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ABSTRACT

Under photoperiodic conditions, Arabidopsis thaliana seedling growth is inhibited in long days
(LD), but promoted under the extended nights of short days (SD). This behavior is partly
implemented by phytochrome (phy)-imposed oscillations in the abundance of the growth-
promoting, phy-interacting bHLH transcription factors PHY-INTERACTING FACTOR 1
(PIF1), PIF3, PIF4 and PIF5 (PIF quartet or PIFq). However, the observation that a pifg mutant
is still stimulated to elongate when given a phy-inactivating end-of-day far-red pulse (EODFR),
suggests that additional factors are involved in the phy-mediated suppression of growth during
the subsequent dark period. Here, by combining growth-analysis of pif7 single- and higher-order
mutants with gene expression analysis under SD, LD, SD-EODFR, and LD-EODFR, we show
that PIF7 promotes growth during the dark hours of SD, by regulating growth-related gene
expression. Interestingly, the relative contribution of PIF7 in promoting growth is stronger under
EOD-FR, while PIF3 role is more important under SD, suggesting that PIF7 is a prominent target
of phy-suppression. Indeed, we show that in SD, phy imposes phosphorylation and inactivation
of PIF7 during the light hours, and prevents full dephosphorylation during the night. This
repression can be lifted with an EODFR, which correlates with increased PIF7-mediated gene
expression and elongation. In addition, our results suggest that PIF7 function might involve
heterodimerization with PIF3. Furthermore, our data indicate that a pifgpif7 quintuple mutant is
largely insensitive to photoperiod for hypocotyl elongation. Collectively, the data suggest that
PIF7, together with the PIFq, are required for the photoperiodic regulation of seasonal growth.

Abbreviations:
EOD-FR, end-of-day far red; FRp, far red pulse; LD, long day; PHY, phytochrome; PIF, phy-
interacting factor; PIF7; SD, short day.



75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
107
108
109
110

INTRODUCTION

Phytochrome interacting factors (PIFs) are basic helix-loop-helix transcriptional regulators that
are promoters of elongation growth in Arabidopsis thaliana (Leivar and Monte 2014). PIFs
interact specifically with the active Pfr conformer of phytochrome (phy) photoreceptors. In the
dark, the phy inactive red (R) light-absorbing Pr conformer is localized in the cytosol and PIFs
accumulate in the nucleus. Upon light exposure, phy Pr converts to the biologically active far red
(FR) light-absorbing Pfr form, which translocates into the nucleus and interacts with the PIFs,
triggering rapid degradation of the PIF quartet (PIFq) members PIF1, PIF3, PIF4 and PIF5 (with
half-lives of 5-20 min) (Pham et al. 2018). Of the five phytochromes in Arabidopsis (phyA-phyE),
phyA and phyB dominate the regulation of PIF degradation (Bauer et al. 2004, Al-Sady et al.
2006, Shen et al. 2007, 2008). Importantly, thanks to the reversible photoconversion between the
Pr and the Pfr phy conformers (Al-Sady et al. 2006, Shen et al. 2007, 2008), PIF levels oscillate
in environments with fluctuations in Pr and Pfr levels such as under low Red (R)/Far Red (FR)
ratio conditions typical of shade environments, or in diurnal light-dark cycles.

Under short-day (SD) photoperiods, growth is rhythmic with maximal hypocotyl
elongation rates at the end of the night (Nozue et al. 2007), largely due to the combined actions
of the PIFq, which accumulate during the night and promote growth at dawn (Nozue et al. 2007,
Niwa et al. 2009, Soy et al. 2012, 2014). Transition to the morning light destabilizes the PIFs and
growth rate is rapidly reduced again (Nozue et al. 2007, Soy et al. 2012). Specific dawn-phased
PIF accumulation and activity in SD is regulated at several levels (Gommers and Monte 2018).
First, photoactivated Pfr imposes a decrease in PIFq proteins during the day and early night,
whereas slow progressive Pfr-to-Pr reversion in the dark allows reaccumulation of these PIFs
towards the end of the night (Monte et al. 2004, Shen et al. 2005, Nozue et al. 2007, Soy et al.
2012, Yamashino et al. 2013). Second, PIF4 and PIF5 expression is regulated by the circadian
clock, and their transcripts oscillate to peak at dawn, superimposed on the control of their protein
stabilization by light (Nozue et al. 2007, Nusinow et al. 2011, Yamashino et al. 2013). In contrast,
PIF] and PIF3 transcript levels are relatively constant. Moreover, the capacity of PIFs to bind
DNA is inhibited by photoactive phyB (Park et al. 2018) and gibberellins/DELLAs (Arana et al.
2011). Finally, PIF activity is regulated by circadian clock components like PRRs, ELF3 or
GIGANTEA (Soy et al. 2016, Martin et al. 2018, Nieto et al. 2015, Zhang et al. 2020, Nohales et
al. 2019), or by the brassinosteroid pathway (Oh et al. 2012, Bernardo-Garcia et al. 2014).

