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SUMMARY

The circadian clock is a fundamental feature of eukaryotic gene regulation that is emerging as an exemplar
genetic sub-network for systems biology. The circadian system in Arabidopsis plants is complex, in part due to
its phototransduction pathways, which are themselves under circadian control. We therefore analysed two
simpler experimental systems. Etiolated seedlings entrained by temperature cycles showed circadian rhythms
in the expression of genes that are important for the clock mechanism, but only a restricted set of downstream
target genes were rhythmic in microarray assays. Clock control of phototransduction pathways remained
robust across a range of light inputs, despite the arrhythmic transcription of light-signalling genes. Circadian
interactions with light signalling were then analysed using a single active photoreceptor. Phytochrome A
(phyA\) is expected to be the only active photoreceptor that can mediate far-red (FR) light input to the circadian
clock. Surprisingly, rhythmic gene expression was profoundly altered under constant FR light, in a phyA-
dependent manner, resulting in high expression of evening genes and low expression of morning genes. Dark
intervals were required to allow high-amplitude rhythms across the transcriptome. Clock genes involved in
this response were identified by mutant analysis, showing that the EARLY FLOWERING 4 gene is a likely target
and mediator of the FR effects. Both experimental systems illustrate how profoundly the light input pathways
affect the plant circadian clock, and provide strong experimental manipulations to understand critical steps in
the plant clock mechanism.

Keywords: circadian rhythms, biological clocks, Arabidopsis thaliana, temperature, far red light, phyto-
chrome, gene circuit.

INTRODUCTION

The circadian clock is a 24-h endogenous timer that allows
the correct temporal regulation of physiological, biochemi-
cal and developmental processes. Recent studies have
indicated that over 30% of the Arabidopsis thaliana (Ara-
bidopsis) transcriptome is driven by the circadian clock
(Harmer et al., 2000; Michael et al., 2008; Covington et al.,
2008), thus potentially regulating many metabolic pathways
(Covington et al., 2008). The mechanism of clocks in all
organisms includes interlocked transcriptional-translational
feedback loops. In Arabidopsis, a current model of these
interlocked loops incorporates two closely related MYB
transcription factors, CIRCADIAN CLOCK ASSOCIATED1
(CCAT) and LONG ELONGATED HYPOCOTYL (LHY), that
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inhibit the expression of evening-expressed genes such as
a pseudo-response regulator TIMING OF CAB EXPRESSION
1 (TOCT) (Alabadi et al., 2001). TOC1 and other proteins
activate (or de-repress) the expression of CCA71 and LHY
completing the loop. The expression of CCAT and LHY is
also tightly regulated by other clock components, including
sequential inhibition by PRR9, PRR7 and PRR5, which
together form a morning loop (Farré et al., 2005; Salome and
McClung, 2005; Locke et al., 2006; Pokhilko et al., 2010). A
further negative feedback between the evening-expressed
GIGANTEA (GI) component and TOC1 was proposed, and
other components of this loop remain to be identified (Locke
et al., 2005).
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For the clock to be useful, the endogenous period must be
synchronised (entrained) to match the 24-h environmental
cycle (Johnson et al., 2003; Hotta et al., 2007). The strongest
entrainment signals are temperature and light. While much
has been studied about how organisms integrate light
signals into the clock, how ambient thermocycles influence
the clock remains mostly unknown. Alternative splicing
has been implicated in Neurospora crassa and Drosophila
melanogaster (Colot et al., 2005; Diernfellner et al., 2007;
Low et al., 2008). At least three families of photoreceptors
have been identified as transducing light signals to reset
the clock, the blue light sensing cryptochromes (CRY7 and
CRY2), the red/far-red light (R/FR) sensing phytochromes
(PHYA, PHYB, PHYD, PHYE) (Somers et al., 1998; Devlin and
Kay, 2000; Yanovsky et al., 2000) and a family of three F-box
proteins, including ZEITLUPE (ZTL) (Imaizumi et al., 2003;
Kim et al., 2007; Baudry et al., 2010). These nine photore-
ceptors transduce light signals to clock genes and proteins
(Fankhauser and Staiger, 2002; Nagy and Schafer, 2002; Kim
et al., 2007), with both specialised and overlapping roles.

Physiologically, light stable phytochromes (phyB to phyE)
mediate low-fluence responses (LFR) which are R/FR revers-
ible (Furuya and Schafer, 1996). In addition to LFR, the light-
unstable phyA also participates in the very low-fluence
responses (VLFR) which are activated by very low-intensity
light of any visible wavelength and are not FR reversible
(Botto et al., 1996; Shinomura et al., 1996), and the high-
irradiance response (HIR) requiring long periods of strong
light exposure (Furuya and Schafer, 1996; Marrocco et al.,
2006). Far-red light normally participates at several stages of
plant morphogenesis including de-etiolation, where phyA is
the principal photoreceptor involved in FR light perception
(Yanovsky et al., 1995; Botto et al., 1996; Neff and Chory,
1998). Components of the phyA transduction pathway
include EMPFINDLICHER IM DUNKELROTEN LICHT 1
(EID1), an F-box protein that functions as a negative regu-
lator (Marrocco et al., 2006).

The chlorophyll a/b-binding protein (CAB, also known as
LHCB) gene family includes some of the best-characterised
phytochrome regulated genes in Arabidopsis, with gene
activation mediated by VLFR, LFR and HIR phytochrome
responses (Hamazato et al., 1997). In addition to this light
regulation, CAB2 (LHCB1.1) expression is coupled to the
circadian clock in both etiolated and light-grown seedlings
(Millar and Kay, 1991; Millar et al., 1992). In light-grown
seedlings transferred to the dark (dark-adapted seedlings),
acute induction of CAB2 by light is modulated (‘gated’) by
the clock. Brief light treatments during the subjective night
induce much less CAB expression than those applied during
the subjective day (Millar and Kay, 1996). In the early
flowering 3 (elf3), early flowering 4 (elf4) and time for coffee
(tic) mutants this gating of CAB induction is defective
(McWatters et al., 2000, 2007; Hall et al., 2003). In elf3 this
defect may be due to the absence of a physical interaction
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between ELF3 protein and phyB (Liu et al, 2001). CAB
expression in etiolated seedlings can be induced by phyA
and phyB (Anderson et al., 1997), but past studies of
circadian gating have used light treatments that target phyB
responses.

Results that demonstrated the complexity due to active
photoreceptors motivated us to analyse the clock in two
physiologically simplified conditions. Where etiolated seed-
lings are temperature-entrained, we demonstrate that circa-
dian regulation shares several properties with the clock of
light-grown plants but controls fewer target genes. An
alternative system used the response to FR light, governed
primarily by phyA (Neff and Chory, 1998). We show dramatic
effects on the circadian clock under constant FR conditions
but not under far-red/dark (FR/D) cycles.

