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Our understanding of the complex, transcriptional feedback loops in the circa-
dian clock mechanism has depended upon quantitative, timeseries data from
disparate sources. We measure clock gene RNA profiles in Arabidopsis thaliana
seedlings, grown with or without exogenous sucrose, or in soil-grown plants
and in wild-type and mutant backgrounds. The RNA profiles were strikingly
robust across the experimental conditions, so current mathematical models
are likely to be broadly applicable in leaf tissue. In addition to providing
reference data, unexpected behaviours included co-expression of PRR9 and
ELF4, and regulation of PRR5 by GI. Absolute RNA quantification revealed
low levels of PRR9 transcripts (peak approx. 50 copies cell21) compared
with other clock genes, and threefold higher levels of LHY RNA (more than
1500 copies cell21) than of its close relative CCA1. The data are disseminated
from BioDare, an online repository for focused timeseries data, which is
expected to benefit mechanistic modelling. One data subset successfully con-
strained clock gene expression in a complex model, using publicly available
software on parallel computers, without expert tuning or programming. We
outline the empirical and mathematical justification for data aggregation in
understanding highly interconnected, dynamic networks such as the clock,
and the observed design constraints on the resources required to make this
approach widely accessible.
1. Introduction
Circadian clocks are found widely among organisms from archaea to mammals
[1,2]. These internal time-keepers generate approximately 24 h rhythms in the
expression of 10–30% of genes, even without environmental cues. In natural con-
ditions, circadian rhythms are entrained by light and temperature cycles. Their
function is to coordinate internal processes with the external day/night cycle
[3,4] and also, through photoperiodism, relative to the seasonal cycle [5]. The cir-
cadian system of each organism includes a phylum-specific gene regulatory
network that is required for most rhythmicity [6], as well as non-transcriptional
oscillator(s) that are less well characterized in eukaryotes [7].

In plants, the clock gene network includes highly connected, negative regula-
tors forming a complicated circuit. This has been best studied in Arabidopsis
thaliana. One simplification (figure 1a) visualizes the circuit as a three-loop

http://crossmark.crossref.org/dialog/?doi=10.1098/rsob.150042&domain=pdf&date_stamp=2015-10-14
mailto:mstitt@mpimp-golm.mpg.de
mailto:karen.halliday@ed.ac.uk
mailto:andrew.millar@ed.ac.uk
http://dx.doi.org/10.1098/rsob.150042
http://dx.doi.org/10.1098/rsob.150042
http://orcid.org/
http://orcid.org/0000-0003-1756-3654
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


1.0

0.8

0.6

0.4

0.2

0

1.

2.

2B.

2A.

3.

4.

5.

6.

7.

LHY
CCA1
PRR9
PRR7
PRR5
TOC1
GI
LUX
ELF3
ELF4

ROBuST sd

TiMet ros

TiMet sd1 Ws-2; elf3-4.

Ws-2; lhy-21 cca1-11.

TiMet sd2 Ws-2.

McWatters sd

Edwards sd
3% suc; 22°C

3% suc; 22°C

3% suc; 20°C
Col-0

Col-0

Col-0; gi-201; toc1-101; prr7-3 prr9-1

Col-0

Southern sd

(× 7 d, 22°C)

(× 12 d)

(× 9 d)

(× 7 d)

(× 5 d) ...

(× 11 d)

(× 20 d) ...

0% suc; 17°C

Col-4; prr7-3; prr9-1; prr7-3 prr9-1
Ws-2; gi-11; toc1-9; lhy-21; cca1-11;

(× 2d, 17°C) ...
LHY/CCA1

PRR9 PRR7 PRR5 TOC1

ZTL

AND

ELF4 ELF3evening complex

Pokhilko model

LUX

GIOR

re
la

tiv
e 

R
N

A
 le

ve
l

time (h)
0 6 12 18 24

0 12 24 h

0 12 24 h

0 12 24 36 48 60 72 h

0 12 24 36 48 60

12 24 36 48 60 72 84 96

0 12 24 36 48 60

0 12 24 h

0 12 24

0 12 24 h 0 12 24 h

0 12 24 h

0

0% suc; 20°C/18°C; absolute quantification. 