Of the PIFq proteins, PIF3 appears to play a more prominent role under SD (Soy et al.
2014). Growth promotion by PIF3 and the rest of the PIFq proteins involves direct induction of
the growth-related genes PILI, XTR7 and HFRI (Hornitschek et al. 2009, Soy et al. 2012, Leivar
et al. 2012b), as well as regulation of auxin- and other hormone-related genes (Nozue et al. 2011,

Nomoto et al. 2012). Importantly, the observation that pifg mutants still retained elongation
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responses after a phy-inactivating end-of-day (EOD) FR pulse suggests redundancy with
additional PIFs (Leivar et al. 2012a, 2012b, Soy et al. 2014).

In contrast to PIFq, PIF7 protein is relatively light stable (Leivar et al. 2008a, Li et al.
2012), and phy mediates the accumulation of a phosphorylated form of PIF7 in high R/FR. This
phosphorylated form of PIF7 is retained in the cytosol by 14-3-3 proteins (Huang et al. 2018) and
is thus unable to bind to its target genes (Li et al. 2012). Under the low R/FR conditions of shade,
where PIF7 appears to play a major role (Li et al. 2012, de Wit et al. 2015, 2016), inactivation of
phy promotes nuclear accumulation of dephosphorylated PIF7 that is able to bind and induce the
expression of target genes in part by recruiting chromatin remodeling machinery (Li et al. 2012,
Peng et al. 2018). PIF7 is also involved in shade-induced flowering (Galvao et al. 2019, Zhang et
al. 2019). In contrast to shade, the role of PIF7 under photoperiodic growth conditions remains
poorly understood.

Here, by genetic analysis of pif7 mutants, we show that PIF7 is a prominent target of
phyB-mediated suppression of growth at night, when it promotes growth in SD and especially
under SD-EODFR conditions. In order to assess the relative contributions of PIFq members and
PIF7, we examine the response of multiple pif mutants under different photoperiods and report
that the pifgpif7 quintuple mutant, lacking five PIFs (PIF1, 3, 4, 5 and 7), is largely insensitive to
the phy-mediated seasonal control of growth. Moreover, we show functional interactions between
PIF7 and PIF3 that might involve PIF7-PIF3 heterodimers. Finally, we examine how PIF7 is

regulated during the diurnal cycle at the transcriptional and protein level.

MATERIALS AND METHODS

Plant materials

Some of the mutant lines used in this study were described elsewhere including PIF7-FLASH (Li
et al. 2012), phyB-9 (Reed et al. 1993), pif3-3 (Monte et al. 2004), pif7-1, pif3pif7, phyBpif7 and
pif3pif4 (Leivar et al. 2008a), and pif3pif4pif5 and pifipif3pif4pif5 (pifg) (Leivar et al. 2008b).
New mutant combinations included pif3pif4pif7, which was generated by crossing pif3pif4 and
pif3pif7, and pif3pif4pif5pif7 and the quintuple pifgpif7 mutant (Zhang et al. 2020), which were
generated by crossing pif3pif4pif7 and pifq.

Seedling growth and Measurements

Upon sterilization, seeds were plated in GM medium without sucrose and stratified for four days
in darkness (D) at 4°C as described (Monte et al. 2003, Soy et al. 2014). Plates were then
transferred to either constant white light (WL, 85 pmol/m?s), long-days (LDs, 16hWL:8hD) or
short-days (SDs, 8ShWL:16hD), or to LDs or SDs submitted to a 15min saturating FR pulse (30
pmol/m?s) at the end of the day period (LD-EODFR and SD-EODFR) before the night hours.
Seedlings were arranged horizontally on a plate and photographed using a digital camera (Nikon

D80) as described (Soy et al. 2014). Hypocotyl elongation was measured typically from at least
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25 seedlings using NIH Image software (ImagelJ, National Institutes of Health). Differences
between means were statistically analyzed by one-way analysis of variance using Tukey multiple
comparison test (GraphPad Prism6). Statistically significant differences were defined as those
with a p value < 0.05.

In vitro Co-immunoprecipitaton assay

In vitro coimmunoprecipitation experiments were essentially as described (Khanna et al. 2004).
Briefly, each protein was expressed from T7 promoters using the TnT in vitro
transcription/translation system (Promega). PIF7:GAD and GAD:PIF3 constructs were described
previously (Leivar et al. 2008a, Ni et al. 1998), whereas naked PIF7 corresponds to the full-length
open reading frame cloned into the pET17b vector using Sacl and Xhol sites (Invitrogen, CA).
Proteins in each binding reaction were cosynthesized as *°S-Met-labeled products in TnT
reactions as specified. Signals were quantified with a Storm 860 Phosphorlmager (Molecular
Dynamics).