RESULTS
Circadian modulation of phytochrome signalling

The clock has been shown to regulate the expression of PHY
transcripts to varying degrees (Kozma-Bognar et al., 1999;
Hall et al., 2001; Toth et al., 2001). It was unclear whether this
transcriptional control was required for the circadian mod-
ulation of phytochrome responses (gating). Transgenic lines
over-expressing PHYBfrom the cauliflower mosaic virus 35S
promoter (35S:PHYB) in the CAB:LUC background allowed
us to test this. Dark-adapted 35S:PHYB plants maintained a
higher basal level of CAB:LUC expression (Figure 1), but
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Figure 1. CAB:LUC induction is still gated in phyB-overexpressing plants.
Arabidopsis CAB:LUC plants with (phyB ox, black traces) or without (WT, grey
traces) a 35S:PHYB transgene were entrained to LD (12 h light/12 h dark) for
6 days. At ZT12 on day 6, plants were transferred to DD (constant dark).
Replicate samples were then exposed to a 20-min red light pulse every 2 h.
Luminescence was measured both before and after the light treatment. The
mean resulting induction of CAB:LUC luminescence (rising traces) was
calculated by subtraction of the basal luminescence level of individual
seedlings (n =24) before the light treatment. Dashed lines show the
luminescence profiles of dark control samples. Light and dark bars represent
subjective day and subjective night, respectively. Data are representative of
three independent experiments.
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high induction of CAB:LUC was still suppressed in the early
part of the subjective night (at 14-16 and 34-36 h; Figure 1).
Light inducibility was not strictly related to basal expression
in the dark, consistent with previous results (Millar and Kay,
1996). The rise in inducibility was slightly advanced com-
pared with the rise in basal level in the wild type (WT), and
this tendency was enhanced (at 18 h and 38-40 h) in
35S:PHYB (Figure 1). This indicates that the clock interacts
with phyB signalling at the post-transcriptional level to effect
the rhythmic gating of CAB:LUC induction. The complexity
of the circadian system was not much reduced by constitu-
tive expression of the photoreceptor.

The circadian system in etiolated seedlings

In order to study the clock under a simplified light input
regime, we characterised the circadian system in dark-
grown but temperature-entrained seedlings. Seedlings were
exposed to warm-cold cycles (WC) of 12 h 24°C:12 h 18°C,
then transferred to a constant 22°C in constant darkness.
Time 0 h refers to the cold-warm transition at the start of the
constant conditions. In contrast to Thines and Harmon
(2010), we were unable to monitor rhythmic CAB:LUC
activity reliably because the signal was at the limit of
detection (data not shown). This confirms that light signal-
ling pathways were not activated by the temperature
entrainment in our studies. We monitored robust rhythms of
COLD AND CIRCADIAN REGULATED 2 (CCR2):LUC and
CCA1:LUC activity. These rhythms had a lower amplitude
than in light-grown samples (cf. Doyle et al., 2002; Hall et al.,
2003) and their circadian periods were longer than 24 h
(Figure S1a in Supporting Information). CCR2 mRNA accu-
mulation showed very similar regulation (Figure S1b). The
expression of both markers was very weakly rhythmic
or arrhythmic in ccal; lhy double mutant seedlings
(Figure S1a), with no evidence of the short-period rhythms
detected in light-grown double mutants (Locke et al., 2005).
These results confirmed that temperature entrainment
allows etiolated Arabidopsis seedlings to maintain a
circadian clock.

In order to characterise the targets of circadian regulation
in etiolated seedlings, we tested the rhythms of RNA
transcript accumulation using high-density oligonucleotide
arrays, from 24 to 48 h after transfer to constant 22°C.
Seedlings were harvested at five timepoints (6-h interval) in
three independent biological replicates. In etiolated seed-
lings, 35% of transcripts were scored as present at all time
points and 38 transcripts were scored as rhythmic, repre-
senting only Approximately 0.5% of the genes assayed or
1.6% of the transcripts scored as present (Figure S2, Table
S1). Figure 2(a—c) show expression profiles for selected
transcripts. Figure 2(d) shows confirmation of selected
expression patterns using quantitative (q)RT-PCR. Data were
compared with results for light-grown plants investigated in
an equivalent technical platform, which scored 453 rhythmic

genes (6% of genes on the array) (Harmer et al., 2000) and
also cross-referenced to a study of etiolated seedlings by
Michael et al. (2008; see Figure S3). Several genes involved
in light signalling (PHYA, PHYB, SPA1, CRY1, CRY2, NPH1,
RPT2) were rhythmic in light-grown plants (Harmer et al.,
2000) but not in etiolated seedlings. Although none was
rhythmically regulated, these genes were all expressed
detectably in etiolated seedlings (Figures 2c and S4).
Twenty-eight rhythmic transcripts detected in etiolated
seedlings (74%) were also rhythmic in Harmer et al. (2000).
Within this subset were many of the genes associated with
the clock mechanism, including LHY, CCA1, Gl and ELF4, as
well as previously characterised rhythmic regulators such as
PIF4, CCR2 and its homologue CCR1 (GRPS; Figures 2a and
S2a,b, Table S1). Thus the clock controls a small set of
rhythmic genes in the absence of light signals. This subset
is enriched for genes involved in the clock mechanism, but
also in responses to abiotic stress (Table S1).

ELF3-dependent regulation of light-induced gene
expression

To investigate whether the circadian clock also gates light-
induced gene expression in etiolated seedlings despite the
arrhythmic expression of light signalling genes, WC-
entrained etiolated seedlings were treated with either red (R)
or FR light at either 4 or 16 h. Treatment with either R or FR
light at 4 h induced a large acute response of CAB:LUC
expression that peaked about 2 h after the light pulse. The
same light treatment at 16 h induced a fourfold smaller
response (Figure 3a,b). The amplitude of the subsequent
circadian peak is threefold greater and the peak phase is
delayed by 2-3 h in seedlings treated at 16 h in comparison
with those treated at 4 h. Similar gating was observed on the
next subjective day, comparing treatments at 28 and 40 h
(data not shown).

Circadian gating is retained across a wide range of
absolute CABZ2 induction levels. Treatment with 200-fold
lower R fluence produced ninefold lower peak CAB expres-
sion compared with Figure 4(a) but still revealed a threefold
greater induction after treatment at 4 h than at 16 h (data not
shown). The eid7 mutation sensitises the high-irradiance
responses by up to 1000-fold (Buche et al., 2000), with a
smaller effect on VLFR such as the induction of CAB RNA
(Zhou et al., 2002). The level of basal and induced CAB2
expression was increased significantly (three- to sixfold;
Figure 3c,d) in eid7 compared with WT but circadian gating
was at least as effective as in WT (sevenfold between the R
treatment at 4 and 16 h in WT in this case, 14-fold in eid1).

The elf3 mutation allows strong induction of CAB expres-
sion by R light at all circadian phases in light-grown plants
(McWatters et al., 2000). We tested whether ELF3 plays a
similar role in CAB induction by FR. In the elf3 mutant, FR
light pulses at 4 and 16 h resulted in an identical induction of
CAB:LUC, with a maximal level of activity about threefold
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Figure 2. Circadian regulation of gene expression in etiolated seedlings.
The RNA levels were tested using oligonucleotide arrays, from samples of
Col-0 seedlings that were entrained for 3 days in warm-cold (WC) cycles, 12 h
24°C:12 h 18°C, and transferred to a constant 22°C at the predicted cold-warm
transition (time 0 h).

Analysis of transcripts from selected clock genes (a), rhythmic genes that
were not rhythmic in Harmer et al. (2000) (b), non-rhythmic photoreceptor
genes that were rhythmic in Harmer et al. (2000) (c). Data show the
fluorescence signal strength for each probe set after microarray analysis
(see Supporting Information), in three biological replicates (experiment 1,
filled triangles; 2, crosses; 3, open squares).

(d) Quantitative RT-PCR analysis of selected transcripts in experiments 2 and 3
(symbols as above). Data show the abundance of each transcript relative to
the ACT2 control.

greater than in WT seedlings treated at 4 h (Figure 4a). Far-
red treatment at 4 h induced CCA7:LUC expression in WT
plants to peak levels about twofold higher than treatment at
16 h (Figure 4b). The level of maximal induction of CCA1
was about sixfold lower in elf3 mutants than in WT treated
at 4 h, and light treatments at 4 and 16 h induced identical
expression levels in elf3. These results show that ELF3
affects both the level and rhythmic regulation of the
response to FR in CAB:LUC and CCA1:LUC expression.

