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SUMMARY

Plants coordinate their growth and development
with the environment through integration of circa-
dian clock and photosensory pathways. In Arabi-
dopsis thaliana, rhythmic hypocotyl elongation in
short days (SD) is enhanced at dawn by the
basic-helix-loop-helix (bHLH) transcription factors
PHYTOCHROME-INTERACTING FACTORS (PIFs)
directly inducing expression of growth-related
genes [1–6]. PIFs accumulate progressively during
the night and are targeted for degradation by active
phytochromes in the light, when growth is reduced.
Although PIF proteins are also detected during the
day hours [7–10], their growth-promoting activity is
inhibited through unknown mechanisms. Recently,
the core clock components and transcriptional
repressors PSEUDO-RESPONSE REGULATORS
PRR9/7/5 [11, 12], negative regulators of hypocotyl
elongation [13, 14], were described to associate to
G boxes [15], the DNA motifs recognized by the
PIFs [16, 17], suggesting that PRR and PIF function
might converge antagonistically to regulate growth.
Here we report that PRR9/7/5 and PIFs physically
interact and bind to the same promoter region of
pre-dawn-phased, growth-related genes, and we
identify the transcription factor CDF5 [18, 19] as
target of this interplay. In SD, CDF5 expression is
sequentially repressed from morning to dusk by
PRRs and induced pre-dawn by PIFs. Conse-
quently, CDF5 accumulates specifically at dawn,
when it induces cell elongation. Our findings
provide a framework for recent TIMING OF CAB
EXPRESSION 1 (TOC1/PRR1) data [5, 20] and reveal
that the long described circadian morning-to-
midnight waves of the PRR transcriptional repres-
sors (PRR9, PRR7, PRR5, and TOC1) [21] jointly
Curre
gate PIF activity to dawn to prevent overgrowth
through sequential regulation of common PIF-PRR
target genes such as CDF5.

RESULTS AND DISCUSSION

Genome-wide analysis of chromatin immunoprecipitation

sequencing (ChIP-seq) data for the PHYTOCHROME-

INTERACTING FACTOR (PIF) quartet (PIFq) (PIF1, PIF3, PIF4,

and PIF5)-associated [16] and PSEUDO-RESPONSE

REGULATOR 5 (PRR5)-, PRR7-, and/or PRR9-associated [15]

loci revealed an overlap of 1,460 genes between PIF-bound

genes (57.5% of all PIF-bound genes) and at least one of the

three PRRs examined (‘‘PIF-PRR genes’’) (Figure 1A, left; Data

S1). The overlap between PIF-bound and PRR5-, PRR7-, or

PRR9-bound genes, when examined individually or in combina-

tion, is shown in the middle panel of Figure 1A (Data S1). The

distance between PRR and PIF binding sites indicates that

PRRs and PIFs associate to the same genomic regions

(Figure 1A, right), in accordance with results showing enrichment

of G-box-containing motifs in PRR-bound regions [15, 22]. We

detected interaction of PIF3 and PIF4 with PRR5 (PIF4 in

accordance with [20]), PRR7, and PRR9 by yeast two-hybrid

assays (Figure S1A). We further confirmed PIF3-PRR interaction

in planta by bimolecular fluorescence complementation (BiFC)

assays (Figure 1B). These data suggest that, similarly to recent

findings for TIMING OF CAB EXPRESSION 1 (TOC1) and PIF3

and PIF4 [5, 20], PIFs and PRRs may bind together at G boxes

to co-regulate the expression of shared PIF-PRR target genes.

Based on the described activity of PRRs as transcriptional re-

pressors [11, 12, 20], PIF-PRR interaction also agrees with the

possibility that PRR5/7/9 might target PIFs to repress their ability

to activate shared PIF-PRR target genes, as shown recently for

TOC1 and PIFs [5, 20].

Functional classification indicated that ‘‘PIF-PRR’’ genes are

enriched in growth-related categories (Figure S1B) and are over-

represented at the elongation phases 18–23 specifically under

short days (SD) (Figures 1C and S1C; Data S1), suggesting

that PIFs and PRRs jointly target genes involved in the induction
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Figure 1. Analysis of Coincident Co-binding

of PRRs and PIFs to Dawn-Phased Genes

under SD Identifies CDF5 as a PIF- and

PRR5/7/9-Bound Gene

(A) Left: comparison of PIF-bound [16] and

PRR5-, 7- and/or PRR9-bound [15] genes (gene

lists are provided in Data S1) defines three

groups of genes: ‘‘PIF only’’ (1,384 genes), ‘‘PRR

only’’ (3,013 genes), and ‘‘PIF-PRR’’ (1,460

genes). Middle: percentage of PIF-bound genes

in genes bound by single or a combination of

PRRs. Right: frequency of pairwise distance in

base pairs (bp) between the PIF- and PRR-

binding sites in each of the ‘‘PIF-PRR’’ co-bound

genes.

(B) BiFC assay of the PRRs and PIF3 fusions to

N- and C-terminal fragments of YFP, respectively,

in transfected onion cells. The combinations of

PIF3-cYFP and TOC1-nYFP or pGW-nYFP were

used as positive and negative control, respec-

tively. Left: YFP fluorescence image. Center:

bright-field image. Right: merge of YFP fluores-

cence and bright-field image.