Yeast-two hybrid assay

GAD alone or fused to full length PIF3 (GAD:PIF3) in pGAD424 (Ni et al. 1998) and GAL4
DNA Binding domain (GBD) alone or fused to full length PIF7 (GBD:PIF7) in pGBKT7 were
used for yeast two-hybrid interaction assays in yeast strains AH109 and Y187 following the
Clontech (Palo Alto, CA) Yeast Protocol Handbook.

Electrophoresis mobility shift assay (EMSA)

Electromobility shift assays were performed as described (Martinez-Garcia et al. 2000), but with
pLUC control plasmid added to the binding reactions (Toledo-Ortiz et al. 2003). All proteins were
expressed from T7 promoters using the TnT in vitro transcription/translation system (Promega).
Naked PIF3 (Fairchild et al. 2000) and GAD:PIF3 (Ni et al. 1999) constructs were described
elsewhere, and naked PIF7 is described above. PIF7 and GAD:PIF3 were synthesized separately
(Fig. 3, lanes 4 and 3 respectively) or cosynthesized (Fig. 3 lane 5) in TnT reactions, and 3uL of
these TnT mixes were used for DNA binding. A total of 30,000 cpm of labeled G-box probe was
used in each lane. The binding conditions were as described (Leivar et al. 2008a).

Gene expression analysis

For gene expression, RNA extraction, cDNA synthesis and qRT-PCR were performed as
described (Sentandreu et al. 2011, Soy et al. 2012, 2014). In the time-course analysis performed
here, the gene expression was measured from three technical replicates for each time point and
genotype. PP24 (AT1G13320) was used as a normalization control as described (Shin et al. 2007,
Leivar et al. 2009). Primers for the gene expression analysis of PILI (AT2G46970), XTR7
(AT4G14130), HAT2 (AT5G47370), MIDA9 (AT5G02760) and HFRI (AT1G02340) were
described elsewhere (Soy et al. 2012, 2016, Sentandreu et al. 2011). PIF7 (AT5G61270)
expression was measured using primers EMP538 (5°’-GTTTCAGATGTCGTTGCTTGCA-3’) and
EMP539 (5’-TACCCATAGGAGGGACCATCAT-3").

5
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Protein Extraction and Immunoblots

Total protein extracts were obtained by resuspending grinded tissue samples in extraction buffer.
Extraction buffer and protein quantification were done as described (Leivar et al. 2008a, Soy et
al. 2016). PIF7-FLASH protein (Li et al. 2012) was detected after separation in a 7.5% SDS-
PAGE gel, and immunodetection was performed using mouse monoclonal anti-cMYC (SIGMA).
Peroxidase-linked anti-mouse antibody (Amersham Biosciences) were used as secondary
antibodies to detect the MYC epitope. Images were captured using a LAS4000 system.
Accession numbers

Arabidopsis Genome Initiative database accession numbers are: AT2G20180 (PIF1/PILS),
AT1G09530 (PIF3), AT2G43010 (PIF4), AT3G59060 (PIFS5/PIL6), AT5G61270 (PIF7),
AT2G18790 (phyB).

RESULTS

phyB suppresses diurnal growth by antagonizing PIF7

Analyses of hypocotyl length in Arabidopsis thaliana wild-type (WT) and pif7 mutant (Leivar et
al. 2008a) seedlings grown for 4 days in short days (SDs) or in constant white light (WL) (Fig.
1A and 1B), showed that the enhanced elongation in SD compared to WL previously reported
(Soy et al. 2012) depends on PIF7, since pif7 hypocotyls were clearly shorter than WT in SDs but
only marginally shorter in WL (Fig. 1B and 1C). In the phyB mutant background, pif7 mutation
partly suppressed the phyB elongated phenotype in both WL and SD (Fig. 1B and I1C).
Particularly in SD, quantification showed that the pif7 mutation in phyBpif7 mutants suppressed
a significant part of the striking SD-induced elongated phenotype of phyB mutants (3.1 mm vs
3.9 mm) compared to WT (1.1 mm) (Fig. 1D). Together, these results are consistent with an
antagonistic interplay between phyB and PIF7 in regulating growth under photoperiodic
conditions, similar to what was reported for PIF3 and other PIFq members (Soy et al. 2012, 2014),
and suggest that phyB suppression of growth in response to the long nights of SDs occurs partly
by inhibiting PIF7.

Analyses of photoperiodic conditions (SD and LD) supplemented with or without a 15-
min phy-inactivating FR-pulse (FRp) at the end of the day (end-of-day-far red (EODFR)) (Fig.
1A) revealed that the pif7 mutant displayed a short-hypocotyl phenotype only when the conditions
included extended periods under inactive phy Pr conditions, such as SD, LD-EODFR and SD-
EODEFR (Fig. 1C, 1D). These data are consistent with recent reports that PIF7 induces growth
under long-term low R/FR (Li et al. 2012) or in response to prolonged (2-3h) low R/FR exposure
at EODFR under diurnal conditions (Mizuno et al. 2015, Jiang et al. 2019). However, in contrast
to these reports where the elongation phenotype is mainly dependent on PIF7 (Mizuno et al. 2015,
Jiang et al. 2019), in our brief saturating FRp-promoted EOD-FRp in SD schedule, the pif7 mutant