CCR2 and CAB2 expression has been reported to be
rhythmic in constant darkness (DD) for light-grown elf3
seedlings (Hicks et al., 1996; Covington et al., 2001), whereas
a recent result suggests that the elf3 mutation led to
arrhythmia of TOCT expression in WC-entrained etiolated
seedlings transferred to constant conditions (Thines and
Harmon, 2010). The levels of CAB:LUC and CCAT1:LUC
expression before light induction were higher at 4 h than
at 16 h in our WC-entrained etiolated elf3 seedlings trans-
ferred to constant conditions, as expected if the plants were
rhythmic in this first cycle (Figure 4a). However, this effect of
the elf3 mutation on the response to FR could formally be
ascribed to a defect in gating, to a defect in rhythmicity or
even to a direct effect on target gene induction that bypasses
circadian control.

Thus a rhythmic subset of the clock functioned in
darkness, with similar properties to the clock in light-grown
seedlings. However, this experimental system used temper-
ature entrainment, potentially as complex as the light inputs.
For an alternative, simplified system, we therefore investi-
gated a simple light-entrained clock system with a single
input photoreceptor.

Circadian regulation under FR light

Plants grown under FR/D cycles develop similarly to light-
grown plants, in contrast to dark-grown seedlings, despite
lacking chlorophyll production and photosynthesis. Light
input to the clock system was potentially transduced by only
the phyA photoreceptor. We therefore tested rhythms of
RNA transcript accumulation using high-density oligonu-
cleotide arrays, in seedlings that were entrained under 12 h
FR/12 h D cycles for 4 days, from 2 to 50 h after transfer to

The Plant Journal © 2011 Blackwell Publishing Ltd, The Plant Journal, (2011), 66, 480-491
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Figure 3. CABinduction by red (R) or far-red (FR) light is rhythmically gated in
the wild type (WT) and with increased phyA signalling.

Seedlings expressing the CAB:LUC reporter gene were entrained and
transferred to constant conditions as described in Figure 2, then treated with
(a) 10 min R or (b) 10 min FR light at either 4 h (open symbols) or 16 h (filled
symbols). Responses to R treatments as above, in WT (filled symbols) or eid7-
3(eid1, open symbols) seedlings at (c) 4 h and (d) 16 h. Data are plotted so as
to superimpose the light pulses; the time axis labels refer to the 4-h treatment,
12 h should be added to the time axis for the 16-h treatment. Error bars are
1 SEM. Data are representative of multiple transgenic lines, and of three
independent experiments.

continuous FR (cFR) light (13 timepoints, 4-h intervals).
Many transcripts showed rhythmic expression, but the
rhythmic amplitude for all genes was continuously reduced
over the time course, which prevented analysis by the
approaches used previously (Edwards et al., 2006; Michael
et al., 2008).

To illustrate this regulation, we focus on rhythmic genes
that displayed an expression peak in the morning (ZT0-6,
morning genes) or in the evening (ZT12-18, evening genes)
under white light conditions (COSOPT analysis; Edwards
et al., 2006; Michael et al., 2008; Table S2). As expected,
morning genes displayed a high peak of expression in the
first hours of light (Figure 5a) and evening genes were
highly expressed around ZT12 (Figure 5b), suggesting that a
proportion of the genes scored as rhythmic under white-
light-maintained oscillations in FR/D cycles. However, the
oscillations in transcript abundance were rapidly damped in
cFR (Figure 5). Expression for morning and evening genes
stabilised at an average level as early as ZT12 for evening
genes (Figure 5b). These results indicate a dramatic
response of the clock and clock-related genes to cFR
conditions, which we sought to characterise using reporter
gene fusions. Figure 6 shows the normalised activity of
clock reporter genes monitored under the last entraining
FR/D cycle, followed by 96 h of cFR, then 48 h of continuous
darkness. As is observed under white light, CCAT:LUC
displayed an expression peak in the early morning under
the FR/D and R/D cycles. TOC1:LUC, GI:LUC and CCR2:LUC
expression peaked in the evening (ZT10-12).

(a)600
CAB:LUC
500- ——WTFR, 4h
——WTFR, 16 h
400 - —=—elf3FR,4h

——elf3FR, 16 h

Average luminescence/seedling

(b) 200
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3501 ——WTFR, 4h
300 —~—WTFR, 16 h
—=— elf3FR, 4 h
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Figure 4. ELF3is required for circadian-modulated light induction in etiolated
seedlings.

Seedlings expressing (a) the CAB:LUC or (b) the CCA1:LUC reporter gene in
the wild type (WT) or elf3-4 mutant background were entrained and
transferred to constant conditions as described in Figure 2, then treated with
10-min far-red (FR) light at either 4 h (filled symbols) or 16 h (open symbols).
Data are representative of three independent experiments.

All four genes showed disrupted expression from 12 h
after transfer to cFR (Figure 6; time 36 h). Consistently with
the microarray data for some morning genes, oscillations
are damped for CCAT:LUC and expression is downregulat-
ed, whereas high-amplitude oscillations at higher expres-
sion levels were maintained under continuous red (cR)
(Figure 6a). For the evening genes, TOC1:LUC, GI:LUC and
CCR2:LUC, oscillation amplitude was dramatically
decreased and expression was maintained at a high level
throughout the cFR treatment compared with cR (Figure
6b-d). After the seedlings were transferred from cFR to
continuous dark, all markers dramatically changed expres-
sion levels, supporting the idea that the clock perceives the
difference between cFR and darkness. For a comparison,
FR/D-entrained plants were released into DD for 48 h
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Figure 5. Rhythmic transcripts show unusual regulation in continuous far-red
(cFR) light.

The RNA levels were tested using oligonucleotide arrays, from samples of
Col-0 seedlings that were entrained under far-red/dark (FR/D) cycles for
5 days and transferred to constant FR light. Rhythmic genes were selected
for a fourfold change in expression: (a) morning genes that peak at ZT0-6
and (b) evening genes that peak at ZT12-18. Fifty-five morning genes and
42 evening genes were scored with a fourfold change. Data show a
normalised fluorescence signal strength for each probe set after GC -
robust multi-array (GC-RMA) analysis.

Figure 6. Clock gene expression is dramatically
affected in continuous far-red (cFR) light.

Seedlings expressing the (a) CCAT:LUC, (b)
TOC1:LUC, (c) GI:LUC and (d) CCR2:LUC repor-
ter genes were entrained under FR or red/dark
(R/D) cycles for 5 days, then imaged under one
FR or R/D cycle, transferred to constant R (cR) or
cFR light then to continuous dark. Data for FR
treatment (closed diamonds) are compared with
similar R treatment (open squares). However,
for the R experiment, seedlings received 6 days
of cR light before being transferred to continu-
ous dark. In order to compare with FR-treated
seedlings, the third and fourth days were not
included in the graph. Break lines indicate the
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(Figure Sb). The activities of the clock gene promoter:LUC
remained rhythmic, with low expression levels of TOCT
and higher levels of CCA7 and CCR2, consistent with the
previous experiment. Subsequent transfer to cFR revealed
the same responses as in Figure 6, namely a striking
suppression of rhythmic amplitude, with low expression
levels of CCAT and high levels of GI, CCR2 and TOC1
markers. Additionally, results with lower fluence rates of FR
light suggested that the effect of cFR on clock genes was
independent of fluence (data not shown).