(C) Expression phases in SD of gene sets defined

in (A): ‘‘PIF-PRR’’ (purple), ‘‘PRR only’’ (pink), and

‘‘PIF only’’ (yellow). Phases are indicated on the

circumference, and fold-change phase enrich-

ment of genes (count/expected) is indicated on

the radius. Day is shown in yellow, and night

in gray.

(D) Comparison of PIF- [16], PRR5-, 7-, and PRR9-

bound [15], and ‘‘PIF/SD-induced’’ [4] genes (see

Data S1 for details).

(E) Visualization of ChIP-seq and ChIP-qPCR data

in the genomic region encompassing the CDF5

locus co-bound by PIFs, PRRs, and TOC1. For PIF

(orange), ChIP-seq tracks show the pileup of all

the reads obtained from MACS (model-based

analysis of ChIP-seq) analyses of the dataset from

each experiment [16]. Each corresponding

WT-ChIP/input control is overlaid in dark gray. For

PRR (purple), filled rectangles indicate the PRR9,

PRR7, and PRR5 peaks defined by ChIP-seq in [15]. Empty rectangles indicate peaks only described by ChIP-qPCR, in [22] for PRR9 and in Figure 2A for TOC1.

Conserved non-coding sequences (CNS; blue) are defined in [23]. For G and PBE box, vertical lines indicate motif positions. See also Figure S1 and Data S1.
of growth under SD conditions. We compared PRR- and

PIF-bound genes with the recently defined PIF- and SD-induced

(PIF/SD-induced) gene set of PIFq-regulated genes under SD

containing dawn-phased and growth-related genes [4]. Strik-

ingly, one gene (CDF5) was PIF/SD induced and bound by all

PRRs and PIFs (Figure 1D; Data S1). Previous ChIP experiments

showed binding of PRR5/7/9 and possibly TOC1 to this G-box/

PBE-containing region [15, 22, 24] (Figure 1E; see legend for

details). This region coincides with conserved noncoding se-

quences (CNSs) among crucifer regulatory regions (Figure 1E)

[23], suggesting that the binding sites on the CDF5 promoter

have been subjected to selective constraint, consistent with

functionality relevance.

We verified binding of PRR7, TOC1, PIF3, and PIF4 to the

CDF5 promoter (pCDF5) region encompassing the G/PBE boxes

at different times under SD conditions by time-course analysis

using ChIP-qPCR (quantitative PCR). Statistically significant

and robust PRR7 binding to pCDF5 was observed at ZT8 and

ZT14 (ZT, zeitgeber time) and was substantially decreased at
312 Current Biology 28, 311–318, January 22, 2018
ZT24, whereas maximum of TOC1 binding was at ZT14 (Fig-

ure 2A). For PIF3 and PIF4, tagged lines driven by the endoge-

nous PIF3 promoter and 35S were used, respectively [25, 26]

(Figure S2A). Statistically significant binding of PIF3 to pCDF5

was detected at ZT24, whereas significant PIF4 binding was

detected in all three time points and incremented along the night

(Figure 2A). These binding dynamics are consistent with the

pattern of accumulation of each protein in SD [5, 8, 27]. Together,

these data are consistent with binding of the PIFs, PRRs, and

TOC1 proteins in SD to the same region of the CDF5 promoter

located approximately 1,000 bp upstream of the transcription

start site (TSS) and with binding dictated by their protein

abundance.

To examine how PIF and PRR7 interaction (Figures 1B and

S1A) and binding to the CDF5 promoter (Figure 2A) affect

CDF5 expression, we first tested CDF5 expression in pif and

prr7 mutants under SD at ZT9, when PRR7 levels are maximum

and PIFs start to accumulate [7, 8, 10, 27, 28]. CDF5 levels were

upregulated in prr7 (Figure 2B), an effect strongly suppressed by
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Figure 2. PRR7 Represses PIF3 Ability to

Induce CDF5 Expression in SD

(A) PRR7, TOC1, PIF3, and PIF4 binding to the

G-box-containing region of the CDF5 promoter at

ZT8, ZT14, and ZT24 under SD. For ChIP-qPCR

analysis, samples of SD-grown pPRR7::PRR7-GFP

(PRR7-GFP), pTOC1::TOC1:YFP (TOC1-YFP),

pPIF3::YFP:PIF3 (YFP-PIF3), and 35S::PIF4-HA

(PIF4-HA) were harvested at the indicated times

during the third day and were immunoprecipitated

with anti-GFP or anti-HA antibodies. Data are from

three independent ChIP experiments, and error bars

indicate the SE. Statistically significant differences

between mean values by Student’s t test relative to

theWT are shown (*p < 0.05, **p < 0.01, ***p < 0.001;

n.s., not significant). WT controls were Col-0 for

YFP-PIF3, PIF4-HA, and PRR7-GFP and C24 for

TOC1-YFP seedlings. Ab, samples immunoprecipi-

tated with antibody; No Ab, control samples immu-

noprecipitated without antibody.

(B) CDF5 expression levels in WT, pif3, pif4, pif5,

prr7, prr7pif3, prr7pif4, prr7pif5, and PIF4-HA.