C24; toc1-2; tic-1
Ws-2; elf3-4; elf4-1; gi-11; lhy-21 cca1-11;
TOC1-ox; GI-ox

soil; 20°C/18°C; absolute quantification. 

soil; 20°C/18°C; absolute quantification. 

12 24 h

0 12 24 h

lhy-21 cca1-11; lhy-21 cca1-11 gi-11. 

(b)

(a) (c)

Figure 1. The clock gene network and experimental protocols. (a) The clock gene network summarized in the activity-flow language of SBGN v. 1.0 [8], with the
principal connections in the P2012 model [9]. The repressilator is denoted by green lines; morning loop components are filled yellow; LHY/CCA1, red; evening loop
components, blue. Light inputs are shown in electronic supplementary material, figure S1 and all modelled connections of P2011 [10] in electronic supplementary
material, figure S2. (b) Peak-normalized RNA profiles of genes depicted in (a), in plants of the Col-0 accession under a 12 h light : 12 h dark cycle (LD 12 : 12;
experiment 2b of panel (c)). (c) Graphical representation of the growth conditions. Experiments 1, 4, 5, 6 and 7 used seedlings grown in LD 12 : 12 for the number
of days indicated; experiments 2 and 3 used plants grown on soil in LD 12 : 12 for the number of days indicated. Sucrose concentrations, growth temperatures and
genotypes tested are shown for each experiment. Open box, light interval; black box, dark interval; light grey box, predicted darkness in constant light; dark grey
box, predicted light in constant darkness; red box, red light. Sampling time in ZT (h), relative to lights-on of the first day of sampling or the last dawn before
experimental treatment (ZT0). Ros, rosette; sd, seedling.
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structure of morning and evening loops coupled around a
repressilator [10,11]. The morning loop includes the MYB-
related transcription factors LHY and CCA1, which activate
expression of the pseudo-response regulators PRR9 and PRR7
[12,13], but inhibit expression of later-expressed genes includ-
ing PRR5 and TOC1 (PRR1). PRR9, PRR7, PRR5 and TOC1
bind to and inhibit LHY and CCA1 expression, as predicted
by modelling [10,14] and demonstrated by experiments
[15–18]. LHY and CCA1 also inhibit expression of ELF3,
ELF4 and LUX (PCL1), whose protein products interact to
form another repressor, the evening complex (EC) [19–22].
The EC is thought to inhibit the expression of at least ELF4
and LUX, forming a negative feedback loop, whose continued
function might explain the damped oscillation of clock gene
expression observed in lhy cca1 double mutant plants [10].
GI, a large plant-specific protein, is also rhythmically expres-
sed but functions at a post-translational level through, for
example, stabilization of the TOC1-degradation factor ZTL
[23]. Light signalling controls multiple processes (electronic
supplementary material, figure S1) that entrain the clock circuit
to the day–night cycle. A growing number of identified pro-
cesses and components remain to be fully integrated into the
circuit, though even the components described are challenging
to analyse.
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Formal, mathematical models have been helpful in under-
standing the plant clock, because its components are highly
interconnected by nonlinear regulation (electronic supple-
mentary material, figure S2; reviewed in [24]). Model
development was necessarily based upon timeseries data,
where the system was manipulated using mutations and by
varying light or temperature inputs. More detailed models
demanded greater precision and breadth in the data, which
raised two major issues. First, data collation was laborious,
because the numerical data underlying published timeseries
graphs were rarely accessible [25]. Although the potential
benefits of data sharing are recognized [26,27], in practice,
useful sharing requires cyber infrastructure, which is currently
best-developed for omics data rather than the many focused
studies in the clock literature [28]. Second, the published data
on Arabidopsis clocks used several genetic backgrounds
and growth conditions, introducing ill-defined variation to
the results.