Functional analysis of rhythmicity in clock mutants under
FR light

To investigate whether the clock in cFR is functionally similar
to the clock in white light, we monitored CCA7:LUC or
CAB:LUC activity in five clock mutants (Figure 7). Oscilla-
tions were maintained in WT and mutants under FR/D cycles
but both markers showed disruptions in circadian oscilla-
tions in prr9-1, gi, elf4-1, toc1-1and ccal;lhy mutants in cFR
compared with WT. The CCA1:LUC period was lengthened
in prr9-1in cFR (Figure 7a, Table S3) whereas CCAT:LUCand
CAB:LUCwere arrhythmic in gi, toc1-1and cca1;lhy mutants,
respectively (Figure 7b,d,e, Table S3).

The elf4 mutation was shown to suppress CCA1 oscilla-
tions and expression level under cR and continuous white
light conditions (Doyle et al., 2002; Kikis et al., 2005; McWat-
ters et al., 2007). Consistently with LD-grown (12-h light:12 h
dark) seedlings, oscillations for CCA1:LUC were maintained
in elf4 under FR/D cycles but were characterised by a lower
amplitude than in WT (three- to sixfold lower, Figure 7c, data

3J:_
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--—---R

T T

0 48 96 144 192
Time (h)

48 96 144 192
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Figure 7. Clock mutants under far-red (FR) treatment.

Seedlings of prr9-1(a), gi-11(b), elf4-1(c) ccal-11;lhy-21(d) and toc1-1(e), or
their cognate wild types (Col-0, Ws), expressing the CCA1:LUC (a—c) and the
CAB:LUC (d, e) reporter gene, were entrained and transferred to constant
conditions and tested for luminescence, as described in Figure 6.

not shown). However, CCA1:LUC expression level in elf4
was increased in cFR compared with FR/D cycles and fell in a
subsequent dark interval, whereas the level fell in the WT in
cFR and rose again in darkness. Most strikingly, oscillation
amplitude under cFR tended to be higher in elf4 mutants
compared with WT (Figure 7c), whereas elf4 is essentially

arrhythmic in constant white light. In addition, while both
CCA1:LUC and CAB:LUC markers in Ws and Col-O back-
grounds were characterised by a longer period in cFR than in
FR/D cycles, oscillations were robust (relative amplitude
error (RAE) < 0.25) at a period close to 24 h in elf4-1 mutant
in cFR (Table S3).

As is observed in white light for CCR2:LUC in the ccal;lhy
double mutant (Alabadi et al., 2002; Mizoguchi et al., 2002;
Locke et al., 2005), oscillations for CAB:LUC were main-
tained in FR/D cycles but damped almost immediately in cFR
in ccal;lhy double mutant (Figure 7d).

These results suggested that morning loop components,
CCA1/LHY-PRR9/7, might be functioning similarly in cFR
as in continuous white light. In contrast, altered CCAT:LUC
rhythms in gi, toc1and elf4 mutants suggested that evening
loop components contribute to altered functions or more
specifically to the cFR signalling pathway to the clock.

phyA largely controls the clock under FR conditions

In order to further investigate the role of phyA in FR light
input to the clock, we analysed the response of the clock
genes to FR/D cycles and cFR in the phyA-211 mutant.
Seedlings were treated as described previously and har-
vested at 2-h intervals under one FR/D cycle, followed by
72 h of cFR and 48 h of DD in two independent biological
replicates. Both Col-0 seedlings and the phyA-211 mutants
displayed an etiolated morphology in these conditions,
which used a filtered, low-fluence-rate FR treatment (peak
emission at 760 nm, see Experimental Procedures) designed
to test phyA specificity (Figure S6). We tested whether the
unusual light conditions caused oxidative stress that might
affect our results, but the stress-responsive AtTRXh5 tran-
script was not induced (Figure S7) (Laloi et al., 2004).

Figure 8 shows gqRT-PCR analyses of transcript levels for
six clock genes in phyA-211 and Col-0. CCA7 and LHY
expression in Col-0 displayed high-amplitude oscillations in
FR/D cycles that were damped under cFR and restored after
transfer to DD, confirming the previous observations that
morning genes are downregulated in cFR conditions. Strik-
ingly, in phyA-211, CCAT and LHY expression was dramat-
ically reduced but low-amplitude oscillations were still
detectable, though the oscillation amplitudes were similar
under FR/D cycles, cFR and subsequent DD conditions. These
results indicate that phyA is important for the suppressive
effect of cFR on morning gene expression in the WT.

Oscillations were maintained for PRR9 under FR/D cycles
in Col-0 but its expression was not downregulated in cFR.
The amplitude of oscillations in PRR9 expression was
decreased in cFR but the average level of transcript abun-
dance rose above the mean in FR/D (Figure 8). Mutation of
PHYA greatly decreased PRR9 expression and inhibited
oscillations almost completely in cFR.

Microarray and luciferase results suggested that evening-
expressed genes were rhythmic in WT under FR/D cycles and

© 2011 The Authors
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Figure 8. Clock gene expression is dramatically
altered in phyA mutants under far-red (FR) light.
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upregulated under cFR treatment. These observations were
confirmed by qRT-PCR for TOC1, Gl and ELF4 (Figure 8),
with detectable but low-amplitude oscillations under con-
tinuous conditions. TOCT and G/ expression in phyA-211
was downregulated just above the trough level in WT
(Figure 8), with little or no detectable rhythmicity, suggest-
ing that their expression is normally activated largely by
phyA. ELF4 expression was almost abolished in the phyA
mutant, showing that PHYA is essential for ELF4 expression
under FR light conditions.

Overall, these data provide evidence that PHYA is a
primary component of FR light input in FR/D cycles but
might not be the only active photoreceptor, at least for CCA1
and LHY. PHYA is, however, essential for the unusual clock
gene regulation under cFR conditions.

DISCUSSION

Circadian clock mechanisms include gene regulation by
multiple, interlocking feedback loops, which canincrease the
flexibility of possible regulatory changes over evolutionary
time (Rand et al., 2004; Edwards et al., 2010) and the robust-

© 2011 The Authors

ness to environmental noise (Troein et al., 2009). Multiple
feedback loops have been implicated in the circadian system
of light-grown Arabidopsis seedlings (Locke et al., 2006;
Pokhilko et al., 2010). Multiple photoreceptors contribute
light input signals, adding further complexity to the clock
network. In orderto simplify the lightinputs, we characterised
thecircadian systemin dark-and FR-grown seedlings. In dark-
grown seedlings, the clock mechanism regulates a much
smaller set of rhythmic target genes than in light-grown
plants. A simple FR light input system revealed unexpected
interaction between FR light input and clock components.
Overall, in both systems, the circadian clock mechanism
shared central components with the clock in ‘lab-standard’
light-grown plants, but the influence of the light inputs was
strong enough to profoundly alter circadian function.

A simpler circadian system retains key features of the
clock in light-grown tissues

Warm-cold cycles of modest amplitude (6°C) entrained the
circadian clock reproducibly in etiolated Arabidopsis seed-
lings, whereas arrhythmic expression of clock genes has
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previously been reported for non-entrained etiolated Ara-
bidopsis (Kikis et al., 2005). The clock in etiolated seedlings
shares some components with light-grown plants, because
the ztl (Kevei et al., 2006) and elf3 mutants (this work; Thines
and Harmon, 2010) clearly affect etiolated plants. Single
mutants in PRR5 or PRRY had no detectable effect in etio-
lated seedlings but showed mild clock phenotypes in light-
grown plants (Eriksson et al., 2003). The lhy; ccal double
mutant had a stronger effect in etiolated plants, abolishing
rhythms rather than leaving the damped, 18-h rhythms
typical of light-grown material (Alabadi et al, 2002;
Mizoguchi et al., 2002; Locke et al., 2005), though /hy and
ccalsingle null mutants did not have this severe effect (data
not shown). The clock in dark-grown root material was also
more dependent on LHY and CCA1 functions (James et al.,
2008). Thus the circadian system in dark-grown plants lacks
the circuit that supports short-period rhythms in light-grown
lhy;ccal seedlings, possibly because this circuit involves
light-activated components, such as PRRI.