Samples were harvested at ZT9 during the third day

of growth (ZT8 for PIF4-HA), analyzed by qRT-PCR,

and normalized to PP2A. Data are from three inde-

pendent biological replicates relative to theWT set at

one. Different letters denote statistically significant

differences among means by Tukey b test (p < 0.05).

Error bars indicate the SE.

(C) WT and prr7 seedlings grown for 2 days in SD

conditions were harvested during the third day at the

indicated times. Expression levels of PIF3 and PIF4

were analyzed by qRT-PCR, and values were

normalized to PP2A. Data plotted are the mean ± SE

relative to PIF4 WT at ZT3 set at one, with n = 2

independent biological experiments, each assayed

in triplicate.

(D) PIF3 protein levels in 3-day-old SD-grown WT and prr7 seedlings at ZT24. C-blue, Coomassie blue; NS, non-specific bands.

(E) Hypocotyl length in seedlings as in (B) (except for PIF4-HA) grown for 3 days in SD. Different letters denote statistically significant differences amongmeans by

Tukey b test (p < 0.05). Data are the means ± SE of at least 50 seedlings.

See also Figure S2.
the pif mutations in the prr7pif double mutants (Figure 2B),

suggesting that PIFs and PRR7 regulate CDF5 expression

antagonistically as transcriptional activator and repressor,

respectively. Interestingly, because PIF3 transcript and protein

levels are not affected in prr7 (Figures 2C and 2D); together,

these data suggest that, as described for TOC1 [5], PRR7 acts

directly as transcriptional repressor of PIF3 activity in the regula-

tion of CDF5. In agreement, the prr7 long hypocotyl phenotype

was also partially suppressed with genetic removal of PIF3 (Fig-

ure 2E). However, because the detected binding of PIF3 to the

CDF5 promoter at ZT8 or ZT14 was not statistically significant

(Figure 2A), we cannot discard that the effect of PRRs on PIF3

might involve inhibition of PIF3 binding to the CDF5 promoter.

Suppression of hypocotyl phenotype was also observed for

prr7pif4 and prr7pif5 compared to prr7 (Figure 2E), which sug-

gests that PRR7 directly represses PIF4 transcriptional activity,

as previously shown for TOC1 and PIF4 [20] and might also

repress PIF5. This scenario might be potentially more complex

given that PIF4/5 transcription is regulated by the clock under

SD [2] and that at least PIF4 transcript levels are slightly higher

in prr7 (Figure 2C), in accordance with recent data showing

PIF4 de-repression in prr multiple mutants [29]. However, the
observation that CDF5 expression in overexpressing PIF4-HA

lines at ZT8 was similar to pif4 (Figure 2B), a time point at which

both PRR7 and PIF4 are co-bound to the pCDF5 (Figure 2A),

provides strong support that PRR7 directly suppresses PIF4

transcriptional activation activity toward CDF5.

We next examined the antagonistic PIF-PRR interaction in the

direct regulation of CDF5 across the diurnal cycle. Under SD,

phytochrome imposes oscillation of PIF3 and probably PIF1

proteins to progressively accumulate during the night and to

degrade rapidly in the morning maintaining residual levels during

the day [8, 9]. For PIF4 and possibly PIF5, clock and light regula-

tion result in PIF accumulation also during daytime (Figure 2C)

[7, 10]. In contrast, PRR accumulation is sequential (PRR9/7/5/

TOC1) from morning to midnight (Figure 3A) [21, 27]. We there-

fore expected CDF5 to oscillate with a peak in the early morning

and at the end of the night (when the presence of the PIFs is at a

maximum) and a trough from morning to midnight (when PRRs

accumulate). Indeed, CDF5 in the wild-type (WT) was detected

during the first part of the day (ZT0–ZT3), declined to almost

undetectable levels through ZT15, and accumulated after ZT15

to peak at dawn (Figure 3B). Expression at dawn in pifq SD

and in WT LL (continuous light; a free-running condition in which
Current Biology 28, 311–318, January 22, 2018 313
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Figure 3. PRRs and PIFs Antagonistically

Regulate CDF5 to Dawn-Phase Its Expres-

sion under Diurnal SD Conditions

(A) Transcriptional waves of PRR9/7/5 and TOC1

expression during the third day in SD at the indi-

cated times. Each gene is expressed relative to its

maximum expression value set at one.

(B–D) CDF5 expression in WT, pif, and prr

analyzed by qRT-PCR.

(B) Expression in 2-day-old SD-grown seedlings

harvested during the third day at the indicated

times in seedlings kept under SD or moved to

continuous light (LL). Data are relative to WT SD

at ZT3.

(C) Expression in 3-day-old seedlings at ZT24

grown as in (B). Data are from two independent

biological replicates and are relative to WT sam-

ples set at one. The percentage is the contribution

of each PIF to CDF5 expression in SD considering

pifq andWT values as 0%and 100%, respectively.

Error bars indicate the SE.

(D) Expression in WT, prr5, prr7, prr9, prr59, prr79,

and prr579 seedlings grown for 2 days in SD

conditions during the third day at the indicated

times. Expression is relative to CDF5 WT at ZT3.

(E) PIL1 and CDF5 expression in WT, prr and toc1

analyzed by qRT-PCR. Two-day-old SD-grown

seedlings were treated with a 15-min far-red pulse

(FRp) at ZT8 on the third day ((+) FRp samples, in

red), and harvested during the night at ZT9, ZT12,

ZT16, and ZT20. (�) FRp control samples (in black)

did not receive a FRp. Data are relative to ZT8 set

at one for each genotype.

