ger-
mination in response to experience of warmth before flowering:
loss of FT prevents germination in response to warmth, whereas
constitutive FT expression results in high germination even after
a history of cool temperatures. Reciprocal crosses showed that
seed germination responded to the maternal action of the FT
gene (Fig. 1F) and that therefore the mother plant can transduce
a temperature signal to progeny seeds. Surprisingly, these phe-
notypes were not observed in Col-0, where loss of FT had no
effect on seed dormancy, and Col-0 plants showed no ability to
remember temperature BFF (Fig. 1E). However, given that gi
alleles in Ws cause increased dormancy (13), that the response
was first described in the Poaceae, and that temperature treat-
ments applied to the mother plant affect progeny dormancy in
multiple accessions, this response is clearly very general in plants.

The normal seed dormancy of the late flowering fca-1 and fy-1
mutants (Fig. 1B) showed that changes in seed dormancy are
unlikely to be a nonspecific consequence of changing flowering
time. This finding was further confirmed using transgenic lines
overexpressing nuclear-localized FT in phloem tissue (14). These
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tether FT to the cell of synthesis and do not permit long-range
protein movement through the phloem. Unexpectedly these re-
stored early flowering to ft-I mutants, apparently contradicting an
earlier report that this construct could not rescue the f-70 mutant
phenotype (Fig. 1 G and H) (14). This likely arises because po-
sition effects permit direct expression of FT in shoot apices, thus
negating the need for long-range movement of FT to induce the
floral transition. However, these lines did not rescue the increased
seed dormancy of f#-1, showing that flowering time and dormancy
control by FT can be uncoupled, and confirming that early flow-
ering itself does not affect progeny dormancy. The high prevalence
of phenotypes consistent with position effects limited the use of
such lines in determining whether FT protein movement is nec-
essary for control of progeny seed behavior.

The fact that flowering time and seed dormancy can be
uncoupled strongly suggests that FT protein synthesized in leaves
does not affect seed germination. In addition, although photo-
period profoundly affects FT levels in leaves and vegetative
shoots, maternal photoperiod does not affect seed dormancy (Fig.
1A4). Therefore, FT synthesized in leaves does not affect progeny
dormancy. Instead, we hypothesized that FT is synthesized in
another tissue to control progeny seed behavior, and that in this
tissue FT expression should be sensitive to temperature, but not
to photoperiod. To localize the tissue in which FT transcriptional
control regulates seed dormancy, we used a 5.7-kb FTpro:GUS
reporter (15) and sought to identify tissues in which GUS ex-
pression was dependent on temperature, but not photoperiod.
FTpro:GUS expression in the phloem of silique tissues (16, 17)
was sensitive to temperature BFF (Fig. 24). In siliques, the FT
promoter was active in phloem tissue with higher temperatures
BFF resulting in higher FT expression. In contrast, no FT pro-
moter activity could be detected in seed tissues at either tem-
perature. GUS assays showed that in siliques, FTpro:GUS activity
was responsive to both prior and current temperature, demon-
strating that the FT promoter integrates past and present tem-
perature signals in fruits (Fig. S14). However, in agreement with
our physiological observations and previous studies (16, 17),
expression of FT was unaffected by daylength in fruits. Note that
the FTpro:GUS line is in the Col-0 background, which itself could
not increase progeny seed dormancy in response to temperature
BFF (Fig. 1): This shows that part of the temperature response is
still preserved in Col-0 and that this accession is deficient in
signaling downstream rather than upstream of FT. Real-time RT-
PCR confirmed that FT expression is indeed high and sensitive to
temperature BFF in siliques tissues, but absent from seeds (Fig.
2B and Fig. S1); FLOWERING LOCUS C (FLC) levels were also
altered in fruit but not seed tissues (Fig. 2B and Fig. S1). In
contrast, no effect of temperature on either CO or GI expression
was observed (Fig. S14). Because FT is expressed in fruits but
affects seed behavior, either the movement of FT itself or a
downstream consequence of FT activity must pass from fruit to
seed to control progeny germination.