Transcriptome analysis showed that the circadian clock in
etiolated seedlings regulated only a small subset of the
rhythmic genes identified in light-grown plants: 6% of the
rhythmic transcripts of Harmer et al. (2000), who assayed
the same set of transcripts in light-grown plants. These
results support observations of Michael et al. (2008), who
scored 6% of transcripts as circadian-regulated in etiolated
seedlings entrained to 10°C hot-cold cycles and transferred
to constant temperature, compared with 19-31% in light-
dark-grown seedlings in constant light (Michael et al., 2008).

Transcripts of several genes involved in light signalling
accumulate to significant levels but are non-rhythmic as
confirmed by qRT-PCR, consistent with reporter gene data
for PHYA and PHYB (Kolar et al.,, 1998). The circadian
regulation of these genes in light-grown plants is therefore
dependent upon active light signalling, consistent with the
light-dependence of some central clock functions discussed
above. Circadian gating of plant responses to light is one
overt consequence of the rhythmic control of light-signalling
components (Millar and Kay, 1996). Circadian gating was
unlikely to be mediated directly by rhythmic photoreceptor
gene expression, because neither PHYA nor PHYB transcript
levels were rhythmically regulated in etiolated seedlings, in
contrast to light-grown plants (Hall et al., 2001; Toth et al.,
2001). This is also consistent with maintained gating in
plants that constitutively expressed PHYB, suggesting that
gating regulates phyB signalling at a post-transcriptional
level. The circadian clock in etiolated seedlings gated the
acute induction of CAB2 gene expression, allowing greater
induction by R and FR in the subjective day than in the
subjective night. The subsequent circadian-regulated peak
of gene expression was reciprocally regulated (higher
expression after light treatment during the night), confirm-
ing that this aspect of gene expression is not simply coupled
to the acute response to light (Anderson et al., 1997).

Overall, temperature entrainment allows the circadian
clock to function in darkness with similar general properties
to the clock in light-grown seedlings, including a remarkable
capacity to modulate light responses. However, its sensitiv-
ity to mutation and its target genes are significantly different
from the light-entrained clock, and the mechanisms of
temperature input remain obscure and are potentially as
complex as the light inputs. An experimental clock system
entrained by a limited, defined light input might better
represent the clock in standard, white-light-grown plants
than the etiolated clock.

The circadian clock under FR light input

The RNA transcript accumulation, luciferase and quantita-
tive RT-PCR assays from seedlings that were transferred to
cFR light after being entrained under FR/D cycles showed
high-amplitude oscillations for the main clock genes, sug-
gesting that the circadian system under FR/D cycles was
similar to that in plants grown in white light. Under cFR light,
however, the amplitude of oscillation for both morning and
evening genes was dramatically reduced immediately after
one cycle of cFR, whereas oscillations for rhythmic genes
were maintained for several cycles under constant R or white
light.

The morning genes CCA7 and LHY were downregulated,
whereas PRR9 was, if anything, upregulated. A simple
interpretation suggests that the CCAT and LHY downregu-
lation observed in cFR could lead to a lack of PRR9 activation
(Farré et al., 2005). Direct light regulation of PRR9 (lto et al.,
2003) is likely to be more significant, as PRR9 was upregu-
lated in cFR. PRR9 expression was inhibited in the phyA
mutant, consistent with strong activation by FR light through
phyA. Removal of the morning loop in the double mutant
lhy;ccal led to complete arrhythmia for CAB:LUC in cFR
whereas oscillations were maintained in FR/D. This suggests
that the morning loop is essential for oscillations under cFR
conditions, as in dark-grown seedlings.

In cFR, evening clock genes were expressed at high levels,
with oscillations of low amplitude. G/ and ELF4 expression
is known to be activated by light (Fowler et al., 1999; Kikis
et al., 2005; Locke et al., 2005) hence, similarly to PRR9,
upregulation of Gl and ELF4 expression under cFR condi-
tions could be the direct consequence of a strong FR light
activation that required phyA. TOCT expression, in contrast,
is not acutely light-responsive (Makino et al, 2001) but
shows the same high, phyA-dependent expression as the
light-activated genes. Both toc? and gi mutants were
arrhythmic in cFR, in contrast to their maintained rhythms
in constant white light, showing that evening functions are
still required for rhythmicity.

To learn from the system’s behaviour in cFR will require
an understanding of higher-order gene interactions. TOC1is
negatively regulated by LHY and CCAT (Matsushika et al.,
2000; Strayer et al., 2000), so upregulated TOC1T expression
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alone cannot distinguish between a direct activation by FR,
an indirect activation by another component, or a conse-
quence of low inhibition due to the low CCA7and LHY levels
in cFR. Whereas CCA71 and LHY were downregulated,
expression of their inhibitor PRR9 was maintained at a
higher level, as were the evening-expressed genes GI, TOC1
and ELF4 that normally activate LHY and CCA1. The lack of
CCA1 and LHY expression suggests that their potential
activators were blocked under cFR conditions. This is
consistent with the observation that the prr9 mutant showed
alonger period phenotype in cFR, similar to observations for
prr9 in constant white light (lto et al., 2003), indicative of
strong PRRY function in the wild type in cFR. The striking
restoration of rhythms under cFR in the elf4 mutant, with
increased CCA171 expression, suggests that ELF4 was
required for the function of the inhibitors, rather than
functioning directly as an activator. The normal activation
of CCA1by ELF4 (Doyle et al., 2002; Kikis et al., 2005) would
require a double-negative interaction, in this hypothesis,
in which ELF4 inhibited the expression of the LHY/CCAT-
inhibitors, such as PRRY. This would be similar in principle
to the inhibitory role proposed for ELF3(Thines and Harmon,
2010).

The effect of cFR can be understood as preventing one
step in the normal circadian cycle of activator and inhibitor
expression, holding the clock at one part of the limit cycle.
The fact that such a disrupted system still produces a normal
period of oscillation is itself remarkable. The high amplitude
of clock gene oscillations under FR/D cycles, compared to
very low rhythmic amplitude in cFR, suggests that this
critical step must normally occur at night. For example, dark-
dependent degradation of the inhibitor(s) of LHY and CCA1
might allow the expression of LHY and CCA1 before dawn.
Indeed, PRR proteins do exhibit such dark-dependent deg-
radation (lto et al., 2007). The WC-entrained etiolated seed-
lings did not show these very low-amplitude rhythms, with
high evening gene expression and low LHY and CCAT.
Therefore active phytochrome signalling was required for
the effects observed in cFR.

Our results did not identify any gene that is uniquely
required for FR input to the clock, as judged by the strongest
criterion that a mutation in such a gene should abolish both
entrainment by FR/D cycles and the characteristic damping
in cFR. The very strong, phyA-dependent regulation of ELF4
mRNA makes ELF4 itself a strong candidate for one point of
cFR input to the clock. The elf4 mutant was still entrained in
FR/D cycles, indicating that ELF4 is not uniquely required for
entrainment by FR. To our knowledge, however, no other
light condition was found to have such a strong effect on the
clock genes. The cFR conditions characterised here not only
illustrate how profoundly the light input pathways affect the
plant circadian clock, but also provide a strong experimental
manipulation for understanding at least one critical step in
the clock mechanism.