still retained significant growth responses, indicating that other PIF members likely contribute to
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growth in our SD-EOD-FR conditions. Consistent with phyB being the major photoreceptor in
perceiving the EODFR signal, the elongated hypocotyl phenotype of phyB was strongly
attenuated in response to EODFR, especially under SD-EODFR conditions (Fig. 1C, 1D). In all
the conditions tested, we observed that the pif7 mutation partly suppressed the phyB mutant
phenotype in a quantitatively similar manner (Fig. 1C, 1D), consistent with the view that PIF7 is

a target of phyB in suppressing growth in WL and under photoperiodic conditions.

Photoperiodic control of growth is explained by the collective action of five PIFs

PIF1, PIF3, PIF4, and PIF5 have previously been reported to play a role in promoting growth
under diurnal and EODFR conditions, with PIF3 being the main contributor to SD growth (Leivar
et al. 2012a, 2012b, Soy et al. 2014, Nozue et al. 2007, Niwa et al. 2009). To assess the function
of PIF7 in promoting photoperiodic growth, we first compared pif3, pif7, and pif3pif7 mutants
(Monte et al. 2004, Leivar et al. 2008a) under the photoperiodic conditions detailed in Fig. 1A,
including EODFR treatments (Fig. 2A and 2B). Interestingly, while pif3 was shorter than pif7
under SD, pif7 was clearly shorter than pif3 under SD- and LD-EODFR, conditions where pif3pif7
showed additive to synergistic effects (Fig. 2A, 2B, and 2C). Next, to investigate the role of PIF7
in the absence of multiple PIFq members, we generated a series of higher order pif mutants lacking
PIF7 such as pif3pif4pif7 and pif3pif4pif5pif7, and the quintuple mutant pifgpif7 that lacked all
five PIFs. The hypocotyl elongation of these mutants and the corresponding controls (namely
Pif3pif4, pif3pifdpif7, pif3pif4pif5, pif3pif4pifSpif7, pifq, pifqpif7) was examined under WL, LD,
SD, or SD/LD-EODFR (Fig. 1A). Our results showed that they were: (1) only marginally shorter
than WT in WL and LD (Fig. 2B and 2D); (2) shorter than WT under the long night of SDs, with
no significant growth response compared to WL or LDs (Fig. 2C) and no additive effects as all
the higher order pif mutants were similarly short in SDs (Fig. 2B and 2C); (3) shorter than WT
under LD-EODFR conditions, with a marginal growth response in pif3pif4, pif3pif4pif5, and pifq
mutants that was largely suppressed by the genetic removal of PIF7 in pif3pif4pif7 mutants,
pif3pifdpif5pif7, and pifgpif7 mutants (Fig. 2B and 2C). Finally, under SD-EODFR (Fig. 1A), the
strong growth of WT seedlings was attenuated to varying degrees in all higher order pif mutants
(Fig. 2B and 2D), suggesting collective participation of all PIFs under these conditions.
Interestingly, all higher order pif mutants carrying WT PIF7 (pif3pif4, pif3pif4pif5, and pifq)
showed a limited but still significant growth response (Fig. 2B and 2C). Genetic removal of PIF7
further reduced the growth response (Fig. 2B and 2C), although pif3pif4pif7 and pif3pif4pif5pif7
still exhibited a residual growth response to the EODFR treatment indicating that the remaining
PIFs (PIF1 or PIF5) are still active. Strikingly, the quintuple pifgpif7 mutant was almost
completely insensitive to the EODFR treatment (Fig. 2B and 2C). Together, these data indicate

that the relative contribution of PIF7 to diurnal hypocotyl elongation is enhanced by phy
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inactivation, and that the collective action of PIF1, 3, 4, 5, and 7 is sufficient to explain the

photoperiodic regulation of seasonal growth.

PIF7 can form heterodimers with PIF3 that bind to DNA in vitro

PIF7 has been shown to form heterodimers with PIF1 and PIF4 in vitro (Castillon et al. 2007,
Kidokoro et al. 2009, Fiorucci et al. 2019, Toledo-ortiz et al. 2003, Bu et al. 2011). To further
assess the inter-PIF7 heterodimerization landscape, and given the prominent role of PIF3 in the
regulation of growth under diurnal conditions (Soy et al. 2012, 2014) and the observed synergistic
contributions of PIF3 and PIF7 to hypocotyl elongation (Fig. 2), we tested possible PIF7-PIF3
heterodimerzation. Indeed, in vitro pull-down assays confirmed direct interaction between PIF7
and PIF3 (Fig. 3A) that was confirmed in yeast two-hybrid in vivo assays (Fig. 3B). PIF7 was
also shown to form homodimers in vitro (Fig. 3A), consistent with previous reports (Kidokoro et
al. 2009, Fiorucci et al. 2019). Furthermore, using EMSA assays, we detected binding of PIF7 to
G-box DNA clements as homodimer and as a PIF7-PIF3 heterodimer (Fig 3C). These results
indicate that in vitro, PIF7 can heterodimerize with PIF3 and that this dimeric PIF7-PIF3 can bind
to DNA, suggesting that functional interaction between PIF7 and PIF3 might involve heterodimer

formation.