FLC has previously been shown to carry an epigenetic memory
of vernalization (18) and has been shown to affect seed behavior
(12), albeit in a manner inconsistent with the phenotypes we
report here. FLC cooperates with the floral repressors FLM,
SHORT VEGETATIVE PHASE (SVP) and SUPRESSOR OF
CONSTANS 1 (SOC1) to control FT expression in response to
temperature (19-21). Therefore, we tested the seed dormancy
response of svp-3, socl-1, and a previously uncharacterized Ler
transposon insertion allele of FLC, designated flc-21 to maternal
temperature experience BFF (Fig. 2C). Analysis of flc-21 revealed
it to transcribe undetectable amounts of FLC sense mRNA (Fig.
S2), and mutant phenotyping revealed that flc-21 seed dormancy
was partly sensitive to temperature BFF (Fig. 2C): Therefore the
FLC locus can account for only a fraction of the temperature
memory regulating FT in fruits. syp-3 showed a very similar
phenotype to flc-21, with a reduced sensitivity to maternal low
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Fig. 2. Maternal temperature experience before fertilization affects FT
expression in siliques. (A) FTpro:GUSFTPRO:GUS expression in siliques from
plants subjected to either 16 °C or 22 °C in long days before first flowering
and both placed at 22 °Cin long days for reproduction. (Scale bars, 1 mm for
siliques, 50 um for seeds.) (B) FT and FLC expression in seeds and siliques
(without seeds), from plants which had experienced either 16 °C or 22 °C
before first flowering and at least 1 wk before analysis. Data represent the
mean + SE of three biological replicates. Black and white bars indicate dark
and light periods (plant were grown in long days). Asterisks denote signifi-
cant differences (P < 0.0.01). (C) The germination of flc-21, soc1-1, and svp-3
seeds from mother plants subjected to either 22 °C (red) or 16 °C (green)
before first flowering. Data points indicate mean and SE of four to eight
replicate seed batches per genotype.

temperature experience, but retaining a partial response. In con-
trast, socI-1 seed germination was similar to wild type. The lower
dormancy of flc-21 mutants contrasts with previous reports of low
dormancy in high FLC-expressing near isogenic lines (NILs) (12).

To determine the importance of past temperature and FT in
controlling gene expression in siliques, we profiled gene expres-
sion in fruit tissue only in Ler and ft-1 siliques from plants main-
tained at 22 °C and compared this expression also to Ler plants
reproducing at 22 °C but had been grown until bolting at 16 °C
(Fig. S1C). Large changes in gene expression underlined the
importance of both FT and past temperature in controlling fruit
physiology. Strikingly, there was a large overlap between changes
caused by loss of FT and changes caused by prior low-temperature
experience, suggesting a major role for FT in transducing tem-
perature signals in fruits.

Next we sought the mechanism through which maternal FT
controls progeny seed dormancy. Because seed dormancy is
controlled by hormone synthesis and perception, we measured
hormone levels in mature Ler and ft-1 mutant seeds (Fig. S3).
We found wild-type levels of the germination inhibitors
abscisic acid and 12-oxophytodienoic acid in mature ft-1 seeds,
alongside increased gibberellin GA4 and jasmonate (JA) levels.

Chen et al.

Analysis of ft-1 allene oxide synthase-2 (aos-2) double mutants
showed that JA was not necessary for the increased dormancy of
ft-1 mutants (Fig. S3). Therefore, dormancy changes in ft-/ cannot
be explained by control of seed hormone levels.

It has previously been observed that seeds of Chenopodium
album show changes in seed coat thickness in response to pho-
toperiod during seed set (22). In Arabidopsis the seed coat is
dead at maturity, but seed coat tannin biosynthesis during seed
maturation is required for normal dormancy (23), as in many
other species. Colorimetric assays showed that gi and ft mutant
seeds from mother plants grown at 22 °C had an increased con-
densed tannin content compared with wild type, and that a similar
increase in progeny seed tannin content could be obtained by
growing wild-type plants at 16 °C BFF (Fig. 34). This change in
seed coat condensed-tannin content was paralleled by decreases
in seed permeability to tetrazolium dye (Fig. 3B) showing that the
change in tannin content has biophysical consequences for the
seed and contrasting with the previously described high perme-
ability of the transparent testa (tf) mutant #4-1 (23). Therefore,
control of seed coat tannin synthesis was a candidate mechanism
for the control of progeny dormancy by maternal FT.

