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Plants are agile, plastic organisms able to adapt to everchanging
circumstances. Responding to far-red (FR) wavelengths from
nearby vegetation, shade-intolerant species elicit the adaptive
shade-avoidance syndrome (SAS), characterized by elongated
petioles, leaf hyponasty, and smaller leaves. We utilized end-of-
day FR (EODFR) treatments to interrogate molecular processes
that underlie the SAS leaf response. Genetic analysis established
that PHYTOCHROME-INTERACTING FACTOR 7 (PIF7) is required for
EODFR-mediated constraint of leaf blade cell division, while EODFR
messenger RNA sequencing data identified ANGUSTIFOLIA3 (AN3)
as a potential PIF7 target. We show that PIF7 can suppress AN3
transcription by directly interacting with and sequestering AN3. We
also establish that PIF7 and AN3 impose antagonistic control of
gene expression via common cis-acting promoter motifs in several
cell-cycle regulator genes. EODFR triggers the molecular substitu-
tion of AN3 to PIF7 at G-box/PBE-box promoter regions and a
switch from promotion to repression of gene expression.

AN3 j PIF7 j EODFR j leaf development j cell proliferation

Growth plasticity is a fundamental property of plants, enabling
adjustment to changes in the environment. The shade-

avoidance syndrome (SAS) is a well-known adaptive response
to the presence of nearby vegetation that is characterized by
gross changes in plant architecture and biomass (1–3). A com-
mon feature of SAS is the reduction in leaf blade growth, which
can be dramatic in heavy vegetation shade. Our recent research
and that of others has shown that phytochrome, an important
modulator of the SAS leaf response, operates by controlling cell
proliferation and expansion phases of development (4–6). The
molecular mechanisms through which phytochrome controls leaf
growth are, however, unresolved.

In Arabidopsis, phytochromes comprise a small gene family
(PHYA to E) of photochromic biliproteins that are tuned to
detect far-red (FR) light-rich conditions which occur in vegetation-
dense habitats (7, 8). The photo-isomeric properties of phyto-
chrome dictate that red (R) light wavelengths drive the
photoconversion from the inactive Pr to the active Pfr isomeric
form. Exposure to FR wavelengths reverses this process, switch-
ing phytochrome to its inactive Pr state. Several studies have
shown that FR inactivation of phyB-E set in motion a series of
molecular signaling events that activate SAS (7). Although SAS
is principally regulated by phyB, phyC has a contributory role,
while phyD and phyE operate redundantly with phyB in this
response (7, 9). In contrast, phyA signaling, which is enhanced by
extended periods of FR, acts to limit the extent of SAS, which
can be detrimental if left unchecked (10).

PhyB is known to operate by negatively regulating the
PHYTOCHROME-INTERACTING FACTOR (PIF) class of
bHLH transcription factors. Studies indicate phyB can inhibit
PIF1 and PIF3 action through sequestration and can also initiate
phosphorylation-mediated proteasomal degradation of PIF1, PIF3,
PIF4, and PIF5 (11–13). Consequently, the deactivation of phyB
by FR light leads to PIF de-repression and activation of tran-
scriptional events. Of these PIFs, PIF4 and PIF5 have prominent
roles in SAS alongside another family member, PIF7, which has
somewhat distinct regulatory characteristics. For instance, the

phosphorylated form of PIF7 is not degraded; rather, it is retained
in the cytosol through interaction with 14-3-3 proteins (14).
FR-rich shade light induces PIF7 dephosphorylation and translo-
cation to the nucleus.

An important SAS feature is the physiological response to FR
is gated by the circadian clock with a peak in FR responsiveness
at dusk (15, 16). This property means that end-of-day FR
(EODFR) treatments are effective in eliciting SAS (6, 17). Fur-
thermore, the delivery of short EODFR treatments avoids acti-
vating the SAS suppressor phyA, assisting the delivery of a
robust SAS response (7, 18). Recent reports have shown that
PIF7 has a prominent role in mediating SAS responses induced
by EODFR and that its action is clock gated (15, 16, 19). FR
shade light leads to the rapid activation of PIF7 through dephos-
phorylation and nuclear accumulation (14, 19, 20). These distinct
molecular properties mean PIF7-mediated SAS signaling can be
swiftly deployed following phyB deactivation at dusk, particularly
on short days when PIF7 is reported to be most effective (19).
After an EODFR treatment, PIF7 is primarily active post-dusk,
as rising levels of the night-phased clock component ELF3 grad-
ually suppress PIF7 action through direct interaction and the
prevention of PIF7 DNA binding (21).

Earlier studies demonstrated that simulated canopy shade
can constrain the phase of leaf cell proliferation in a process
involving HD-Zip II transcription factors ATHB2 and ATHB4
(5, 22). Our recent messenger RNA sequencing (mRNA-seq)
analysis identified key leaf development genes as EODFR regu-
lated, revealing a signaling route through which phytochrome
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controls leaf growth (6). Among these genes, ANGUSTIFOLIA
3/GRF-INTERACTING FACTOR 1 (AN3/GIF1), GROWTH-
REGULATING FACTORs GRF2, GRF4, and GFR6, and
BRAHMA (BRM) are known to regulate leaf blade cell prolifera-
tion, while the small, narrow leaf phenotype of the an3-4 mutant
is reminiscent of the phyB leaf blade phenotype (23–26). AN3
is proposed to operate centrally in a complex with DNA-binding
GRFs and with SWITCH/SUCROSE NONFERMENTING
(SWI/SNF) chromatin remodeling proteins such as BRM and
BAF60 to regulate transcription (26). Interestingly the AN3–
GRF–SWI/SNF complex is highly conserved in eudicots and
monocots and therefore represents a widespread leaf development
mechanism (27–29).

This study delineates a molecular mechanism that links phyto-
chrome signaling to leaf development. We establish PIF7 is a
potent inhibitor of leaf cell proliferation following SAS-inducing
EODFR treatments. Genetic analysis indicates this is accom-
plished through the repression of AN3. We show PIF7 sup-
presses AN3 expression through a sequestration mechanism that
prevents AN3 self-activation. Our data also point to PIF7 and
AN3 signaling convergence at common promoter cis-elements in
cell-cycle genes. EODFR induces PIF7 substitution for AN3 at
target promoters and a concomitant shift from promotion to the
repression of gene expression.

Results
EODFR Inhibits Cell Division during Distinct Phases of Leaf Development.
Previously, we used phytochrome-deactivating EODFR treat-
ments to mimic and test the impact of vegetative shading at
different phases of rosette leaf 3 (L3) development (6). We
established that daily EODFR was effective in limiting L3
expansion by suppressing epidermal cell division or expansion,
contingent on whether EODFR coincided with the proliferation
or expansion phase of development. Extending these findings,
we found that EODFR treatment delivered daily (light:dark
[LD] 12-h:12-h photoperiod at 22 °C) from day 6, or phyB-9, are
equally effective in reducing the cell number but not the size of
both epidermal and palisade cells (SI Appendix, Fig. S1). We
observed similar EODFR effects on leaf blade expansion for
all rosette leaves (SI Appendix, Fig. S2) but focus on L3 as a
model to allow a direct comparison to our published data and
other studies (6, 30–32).