(A–E) All samples were normalized to PP2A.

(A, B, D, and E) Data plotted are the mean ± SE,

with n = 2 independent biological experiments,

each assayed in triplicate.

See also Figures S2 and S3.
PIFs do not accumulate) [28] was lower than WT SD (Figure 3B),

supporting the notion that transcript induction leading to the

oscillatory pattern of CDF5 expression in SD depends on the

presence of the PIFs (Figure 3B). Analysis ofCDF5 levels in single

pif and multiple pifq (defective in PIF1/3/4/5) mutants at ZT24

showed that the PIFq collectively induces CDF5 expression at

dawn, with PIF1 having a lesser contribution (Figure 3C). CDF5

transcript levels dropped in the WT after 1 hr of morning light

(Figure 3B), concurrent with phy-induced PIF degradation. In

contrast, at ZT9, when CDF5 expression in the WT is almost

non-detectable, CDF5 expression was significantly higher in

prr5, prr7, prr79, prr59, and prr579, with a major contribution

for PRR7 (Figure S2B). Compared to the WT, CDF5 expression

was higher in prr7 from ZT3 through midnight (Figure 3D),

whereas in prr59 and prr79 mutants, CDF5 expression was

only slightly higher at dawn in prr59 and higher from dusk to

dawn in prr79 (Figure 3D). In toc1, de-repression of CDF5 was

early compared to the WT (Figure S2C), similar to other PIF-

TOC1 co-targets [5]. Because cross-regulation was described
314 Current Biology 28, 311–318, January 22, 2018
in the PRRs [30], with nuclear accumula-

tion of TOC1 depending partly on PRR5,

it is likely that TOC1 contributes to the

phenotype of PRR5-deficient mutant
backgrounds. We also characterized PRR5 and PRR7 expres-

sion in prr79 and prr59 double mutants, respectively. Levels of

PRR5 and PRR7 were �1.5-fold higher in prr59 and prr79

compared to the WT, and PRR5 phase was delayed in prr79,

indicative of intricate cross-regulatory pathways (Figure S2D).

Significantly, CDF5 expression in the prr579 mutant from ZT3–

ZT21 was almost linear (Figure 3D), in accordance with the

PRRs (with TOC1 possibly also contributing) being responsible

for the repression ofCDF5 expression frommorning to midnight.

To further examine the PIF-PRR antagonistic interplay, we

artificially induced PIF accumulation at the beginning of the night

period when PRR levels are high (Figure 3A) [27] by giving a far-

red light pulse (FRp) at ZT8 [5, 28]. As control, we used PIL1, a

direct PIF target andmarker gene for PIF abundance and activity

[8]. PIL1 levels accumulated in the WT immediately after the FRp

(Figure 3E), in agreement with the rapid accumulation of PIF pro-

teins after a FRp [9, 25, 31], as well as with PRRs not interfering

significantly with PIF activity in the regulation of PIL1 given that

PIL1 is not a direct target of all PRRs [15]. In striking contrast,
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Figure 4. PRR- and PIF-Mediated Regula-

tion of Cell Elongation Requires CDF5

(A) Hypocotyl length of WT, cdf5, CDF5OX, pifq,

pifqCDF5OX, prr7, and prr7cdf5 grown for 3 and

4 days in SD (left). Data are the means ± SE of at

least 35 seedlings. Different letters denote statis-

tically significant differences among means by

Tukey b test (p < 0.05). Visible phenotypes of

3-day-old seedlings are shown on the right. Scale

bar, 5 mm.

(B) Hypocotyl elongation rate for WT, cdf5, and

CDF5OX 5.7 under SD conditions. Seedling

growth was monitored every 2 hr during the third

day. The average of 12 seedlings is shown, and the

SE is indicated by the shaded area.

(C) Expression of PIF-regulated growth marker

genes (top) and cell wall genes (bottom) in 3-day-

old SD-grown WT, cdf5, and CDF5OX 5.7

seedlings at ZT24, analyzed by qRT-PCR and

normalized to PP2A. Data are from three inde-

pendent biological replicates normalized to theWT

set at one. Error bars indicate the SE. Statistically

significant differences between mean values by

Student’s t test relative toWT are shown (*p < 0.05,

**p < 0.01, ***p < 0.001; n.s., not significant).

(D) Left: quantification of cell length in WT, cdf5,

CDF5OX 5.7, pifq, pifqCDF5OX, prr7, and

prr7cdf5. Seedlings were grown for 3 days in SD.

Data are means ± SE of at least 100 cells from

three to four independent seedlings. Different let-

ters or an asterisk denote statistically significant

differences among means by Tukey b test

(p < 0.05) or by Student’s t test (p < 0.05),

respectively. Right: visual phenotypes of cell area

in 3-day-old SD-grown WT, cdf5 and CDF5OX 5.7

seedling hypocotyls. Scale bar, 200 mm.