Synthesis of proanthocyanidins (PAs) is believed to take place
in the inner integument of the seed coat. We profiled major
phenylpropanoid pathway products using liquid chromatography
coupled to a triple quadrupole mass spectrometer via an elec-
trospray ionization triple source (24) in wild-type and ft-1 seeds
(Fig. 4 A and B). However, we could find no evidence that FT
significantly affected the levels of any soluble phenylpropanoid
products in seeds. Because FT is expressed in siliques, we also
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Fig. 3. ft-1 mutant seeds are affected in seed procyanidin content and seed
coat permeability. (A) Insoluble (solid bars) and soluble (open bars) procyanidin
content measured by acid butanol extraction and absorbance at 550 nm in WT,
ft-1, and gi-3 mutant seeds from plants that had experienced the indicated
temperature regime before flowering, but all maintained after flowering
at 22 °C. Data represent mean and SE of five biological replicate seed
batches, with the exception of gi-3, for which only three were available.
Astersisks denote significant differences (P < 0.01). (B) Tetrazolium uptake
of WT and ft seeds after 48 h from plants raised at 22 °C before fertilization
of the first ovules, compared with wild-type seeds from plants that expe-
rienced 16 °C. tt4-1 mutants are shown as positive control. All plants were
maintained at 22 °C after bolting. Pictures of three biological replicate seed
batches are shown.
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analyzed silique tissues with the seeds removed. Here we could  synthesis of PA is known to be controlled by at least three tran-
clearly see that PA levels were specifically increased in f¢- si-  scription factors, the MYB/bHLH complex containing TT2 and
liques compared with wild type, with levels of alternative flavo-  TT8, and by the MADS box protein Agamous Like 32 (AGL32)
noid end products at wild-type levels. Synthesis of PAs was  (26-28). Whereas modest increases in 778 and AGL32 levels were
previously believed to be exclusively in the inner integument of  observed, ft-1 mutant siliques exhibited large increases in 772
Arabidopsis seeds, but it has been detected previously in fruit  expression. In contrast, levels of transcriptional regulators of
tissues of grape (Vitis vinifera) (25). To determine how FT affects  flavonol synthesis were unchanged. 772 is a known target of
tannin synthesis during seed maturation, we profiled gene ex-  Sepallata (SEP) transcription factors (29). SEP transcripts as well
pression in seeds and siliques of wild type and ft-1 (Fig. 4C). We  as their interacting partners SHATTERPROOF 1 (SHPI), SHP2,
could find no change in phenylpropanoid pathway gene expres- and SEEDSTICK (STK) (30, 31) were also up-regulated in f-/
sion in ft-1 seeds compared with wild type. However, in siliques, = mutant siliques, suggesting that in fruits, FT is transformed into
large increases were observed in the transcript levels of enzymes  a repressor of downstream MADS box transcription factor
specifically associated with PA synthesis (Fig. 4C). Therefore, FT ~ expression, and shpl shp2 mutants, which have known roles in
specially affects PA synthesis in silique tissues. In seed coats, integument development and also show low dormancy (Fig. S4).
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Fig. 4. FT controls proanthocyanidin synthesis in siliques. (A) Cartoon demonstrating the main phenylpropanoid pathway active during proanthocyanidin
synthesis in Arabidopsis seeds. (B) LC-MS profile of the principle phenylpropanoid end products in wild-type and ft-1 seeds and siliques. Data shown are the
mean and SE of five biological replicate samples per genotype. (C) RNA-seq reveals that FT regulates phenylpropanoid pathway gene expression in siliques
but not seeds. Data shown are relative RNA levels of enzymes and known transcriptional regulators in wild type and ft-1 mutants. RNA-seq data represent the
mean and SE of three biological replicate samples per genotype. Asterisks indicate significant differences (P < 0.01). (D) Overlayed confocal and bright field
image of pSUC2:FT-GFP accumulation at the chalazal pole of the seed. (Scale bar, 100 um.) (E) Real-time PCR was used to analyze the effect of loss of FT on the
control of tannin biosynthetic gene expression in siliques. Gene expression was analyzed in siliques containing torpedo-stage embryos 4 h after dawn and
data represent the mean and SE of three biological replicates per treatment. Asterisks indicate significant differences from wild type at 22 °C. Plants were
grown either at 22 °C (red bars) before fertilization or 16 °C (blue bars). Asterisks denote significant differences from wild type at 22 °C: *P < 0.01, **P < 0.001.
(F) The tt5-1 mutant rescues most of the increased dormancy of the ft-1 mutant set at 22 °C. Data represent mean and SE of five biological replicates per
genotype. (G) transparent testa mutant seed germination is not inhibited by low temperatures before first flowering. Seeds were collected from Ler and
tt mutant plants that had experienced 16 °C BFF. Data represent mean and SE of seven biological replicates per genotype.
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Our data, together with previously published work, suggest that
FT activity may regulate seed tannin levels via the effects of
MADS box transcription factor complexes on 772 expression. To
determine whether the temperature regulation of PA synthesis
(32) in siliques is contingent on FT, we analyzed gene expression
in torpedo-stage embryo-containing siliques from plants that had
experienced either 16 °C or 22 °C BFF (Fig. 4E). Consistent with
our previous results, 77 gene expression was increased by low-
temperature BFF, but in fi-/ the temperature response was se-
verely attenuated. Taken together, these data strongly support the
hypothesis that temperature regulation of tannin accumulation in
seeds is mediated by FT. Flavonoids have been previously reported
in phloem (33). Given that ft-1 seeds accumulate increased
condensed PAs (Fig. 3), but that FT affects PA synthesis in si-
liques, PA synthesized in siliques is likely transported to seeds. In
addition, the FT protein itself may move to the seed: Indeed we
found that FT-GFP accumulates in the chalazal seed coat when
expressed under the phloem-specific SUC2 promoter (34) (Fig.
4D). Both possibilities are not mutually exclusive. To determine
whether the regulation of tannin synthesis is sufficient to explain
the increased dormancy of ft-1 mutants, we constructed the ft-1
1#t5-1 double mutant. The presence of the tannin deficient #5-1
completely rescued the increased dormancy of ft-1 (Fig. 4F),
demonstrating that tannin synthesis is necessary for the increased
dormancy of ft-I mutants. We also compared the ability of #
mutants to increase seed dormancy in response to memory of
vegetative low-temperature experience (Fig. 4G). Both #4-1 and
1t5-1 progeny dormancy were insensitive to temperature changes
in the maternal vegetative phase, demonstrating that tannin
synthesis is necessary for this response.