To pinpoint more precisely the time window during which phy-
tochrome controls blade cell division, we exposed plants grown in
a LD 12-h:12-h photoperiod at 22 °C to 5 d of EODFR in the
following intervals: days 6 to 10, 10 to 14, or 14 to 18; negative
controls did not receive EODFR, and positive controls received
EODFR for days 6 to 18 or 6 to 34 (Fig. 1). As expected,
EODFR delivered for the longest period, 6 to 34 d, was the most
effective in reducing the blade area and limiting cell division fol-
lowed by the 6 to 18 and 10 to 14 intervals (Fig. 1 B–H). EODFR
treatments provided in the 6- to 10- or 14- to 18-d windows eli-
cited very modest reductions in cell number when compared to
the 10- to 14-d window, which was as effective as the longer 6- to
18-d period. Concurring with our previous study, the EODFR
treatments, all initiated relatively early on in leaf development, do
not lead to changes in the cell size of both epidermal and palisade
cells (Fig. 1 D and G) (6). The data identify two main windows on
which phyB controls cell division: days 10 through 14, which coin-
cides with the main proliferative phase, and days 18 through 34,
which coincides with the meristemoid cell division phase (33).

mRNA-Seq Identifies EODFR-Regulated Genes Implicated in Cell-
Cycle Control. As the molecular connections between phyB and
cell-cycle control are largely unknown, we sought to identify
candidate cell-cycle regulator genes during the primary proli-
ferative growth phase from our L3 mRNA-seq data (6). This

longitudinal study captured EODFR-induced changes in tran-
scription through leaf development. From this dataset, we identi-
fied 317 genes classified as transcription factors or cotranscrip-
tional regulators (Dataset S1), with EODFR-altered expression
early on in L3 development. In this gene set, 14 genes (AN3,
GRF2, GRF4, GRF6, DP-E2FA like1, AINTEGUMENTA, DP-
E2F like3, FAMA, SCARECROW, AT4G02110, HOMEOBOX
GENE 8, AUXIN RESPONSE FACTOR 10, ASYMMETRIC
LEAVES 1, and MYB DOMAIN PROTEIN 3R-4) are known to
have roles associated with the cell cycle (24, 34, 35). In nearly all
cases, expression levels were higher on day 13, which falls in the
10- to 14-d window that coincides with cell proliferation in our
experimental regime (SI Appendix, Fig. S3 A–C) (6) (https://
aromanowski.shinyapps.io/leafdev-app/).

Recent articles have identified AN3 as a key regulator of leaf
growth, controlling cell-cycle duration and the timing of differen-
tiation (25, 26, 36, 37). AN3 occupies a central position in a tran-
scriptional complex where it forms a bridge between SWI/SNF
chromatin remodeling complexes and GRFs to direct BRM (or
SPLAYED [SYD]) ATPase activity and gene transcription
(26). Our finding indicates the AN3 transcriptional module
could potentially operate downstream of phytochrome to
control leaf cell division and growth.

EODFR Regulation of Cell Division is Abolished in the an3-4 Mutant.
To establish if AN3 is implicated in phytochrome control of the
cell cycle, we first analyzed the EODFR leaf response in the
an3-4 mutant. In line with earlier reports (25, 36), in our condi-
tions, an3-4 L3 blades were smaller than wild type (WT) with
fewer cells (Fig. 2 A and B and SI Appendix, Fig. S4B). We found
an3-4 was still EODFR responsive, but the treatment was less
effective in an3-4, reducing blade area by 40% compared to
51% in the WT (Fig. 2A). In contrast, while EODFR markedly
reduced WT epidermal and palisade cell number, an3-4 was
completely insensitive to the treatment (Fig. 2B and SI Appendix,
Fig. S4B). We also established that, similar to an earlier study
(38), in our control conditions, an3-4 epidermal and palisade
cells were slightly larger than WT (SI Appendix, Fig. S4 A and C).
However, EODFR application completely suppressed the an3-4
cell size defect (SI Appendix, Fig. S4). This finding most likely
accounts for the retention of the small blade area EODFR
response in the an3-4 mutant. Since AN3 complexes with GRFs,
which are reported to have redundant roles in regulating leaf
size, we analyzed the EODFR responsiveness of multi-allele grf
mutants (24). We found that the triple grf1-3;grf3-1;grf5-2 and
quadruple grf1-3;grf3-1;grf4-1;grf5-2 mutants are indistinguishable
from an3-4 for leaf blade and cellular responses (Fig. 2 A and B
and SI Appendix, Fig. S4). In summary, our data show an3-4 and
multi-allele grf mutants have a constitutively low cell number
and are insensitive to EODFR, which implies the AN3 complex
may operate downstream of phytochrome to promote leaf blade
cell division. In addition, our data indicate that phytochrome
inactivation by EODFR prevents cell expansion caused by AN3
or GRF deficiency.

AN3 is Required for phyB-Controlled Expression of Leaf Cell-Cycle
Regulators. Several of the leaf developmental genes identified as
EODFR repressed in our mRNA-seq dataset are known AN3 tar-
gets (6, 26, 28, 34). For instance, previous reports have shown
AN3 can associate with the GRF6 promoter using chromatin
immunoprecipitation (ChIP) qPCR and with GRF2, GRF4, OLI-
GOCELLULA 2 (OLI2), SALT TOLERANCE ZINC FINGER
(STZ), and BRM promoters using tandem chromatin affinity puri-
fication sequencing (TChAP-seq) or ChIP-seq (26, 28). Further-
more, the overexpression of AN3 resulted in increased expression
of CYCB1;1, identifying this cell-cycle gene as AN3 regulated
(26, 34). We reasoned that if the phytochrome-controlled cellular
response is mediated through AN3, then EODFR control of
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these AN3 targets would be curtailed in the an3-4 mutant.
Indeed, compared to WT, our qRT-PCR assay showed that this
gene set has reduced expression in an3-4 and was completely
unresponsive to EODFR (Fig. 2C). This was also the case for
the AN3 targets GRF1, GRF3, and GRF5 and key cell-cycle
genes CDC45 and CDC6 identified as EODFR repressed in
our mRNA-seq data (SI Appendix, Fig. S3D) (6) but not previ-
ously known to be AN3 regulated (SI Appendix, Fig. S4F) (26).
These data identify CDC45 and CDC6 as AN3 regulated and
support the hypothesis that AN3 action is promoted by phyto-
chrome. Our results suggest AN3 promotes the expression of
genes that modulate the leaf cell cycle in control conditions
but not in EODFR, which deactivates phyB and other SAS-
controlling phytochromes.