To provide directly comparable data, we conducted large-
scale qRT-PCR assays for the RNA levels of multiple clock
genes. Overlapping studies in four laboratories using different
growth stages and conditions highlighted the robustness of
most expression profiles and the few instances where they
varied. Visualizing the data as phase plane plots suggested
new dynamic interactions and their genetic regulators. Absol-
ute RNA quantification revealed the low expression levels of
ELF3 and PRR9. To facilitate similar projects, we introduce
data aggregation in the online BioDare resource, and illustrate
the utility of our datasets by reoptimizing the P2011 clock
model [10] with the open-source application SYSTEMS BIOLOGY

SOFTWARE INFRASTRUCTURE (SBSI) [29], highlighting key areas
for future experiments.
2. Results
2.1. Large-scale measurement of clock gene RNA

profiles
This study was motivated by two projects that integrated circa-
dian regulation into research on other plant physiological
systems, which were incompatible with the growth conditions
used in earlier circadian research. The Regulation of Biological
Signalling by Temperature (ROBuST) project studied the
interactions of ambient temperature with circadian and light
signalling circuits; exogenous sucrose inhibits light signalling
[30,31] and was therefore excluded. The Timing of Metabolism
(TiMet) project studied circadian regulation of the starch path-
way, among others, which is best characterized in rosette plants
grown on soil. To measure the rhythmic expression in a set of
clock-related genes (figure 1b), we used automated systems in
Golm and Edinburgh to quantify mRNA levels for components
of the clock circuit every 2 h, in multiple conditions and mutant
backgrounds [32,33] (figure 1c). The ROBuST dataset tested
13-day-old, wild-type (WT) and mutant seedlings grown at
178C on agar medium without additional sucrose. Datasets
from the TiMet project tested 21-day-old rosette plants grown
at 208C on soil (TiMet ros) and 13-day-old seedlings on soil
(TiMet sd1). The TiMet rosette data were collected from WT
and clock mutant Arabidopsis thaliana plants grown under
light : dark (LD) cycles in two experiments, followed by con-
stant light (LL) or constant dark (DD) in one study. Three
further studies were compared, from seedlings grown on sterile
agar media without sucrose (TiMet sd2, using the same
medium as the ROBuST data), or with exogenous sucrose
under white (McWatters, this paper; and Edwards et al. [34])
or red light (Southern, this paper; and [21,35]).

2.2. Data presentation
Time is expressed as zeitgeber time (ZT) in hours since the
last dark–light transition, by convention; the first dark–light
transition within the sampling interval is 0 h on our plots.
TiMet data are presented as absolute values [33], obtained by
calibrating RNA extraction efficiency with heterologous control
RNAs (electronic supplementary matetial, table S1) to calcu-
late the number of copies of each RNA per gram fresh weight
(gFW). Estimated cell numbers per gFW (see electronic sup-
plementary material) were used to calculate RNA copies per
cell. The other datasets are normalized relative to a control
transcript (ACTIN7 for ROBuST; ACTIN2 for Edwards and
Southern; bTUBULIN4 for McWatters). ACTIN2 and GAPDH
controls were also assayed with two amplicons each in the
TiMet assays, for comparison among datasets. Data were repli-
cated in biological duplicate or triplicate samples and in
equivalent sampling on successive days (0–12 h and 24–36 h
in the TiMet and Edwards datasets). Data are presented on
linear scales to reflect the potential for protein synthesis and
hence regulatory effects on downstream targets (in keeping
with most of the literature; figures 2 and 3; electronic sup-
plementary material, figure S5) and on logarithmic scales to
reveal the full dynamic range of RNA expression, and hence
the influence of multiple upstream regulators (figures 4–6;
electronic supplementary material, figure S3 and S4). Further
technical comparison among the studies is presented in the
electronic supplementary material.

2.3. Similarity and specific variations of wild-type RNA
profiles across datasets

Clock gene RNA expression profiles in WT plants of two
accessions (Col and Ws-2) grown in LD are presented in
figure 2; profiles were similar across the TiMet and ROBuST
datasets, despite major differences in growth conditions.
The morning clock components, CCA1 and LHY, peaked as
expected at dawn (figure 2a,b), followed by PRR7 (ZT6;
figure 2c,d), PRR5 and GI (ZT8; figure 2e–h). Expression of
the evening components, LUX, ELF4 and TOC1, peaked at
ZT8–12 (figure 2e–j); peak expression of LUX was delayed
by about 2 h in Col plants relative to Ws-2 in both datasets
(figure 2g,h; replicated in LL data). ELF3 had a low-amplitude
profile in both datasets, with lowest expression around ZT4.