Previously we have shown that DELLA proteins and regulation
of DELAY OF GERMINATION 1 (DOGI) expression are nec-
essary for the temperature regulation of primary dormancy (5).
Analysis of rgl2-1 mutants showed that they had an increase in
seed coat permeability, especially if the temperature was 16 °C
before seed set (Fig. SS5). Analysis of 7gl2-1 ft-1 double mutants
showed that the low permeability of ft-1 is epistatic to the high
permeability of rgl2-1 seeds, showing that maternal RGL2 affects
seed coat permeability via FT. These findings are consistent with
previous observations that RGL2 affects flowering time via regu-
lation of the FT promoter (35). However, dormancy assays showed
that the low dormancy of rgl2-7 mutants was epistatic to the in-
creased dormancy of fi-1 mutants (Fig. S4). Therefore, the zygotic
activity of RGL2 is required for seed coat properties to affect
dormancy, and RGL2 therefore affects dormancy by both ma-
ternal and zygotic mechanisms. In contrast, loss or gain of function
of DOG1 did not affect seed coat permeability, or the perme-
ability response to maternal temperature experience (Fig. S5), but
like rgl2-1, dogl mutants could not increase dormancy in response
to the maternal experience of low temperature before bolting (Fig.
S5). Therefore, we conclude that DOGI1 acts exclusively in the
zygote to control dormancy and that both maternal and zygotic
temperature signaling pathways control primary dormancy levels.

Our data shed new light on the key role of fruit tissues in the
control of seed dormancy and show how the mother plant uses
temperature history to control progeny behavior. Because FT
levels vary with temperature and temperature varies with time of
year, it is likely that this process is important in passing seasonal
cues to progeny seed. Our data show that FT activity in fruit
tissue phloem controls progeny dormancy, and that FT influen-
ces PA levels in fruits (Figs. 2 and 4). We also cannot rule out the
possibility that in addition, FT itself is transported to seed coats,
affecting PA synthesis locally. MADS box complexes directly
regulate Arabidopsis TT2 expression (29), the MYB transcription
factor known to activate the expression of enzymes required for
PA synthesis (27). In kiwifruit SVP overexpression also affects
flavonoid synthesis in flowers and seed vigor (36) and can
heterodimerize with the SEP proteins as well as control FT
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expression (19). In seeds, flavonoid pathway gene expression and
PA levels are temperature responsive (32). Therefore, it is likely that
a complex set of interactions between FT and MADS box tran-
scription factors mediates the control of PA levels in seeds, via TT2.

Previously it has been shown that FLC is also a maternal
regulator of Arabidopsis seed dormancy (12), with high FLC
levels and late flowering correlating with low seed dormancy. In
contrast, our study found that a subset of late flowering mutants
predominantly from the canonical photoperiod pathway showed
increased seed dormancy, whereas an flc mutant showed reduced
levels of dormancy. Because of this discrepancy, we repeated the
germination assays under the same conditions used by Chiang
et al. (12) (Fig. S6), but still we could not see the previously
reported low dormancy of the ft mutant. One possibility is that in
the previous study, very high FLC levels in the FLC NILs affects
dormancy independently of FT. However, given that in lines with
high FLC expression, flowering usually occurs after vernaliza-
tion, the relevance of high maternal FLC expression to seed
dormancy control under natural conditions is unclear.