AN3 Operates Downstream of PIF7 to Control Leaf Cell Division.
PIF7 is known to have an important function in EODFR-induced
seedling and adult plant responses, while the contribution from

other PIFs is smaller (16, 19, 39). Consistent with this notion,
we show pifq, which lacks PIF1, PIF3, PIF4, and PIF5 and has
a smaller leaf blade area with fewer epidermal cells in control
conditions but still responds to EODFR, although the response
is reduced (SI Appendix, Fig. S5). In contrast, pif7-1 has a WT
leaf blade size and is completely unresponsive to EODFR,
which is consistent with previous findings (40) (Fig. 3A). Like-
wise, the pif7-1 mutant has a similar epidermal cell number and
cell size to WTwhite light control and lacks the EODFR reduc-
tion in cell number (Fig. 3 B–D). These data reflect the known
functional properties of PIF7, which is activated by EODFR,
and additionally illustrate that PIF7 is necessary for the
EODFR suppression of phytochrome-mediated leaf cell prolif-
eration (19).

As we have shown that AN3 promotion of cell proliferation is
prevented by EODFR, our data implicate PIF7 as a negative reg-
ulator of AN3. To begin to test this hypothesis, we generated the
an3-4;phyB-9, an3-4;pif7-1, and an3-4;phyB-9;pif7-1 multi-allele

Fig. 1. EODFR inhibits cell division during distinct phases of leaf development. (A) Schematic representation of L3 development and the light treatment
regime. The green arrow indicates the period of L3 development, days are shown above a series of white and black rectangles representing 12:12-h day–-
night cycles. L3 emergence occurs at day 8, full blade expansion at day 28, and samples were taken on day 34. The WL arrow indicates control 12L:12D
conditions, red arrows show the different treatment periods during which the plants received daily EODFR for 10 min after dusk. (B) L3 blade area (B),
epidermal (C–E), and palisade (F–H) cell number, size, and cell density in plants subject to EODFR for days 6 to 10, 10 to 14, 14 to 18, 6 to 18, or 6 to 34.
Box plot central lines represent the mean, and whiskers show minimum and maximum values. Different letters denote statistically significant differences
between treatments from one-way ANOVA followed by Tukey’s post hoc test, P< 0.0001 (B, C, and F); P< 0.6200 (D), P< 0.8435 (G); P< 0.6023 (E),
P< 0.9604 (H), (n > 20 blades, ∼27 cells per blade). Experiments were replicated at least three times with similar results.
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mutants. Fig. 3 A and B show that, as expected, phyB-9 L3 blades
are smaller and narrower than those of WTwith reduced epider-
mal cell number in control conditions, while pif7-1 lacks a WT
response to EODFR. Comparison of cell number in an3-4;phyB-
9, an3-4;pif7-1, an3-4;phyB-9;pif7-1 and the single-mutant paren-
tal lines, revealed an3-4 epistasis over phyB-9 which was most
evident in control conditions, and an3-4 epistasis over pif7-1,
particularly under EODFR. Thus, AN3 appears to be required
for phyB-PIF7 module control of leaf cell division.

With regards to L3 epidermal cell size, phyB-9 and pif7-1
are indistinguishable from the WT, and as shown earlier, an3-4
cells are larger in control but not in EODFR conditions (Fig. 3
C and D). In contrast to cell number, for cell size, phyB-9 is
epistatic to an3-4 in control conditions, and pif7-1 is epistatic
to an3-4 in EODFR, indicating that an3-4 cell expansion is
dependent on whether phyB is active. Furthermore, an3-
4;phyB-9;pif7-1 is indistinguishable from an3-4:pif7-1 (Fig. 3A),
which is consistent with PIF7 operating downstream of phyB.
Collectively, our data indicate that AN3 is required for the
phyB promotion of cell division in control conditions. EODFR
induced PIF7 activation and restricts cell division, possibly by

repressing AN3 levels and/or activity, and secondarily, PIF7
appears to limit the compensatory cell expansion that arises
from AN3 deactivation.

PIF7 Suppresses AN3 Expression through Direct Binding to the AN3
Promoter. Our mRNA-seq data showed AN3 transcript abun-
dance is lowered by EODFR, and our genetic data identified
PIF7 as a potential AN3 regulator (6). To test this, we quantified
AN3 transcript levels in pif7-1 by qRT-PCR assay. Fig. 4A shows
AN3 transcript levels are unaltered by EODFR in pif7-1, which
implicates PIF7 as a repressor of AN3 transcription. A recent
study reported that, as for other PIFs, PIF7 preferentially binds
to G-boxes (CACGTG) and PBE-boxes (CA[TG/CA]TG) in the
promoters of target genes (41). Interestingly, in Arabidopsis, a
G-box motif has been identified as an important transcriptional
cis-regulatory element in the AN3 promoter; thus, we surmised
PIF7 may directly regulate AN3 transcription (42). To test this,
we performed ChIP-qPCR assays using 13-d-old leaf tissues of
WT and PIF7-Flash (35S::PIF7-Flash; 9xMyc-6xHis-3xFlag)
plants (20). This assay showed PIF7-FLASH enrichment at the
G-box–containing region of the AN3 promoter (P1), which was

Fig. 2. The an3-4 mutant is completely insensitive to EODFR regulation of leaf cell division. (A) Leaf blade area and (B) epidermal cell number in Col-0
(WT), an3-4, grf1-3;grf3-1;grf5-2, and grf1-3;grf3-1;grf4-1;grf5-2 in WL (12L:12D) control and EODFR (6 to 34) conditions at 22 °C. Box plot central lines
represent the mean, and whiskers show minimum and maximum values. Different letters denote statistically significant differences between genotypes
and treatments from one-way ANOVA followed by Tukey’s post hoc test, P<0.05 (n = 14 blades). (C) Expression of GRF2, GRF4, GRF6, CYCB1;1, OLI2, STZ,
and BRM in Col-0 (WT) and an3-4, measured by RT-qPCR in WL (12L:12D) control and EODFR conditions (from day 6) at 22 °C. Samples were taken from
13-d-old seedlings at zeitgeber (ZT) 14. The transcript levels were calculated relative to those of PP2A. Error bars represent the SD of three biological
replicates: Student’s t test significance *P< 0.05, **P< 0.01, and ***P < 0.001.
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further enhanced after EODFR (Fig. 4C). Increased PIF7 binding
following EODFR is consistent with the retention of an EODFR
leaf response in the 35S::PIF7-FLASH line (Fig. 4E). We also
recorded PIF7-FLASH enrichment at the G-box–containing pro-
moter region of the known PIF7 target, IAA19 but not in either of
the negative controls, a fragment of the AN3 coding DNA
sequence (CDS) (P4) and a no-antibody control (Fig. 4D) (43).
These observations, together with the AN3 expression data, (Fig.
4A) indicate that PIF7 directly represses AN3 expression through
association with the G-box region (P1) of the AN3 promoter.

EODFR Prevents AN3 Binding to Its Own Promoter. We reasoned
that if PIF7 was operating through AN3 to regulate leaf blade cell
proliferation, then PIF7 would also be required for the EODFR
suppression of AN3 target genes. This is indeed what we
observed, as for each of the AN3 regulated genes (GRF1, GRF2,
GRF3,GRF4,GRF5,GRF6, CYCB1;1, OLI2, STZ, BRM, CDC45,
and CDC6), pif7-1 completely abolished the EODFR repression
response (SI Appendix, Fig. S6). Next, we tested if PIF7 functions
solely by regulating AN3 expression by establishing if the EODFR
response was attenuated in a 35S::AN3-GSyellow line (28). Consis-
tent with published data, we found that the 35S::AN3 line had ele-
vated AN3 expression and a moderately increased leaf blade area
in control conditions (Fig. 4E and SI Appendix, Fig. S7 A and C)
(28). However, this line exhibited a WTresponse to EODFR, sug-
gesting PIF7 may not regulate AN3 solely by modulating its tran-
scription; rather, it might also regulate AN3 activity.