© 2011 The Authors
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EXPERIMENTAL PROCEDURES

Plant material

CAB:LUC lines expressing 35S::PHYB were previously described
(Hall et al., 2002). The prr9-1 mutant is in the Columbia-0 back-
ground (Eriksson et al., 2003); phyA-211 is also in Columbia (Reed
et al., 1994). All other transgenic Arabidopsis lines were in the
Wassilewskija accession. The CAB2:LUC+, CCR2:LUC+, CCAT:LUC+,
TOCT:LUC+ and GI:LUC+ lines and their introduction into elf3-4,
elf4-1, prr9-1, toc1-1 and gi-11 backgrounds have been described,
together with the double mutant cca-11; lhy-21 (Doyle et al., 2002;
Eriksson et al., 2003; Hall et al., 2003; Gould et al., 2006; Edwards
et al., 2010).

Growth conditions

Growth conditions for samples used in leaf movement, luciferase
and RNA studies were essentially as described, on solid Murashige-
Skoog agar medium containing 3% sucrose (Edwards et al., 2005,
2010). Variations for specific experiments are described in the
Supporting Information.

Measurement of leaf movement and gating assays

Individual period estimates were produced from leaf movement
data as described (Edwards et al., 2005). Gating assays were as
previously described (McWatters et al., 2000).

Microarray data

Growth conditions and data analysis are described in the Support-
ing Information.

Luminescence image analysis

Seedlings were sprayed with 5 mm luciferin solution in 0.01% Tri-
ton-X100 in complete darkness approximately 24 h before the start
of the imaging assay. Seedlings were arranged in clusters of 20-30
within transparent plastic collars that prevent lodging during the
experiment. Foil baffles were placed between different transgenic
lines to stop luminescence cross-talk. Luminescence images were
captured and analysed essentially as described (Edwards et al.,
2005, 2010). Mean period estimates for each genotype were based
on six to eight individual plants as described (Edwards et al., 2005,
2010).

Quantitative RT-PCR

Approximately 75-100 seedlings were harvested in RNAlater
(Sigma, http://www.sigmaaldrich.com/) and total RNA was
extracted using a Plant RNeasy kit (Qiagen, http://www.giagen.comy/)
with on-column DNase digestion. The cDNA samples for real-time
PCR applications were reverse transcribed from 1 ug of RNA using
the SuperScript® VILO® ¢cDNA Synthesis kit (Invitrogen, http:/
www.invitrogen.com/), and the cDNA product was diluted 1:10 in
RNase-free water. The qPCR was set up with a liquid handling robot
(TECAN freedom Evo, http://www.tecan.com/) and cDNAs for each
sample were quantified in triplicate using the LightCycler® 480 Real-
Time PCR System (Roche, http//http://www.roche.com/). Primers
used are described in the Supporting Information.
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Additional Supporting Information may be found in the online
version of this article:

Figure S1. Etiolated seedlings maintain temperature-entrainable
circadian rhythms.

Figure S2. Circadian regulation of gene expression in etiolated
seedlings.

Figure S3. Expression in etiolated seedlings from Michael et al.,
2008 for genes that were found rhythmic in the present study.
Figure S4. Threshold for rhythmic scoring.

Figure S5. Clock genes expression patterns do not result from
conditions prior to the transfer to continuous far red (cFR) or the
seedlings age.

Figure S6. Phenotype of Col-0 and phya seedlings under low-
fluence far-red/dark (FR/D) cycles used for the analysis of transcripts
from selected clock genes.

Figure S7. Continuous far-red (cFR) light conditions do not increase
expression of the oxidative stress gene TRX5.

Table S1. Clock-controlled genes in etiolated seedlings.

Table S2. Morning and evening genes subsets selected for far-red/
dark (FR/D) grown seedlings transferred to continuous far-red (cFR)
light.

Table S3. Period analysis of circadian clock mutants under constant
far-red light conditions.

Please note: As a service to our authors and readers, this journal
provides supporting information supplied by the authors. Such
materials are peer-reviewed and may be re-organized for online
delivery, but are not copy-edited or typeset. Technical support
issues arising from supporting information (other than missing
files) should be addressed to the authors.
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SUPPORTING INFORMATION
Growth conditions

Etiolated seedlings were sterilised as described (Millar 1992) and plated on MS media with
3% sucrose and 1.5 % agar. The seeds were stratified at 4°C for 48h in darkness. 1h of 80
umol m2 sec * of fluorescent white light was applied to synchronise germination. The seeds
were entrained to 12h 18°C:12h 24°C (+/-0.5°C) cycles for 3 days in the dark (Percival 130
incubator, Emersacker, Germany), and transferred to constant 22°C at the time of the
predicted cold-warm transition. Samples exposed to reversed WC cycles had the predicted
phases of rhythmic reporters (data not shown), indicating that the phase of the rhythms was
set by the temperature cycle. In Figures 3 and 4 the 4h and 16h light pulses were applied at
the same sidereal time to oppositely-entrained plants. Temperature profiles were logged
automatically (Hanna Instruments, Melbourne, Australia) in each experiment. Seedlings were
treated with R using Growlux bulbs covered in 2 layers of Fiery Red filter (Lee Filters,
Andover, UK), 30 umol m? s™. FR was provided by light-emitting diodes at Amax of 735 nm
(Farnell, Leeds, UK).

For the FR experiments, seeds were sterilized as above and plated on MS media with 3%
sucrose and 1.5 % agar and 2% agar for luminescence and RNA extraction respectively. The
seeds were stratified at 4°C for 96h in darkness. 3h of 80 pmol m? s™ of fluorescent white
light at 22°C were applied to allow germination. After 21h of darkness at 22°C, seeds were
entrained under (12 hr/12 hr) light/dark cycles of 8 umol m2 sec™* FR in Figures 6 and 7, and
2 umol m2 sec™* FR in Figure 8. In Figure 8, the FR LED source was filtered with two layers
of Italian Blue gel (Roscolux; Roscolab Ltd, Sydenham UK), resulting in a Amax 0f 760nm.

Analysis of micro-array data

Etiolated. Expression values for each gene were generated using the dChip analysis package
{Li, 2001 #2500}. To identify circadian regulated genes we developed an ad hoc costing
scheme, because cosine-fitting algorithms are unreliable with only 5 timepoints per
experiment (see supplementary text for details). Briefly, the analysis first removed genes for
which dChip scored expression as absent in three or more time points of the five in an
experiment. The data were normalised to make time points 24h and 48h equal. The
proportional amplitude of fluctuations among the normalised values was used to identify
rhythmic expression patterns. Bimodal expression patterns were penalised. A modified R2
correlation test identified rhythmic expression patterns that were replicated in all three
experiments.

FR. Transcripts abundance for both subsets suggested an expression pattern (data not shown)
and in order to refine the analysis, we arbitrarily narrowed down the studied groups to genes
that displayed a 4-fold change between the highest and the lowest expression level in the first
12 hours of sampling (corresponding to a normal 12/12 FR/D cycle). This restriction allowed
studying the behaviour under cFR conditions of genes with increased oscillations under FR/D
cycles. Figure 5a and 5b show the transcript abundance of morning (54 genes) and evening
(42 genes) genes that were scored with at least a 4-fold change in expression respectively.



Primers used for quantitative RT-PCR

Primers used were ACT2 (CAGTGTCTGGATCGGAGGAT and
CAGTGTCTGGATCGGAGGAT), CCAL1 (CTGTGTCTGACGAGGGTCGAA and
ATATGTAAAACTTTGCGGCAATACCT), LHY (CAACAGCAACAACAATGCAACTAC
and AGAGAGCCTGAAACGCTATACGA), TOC1 (ATCTTCGCAGAGTCCCTGTGATA
and GCACCTAGCTTCAAGCACTTTACA), GI (TATTGAAGTGTCGTCTACCAG and
GAGCTTTGGTTCATGATATCAC), PRR9 (GATTGGTGGAATTGACAAGC and
TCCTCAAATCTTGAGAAGGC), ELF4 (CGACAATCACCAATCGAGAATG and
AATGTTTCCGTTGAGTTCTTGAATC) and TRX5 (AGTGATTGCTTGCCATACCC and
GACCACCATGCTTCATCAGC).