Contrasting developmental and temporal growth-promoting activities of PIF3 and PIF7 in
SD and SD-EODFR.

To further understand the interplay between PIF3 and PIF7 along early growth in SD and SD-
EODFR, we performed time-course phenotypic analysis at days 2, 3 and 4 (in contrast to the end-
point measurements in 4d-old seedlings shown in Fig. 2). Under SDs, we observed that the short
hypocotyl phenotype of pif3 mutants was already established at day 2 (Fig. 4A) and maintained
throughout the rest of the treatment, in agreement with previous data (Soy et al. 2012), whereas
the short hypocotyl phenotype of pif7 mutants was not manifested until day 4. In contrast, under
SD-EODFR, the additive contributions of PIF3 and PIF7 were clearly observed by day 2 and
throughout days 3 and 4 (Fig. 4A). Because some of the phenotypes are observed as early as 2
days, one possibility is that the participation of PIF3 is exclusively determined during early
deetiolation. To test this possibility, we modified the experimental set up so that seedlings were
first deetiolated for 2 days in WL, and then were kept for 4 additional days in either WL, SD or
SD-EODFR. As shown in Fig. 4B, the observed phenotypes were roughly similar to Fig. 2: (1)
WT hypocotyl induction in response to SD and SD-EODFR; (2) A more prominent short
hypocotyl phenotype of pif3 mutants in SD compared to pif7; (3) A more prominent short
hypocotyl phenotype of pif7 mutants in SD-EODFR compared to pif3; and (4) Additive effects
observed in pif3pif7 double mutants, in this case in both SD and SD-EODFR. These data suggest
that the interplay between PIF3 and PIF7 under the tested photoperiodic conditions is not

exclusively established early during early deetiolation, and instead is sustained in green seedlings.
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The experiments presented above suggest that, similar to what has been reported for PIF3
and other PIFq members (Soy et al. 2012, 2014, Nozue et al. 2007, Monte et al. 2004, Shen et al.
2005), PIF7 acts to induce growth during the dark hours under diurnal conditions after phy
repression is lifted. In order to test this possibility, we performed phenotypic measurements
during the night period under SD conditions. First, pif3 and pif7 single and double mutants were
grown for 2 days in SD, and during the 3" day in SD the hypocotyl elongation was measured: (1)
at ZT8, the end of the light period (W8); and (2) at the end of the night period (ZT24) in samples
that had been (FR24) or not (D24) treated with an EODFR (Fig. 4C, left panel). Consistent with
Fig. 4A, WT seedlings grew over the dark period (D24) of the 3 day in SD in a strong PIF3-
dependent manner with marginal to null contributions of PIF7 (Fig. 4C, middle and right panels),
whereas EODFR-induced growth (FR24) was additively dependent on both PIF3 and PIF7.

PIF7, together with PIF3, acts to induce growth-related gene expression during the dark
hours in SDs

In order to determine the interplay between PIF3 and PIF7 in regulating gene expression during
the night period, we performed time-course experiments of pif3 and pif7 mutants grown in SD
and in SD-EODFR following the same experimental design of Fig. 4C. In these experiments,
samples were taken at the end of the light period of the 3" day in SDs (ZT8; W8), and during the
night in samples that had (FR) or not (D) been treated with an EODFR at ZT9 (D9, FR9), ZT12
(D12, FR12), ZT16 (D16, FR16), ZT20 (D20, FR20), and ZT24 (D24, W24). We also included
a time point upon 1h illumination (ZT1, W25) at the 4™ day in SDs. Initially we measured the
expression of PILI, HFRI and XTR7, genes that are directly induced by PIF3 during the night
period in SDs (Soy et al. 2012), and in the case of PIL/ and HFRI, they have also been shown to
be regulated by PIF7 in response to shade (Li et al. 2012). The data show that under SDs, there is
a progressive accumulation of PILI, HFRI, and XTR7 transcripts during the night in WT
seedlings (Fig. 5A), which is strongly attenuated in pif3 mutants as reported (Soy et al. 2012).
pif7 mutants also had reduced expression compared to WT, although it was not as strong and was
more evident towards the end of the night (D24). Additive effects in pif3pif7 double mutants were
only marginally observed for HFRI (Fig. 5A). In sharp contrast, an EODFR treatment rapidly
induced the expression of these genes in WT seedlings to expression values similar or even higher
to those at the end of the night in SDs (D24, indicated as a horizontal dotted line) (Fig. 5B). The
relative contribution of PIF3 and PIF7 in promoting early EODFR-induced gene expression
varied in each case. For PIL1, a minor contribution of PIF7 and a more robust effect of PIF3 was
observed, a situation that was reversed in X7TR7, where the contribution of PIF7 was more
prominent (Fig. 5B). In both cases, small additive effects between both PIFs were observed. For
HFRI, the contributions of PIF3 and PIF7 were more similar, and no additive effects were