Published studies indicate AN3 can bind to its own promoter
to promote expression through self-regulatory motifs (the GAGA
motif present in the region encoding the 50 untranslated region
[UTR] and a CATGTT box) in theAN3 promoter (26, 44) (Fig. 4B).
As PIF7 has not been shown to bind to these motifs, we used
ChIP-qPCR to test if PIF7 activation by EODFR disrupts AN3
association with self-regulatory motifs. As expected, we observed
statistically significant enrichment of 35S::AN3 (Student’s t test;
P values < 0.001) at the GAGA (P2) and CATGTT-containing
regions (P3) but not the AN3 coding sequence control (P4)
(Fig. 4 F and G). Notably, we did not observe 35S::AN3 associ-
ation with P2 or P3 following EODFR. We next tested if PIF7
could bind to these regions using PIF7-Flash–expressing plants
and found that, while we detected PIF7 enrichment at the pro-
moter of a known target, IAA19 (Student’s t test; P value <
0.001), PIF7 did not associate with regions containing the GAGA
or CATGTT motifs in control or EODFR conditions (Fig. 4 F
and G). Furthermore, EODFR-induced AN3 eviction from the
GAGA region (P2) is dependent on the presence of PIF7, as
AN3 enrichment is observed in EODFR in the pif7-1 mutant
(Fig. 4H). Thus, our data indicate that, in response to EODFR,
PIF7 prevents AN3 association with self-regulatory elements in
its own promoter and 50 UTR.

To test if PIF7 interacted directly with AN3, we conducted
in vitro pull-downs using extracts from 35S::PIF7-Flash and
35S::AN3-GSyellow lines and in vivo coimmunoprecipitation
(co-IP) assays with a line coexpressing 35S::PIF7-Flash and

Fig. 3. The an3-4 allele is epistatic to pif7-1 for EODFR control of cell number. (A) L3 blade area, (B–D) Epidermal cell number, size, and density of Col-0
(WT), phyB-9, pif7-1, an3-4, phyB-9;an3-4, pif7-1;an3-4, phyB-9;pif7-1;an3-4, in WL (12L:12D) control and EODFR (6 to 34) conditions at 22 °C. Box plot cen-
tral lines represent the mean, and whiskers show minimum and maximum values. Different letters denote statistically significant differences in leaf blade
area, cell number, cell size, and cell density between genotypes and treatments (one-way ANOVA followed by Tukey’s post hoc test, P< 0.05).
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35S::AN3-GSyellow (Fig. 4E and SI Appendix, Fig. S7C). For
both assays, we found that AN3yellow coimmunoprecipitated with
PIF7-Flash in the white light (WL) control and after EODFR
(Fig. 4I and SI Appendix, Fig. S7B). The interaction in control
conditions is consistent with the increased levels and activity of
PIF7, evidenced by the small L3 blade of the 35S::PIF7-Flash line,
which is comparable to EODFR treated WT plants (Fig. 4E and
SI Appendix, Fig. S7C). Interestingly, we also observed slightly
higher levels of AN3 protein in EODFR, which implies that

either AN3 protein synthesis or degradation is altered by
EODFR (Fig. 4I). Taken together, our results suggest EODFR
conditions promote PIF7 action and sequestration of the AN3
complex from target leaf cell-cycle gene promoters. The sup-
pressive action of PIF7 over AN3 is also evident in the pif7-1;
35S::AN3 line, where leaf blades are unresponsive to EODFR,
and the double overexpression line, where 35S::PIF7 completely
represses the 35S::AN3 larger blade phenotype in both control
and EODFR conditions (Fig. 4E and SI Appendix, Fig. S7C).

Fig. 4. PIF7 directly suppress AN3 expression to restrict leaf growth. (A) AN3 mRNA levels in Col-0 (WT) and pif7-1 in WL (12L:12D) and EODFR determined by
RT-qPCR. (B) Schematic showing the locations of promoter/UTR elements P1 (G-box: CACGTG), P2 (GAGA), P3 (CATGTT), and the P4 CDS region. (C and D) ChIP-
qPCR assays showing differences of PIF7-FLASH enrichment at AN3 P1 and the G-box region of the IAA19 promoter in control and EODFR. Enrichment in the
35S::PIF7-FLASH (35S::PIF7) line is compared to Col-0 (WT), AN3 P4 (CDS), and no antibody (no ab) controls. (E) L3 blade area in Col-0 (WT), 35S::AN3yellow,
35S::PIF7-FLASH, 35S::PIF7-FLASH;35S::AN3yellow, pif7-1, pif7-1; 35S::AN3yellow. Box plot central lines represent the mean, and whiskers show minimum and maxi-
mum values. Different letters denote statistically significant differences between treatments from one-way ANOVA followed by Tukey’s post hoc test,
P< 0.0001; n> 12 blades. (F–H) ChIP-qPCR assays showing differing levels of AN3yellow enrichment at P2, P3 in control and EODFR, and PIF7-dependent enrich-
ment at P2. Enrichment in the 35S::AN3yellow (35S::AN3) line is compared to Col-0 (WT) and AN3 P4 (CDS) controls. (I) In vivo co-IP of AN3 and PIF7 in WL and
EODFR (FR). Samples were taken at ZT14 from a 35S::PIF7-FLASH;35S::AN3 yellow line and an anti-Myc antibody was used to precipitate PIF7-FLASH. The immuno-
blot shows input (lanes 1 and 2) and precipitated fractions (lanes 5 and 6) using anti-GFP and anti-Myc antibodies. Lanes 3 and 4 are precipitated fractions from
the 35S::AN3 yellow line using anti-Myc antibody used as negative control. For RT-qPCR and ChIP data, samples were taken at ZT14 from 13-d-old seedlings
grown at 22 °C; mean values are shown, error bars represent the SD of three biological replicates (*P< 0.05, **P<0.01, and ***P<0.001, Student’s t test).
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EODFR Induces a Switch from AN3 to PIF7 at Common Target
Promoters. Close inspection of previously published (AN3-HBH
TChAP-seq) data revealed high-confidence AN3 protein binding
peaks in gene promoter regions containing GAGA, PBE-box
(CA[TG/CA]TG), and G-box motifs, while ChIP-qPCR assay
confirmed AN3 binding on PBE-boxes of GRF5 and GRF6 pro-
moters (27). Furthermore, our cis-acting regulatory DNA ele-
ment analysis showed that AN3 itself, and all the AN3 regulated
genes in this study, possessed G-box (CACGTG) and/or PBE-
box promoter motifs (SI Appendix, Fig. S8). This finding pro-
vided the possibility that AN3 and PIF7 signaling may converge
at these cis-elements in a common set of genes. Indeed, using
ChIP-qPCR, we observed a PIF7-FLASH and AN3yellow enrich-
ment at G-box and or PBE-box promoter regions in AN3, GRF2,
GRF4, GRF6, CYCB1;1, OLI2, STZ, GRF1, GRF3, GRF5,
CDC45, and CDC6 in control but not in EODFR conditions
(Fig. 5A and SI Appendix, Fig. S9A). For most of these genes,
EODFR enhanced PIF7-FLASH enrichment but markedly
reduced AN3yellow association with G-box/PBE-box regions
(Fig. 5 A and B and SI Appendix, Fig. S9 A and B). However,
in the pif7-1;35S::AN3 line, we observed AN3 enrichment at
G-box/PBE-box regions under control and EODFR conditions
(Fig. 5C and SI Appendix, Fig. S9C). Collectively, our analysis
indicates that AN3 and PIF7 antagonistically regulate a com-
mon set of genes that control leaf cell proliferation. EODFR
leads to the activation of PIF7, the removal of AN3 from cis-
regulatory elements, and PIF7 substitution for AN3 at G-box–
or PBE-box–containing regions of target promoters.