The TiMet and ROBuST datasets differed at particular
timepoints for PRR9, GI and TOC1. PRR9 expression was
highest at ZT2–6 in both cases, with a clear peak at ZT2 in
the ROBuST seedling data (consistent with many other
reports from seedlings) but a broader profile in the TiMet
data (figure 2c,d). After its major peak at ZT8–12, TOC1
expression is consistently observed (since [36]) to increase
around ZT18, but the level of this night-time peak varied
(figure 2e,f ). The ROBuST data for seedlings showed a peak
of GI expression at ZT2 (figure 2f ); little induction is evident
at ZT2 in the TiMet rosette data on a linear scale (figure 2e)
though the logarithmic scale reveals the response (electronic
supplementary material, figure S3e). The morning peak in
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Figure 2. Clock gene expression in wild-type plants under LD cycles. Transcript levels in Col-0 and Ws-2 WT under LD 12 : 12 were measured by qRT-PCR, in
experiment 2 (TiMet ros) including eight external RNA standards to allow absolute quantification in Col-0 and Ws-2 (a,c,e) and in experiment 1 (ROBuST) normalized
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GI is likely to be an acute response to lights-on. Rapid
sampling in the Southern data [35] and in a follow-up micro-
array study [10] suggested that induction is rapid but
transient, and therefore sensitive to sampling time. Nonethe-
less, the data suggest that either the magnitude or kinetics of
light responsiveness vary across the conditions tested. The
difference in PRR9 profiles could reflect slower activation of
PRR9 in the TiMet data, consistent with lower light respon-
siveness in rosettes than in seedlings or with faster
repression of PRR9 in seedlings. The level of GI transcripts
at ZT12 also varied from 4% to 40% of the peak level, with
the lowest level in rosettes of Ws-2 (figures 2e,f and 3c). GI
expression is light sensitive at this phase [37], so our results
are consistent with variation in light responsiveness.

Sucrose modestly increases expression of the evening
clock components TOC1 and GI [38], particularly in dark-
ness [39], and can repress PRR7 with subsequent effects
on CCA1 under low light [40], along with transcriptome-
wide effects under LD cycles [41,42]. We therefore compared
the expression profiles for CCA1, TOC1 and GI in plants
grown without (ROBuST and TiMet data) or with exogenous
sucrose (McWatters, Edwards and Southern datasets;
figure 3). To facilitate comparison, TiMet data were normal-
ized to control transcripts (two amplicons each in GAPDH
and ACTIN2), as for the other studies. Each profile was
normalized to its maximum. Expression profiles of CCA1
across the different timeseries matched closely despite
the differences in accession and experimental protocols
(figure 3a). The times of peak, mid-rising and mid-falling
phases differed by at most 2 h (one sampling interval)
among datasets. In the falling phase at ZT4, the profiles
in McWatters, TiMet ros and TiMet sd2 data were delayed
relative to the other data. The night-time expression of
TOC1 at ZT18 varied from 20% to 60% of the main peak
level (figure 3b), with high expression in ROBuST, Edwards
and TiMet sd2 datasets. The expression of GI at ZT2 in the
TiMet and Edwards seedling data was about 20% of the
main peak level (figure 3c, also in Southern data [35]), inter-
mediate between the levels in ROBuST and TiMet rosette data
(discussed above). These features of the expression profiles
showed no clear relationship with growth medium or
developmental stage.
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2.4. Absolute quantification of clock gene transcripts
The absolute quantification in the TiMet ros data, which is
based ultimately upon the certified amounts of synthetic
commercial standards [33], revealed wide variation in peak
RNA levels among clock genes in WT plants (figure 4). High-
est RNA levels were detected for LHY at 1000–2100 copies
per cell, similar to the control genes GAPDH and ACT2.
PRR9 was least abundant at the peak, with 40–70 copies
per cell; LUX and ELF3 peaked at 105–130 copies per cell;
PRR7, PRR5, GI and TOC1 at 120–270 copies per cell; ELF4
and CCA1 at 250–600 copies per cell. RNA copy number of
LHY was threefold greater than that of CCA1 (figure 4a,b).