observed. These results were somewhat surprising considering the prominent role of PIF7 in
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promoting growth at least under EODFR conditions (Fig. 4C), and in inducing some of these
genes like PILI in response to shade (Li et al. 2012), and suggested that under short day PIF7
might preferentially target a different set of genes. Therefore we extended this analysis by
screening the list of shade-induced PIF7-dependent genes (Li et al. 2012), and identified two
candidate genes, the transcription factor HAT2 (AT5G47370) and the protein phosphatase 2C
MIDAY (AT5G02760), which regulate different facets of photomorphogenesis (Sentandreu et al.
2011, 2012, Bou-Torrent et al. 2012) and show a diurnal pattern of expression under SDs similar
to PILI1, HFRI and XTR7 (http://diurnal.mocklerlab.org). In agreement, our data showed that
under SDs (Fig. 5A), expression of HAT2 and MIDA9 increased towards the end of the night in
WT seedlings (ZT24; D24) and decreased upon 1h illumination in the next day (ZT25; W25).
Expression analysis showed that the expression levels were strongly attenuated at the end of the
night in pif7 mutants, with minor to absent effects in the pif3 mutant (Fig. 5A), in sharp contrast
to PIL1, HFRI and XTR7. Under SD-EODFR conditions, the rapid and transient induction of
HAT?2 and MIDAY was also strongly dependent on PIF7, whereas the pif3 mutant was unaffected
(Fig. 5B). Whereas the pif3pif7 mutant was indistinguishable from pif7 mutants under SD, in SD-
EODFR small additive or synergistic effects were observed at least for MIDA9. Together, these
data suggest that the molecular phenotype in SD and SD-EODEFR is established by complex
functional interactions between PIF3 and PIF7 that vary from gene to gene. Some of these
combinatorial activities between PIF3 and PIF7, especially under EODFR conditions, might
involve the formation of heterodimers as shown above (Figure 3). Previous data have indicated
that PIF3 accumulates progressively along the night to peak at dawn (Soy et al. 2012). phyB
activity keeps PIF3 levels low at the beginning of the night, and inactivation of phyB by an EOD-
FR induces higher PIF3 accumulation (Soy et al. 2012, 2014).

PIF7 protein mobility fluctuates in response to SD and SD-EODFR

It has been previously reported that the PIF'7 transcript oscillates under diurnal conditions in adult
plants (Lee and Thomashow 2012) and in free running conditions (Kidokoro et al. 2009). In
agreement with these reports, we also observed that P/F7 transcript oscillates in young seedlings
growing under diurnal short day (SD) conditions (Fig. 6A). In addition, it is well known that phy
induces the accumulation of an inactive PIF7 phosphorylated form in high R/FR that presents a
reduced mobility compared to the dephosphorylated form (Li et al. 2012). These studies show
that the PIF7-phosphorylated form accumulates in light, but it dephosphorylates rapidly in
response to shade, and this activated form of PIF7 accumulates in the nucleus to induce gene
expression (Huang et al. 2018). Here we use the PIF7-flash lines (Li et al. 2012) to study
accumulation of PIF7 in SD and in SD-EODFR. At the end of the light period in SD (W8) we
observed a band with lower mobility, consistent with the described inactive phosphorylated form

(Fig. 6B and 6C). In contrast, during the night, the fast migrating band (the active
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dephosphorylated form) accumulates with a major peak (Niwa et al. 2009) at D24 compared to
D9 (Fig. 6B). Results are consistent with gradual accumulation of the dephosphorylated form
during the night under SD (Jiang et al. 2019). We also observe a rapid appearance of the slow
migrating band upon switching lights on at ZT1 of the following day (W1) (Fig. 6B). In contrast,
in response to EODFR, we observe a rapid complete disappearance of the slow migrating band at
ZT9 (FR9) compared to SD (D9) (Fig. 6C). This EOD-FR pulse did not affect the overall pattern
of accumulation of the PIF7 transcript along the night, although levels were somewhat reduced
compared to SD (Fig. 6A), in accordance to previous reports (Mizuno et al. 2015). These results
suggest that inactivation of phyB by EODFR rapidly decreases the accumulation of the inactive
phosphorylated form of PIF7 to induce growth under these conditions.