Discussion
SAS is an important survival strategy that enables plants to
adapt to and thrive in FR-rich, and often light depleted, vege-
tation environments. A prominent feature of SAS is the
marked reduction in leaf size, which is brought about by
restricting cell proliferation and/or expansion (4–6, 22). PhyB
is known to play a pivotal role in orchestrating these changes
in leaf development, yet current knowledge of how this is eli-
cited is scant. This study brings a molecular level, mechanistic
understanding of how phytochrome signaling is coupled to leaf
blade cell division. We demonstrate that when phyB is active,
cell proliferation is promoted by AN3, but, following phyB
deactivation by EODFR, PIF7 blocks AN3 action by prevent-
ing AN3 complexing at target promoters (Fig. 5D).

In this work, we applied phy-deactivating EODFR at different
intervals through L3 development and identified two main peri-
ods during leaf development (10 to 14d and 18 to 34d postgermi-
nation) during which phyB controls cell division (Fig. 1 B–H).
These two phases correspond to the initial period of cell division
that precedes cell expansion and differentiation and the later
meristemoid phase of cell proliferation (45, 46). We then used
mRNA-seq data to identify EODFR-controlled regulators of
early cell proliferation, among which we found AN3, GRF2,
GRF4, and GRF6 (SI Appendix, Figs. S3 A–C and S10). Previous
work had shown that AN3 interacts directly with SWI/SNF com-
plexes and GRFs to regulate cell proliferation (26, 29, 47). We
were therefore interested to establish if phyB control of leaf
expansion is mediated through the AN3 complex. Indeed, our
genetic analysis supported this notion, as, like phyB-9, an3-4, and
high order grf, mutants had small L3 blades with a reduced cell
number and insensitivity to EODFR (Figs. 2 A and B and 3 A
and B). As GRFs are known to have functional redundancy, our
data points to a potentially central role for AN3 in phyB-
mediated control of L3 cell division.

It is well documented that the FR deactivation of phyB leads
to the activation and/or accumulation of PIF transcription fac-
tors and that PIF7 is the principal EODFR responder (16, 19).
Our genetic data confirm this and illustrate that PIF7 operates

by limiting cell proliferation. Furthermore, pif7-1;an3-4 double-
mutant analysis showed complete an3-4 epistasis over pif7-1
under EODFR, indicating that PIF7 likely operates by repres-
sing AN3 action. In agreement with previously published reports
(25, 36), we also observed an increase in cell size in an3-4 plants.
However, our data show that this response is suppressed by
EODFR when PIF7 is present (Fig. 3C). This appears to be a
PIF7-dependent compensatory mechanism to prevent leaf
growth through cell expansion that would otherwise occur when
AN3 is deactivated.

As EODFR led to a substantial reduction in AN3 transcript lev-
els, this indicated PIF7 may suppress AN3 gene expression. This
proposition was substantiated by genetic data, while ChIP-qPCR
assays showed PIF7 can directly bind to a G-box–containing region
of the AN3 promoter (Fig. 4C). However, our results also
showed that 35S::AN3 plants displayed a WT EODFR response,
implying that PIF7 may also control AN3 through an alternative,
posttranscriptional mechanism (Fig. 4E). The rationale being
that if PIF7 acted solely through the transcriptional repression
of AN3, then AN3 overexpression should block, or at least
reduce, the impact of EODFR. Previous reports have shown
that AN3 can self-regulate through a positive feedback loop
by binding to the UTR-located GAGA motif and the CATGTT
motif of its own promoter (26, 44, 47). Our ChIP-qPCR demon-
strated that AN3 binding to these self-regulatory elements can
be blocked by EODFR and that PIF7 is required for EODFR-
induced AN3 promoter eviction (Fig. 4 F–H). These results
therefore indicate that PIF7 may operate by removing AN3
from self-regulatory motifs. Concurring with this interpretation,
our in vitro and in vivo co-IP assays illustrate that PIF7-Flash
can directly bind AN3yellow, suggesting that PIF7 may repress
AN3 action through a sequestration-type mechanism (Fig. 4I
and SI Appendix, Fig. S7B).

This functional property of PIF7 is reminiscent of mechanisms
reported for HFR1, PAR1/2, HEC1/2, and DELLAs (48–51).
HFR1, PAR1/2, and HEC1/2 are HLH proteins that, unlike PIF7,
do not bind to DNA directly but have been shown to sequester
DNA-binding PIFs through heterodimerization (49–52). Inter-
estingly, we recorded slightly increased AN3 protein levels fol-
lowing EODFR (Fig. 4I). While we do not know if this results
from the PIF7-AN3 interaction, sequestration has been shown
to alter target protein stability. For example, DELLAs inhibit
PIF binding to target genes by directly sequestering their DNA-
recognition domains and by inducing PIF degradation through
the ubiquitin–proteasome system (48). Similarly, HFR1 can
sequester and promote the degradation of PIF1 and PIF5 in the
dark in a heterodimerization-dependent manner (53). The PIF7
sequestration of AN3 potentially leads to the buildup of inactive
heterodimers. Interestingly, a comparable regulatory mecha-
nism has recently been described for HEC2 control of PIF4 in
thermomorphogenesis (54). Here, HEC2 both stabilizes PIF4
and inhibits PIF4 function through heterodimerization.