(E) Model of the proposed role of PRRs as re-

pressors of PIF activity to regulate cell elongation

through CDF5. PIFs bind to the CDF5 promoter

and induceCDF5 transcription in the absence of PRRs. If PRRs are present, PRRs repress PIF transcriptional activity though direct PIF-PRR interaction. Based on

current data, PRRs and PIFs could bind to the same or different nearby G boxes, or alternatively, PRRs could bind indirectly to G boxes through DNA-bound PIFs

or other G box and PRR-binding factors. Sequential PRR9/7/5 and PRR1/TOC1 accumulation from morning to midnight gate PIF induction of CDF5 to dawn,

when it induces hypocotyl cell elongation by upregulating growth-related genes like YUC8 or FLA9.

See also Figures S3 and S4.
expression induction of the PIF-PRR targetCDF5was repressed

in theWT during the first part of the night (ZT8–ZT16) after a FRp,

similarly to the control (�FRp) samples (Figure 3E). Interestingly,

this repression was much lower in prr5 and prr7 and was not

observed in prr579. In toc1, early CDF5 expression compared

to the WT (Figures 3E and S2C) was more evident in +FRp

samples.

Although part of the effect seen in prr mutants might come

from elevated PIF4/5 levels due to their transcriptional dere-

pression (Figure 2C) [2, 29], together these data support the

conclusion that the PRR9/7/5 and TOC1 prevent the transcrip-

tional activation of CDF5 by PIFs. Given the sequential pattern

of expression of PRR9, PRR7, PRR5, and TOC1 (Figure 3A)

[21] and the progressive accumulation of the PIFs along the

night in SD conditions [8], our results suggest that CDF5 is

sequentially targeted by PRR9, PRR7, PRR5, and TOC1 to

repress its expression from morning to midnight (when PRR

and TOC1 levels are high), to gate PIF direct induction of

CDF5 to dawn when the levels of PRRs and TOC1 are low

and PIFs reach a peak in abundance. We propose that CDF5
might be a novel target of this PRR and PIF interplay in the pro-

motion of hypocotyl elongation.

Our findings suggest a model in which the antagonistic regu-

lation of CDF5 gene expression by PRRs and PIFs described

above might underlie rhythmic growth under SD. In agreement,

we observed correlation between the magnitude of hypocotyl

length under our SD conditions and CDF5 levels in prr and pifq

mutants (Figures S3A and S3B). To test this model genetically,

we generated seedlings ectopically expressing CDF5 in a cdf5

mutant background (CDF5OX) (Figure S3C) and quantified the

hypocotyl phenotype of WT, CDF5OX, and cdf5 lines under

SD. cdf5mutants were slightly shorter than WT SD-grown seed-

lings, whereas CDF5OX lines suppressed the cdf5 phenotype

and showed a range from subtle to robustly elongated hypo-

cotyls compared to the WT (Figures 4A). We analyzed the

elongation rate of cdf5 and CDF5OX lines under SD compared

to theWT (Figure 4B). As described, the growth rate of WT seed-

lings is highest during the second half of the night [2]. Elongation

rate of cdf5 seedlings was similar to the WT during the day and

first part of the night, but it was reduced during the last part of
Current Biology 28, 311–318, January 22, 2018 315



the night, when CDF5 expression in the WT is maximum, consis-

tent with their short phenotype. Interestingly, elongation rate of

CDF5OX seedlings was constantly high during the day and

most part of the night (Figure 4B). Together, our data suggest

that transcriptional control of CDF5 expression by the PIFs and

PRRs is a key regulatory mechanism in growth control.

Next, to genetically test the interplay between CDF5, PIFs and

PRRs, we generated prr7cdf5, pifqcdf5, and pifqCDF5OX mu-

tants (Figure S3C) to study their hypocotyl phenotypes. We

observed that in SD, the quintuple pifqcdf5 mutant displayed a

phenotype similar to pifq, indicating that the cdf5 mutation did

not have an additive effect on pifq mutation (Figure 4A). This

result agrees with PIFq and CDF5 acting in the same signaling

pathway. Overexpression of CDF5 in the pifq background

partially restored the pifq phenotype (Figures 4A), providing

additional evidence that CDF5 contributes to growth down-

stream of the PIFs. Finally, comparison of prr7 with prr7cdf5

mutants showed that the long phenotype of prr7 under SD is

reduced when CDF5 is removed in prr7cdf5 (Figures 4A), sug-

gesting that exaggerated growth in prr7 is partially a conse-

quence of having elevated levels of CDF5. Together, our results

confirm our model in which PRRs and PIFs directly and antago-

nistically regulate CDF5 expression to precisely gate CDF5

growth-promoting activity to the end of the night.

We hypothesized that CDF5 might control the expression of

growth-related genes at dawn downstream of PIFq. We

selected a few PIF-regulated [4], growth-related cell-wall [32]