Figure S1. Etiolated seedlings maintain temperature-entrainable circadian rhythms

Dark-grown seedlings were entrained for 3 daysin WC cycles, 12h 24°C: 12h 18°C, and
transferred to constant 22°C at the predicted cold-warm transition (time Oh). (a) Rhythmic
luminescence from CCAL:LUC (filled symbols) and CCR2:LUC (open symbols) was
monitored in the wild type (left) and ccal; Ihy double mutant (right). Data are averages of
luminescence from 5-14 groups of 20-30 seedlings. The mean of each seriesis set to 1; means
were 14,337 and 81,499 counts/group/image for CCA1 and CCR2 in WT, respectively; 28,928
and 159,357 counts/group/imagein ccal; lhy. All 8 groups of WT CCR2:LUC plants showed
robugt circadian rhythms, with standard deviation (S.D.) of 0.8h and all RAE < 0.46,
whereas only 7 out of 14 groups had any rhythm in the double mutant, with a S.D. Of 4.0h
and all RAE > 0.46. All 5 groups of WT CCAL:LUC plants were rhythmic with S.D. Of 0.5h
and RAE < 0.17, whereas only 8 out of 13 groups had rhythms in the double mutant, with a
S.D. Of 2.9h for the period and all RAE > 0.38.

(b) Samples were harvested at the times indicated and the accumulation of CCR2 mRNA was
analysed in an RNA gel blot probed with CCR2 probe. Et.Br., ethidium bromide-stained gel
asloading control. Lower pand shows quantification of CCR2 signal.

Figure S2. Circadian regulation of gene expression in etiolated seedlings

RNA levels were tested using oligonucl eotide arrays, as described in Figure 2. All genes
scored as rhythmic are separated into (a rhythmic genes with high amplitude that were also
rhythmic in Harmer et al. (2000), (b) rhythmic genes with low amplitude that were also
rhythmic in Harmer et al. (2000), (c) rhythmic genes with high amplitude that were not
rhythmic in Harmer et al. (2000), (d) rhythmic genes with low amplitude that were not
rhythmic in Harmer et al. (2000). Data show fluorescence signal strength for each probe set
after microarray analysis (see Supporting information), in three biological replicates
(experiment 1, filled triangles; 2, crosses; 3, open squares).

Figure S3. Expression in etiolated seedlings from Michael et al., 2008 for genes that were
found rhythmic in the present study

Datawereretrieved from http://diurnal .cgrb.oregongtate.edu. Seedlings were grown in DD
under 12h 22°C / 12h 12°C cyclesfor 8 daysthen transferred to DD 22°C at the time of the
cold to hot trangtion (ZT0). Seedlings were sampled every 4 hours from ZTO to ZT44.

Figure S4. Threshold for rhythmic scoring

Array data described in Figure 2 were scored asin supplementary Figure 5. Theten genes
closest to the thresholds for rhythmicity, (a) with high amplitude, or (b) with low amplitude,
show how rapidly expression patterns below the scoring threshol ds depart from circadian


http://diurnal.cgrb.oregonstate.edu/�

rhythmicity. Data show fluorescence sgnal strength for each probe set after dChip analyss, in
three biological replicates (experiment 1, filled triangles; 2, crosses, 3, open squares).

Figure S5. Clock genes expression patterns do not result from conditions prior to the
transfer to cFR or the seedlings age

Seedlings expressing the CCAL:LUC, TOC1:LUC, GI:LUC and CCR2:LUC reporter genes
were entrained under FR/D cycles for 5 days, then imaged under on FR/D cycle, transferred to
DD for 2 daysthen to continuous FR. Data show that the expresson patternsunder cFR are
similar to observationsin Figure 6.

Figure S6. Phenotype of Col-0 and phya seedlings under low fluence FR/D cycles used
for the analysis of transcripts from selected clock genes.

Figure S7. Continuous Far Red light conditions do not increase expression of the
oxidative stress gene TRX5

Coal-0 Seedlings were grown and harvested as described in Figure 8. The TRX5 gene
expresson was shown to be highly activated by oxidative stress (Laloi et al., 2004).

Table S1. Clock-controlled genes in etiolated seedlings

Transcripts identified as rhythmic by oligonucleotide array analysis of RNA from WC-
entrained, etiolated seedlings. Genes are divided into 4 classes, according to their
identification asrhythmic in light-grown plants by Harmer et al. (2000), and the amplitude of
rhythmic regulation (see supplementary text). High-amplitude rhythmic genes have mean
normalised amplitude > 0.3 and C > 0.3. Low-amplitude rhythmic genes have mean
normalised amplitude> 0 and C > 0.5. Within each class, genes are sorted by time of peak
expresson and by AGI code.

Table S2. Morning and evening genes subsets selected for Far Red/Dark grown seedlings
transferred to continuous Far Red light.

The studied groups were arbitrarily narrowed down to genes that displayed a 4-fold change
between the highest and the lowest expression level inthe first 12 hours of sampling
(corresponding to a normal 12/12 FR/D cycle). Thisrestriction allowed studying the
behaviour under cFR conditions of genes with increased oscillationsunder FR/D cycles.
Underlined genes were al so scored as rhythmic in temperature-entrained etiolated seedlings
(Table S1).



Table S3. Period analysis of circadian clock mutants under constant Far Red light
conditions

Luminescence data for CCAL:LUC and CAB:LUC reporter genesin clock mutants are shown
in Figure 7. Rhythmic periods and the associated relative amplitude error (RAE) in the 24—
120 h range, corresponding to cFR, were estimated by FFT NLLS. N=6-8 seedling groups.
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Rhythmic in light and dark grown tissue, high