Our genetic data provide evidence that several key cell pro-
liferation genes (GRF1, GRF2, GRF3, GRF4, GRF5, GRF6,
CYCB1;1, OLI2, STZ, CDC45, and CDC6) are antagonistically
regulated by AN3 and PIF7. As the known PIF7- and AN3-
binding G-box/PBE-boxes were common motifs found in the
promoters of all these genes, this suggested PIF7 and AN3 signal
convergence at common motifs (26, 41). ChIP-qPCR assays
showed that this was indeed the case and that EODFR induced
switching from AN3 to PIF7 enrichment. The loss of AN3 evic-
tion in the pif7-1 mutant confirmed that AN3 binding at G-box/
PBE-boxes is dependent on the absence of active PIF7 (Fig. 5C
and SI Appendix, Fig. S9C). The opposing action of AN3 and
PIF7 on target gene expression means that the EODFR-induced
substitution mechanism facilitates the on to off modulation of
gene expression.
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Fig. 5. AN3 association with target gene promoters is PIF7 dependent following EODFR. (A–C) ChIP assays showing EODFR controlled PIF7-FLASH or
AN3yellow enrichment at G-box or PBE regions of AN3 target genes (AN3, GRF2, GRF4, GRF6, CYCB1;1, and OLI2). PIF7-FLASH enrichment in the 35S::PIF7-
FLASH (35S::PIF7) line is compared to Col-0 (WT) (A). AN3yellow enrichment in the 35S::AN3yellow (35S::AN3) line is compared to pif7-1;35S::AN3yellow (pif7-
1;35S::AN3) and Col-0 (WT) (B and C). Samples were taken at ZT14 from 13-d-old seedlings grown at 22 °C. Mean values are shown, error bars represent
the SD of three biological replicates (*P< 0.05, **P< 0.01, and ***P< 0.001, Student’s t test). (D) Schematic depicting PIF7 control of leaf cell proliferation
through an AN3 substitution repression mechanism. In control conditions, phyB suppresses PIF7 activity, and the AN3 complex is able to bind to G-box/
GAGA/CATGTT regions of its own promoter/UTR and G-box/PBE regions of other target promoters to promote their expression. EODFR deactivation of
phyB leads to the de-repression of PIF7, which can then sequester AN3 and substitute for AN3 at G-box/PBE promoter motifs. This EODFR-elicited substitu-
tion mechanism leads to the suppression of gene expression and leaf cell proliferation.
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Interestingly, analogous behavior has previously been reported
for AN3, which can competitively interact with JANUS to inhibit
its Pol II recruitment on the PLT1 promoter and antagonistically
regulate PLT1 transcription in the root meristem (55). Further-
more, the opposing action has been observed for PIF1/3 and the
bZIP transcription factors HY5 and HYH, which can physically
interact and can bind to G-box–containing regions in a common
set of target promoters (56, 57). Our findings also have similari-
ties to the recently reported PIF3-TCP4 substitution–suppression
module (58). In this instance, darkness-induced accumulation of
PIF3 in seedling cotyledons triggers the substitution of TCP4 for
PIF3 at shared cis-elements in SAUR gene promoters (58). As
for the PIF7-AN3 module, conditional switching between PIF1/3
and HY5/HYH or PIF3 and TCP4 promoter occupancy provides
a mechanism through which external signals can direct changes
in gene expression.

Previously, PIF7 has been shown to participate in transcrip-
tional activation of key SAS genes including YUC8, YUC9,
IAA19, IAA29, ATHB2, and PRE1 (16, 40, 43). PIF7 can directly
interact with MORF-RELATED GENE 2 to promote histone
acetylation and the expression of YUC8, IAA19, and PRE1 (43).
Recently, PIF7 and other PIFs were shown to control H2A.Z
gene occupancy and H3K9 acetylation of the SAS genes ATHB2,
ATHB4, HAT2, and HAT3 (59). The activation of PIF7 by low
R:FR triggers PIF7-DNA binding, H2A.Z removal, and target
gene activation. In this study, we have shown PIF7 acts as a
transcriptional repressor as it does in the regulation of the
DRE-Binding1 C-repeat binding factor (60). Interestingly,
PIF3 and PIF1 have both been reported to interact with HIS-
TONE DEACETYLASE 15 (HDA15) to repress gene expres-
sion (61, 62). The mode of action through which PIF7 deactivates
AN3 and suppresses target gene expression also has similarities
to the well-studied mammalian hairy and enhancer of split-1/
Hairy/enhancer-of-split related with YRPW (tetrapeptide)motif pro-
tein (hes/hey) system. Hes and Hey are bHLH notch-signaling
proteins closely related to the Drosophila hairy/enhancer of split
family of genes (63). Like PIFs, Hes and Hey proteins preferen-
tially bind DNA at E-Box (CANNTG) variants, including the
G-Box. Previous studies indicate that Hes and Hey mainly act as
corepressors by interacting with and suppressing the activity of
transcription factors and through the recruitment of deacetylases
(63–66). It will be interesting to establish if the PIF7-mediated
AN3 promoter eviction and transcriptional suppression represent
an analogous process that is conserved across species.

In conclusion, this study shows that PIF7 inhibits leaf cell prolif-
eration by inactivating the central leaf developmental regulator
AN3. EODFR-activated PIF7 represses AN3 expression by directly
interacting with and sequestering AN3 from cis-elements in its
own promoter. We show that PIF7 and AN3 signaling converges at
G-box/PBE-box promoter elements in a major set of genes that
control cell division. EODFR treatment induces the substitution of
AN3 for PIF7 at target promoters and, vitally, a switch from pro-
motion to repression of cell-cycle gene expression.

Materials and Methods
Plant Material and Growth Conditions. All Arabidopsis thaliana mutants and
transgenic plants that were used in this study were from the Columbia (Col-0)
ecotype. Some of the mutant and overexpressing lines used in this study were
described elsewhere, including PIF7-Flash (35S::PIF7-Flash; 9xMyc-6xHis-3xFlag)
(20) and 35S::AN3-GSyellow (28). The triple mutant grf1-3;grf3-1;grf5-2 and
quintuple mutant grf1-3;grf3-1;grf4-1;grf5-2 have been previously described
elsewhere (67). The phyB-9 (68), pif7-1 (69), pif1-2, pif3-3, pif4-2, and pif5-2
(pifq) (70) have been previously characterized. an3-4 is an AN3-null mutant
derived from an X-ray–irradiated population of the Col-0 accession (25).Other
mutant combinations included an3-4;phyB-9, which were obtained by crossing
an3-4 with phyB-9 plants, an3-4;pif7-1 were obtained by crossing an3-4 with
pif7-1 plants, and the triple an3-4;phyB-9;pif7-1mutant was obtained by cross-
ing an3-4;phyB-9 with an3-4;pif7-1 plants. The 35S::PIF7-Flash; 35S::AN3-GSyel-
low plants were generated by crossing 35S::PIF7-Flash with 35S::AN3-GSyellow

plants, and double-homozygous transgenic plants were screened using 30μg
�ml�1 hygromycin and 50 μg �ml�1 kanamycin. pif7-1;35S::AN3-GSyellow plants
were made by crossing 35S::AN3-GSyellow with pif7-1 plants. Presence of the
an3-4 and pif7-1 mutations was identified by PCR, while the phyB-9 mutation
was confirmed by Sanger sequencing. The absence of the secondary VENOSA4
mutation (71) was confirmed by sequencing. All primers used in this work are
listed in SI Appendix, Table S1.