and SD growth-marker genes [6, 8] to test for their expression

in cdf5 and CDF5OX lines. As shown in Figure 4C, PIL1 and

XTR7 were not significantly affected in cdf5 or CDF5OX, and

IAA19, YUCCA8, and three selected cell-wall-related genes

(AGP4, PME, and FLA9) show significant downregulation in

cdf5 (IAA19), upregulation in CDF5OX (PME and AGP4), or

both (YUC8 and FLA9) compared to the WT. Interestingly,

AGP4 and PME are not PIF-bound genes. These results

suggest branching downstream of PIFq, with CDF5 regulating

a subset of the PIFq-regulated growth-related genes, in accor-

dance to the partial suppression of the pifq phenotype by

CDF5OX shown above (Figure 4A). Examination of the hypo-

cotyl cell size in SD-grown WT, cdf5, and CDF5OX seedlings

by confocal microscopy imaging clearly showed elongated

cells in CDF5OX hypocotyls compared to the WT, whereas

cells in cdf5 appeared shorter (Figure 4D, right), which was

confirmed by quantification of the hypocotyl cell length (Fig-

ure 4D, left). Next, we tested prr7, which exhibited a longer

cell phenotype partially suppressed by genetic removal of

CDF5 in prr7cdf5 (Figure 4D). In contrast, cell length in pifq

was shorter than WT, a phenotype that was partially recovered

by CDF5OX (Figure 4D, left). Together, these results support a

role for CDF5 in the promotion of cell elongation under the

inductive growth condition of SDs downstream of PRRs

and PIFs.

Conclusions
Here we found that members of the PRR family of transcrip-

tional repressors (PRR5, PRR7, and PRR9), with a key role in

the regulation of the central circadian oscillator and clock

output processes in plants [12], target growth-related genes

that are directly induced by the growth-promoting PIF transcrip-
316 Current Biology 28, 311–318, January 22, 2018
tion factors. Given the coincident DNA-binding specificity of

PRRs and PIFs (Figure 1A) [15, 33], the PIF-PRR physical

interaction in the nucleus (Figures 1B and S1A), and their

accumulation dynamics during SD photoperiods (Figure 3A)

[2, 7, 8, 11, 21], we propose a model in which successive bind-

ing of the PRR9, PRR7, and PRR5 to the G box elements of

shared PIF and PRR target genes (like the growth-promoting

CDF5) acts to sequentially repress transcription of the PIF-

induced transcriptional network starting in the morning (Figures

4E and S4). Given that PRR9/7/5 have not been shown to bind

DNA directly, our results agree with the possibility that PIFs

might bridge the binding of PRRs to DNA, although competition

by direct binding of PRR to G boxes, or through a PRR- and

G-box-binding factor different than PIFq, cannot be completely

discarded based on our results. These findings define an

expanded framework for previous results showing PRR1/

TOC1 repression of PIF transcriptional activity at midnight [5].

At dawn, PRRs and TOC1 are not present, PIF protein accumu-

lation reaches a maximum, and elongation is promoted by

PIF-induced expression of growth-promoting genes like CDF5

(Figure 4E). Collectively, our data reveal that gating of growth

occurs not only at the post-dusk hours of the night as previously

described for TOC1 [5], but instead starts in the morning and

covers all the day period until midnight through the sequential

action of the PRR family of transcriptional repressors. The

molecular mechanism described here could explain why growth

rate under SD photoperiods is low [2] from morning to midnight

in the presence of low PIF3 and PIF1 [9, 34] and considerable

high amounts of PIF4 (and most likely PIF5) [7, 10], a regulation

critical for fitness by preventing overgrowth (Figure 4A). Our

results reveal that gating of growth has evolved in plants to

encompass the orchestrated sequential action of members of

the PRR family (PRR9/7/5/1) of transcriptional repressors that

peak in waves from morning to midnight. This function high-

lights the dual role of the PRR family of clock oscillator compo-

nents, as regulators of central clock components and cycling

outputs [11, 21, 35], and as repressors of the physiological

output of growth in combined regulation with light pathways

that control accumulation of PIFs.
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IBM SPSS Statistics Software N/A N/A

Excel N/A N/A
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Elena

Monte (elena.monte@cragenomica.es).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

The Arabidopsis thaliana (L.) accession Columbia (Col-0), C24, and mutants used here were obtained from the mentioned references

or generated in this work (see Key Resources Table).

METHOD DETAILS

Seedling Growth and Hypocotyl and Cell Measurements
Arabidopsis thaliana seeds used in this manuscript include the previously described cdf5-1 [19], toc1-101 [36], pPRR7::PRR7-GFP

(PRR7-GFP) [27], pPIF3::YFP:PIF3 (YFP-PIF3) [26], p35S::PIF4-HA [25], pif1-1 [34], pif3-3 [9], pif4-2 [38], pif5-3 [39], pifq [38], prr5-1,

prr7-3, and prr9-1 [40], pif3-1 [9], pif4-101 [25], pil6-1 (pif5 mutant) [41], and the newly generated prr7-3pif3-1 (prr7pif3), prr7-3pif4-

101 (prr7pif4), prr7-3pil6-1 (prr7pif5), prr7-3prr9-1 (prr79), prr5-1prr9-1 (prr59), prr5-1prr7-3prr9-1 (prr579), and prr7-3cdf5-1

(prr7cdf5) in Col-0 ecotype, and pTOC1::TOC1:YFP (TMG) [37] in C24 ecotype. CDF5OX lines were generated by cloning the

CDF5 ORF under the regulation of the 35S promoter in the pH7FWG2 vector. The resulting 35S::CDF5-GFP construct was trans-

formed into cdf5 to generate CDF5OX lines, and into pifq to generate pifqCDF5OX lines.