amplitude
Mean Mean
Time of signal normalised
Biological function Molecular Function Gene name AGl locus peak strength amplitude Mean C
Circadian clock Transcription LHY At1g01060 24/48 298 0.51 0.96
Salinity response Transcription STO At1g06040 30 304 0.80 0.88
Unknown Transcription, myb-related At1g71030 30 246 0.53 0.56
Unknown Transcription, B-box Zn finger At4g27310 30 152 0.42 0.70
Ribosome component,
Translation putative At1g13930 36 456 0.58 0.87
Flowering/circadian clock Unknown Gl At1g22770 36 830 0.55 0.77
carbohydrate metabolism Alpha-xylosidase At1g68560 36 535 0.34 0.32
Photosynthesis Chlorophyll binding LHCB2.2 At2g05070 36 362 0.76 0.92
Circadian clock RNA Binding CCR2 At2g21660 36 1917 0.68 0.70
Chromosome putative histone
organisation Nucleosome assembly HTB At2g28720 36 111 0.31 0.73
Photosynthesis Chlorophyll binding LHCB1.5 At2g34420 36 122 0.84 0.65
Light signalling/circadain
clock Transcription PIF4 At2g43010 36 119 0.40 0.68
Unknown Unknown At3g26740 36 444 0.73 0.76
Photosynthesis Chlorophyll binding LHCA4 At3g47470 36 502 0.87 0.64
Photosynthesis Chlorophyll binding LHCA1 At3g54890 36 129 0.32 0.45
Salinity
response/dessication Cysteine-type peptidase RD19 At4g39090 36 1935 0.37 0.57
Photosynthesis Chlorophyll binding LHCB3 At5g54270 36 396 0.56 0.94
Circadian clock Unknown ELF4 At2g40080 42 52 0.75 0.83
Unknown Serine carboxypeptidase At3g10410 42 327 0.32 0.41
Rhythmic in light and dark grown tissue, low
amplitude
Mean Mean
Time of signal normalised
Biological function Molecular Function Gene name AGl locus peak strength amplitude Mean C
Circadian clock Transcription CCA1 At2g46830 24/48 128 0.26 0.81
Unknown Transcription, LIM Zn binding domain At1g10200 36 362 0.20 0.52
Unknown Unknown At2g15890 36 1074 0.30 0.80
Mitochondrial protein
Protein transport translocase similar to Tim17 At2g28900 36 141 0.28 0.84
Unknown Unknown At4g14230 36 192 0.18 0.61
microtubule movement  Structural molecule TUBY9 At4g20890 36 1052 0.29 0.77
Circadian clock RNA Binding CCR1 At4g39260 36 727 0.24 0.55
Calcium ion sensing Calcium ion binding CAM1 At5g37780 36 723 0.26 0.69
Dormancy Unknown DRM1 At1g28330 42 4970 0.11 0.64
Rhythmic in etiolated seedlings but not in Harmer et al., high amplitude
Mean Mean
Time of signal normalised
Biological function Molecular Function Gene name AGl locus __peak strength amplitude Mean C
osmotic stress response Transcription atHB-12 At3g61890 30 137 0.33 0.68
Unknown Redox thioredoxin family ~ At1g11530 36 316 0.33 0.41
Cold response Unknown COR78 At5g52310 36 893 0.38 0.53
Rhythmic in etiolated seedlings but not in Harmer et al., low amplitude
Mean Mean
Time of signal normalised
Biological function Molecular Function Gene name AGl locus __peak _strength amplitude Mean C
Cell cycle Protein interaction CYCcbh2 At2g22490 24/48 368 0.19 0.56
Water transport Water channel PIP1B At2g45960 24/48 6285 0.21 0.53
Unknown Unknown At1g05340 30 901 0.23 0.53
Chromosome putative histone
organisation Nucleosome assembly HON At1g06760 30 808 0.18 0.60
Calcium-dependent lipid
Oxidative stress binding OXY5/ANN1 At1g35720 36 1196 0.11 0.56
cyclin-dependent protein
Cell cycle kinase CDKB1;1 At3g54180 42 193 0.16 0.65
xyloglucan

Cell wall modification endotransglycosylase XTH9 At4903210 42 286 0.19 0.65




Morning genes6

AGI locus _Gene name Function

Time of peak AGI locus _Gene name Function

At1g01060 LHY 24/48 At5g64840 ATGCNS5 24/48
At2g46830  CCAlL 24/48 At5g35970 24/48
At2g46790  PRR9 24/48 At5g24120  SIGE 24/48
Zinc finger (C3HC4-type RING
At1g32900 starch synthase, putative 24/48 At5g47610 finger) family 24/48
At3g02380 COL2 24/48 At5g62130 Perl-like protein-related 24/48
At1g55960 24/48 At2g22240  MIPS2 24/48
At3g09600 myb family transcription factor 24/48 At3g13040 myb family transcription factor 24/48
At5g52570 24/48 At2g27360 24/48
At5g64940 ATATHI3 transporter 24/48 At5g59750 24/48
Atlgl0740 24/48 At3g12320 26
Atlg73870 zine finger (B-box type) family protein 24/48 At3g54500 26
haloacid dehalogenase-like
At5g06530 ABC transporter family protein 24/48 At2g41250 hydrolase family 26
adenosylmethionine decarboxylase
At3g47420 glycerol-3-phosphate transporter, putative 24/48 At5g15950 family 26
At2g21320 zinc finger (B-box type) family protein 24/48 At2g31380 STH 26
At3g09600 myb family transcription factor 24/48 At5g06980 26
At2g47490 mitochondrial substrate carrier family protein 24/48 Atlgd4446 CHI 26
At4g38960 zinc finger (B-box type) family protein 24/48 At5g44190  GLK2 26
At3g59400  GUN4 24/48 At5g67030  ABAl 26
At3g10420 sporulation protein-related 24/48 At3g51920  CAMY 26
At3g01060 24/48 At5g45430 26
Atlg75100  JACI 24/48 At5g01820  ATSRI 26
At3gl1670  DGDI 24/48 At3g27690 LHCB2.3 28
At5g15850  COLI 24/48 At1g69160 28
At2g40400 24/48 At1g29460 28
At5g17300 myb family transcription factor 24/48 At5g07000 ST2B 28
At4g34000  ABF3 24/48 At1g29500 28
mitochondrial transcription termination factor-
At2g34620 related 24/48 Atl1g29510 SAUR68 28
At2024540 AFR 24/48
Evening genes
AGI locus _Gene name Function Time of peak AGI locus _Gene name Function Time of peak
At1g22770 GI 36 At5g50450 zine finger (MYND type) family 36
At2g28900 ATOEPI6-1 36 At5g48250 zinc finger (B-box type) family 36
At1g49720  ABFI 36 At3g26740 CCL 36
At3g53460 CP29 36 Atl1g07050 CONSTANS:-like protein-related 36
At5g11070 36 At4g33980 36
At5g14920 gibberellin-regulated family protein 36 Atdgl6146 36
At2g47890 zinc finger (B-box type) family protein 36 At2g40080  ELF4 38
At3g54090 pfkB-type carbohydrate kinase family protein 36 At2g23030 SNRK2.9 38
At5g08610 DEAD box RNA helicase (RH26) 36 At2g02100  LCR69 38
At5g62720 integral membrane HPP family protein 36 Atlgl3270 MAPIC 38
At5g42900 36 At3g07650  COL9 38
short-chain dehydrogenase/reductase (SDR)
At4g13250 family 36 At3g18920 zinc finger family 38
At2g33830 dormancy/auxin associated family 36 At5g63430 emb2746 (embryo defective 2746) 38
At5g60100  APRR3 36 At5g20630  GER3 38
At5g06690 WCRKCI 36 At5g11060  KNAT4 38
At4g01130 36 At2g21130 peptidyl-prolyl cis-trans isomerase 38
Atlg67970 AT-HSFA8 DNA binding / transcription factor 36 At2g43550 trypsin inhibitor, putative 38
At3g15630 36 At4g34950 nodulin family protein 38
mitochondrial import inner membrane
At4g26670 translocase subunit 36 At3g63160 38
oxygen evolving enhancer 3 (PsbQ)
At5g61380  TOCI 36 At3g01440 family 40
At2021660  CCR2 36 At5¢37260  RVE2 40
At4g30650 36

Time of peak



Period RAE
Background  Mutation Marker % rhythmic __Mean SEM Mean SEM
Ws CCAl:LUC 100 2852 03 0.86 0.03
Ws gill CCAl:LUC 0
Ws elf4-1 CCAIl:LUC 100 23.87 0.13 025 0.03
Col-0 CCAIl:LUC 100 26.57 038 0.6 0.05
Col-0 prr9-1 CCAIl:LUC 100 29.15 046 0.63 0.04
Ws CAB:LUC 100 2636 032 048 0.05
Ws ccal;lhy CAB:LUC 0
Ws elf4-1 CAB:LUC 100 243  0.18 024 0.02
Ws tocl-1 CAB:LUC 0




	Wenden all supp files 22 Dec 2010.pdf
	Supporting Information
	SupplFigAndTableLegends
	Figure S1.pdf
	Figure S2
	Figure S3
	Figure S4
	Figure S5
	Figure S6
	Figure S7
	Table S1
	Table S2
	Table S3