Seeds were sown on F2 + S Levington Advance Seed andModular Compost
plus sand soil mix (ICL Specialty Fertilizers) and stratified for 4 d in darkness at
4 °C. Seedlings were grown in a Percival SE-41L cabinet (CLF Plant Climatics)
under control conditions: LD 12-h:12-h photoperiod at a 100 μmol � m�2 � s�1

fluence rate and constant temperature of 22 °C. Plants were either kept in
control conditions or exposed to daily EODFR for 10 min after dusk (40 μmol �
m�2 � s�1) for periods of time (see figure legends). Sampling occured on day
34. For EODFR treatments, we used seven 24V OSLON 150 ILS-OW06-FRED-
SD111 FR light-emitting diode (LED) strips (Intelligent Led Solutions) to deliver
40 μmol � m�2 � s�1 of FR light (730 nm) for 10 min each day. The spectrum of
both light sources can be found in SI Appendix, Fig. S11. All reagents used in
this work were purchased from Merck KGaA unless otherwise specified. Fur-
ther growth condition details are provided in the respective figure legends.

Blade Area Measurement. Whole-leaf pictures for blade area measurements
were taken from a fixed camera stand using a Nikon G20 camera with auto-
matic focus settings (6). A ruler was included in each photograph for scaling
purposes. Blade area was measured using NIH ImageJ software (https://rsb.
info.nih.gov/nih-image/). The bar charts and box plots were generated using
Prism 8 (GraphPad Software).

Generation of Transparent Leaf Blades for Microscopy Imaging. Leaf blades
were excised from 34 D.A.S plants with a razor blade and cleared as described
in ref. 6. The blades were thenmounted ontomicroscope slides with the adax-
ial layer facing down.

Cell Size and Number Measurement. For epidermal and palisade cell parame-
ter determination, cleared blades (34 d after sowing [D.A.S.]) were mounted
and visualized using an Eclipse E600 (Nikon) Differential Inference Contrast
(DIC) microscope using either a 10 or a 20× objective. Individual abaxial epi-
dermal and adaxial subepidermal palisade cell sizes were measured using NIH
ImageJ software (https://rsb.info.nih.gov/nih-image/). Average leaf cell sizes
were obtained by deriving the mean values of nine adjacent cells from the
base, the middle, and the tip sections of each leaf or these sections combined.
The mean total number of cells was obtained by dividing the blade area by
the total cell size of each blade and then averaging the mean total number of
cells of each blade. The average cell density was obtained by dividing the total
number of cells by the blade area and then averaging the mean cell density of
each blade (6). An S8 stage mic 1 mm/0.01 mm graticule (no. 02A00404, Pyser-
SGI Ltd.) was used for scaling. The bar charts and box plots were generated
using Prism 8 (GraphPad Software).

RNA Extraction and RT-qPCR. For gene expression analysis, plants were
grown for 13 d under an LD 12-h:12-h photoperiod, at 100 μmol � m�2 � s�1

fluence rate and 22 °C of constant temperature. On day 13, the plants were
either shifted to daily EODFR (40 μmol � m�2 � s�1) FR light for 10 min after
dusk or kept in 100 μmol � m�2 � s�1 white light condition. Briefly, 13-d-old
whole seedlings were harvested at zeitgeber 14 (ZT) in RNAlater solution
(Thermo Fisher), and leaf 3 blades were dissected with a razor in a Petri dish
filled with RNAlater solution (Sigma-Aldrich) under a Leica MZ 16 F dissect-
ing microscope. Total RNA was extracted using the RNeasy Plant Mini Kit
(Qiagen) with on-column DNase enzymatic digestion. All samples were proc-
essed on the same day. Complementary DNA (cDNA) synthesis was per-
formed using the qScript cDNA SuperMix (Quanta Biosciences) as described
by the manufacturer. The RT-qPCR was set up as a 10-μL reaction using Light-
cycler 480 Synergy Brands Inc. (SYBR) Green Master Mix (Roche) in a 384-well
plate, and performed with a Lightcycler 480 system (Roche). The results were
analyzed using the Light Cycler 480 software. Gene-specific primers are listed
in SI Appendix, Table S1. The bar charts were generated using Prism 8 (Graph-
Pad Software).

ChIP-qPCR Assay. For ChIP-qPCR assays, plants were grown for 13 d under an
LD 12h:12-h photoperiod at 100 μmol � m�2 � s�1

fluence rate and 22 °C of
constant temperature. On day 13, plants were either shifted to EODFR of
40 μmol m�2 s�1 FR light or kept in the 100 μmol � m�2 � s�1 white light condi-
tion. In all genotypes and treatments, 13-d-old whole seedling shoots were
harvested at ZT14, 2 h after the EODFR pulse. The sample collection time of
ZT14was selected to capture a potential switch in AN3/PIF7 binding following
EODFR treatment. The ChIP analyses protocol was adapted from ref. 72.
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Briefly, whole aboveground seedlings were fixed under vacuum for 15 min
repeated twice at 25 PSI in 1×phosphate buffered saline (PBS) containing 1%
formaldehyde. The reaction was quenched by adding 2 M glycine to a final
concentration of 125mM and incubated for 5 min. The samples were washed
three times in sterile MilliQ H2O and ground to a fine powder with liquid
nitrogen. The nuclei were isolated in three steps with the series of extraction
buffers EB1-3. The lysate was centrifugated at4,000 rpm at 4 °C for 20min in
EB1 (0.4 M sucrose, 10 mM Tris HCl [pH8], 10 mM MgCl2, 5 mM
2-mercaptoethanol [BME], 0.2 mM phenylmethylsulfonyl fluoride [PMSF], 2
phosphatase inhibitor mini tablets, and 1 mM ethylene-diamine-tetraacetic
acid (EDTA)), at 12,000 rpm for 10 min in EB2 (0.25 M sucrose, 10 mM Tris HCl
[pH8], 10 mM MgCl2, 5 mM BME, 0.2 mM PMSF, 1 complete minitablet, and
1 mM EDTA), and then at 15,000 rpm for 1 h in EB3 (1.7M sucrose, 10mM Tris
HCl [pH8], 2 mM MgCl2, 5 mM BME, 0.2mM PMSF, 0.15% [vol/vol] Triton
X-100, 1 complete minitablet, and 1 mM EDTA). Chromatin was extracted
with cold nuclei lysis buffer (50mM Tris HCl [pH8], 10mM EDTA, 0.4 mM
PMSF, 1 complete minitablet, 1% wt/vol sodium dodecyl sulphate (SDS)) after
centrifugation at 4,000 rpm for 5 min. The chromatin solution was sonicated
for 7 × 10 s, 5 × 10 s, and 3 × 10 s at power setting 9. The chromatin solution
was diluted to reduce the 1% SDS to 0.1% SDS with ChIP buffer (16.7mM
Tris HCl [pH8], 167 mM NaCl, 0.2mM PMSF, 1.1% [vol/vol] Triton X-100, 2.5
complete minitablet, and 1.2 mM EDTA). The chromatin complexes were
immunoprecipitated with an anti-GFP antibody (ab290) and an anti-myc
mouse antibody (mAb 9E10, Calbiochem) with a concentration of 2 μg/sam-
ple and incubated in ChIP dilution buffer with 20 μL Dynabeads Protein A
(Thermo Fisher) overnight at 4 °C. An equal amount of chromatin solution
was not treated with antibody and thus served as the mock antibody con-
trol. The beads were washed for 5min each time at 4 °C with 1ml each of
the following buffers: two times with low salt wash buffer (150mM NaCl,
20mM Tris HCl [pH8], 0.1% wt/vol SDS, 1% vol/vol Triton X-100, and 2mM
EDTA), two times with high salt wash buffer (500mM NaCl, 20mM Tris HCl
[pH 8], 0.1% wt/vol SDS, 1% vol/vol Triton X-100, and 2mM EDTA), two
times with LiCl wash buffer (0.25M LiCl, 1% wt/vol sodium deoxycholate,
10mM Tris HCl [pH8], 1% vol/vol Nonidet P-40, and 1mM EDTA), and two
times with Tris-EDTA (TE) buffer (1mM EDTA and 10mM Tris HCl [pH8]).
DNA was extracted from the beads with elution buffer containing 1% wt/
vol SDS and 0.1M NaHCO3 at 65 °C for 15min and reversely cross-linked
with 192mM NaCl at 65 °C overnight. The proteins were removed with an
equal volume of phenol:chloroform:isoamyl-alcohol (25:24:1). An addi-
tional step was performed by incubating the chromatin solution for 1 h at
45 °C in a buffer solution containing 0.5 M EDTA, 1 M Tris HCl (pH6.5), and
10 mg/mL proteinase K to elute and remove any of the remaining proteins.
DNA was precipitated with a 2.5 volume of 100% ethanol, 1 μl glycogen, 1/
10 volume of 1.5M potassium acetate (pH 5.2) and spun at 15,000 rpm for
30 min. The supernatant was removed, and the DNA pellet was dried with
70% ethanol. A small aliquot of the untreated sonicated chromatin was
reverse cross-linked for use as the total input DNA control. The ChIP assays
were quantified by qPCR after normalizing with the input DNA. Gene-
specific primers covering the G-box and PBE-box are listed in SI Appendix,
Table S1. The bar charts were generated using Prism 8 (Graph-
Pad Software).