Seeds were sterilized and plated onMurashige and Skoog mediumwithout sucrose. Seedlings were stratified for 4d at 4C in dark-

ness, and seedling growth was done in short days (8 hr light + 16 hr dark) or continuous white light (85 mmol$m-2$s-1) for the time

indicated in each experiment. Hypocotyl measurements in Figures 2E and 4A and S3B were done using ImageJ (National Institutes

of Health). Saturating FR pulses were 30 mmol$m-2$s-1 for 15min. Samples at ZT0 and ZT24 were collected in the dark, whereas at

ZT8 were in the light. For hypocotyl growth rate measurements (Figure 4B), image acquisition was done using the ActiveWebCam

software (http://www.pysoft.com) under infrared light background using modified webcams (Microsoft Life Cam Studio). Twelve

seedlings were measured individually every 2 hr throughout the diurnal cycle, the difference in hypocotyl length between the two

time points was calculated, and the elongation rate was expressed as mm/h. The mean and SE for the 12 seedlings are represented.

Cell size was visualized in seedlings stained with propidium iodine (10 mg/mL) (Calbiochem) using a confocal laser microscope Leica

SP5 (570 nm-666 nm). Cell length was measured in pictures taken with an optic microscope (AixoPhot DP70) (Figure 4D).
Current Biology 28, 311–318.e1–e5, January 22, 2018 e3

mailto:elena.monte@cragenomica.es
http://www.pysoft.com
http://www.pysoft.com
http://phaser.mocklerlab.org


ChIP-seq Data Analysis and Visualization
Comparison of ChIP-seq data shown in Figure 1A was performed using PIF- [16] and PRR9/7/5-associated peaks from [15], which

contained novel PRR9 and re-analyzed ChIP-seq data for PRR5 [22] and PRR7 [46], considering only the PRR binding sites located

upstream of the transcriptional start site TSS as in [16]. The same comparison was performed in Figure 1D adding the PIF/SD-

induced gene set from [4]. Distance between PIF and PRR peaks was calculated separately for all the different pairwise combinations

associated to a given gene. To jointly visualize the Chip-Seq data for PRR [15] and PIFs [16], and the conserved noncoding se-

quences (CNS) regions [23] (Figure 1E), the Integrated Genome Browser (IGB) [44] was used. Data was obtained from http://

mustang.biol.mcgill.ca (CNS), GEO: GSE71397 (PRRs) and GEO: GSE43286 (PIFs). Expression phases shown in Figures 1C and

S1C were analyzed using the PHASER tool (http://phaser.mocklerlab.org) for SD (Col-0_SD), LD (longday), and LL (LL23_LDHH).

The PHASER tool generated over-representation p values for each phase (Data S1). DAVID system [45] was used to identify enriched

GO biological terms (Figure S1B).

Chromatin Immunoprecipitation (ChIP) Assays
Chromatin immunoprecipitation (ChIP) and ChIP-qPCR assays (Figure 2A) were performed as in [5, 47]. For PIF3-YFP, all process

was performed in the dark under green safelight. Seedlings (3g) were vacuum-infiltrated with 1% formaldehyde and cross-linking

was quenched by vacuum infiltration with 0.125 M glycine for 5 min. Tissue was ground, and nuclei-containing cross-linked protein

and DNA were purified by sequential extraction on Extraction Buffer 1 (0.4M Sucrose, 10 mM Tris-HCL pH8, 10mM MgCl2, 5mM

b-mercaptoethanol, 0.1mM PMSF, 50 mM MG132, proteinase inhibitor cocktail), Buffer 2 (0.25M Sucrose, 10mM Tris-HCL pH8,

10mM MgCl2, 1% Triton X-100, 5mM b-mercaptoethanol, 0.1mM PMSF, 50 mM MG132, proteinase inhibitor cocktail), and Buffer 3

(1.7M Sucrose, 10mMTris-HCL pH8, 0.15%Triton X-100, 2mMMgCl2, 5mM b-mercaptoethanol, 0.1mMPMSF, 50 mMMG132, pro-

teinase inhibitor cocktail). Nuclei were resuspended in nuclei lysis buffer (50 mM Tris-HCL pH8, 10 mM EDTA, 1% SDS, 50 mM

MG132, proteinase inhibitor cocktail), sonicated for 10X 30sec, and diluted 10X in Dilution Buffer (0.01% SDS, 1% Triton X-100,

1.2 mM EDTA, 16.7 mM Tris-HCL pH8, 167 mM NaCl). Overnight incubation was performed with the corresponding antibody (or

with no antibody as control) at 4C overnight, and immunoprecipitation was performed using dynabeads. Washes were done sequen-

tially in Low Salt Buffer (0.1% SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCL pH8, 150 mMNaCl), High Salt Buffer (0.1% SDS,

1% Triton X-100, 2mMEDTA, 20mMTris-HCL pH8, 500mMNaCl), LiCl Buffer (0.25M LiCl, 1%NP40, 1% deoxycholic acid sodium,

1mMEDTA, 10mMTris-HCL pH8), and TE X1. Immunocomplexes were eluated in Elution Buffer (1%SDS, 0.1MNaHCO3), de-cross-

linked overnight at 65C in 10mMNaCl, and then treatedwith proteinase K. DNAwas purified usingQIAGEN columns, eluted in 100 uL

of QIAGEN elution buffer, and 2 mL were used for qPCR (ChIP-qPCR) using CDF5 promoter-specific primers (Table S1) spanning the

region containing the predicted binding sites for the PIFs [16]. Three biological replicates were performed for all the ‘‘Antibody’’ sam-

ples (two for WT C24 at ZT8), and one for the ‘‘No Antibody.’’ Calculations of percent input were done following the protocol available

at http://www.thermofisher.com.