DISCUSSION

Previously, using a combination of SD and SD-EODFR light regimes, we reported the concerted
action of PIF1, PIF3, PIF4, and PIFS5 (the PIF quartet or PIFq) in promoting and optimizing
hypocotyl elongation in diurnal conditions (Soy et al. 2014). However, because the pifg mutant
still retained some responsiveness to SD-EODFR, participation of additional factors was
suggested. The experiments presented here examine the contribution of PIF7 to seedling growth
under diurnal conditions. In response to the long nights of SD photoperiods, PIF7 induces growth
together with PIF3 and other PIFq members, whereas PIF7 activity is suppressed by phyB in
constant WL or LD. Using a combination of LD, LD-EODFR, SD, and SD-EODFR experiments
(Fig. 1A) in higher-order mutant seedlings lacking up to five PIFs, our data indicate that PIF7 is
a prominent target of phyB-mediated suppression of growth under diurnal conditions.
Furthermore, we establish that the growth-promotion activity of PIF7 together with the PIFq is
likely sufficient to explain the photoperiodic control of seasonal growth in Arabidopsis. Finally,
we show that diurnal oscillation of PIF7 activity involves increased activation by
dephosphorylation during the dark hours. Consistent with these findings, our EODFR
experiments establish that residual phy Pfr inhibits full activation of PIF7 during the long nights
of SD.

The phenotypic and marker gene expression analysis of pif7 single and higher order
mutants presented here identify PIF7 as an additional PIF factor promoting growth under diurnal
conditions through regulation of growth-related gene expression. PIFq function is antagonistic to
the growth suppressing activity of phyB, which targets the PIFq for degradation, not only during
the day but also during early night due to the relatively slow Pfr-to-Pr dark reversion rate (Soy et
al. 2012, 2014, Sweere et al. 2001, Rausenberger et al. 2010), effectively suppressing growth in
non-inductive conditions of LD (Fig. 1 and 2; (Niwa et al. 2009)). Consistently, a phy-inactivating
EODFR pulse before the beginning of the 16 h night period in SDs was shown to promote
accumulation of PIF3 and possibly other PIF proteins (Soy et al. 2014, Shen et al. 2005), and to
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enhance hypocotyl growth by 3-fold during the night period (Soy et al. 2014). Our observations
here suggest that PIF7, similarly to PIFq, promotes growth in response to the long nights of SD
(Fig. 1 and 2), also in antagonistic fashion toward phyB, as shown by the partial suppression of
the phyB elongated phenotype in the phyBpif7 mutant (Fig. 1). Interestingly, our observation that
the contribution of PIF7 to growth is not as strong as PIF3 under SD, but that it appears to
contribute more robustly than PIF3 under SD-EODFR (Fig. 2 and 4), suggests that inhibition of
PIF7 by phyB during early night is central to suppression of growth under these conditions.

The observation that the apparent relative contribution of PIF7 and PIF3 to full induction
of growth-related genes under SD varies among genes (Fig. 5) suggests that PIF7 and PIF3 have
both shared and specific regulatory functions: whereas PIF3 dominates expression of PILI,
HFRI, and XTR7, PIF7 is a strong contributor to the induction of HA72 and MIDAY, with non-
detectable to minor effects of PIF3 (Fig. 5A). In contrast to SD, examination of marker gene
expression under SD-EODFR showed a robust increase with respect to SD in accordance to
previous data (Soy et al. 2014), and revealed an enhanced relative contribution of PIF7 compared
to PIF3 for some of the growth-related marker genes like XTR7 (Fig. 5B). These results agree
with the increased contribution of PIF7 function to hypocotyl growth under SD-EODFR
compared to SD, and suggest that PIF7 role might be relatively more important in conditions
where it has been suggested that seedlings experience a partial reversion to the etiolated state, like
SD-EODFR (Soy et al. 2014) as shown in this work, or in shade-induced responses (Leivar et al.
2012b), where PIF7 plays a prominent role (Li et al. 2012, Mizuno et al. 2015, Jiang et al. 2019).
Also in agreement, a recent paper reported that several shade-induced genes display remarkable
divergence in dependency on the PIF quartet and PIF7 for their shade responsiveness, indicating
a spectrum of combinatorial activities toward these genes (Zhang et al. 2020). Part of the observed
functional interaction between PIF7 and PIFq could involve heterodimer formation, including the
newly described PIF7-PIF3 heterodimers (Fig. 3).

The results presented here indicate that sequential removal of PIFs in pif3pif4,
Dpif3pifdpif7, pif3pif4pifs, pif3pif4pifSpif7, pifq and pifgpif7 mutants progressively decreased the
sensitivity to longer night periods and the associated growth response (Fig. 2). Our striking
finding that a pifgpif7 mutant remains very short in all photoperiodic conditions examined, and is
nearly insensitive for hypocotyl elongation to SD-EODFR treatment (Fig. 2), indicates that the
collective action of PIF7 and the PIFq can account for the implementation of the phy-regulated
control of growth under diurnal conditions, and strongly suggests that the collective contribution
of these five PIFs is required for the photoperiodic-regulated seasonal acceleration of growth. A
recent observation that the pifgpif7 quintuple mutant is unresponsive to long term exposure to low
R/FR (Zhang et al. 2020) is consistent with our results. Together these findings establish that the

five PIF-quintet members (PIFsl, -3, -4, -5, and -7) are collectively fully responsible for
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promoting hypocotyl cell elongation in response to environments where there is a fluctuation in
Pr/Pfr phy forms such as shade and diurnal conditions.