In Vivo Co-IP Assays. For co-IP assays, plants were grown for 13 d under an
LD 12h:12-h photoperiod at 100 μmol � m�2 � s�1

fluence rate and 22 °C of
constant temperature. On day 13, plants were either shifted to EODFR of
40 μmol � m�2 � s�1 FR light or kept in 100 μmol � m�2 � s�1 white light condi-
tion. Whole seedling shoots of 35S::PIF7-Flash;35S::AN3-GSyellow double over-
expressor and 35S::AN3-GSyellow single overexpressor were harvested in liquid
nitrogen at ZT14. The co-IP was performed following the method of Zhu et al.
(73). Briefly, samples were ground to a fine powder in liquid nitrogen and
homogenized in two volumes (mg/μL) of co-IP buffer containing 100 mM
phosphate buffer, pH 7.8, 150 mMNaCl, 0.1% Nonidet P-40, 1× protease inhib-
itor mixture, 1 mM PMSF, 10 mM iodoacetamide, 40 μM bortezomib, 25 mM

β-glycerophosphate, 10 mM sodium fluoride, and 2 mM sodium orthovana-
date. After centrifugation at 15,000 rpm for 15min at 4 °C in the dark, total
protein levels were quantified with the Bradford Protein Assay (Bio-Rad), and
the lysate was incubated with anti-Myc antibody precoupled Dynabeads Pro-
tein A (Thermo Fisher) for 4h at 4 °C. The samples were precipitated with anti-
Myc antibody and ran on a 4 to 12% NuPAGE Bis-Tris gel (Thermo Fisher) and
blotted using theMiniBlot Module (Life Technologies) at 20 V for 1 h. Western
blot detection for 35S::PIF7-Flash was performed using anti-Myc 9B11 (Cell Sig-
naling) 1:1,000 and anti-Mouse IgG (whole molecule) peroxidase antibody
(A4416 Sigma) 1:10,000. Western blot detection for 35S::AN3-GSyellow was per-
formed using an anti-GFP antibody (ab290) 0.1:1,000 and Goat Anti-Rabbit
IgG H&L (HRP) (ab6721) 1:10,000.

In Vitro Co-IP Assays. For in vitro IP assays, the method of Paik et al. (74) was
adoptedwith slight modifications. Briefly, 35S::PIF7-Flash and 35S::AN3-GSyellow

seeds were grown as described in In Vivo Co-IP Assays. Total protein was solubi-
lized in pulled-down buffer (125 mM Tris HCl, pH7.7, 0.25 mM EDTA, 150 mM
NaCl, 5% Glycerol, 0.1% Triton, 1×protease inhibitor mixture [Sigma-Aldrich
Co., Catalogue no. P9599], 1× Halt phosphatase inhibitor mixture [Thermo
Fisher, Cat no. 78420]. The extracts were cleared by centrifugation at 8,500 g
for 12min at 4 °C in the dark. The supernatant was incubated with 20μL anti-
GFP [GFP-Trap Magnetic Agarose, gtma-20, Chromotek] and Anti-FLAG M2
[Sigma, Cat no. M8823-1ML] magnetic beads for 2 h in an orbital shaker at 4 °C
in the dark). Immunoprecipitated proteins were washed five times with pulled-
down buffer (without inhibitors). Individually pulled-down proteins were
mixed and then subjected to co-IP with Anti-FLAG M2 (Sigma, Cat no; M8823-
1ML) magnetic beads. Beads were then boiled with 2× SDS sample buffer (80
mM Tris HCL, pH 6.8, 2% SDS, 10% glycerol, 0.0006% bromophenol blue, and
0.1 M dithiothreitol [DTT]) at 85 °C for 10 min and separated on an sodium
dodecyl sulphate–polyacrylamide gel electrophoresis (SDS-PAGE) gel. Primary
antibodies, an anti-GFP (abcam, Cat no. 290), anti-Myc (anti-Myc 9B11 [Cell
Signaling Technology (CST)]), and secondary antibodies (HRP [ab6721],
anti-mouse-HRP [no. 7076, CST] were used to detect coimmunoprecipi-
tated proteins).

Promoter Analysis. A 2-kb upstream promoter region of each target gene was
obtained using PlantPAN 3.0 (http://plantpan.itps.ncku.edu.tw/). Regions
were manually searched for G-box (CACGTG) and PBE-box (CA[TG/CA]TG)
target-binding sites.

Statistical Information. The statistical difference of two populations was
tested by two-tailed, unpaired Student’s t test. To compare three ormore pop-
ulations, a one-way ANOVA followed by Tukey’s test (comparison among all
groups) was performed. When Tukey’s test was employed, letters were used
to indicate which treatment groups were significantly different. All analyses
were performed using GraphPad Prism 8.0.2 (GraphPad Software) or Minitab
19 (Minitab Ltd.) unless otherwise indicated.

Data Availability. All study data are included in the article, the SI Appendix
and Array Express (https://www.ebi.ac.uk/arrayexpress/experiments/E-MTAB-
9445/?query=Romanowski).
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