Instead, our results are more consistent with data from poplar,
which associate high FT expression with failure to enter growth
cessation and induce bud dormancy (37). In that case and here in
this study, high FT levels are associated with the low dormancy
state. A recent study of natural variation in Arabidopsis also
showed that late flowering is correlated with higher seed dor-
mancy (38). Again this shows that late flowering is associated with
more dormant states, in agreement with our observation that some
late flowering mutants have increased seed dormancy. Arabidopsis
fruits are therefore a good system for the study of flowering
pathway plasticity, and given the comparatively late evolution of
flowering, might represent a more ancient network topology.

Materials and Methods

Plant Materials. Arabidopsis mutants were obtained from the European
Arabidopsis Stock Centre unless otherwise indicated. The 35S:FT seeds and
svp-3 were a gift from Markus Schmidt (Max Planck Institute for Devel-
opmental Biology, Tuebingen, Germany); the former was introgressed for
three generations from Col-0. The nuclear-localized phloem-expressed FT
construct pSUC2:NLS-FT (15) was a gift from Philip Wigge (Sainsbury Labo-
ratory, University of Cambridge, United Kingdom) and was transformed into
the ft-1 mutant by Agrobacterium-mediated floral dip. This generated several
independent early flowering lines of which two were brought to homozy-
gosity and analyzed for seed dormancy. The 5.7-kb FTpro:GUS reporter line
was a gift from Franziska Turck (Max Planck Institute for Plant Breeding Re-
search, Cologne, Germany) (15). pSUC2:FT-GFP plants and socT-1 mutants were
a gift from George Coupland (Max Planck Institute for Plant Breeding Re-
search, Cologne, Germany) (20, 34). flc-21 seeds were obtained from the Cold
Spring Harbor gene trap collection.

Seed Dormancy Assays. Seeds were harvested from mature brown siliques
from plants watered consistently grown in Sanyo MLR growth chambers
under 16 h of white light (long days) at 100 pmol-m=2sec™" at 22 °C, except
where indicated. Germination frequency was measured after 7 d from freshly
harvested seed batches placed in 12 h white light/12 h dark at 22 °C on 0.9%
water agar plates. Batches harvested from separate individual plants were
used as biological replicates. Where the effect of growth temperature before
fertilization on progeny dormancy is addressed, plants were moved to the
seed set conditions at first visible sign of the floral transition. Seed produced
2-4 wk after the temperature shift were analyzed, and this included seed on
primary inflorescence, including branches, and so was not limited to the
analysis of seeds from ovules differentiating before the temperature shift.

Seed Coat and Metabolite Analysis. Tetrazolium staining of Arabidopsis seeds
has been described (23) and took place in the dark at 30 °C for 48 h. PA analysis
was performed as described (39, 40) using freshly harvested flash frozen seeds.
LC-MS analysis of phytohormones and phenylpropanoids has been described
previously (24, 41). Significance was tested using the T statistic.

RNA Analysis. RNA was extracted from siliques and seeds using sodium tet-

raborate extraction as described previously (42). cDNA was synthesized
using M-MLV reverse transcriptase (Promega) and PCR carried out under
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standard conditions for 40 cycles on an Agilent Mx3005P gPCR system. The
control gene used was At5g46630. Primers for real time RT-PCR are given in
Table S1. RNA-seq was carried out using three biological replicate samples
for WT and ft-1 seeds and siliques using an lllumina Hi-sEq. 2500. Preliminary
data analysis was performed using Tophat and Cufflinks (43), using the TAIR10
Arabidopsis genome annotation. The cuffcompare and cuffdiff components
of Cufflinks were used to quantify gene and isoform differential expression.
Further analysis was performed using the cummeRbund package (43). The
RNA-seq data are available at ArrayExpress, accession no. E-MTAB-2869.

GUS Assays. For GUS staining, developing siliques were cut from plants and
vacuum infiltrated in the GUS staining solution as described previously (44).
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Quantitative GUS assays were performed as described previously (44). The
fluorescent intensity was measured using an Infinite 200 plate reader (Tecan;
excitation, 365 nm; emission, 455 nm). Protein concentrations were de-
termined using the Qubit Protein Assay kit (Invitrogen) following the
manufacturer’s instructions.
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