Peak levels for the evening-expressed genes (figure 4f– j)
were slightly higher in Ws-2 than Col-0 plants, by 1.2-fold
(LUX) to 2.0-fold (ELF4), average 1.6-fold. Several clock gene
RNAs fell to low copy numbers per cell at the trough. Conse-
quently, rhythmic amplitudes (defined here as peak divided
by trough levels) also varied greatly among clock genes. The
TOC1 and ELF3 profiles showed only eight- to 20-fold ampli-
tude in Col-0, and generally smaller amplitudes in other,
mutant genotypes than the other clock genes (figure 4f,i),
whereas LHY, CCA1, GI, ELF4 and PRR5 RNAs showed over
100-fold amplitude. This distinction was consistent in other
datasets [21,34]. Amplitude estimates can be significantly
affected by variation in the very low trough levels, which
were higher in the TiMet sd1 dataset relative to the TiMet
rosette data for LHY and all the evening-expressed genes in
the Ws-2 accession, for example (figure 4). Transcripts with
high-amplitude profiles might be expected to control circadian
timing more effectively than the low-amplitude profiles of
TOC1 and ELF3.
2.5. Regulation of clock genes under environmental and
genetic manipulation

The TiMet project measured clock gene expression in LL and
DD following LD entrainment, in seedlings of two WT and
four clock mutant backgrounds (figure 5), revealing novel
aspects of clock gene regulation as well as replicating regulation
observed in many earlier, smaller studies. The results are dis-
cussed below with respect to the upstream regulators of each
gene, rather than the effect on the gene’s downstream targets.
The RNA data are therefore presented in semi-logarithmic
plots that show regulator activity even at low RNA levels.

Comparing the three environmental conditions, peak
RNA expression levels tended to fall in LL, consistent with
the loss of dark-dependent regulation. The acute gene induc-
tion at the dark–light transition, faster degradation of PRR
repressors in darkness and of the EC in the light are all
expected to enhance rhythmic amplitude in LD. Expression
levels of the clock RNAs were maintained in the first cycle
in DD, except for the strongly light-regulated ELF4 [43,44].
Comparing the six genotypes, mutations that removed the
repressors revealed the key connections in the clock circuit
(figure 1a). The gi mutation, in contrast, had small or negli-
gible effects on the timing and levels of expression except
for PRR5, as noted below.
2.5.1. LHY and CCA1
Our results are consistent with PRR repressors controlling both
the rising and falling phases of LHY and CCA1 expression at
the transcriptional level [14,16–18,45]; several observations
suggest that this activity is light-dependent. Both transcripts
retain strikingly higher expression in the prr7;prr9 double
mutant than in the WT, at ZT6–12 in LD and LL (figure 5a,b;
p , 0.05; 20- to 30-fold higher at ZT8), consistent with the
absence of repression from PRR9 and PRR7 proteins. By the
second day in LL, the trough of LHY and CCA1 expression at
ZT44 (68 h in figure 5) was also 20-fold higher than the WT
trough level at ZT36–38 (60–62 h). Comparing LD and LL
data with DD conditions revealed broader peaks of LHY and
CCA1 RNA in DD (figure 5k,l), consistent with slower degra-
dation of these transcripts in darkness [34,46]. In darkness,
however, LHY and CCA1 levels in the prr7;prr9 mutant behaved
very similarly to the WT, both during the falling phase in DD
(ZT28–38; figure 5k,l) and during the rising phase in LD
(ZT16–22; figure 5a,b). By dawn in LD, both transcripts
peaked at the WT level, consistent with previous reports
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Figure 4. Range of transcript abundance for clock genes in clock mutants. The bars show the highest and lowest mean values for the absolute abundance of
transcripts for clock genes in a given genotype. The genotypes are, from left to right, Col-0 wild-type, gi-201, prr9 prr7 double mutant, toc1, WS WT, lhy cca1
double mutant (from experiments 2 and 2B of figure 1c, 21-day-old rosettes) and WS (designated WS_2) and elf3 from experiment 3 (13-day-old seedlings), (a)
LHY, (b) CCA1, (c) PRR9, (d ) PRR7, (e), PRR5, ( f ), TOC1, (g) LUX, (h) GI, (i) ELF3, ( j ) ELF4. The underlying data are as in figures 5 and 6.
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