Yeast Two-Hybrid Assays
For yeast two-hybrid assays shown in Figure S1A, we used PIF3 (pGAD424) and PIF4 (pGADT7) described previously [7, 42]. PRR

fragments were PCR-amplified from PRR templates [48] with primers containing restriction sites (XmaI/BamHI for PRR5 and PRR9,

EcoRI/XmaI for PRR7) (Table S1), cloned into pTOPO vector (NZYTech), sequenced and cloned into pGBKT7 (Clontech). To assess

interactions, constructs were co-transformed into yeast AH109 cells (Clontech). Yeast transformants were selected on synthetic

dropout medium (SD) deficient in leucine and tryptophan (-LT), and interaction was assayed quantitatively by a b-Galactosidase

assay performed using ortho-nitrophenyl- b-D-galacpyranoside as a substrate following manufacturer’s instructions.

Bimolecular Fluorescence Complementation (BiFC) Assays
For bimolecular fluorescence complementation (BiFC) shown in Figure 1B, the coding regions of PIF3 and TOC1 [5] were cloned into

pGWcY and pGWnY vectors [43], respectively. PRR5-, PRR7- and PRR9-nYFP are from [48]. Preparation of samples and bombard-

ment of onion cells were done as in [5]. Briefly, the inner layers of spring onions were cut in 2 3 2 cm squares and used for particle

bombardment. Each sample was transfected with 1 mg of each plasmid coupled to tungsten particles using a Biolistic Particle

Delivery SystemPDS-1000 (Bio-Rad). After bombardment, onions were exposed to a saturating 15min FR pulse and incubated over-

night in dark conditions. The upper epidermal layer was removed, placed in a microscope slide and visualized using a confocal laser

scanning microscope Olympus FV1000 (Objective Lens UPLSAPO 20X, Laser Wavelength: 514 nm, Emission window: 525-600 nm).

Protein Extraction and Immunoblot
Total protein extracts to detect endogenous PIF3 were prepared from 3 day-old SD-grown seedlings harvested at ZT24 in the dark

(Figure 2D). Extraction buffer and protein quantification were done essentially as described [49]: Samples were collected and frozen

in liquid nitrogen, and manually ground under frozen conditions before resuspension in boiling extraction buffer (100 mMMOPS (pH

7.6), 2% SDS, 10% glycerol, 4mM EDTA, 50mM Sodium metabisulfite (Na2S2O5), 2gl
�L aprotinin, 3gl�L leupeptin, 1gl�L pepstatin

and 2 mM PMSF). Total protein was quantified using a Protein DC kit (Bio-Rad), and b-mercaptoethanol was added just before

loading. Aliquots of 100 ug for each sample were treated for 5min at 95C and subjected to 12.5% SDS- PAGE gels. Proteins

were then transferred to Immobilon-P membrane (Millipore), and immunodetection of endogenous PIF3 was performed using a

anti-PIF3 antibody [26] (1:10,000 dilution) incubated with Hikari solution (Nacalai Tesque). Peroxidase-linked anti rabbit secondary
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antibody (1:5,000 dilution) and a SuperSignal West Femto chemiluminescence kit (Pierce) were used for detection of luminescence

using LAS-4000 Image imaging system (Fujifilm). The membrane was stained with Coomassie blue as a loading control.

Gene Expression Analysis
Quantitative RT-PCR, RNA extraction, cDNA synthesis and qRT-PCR were done as described [49]. Briefly, 1 mg of total RNA

extracted using the RNeasy PlantMini Kit (QIAGEN) were treated with DNase I (Ambion) according to themanufacturer’s instructions.

First-strand cDNA synthesis was performed using the SuperScript III reverse transcriptase (Invitrogen) and oligo dT as a primer

(dT30). cDNAwas then treated with RNaseOut (Invitrogen) before 1:20 dilution with water, and 2 mLwas used for real-time PCR (Light

Cycler 480; Roche) using SYBR Premix Ex Taq (Takara) and primers at a 300 nM concentration. Gene expression in time-course

analyses (Figures 2C, 3A, 3B, 3D, 3E, S2C, and S2D) was measured in two independent biological replicates, with three technical

replicates for each biological sample, and the mean of the biological replicates ± SE is shown. For specific time points in Figures

2B, 4C, S2A, S2B, and S3C, gene expression was measured in three independent biological replicates, and in two biological repli-

cates in Figure 3C, and each biological sample corresponds to the mean of three technical replicates. PP2A (AT1G13320) was used

for normalization.

QUANTIFICATION AND STATISTICAL ANALYSIS

Differences between means were statistically analyzed by one-way analysis of variance using Tukey-b post hoc multiple com-

parison test (IBM SPSS Statistics Software) or homoscedastic Student’s t test (Excel Microsoft), as indicated in the figure

legends. Statistically significant differences were defined as those with a p value < 0.05. Significance level is indicated as

* p < 0.05, ** p < 0.01 and *** p < 0.001.
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