Our observation that PIF7 transcript oscillates in SD (Fig. 6A), suggests that PIF7
transcription is probably regulated by the circadian clock. Indeed, Kidokoro et al. (Kidokoro et
al. 2009) showed a similar P/F'7 oscillatory pattern under free running conditions, a hallmark of
regulation by the clock. This is similar to PIF4 and PIF5, which also oscillate in SD under clock
regulation, but in contrast to P/F/ and PIF3, which show relatively constant transcript levels
across the day and night under SD. Despite these similarities with PIF4 and PIFS5, regulation of
PIF7 protein stability is unique compared to the PIFq members. Indeed, the rapid light-induced
interaction of PIF7 with photoactivated phyB does not lead to robust degradation of PIF7 (Leivar
et al. 2008a, Lee and Thomashow 2012, Li et al. 2012). Instead, it triggers accumulation of a
cytosolic, phosphorylated form of PIF7 under constant white light, which is rapidly
dephosphorylated and transported to the nucleus in response to phy inactivation, such as in FR-
enriched shade environments (low R/FR conditions) (Li et al. 2012, Peng et al. 2018). This
dephosphorylated PIF7 can bind to genomic target sites and to chromatin remodeling machinery
to regulate the expression of its target genes (Li et al. 2012, Huang et al. 2018), and can be rapidly
photoreversed to the phosphorylated form when returned to white light (Li et al. 2012). Our results
here in alternating day/night conditions, extend these observations to show that phy imposes
oscillation of PIF7 activity under SD (Fig. 6): during the day, phy Pfr triggers accumulation of
the inactive phosphorylated form of PIF7, whereas in the night reversion to Pr favors
accumulation of the dephosphorylated form, which is active in the induction of gene expression
(Fig. 5) and in the promotion of hypocotyl elongation, consistent with recent findings (Jiang et al.
2019).

Collectively, the data presented here indicate that PIF7, together with the PIFq, promote
acceleration of hypocotyl elongation in response to photoperiod shortening (i.e. longer nights).
The present work suggests that phy-mediated regulation of PIFq stability and PIF7 activity is a
central regulatory pathway in conferring day-length sensitivity, in order to ensure growth in the
appropriate season. Interestingly, our finding that phytochrome mediates inhibition of growth
under SD by suppressing PIF7 activity (as revealed by our EODFR treatments) could represent a
safety mechanism to prevent overgrowth while retaining a significant capacity to integrate and
respond to situations in SD where additional rapid elongation is needed. Such scenarios could
include shading or an increase in temperature. Indeed, high temperature has been shown to trigger
fast Pr to Pfr thermal reversion of phyB (Legris et al. 2016, Jung et al. 2016), raising the levels of
active PIF7 and increasing PIF4 accumulation, the two main PIFs involved in
thermomorphogenesis downstream of phyB (Koini et al. 2009, Franklin et al. 2011, Lee and
Thomashow 2012, Fiorucci et al. 2019). Together, the phyB/PIF7 module might equip seedlings
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growing under diurnal conditions with the capacity to rapidly optimize their growth to changes
in light quality or temperature.
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FIGURE LEGENDS

Fig. 1. PIF7 induces growth under diurnal short day (SD) conditions in antagonistic manner
with phyB.

(A) Schematic view of the treatments used. Seedlings were grown for 4 days under WL, long day
(LD, 16hWL:8hD) and short day (SD, 8hWL:16hD) photoperiods, or under LD and SD
conditions submitted to a phy-inactivating far red pulse at the end of the day (LD-EODFR and
SD-EODFR).

(B) Visible phenotypes of 4d-old seedlings grown in SD or in constant white light (WL).

(C) Quantification of hypocotyl elongation of 4d-old seedlings grown under the indicated
conditions. Data represent the mean and standard error of at least 25 seedlings. Letters denote
statistically significant differences among means by the Tukey’s test (p < 0.05). Independent tests

were assayed for each experimental condition.
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(D) Data shown in panel C represented as a growth difference among the indicated treatments.
Fig. 2. pifqpif7 mutants are insensitive to the photoperiodic control of seasonal growth.

(A) Visible phenotypes of 4d-old seedlings grown in SD and SD-EODFR as detailed in Fig. 1A.
(B) Quantification of hypocotyl elongation of 4d-old seedlings grown under the indicated
conditions. Data represent the mean and standard error of at least 25 seedlings. Letters denote
statistically significant differences among means by the Tukey’s test (p < 0.05). Independent tests
were assayed for each experimental condition.

(C) Data shown in panel B represented as a growth difference among the indicated treatments.
(D) Visible phenotypes of 4d-old seedlings grown in WL, SD and SD-EODFR.

Fig. 3. PIF7 is able to heterodimerize with PIF3.

A) PIF7 and PIF3 interact in vitro. Coimmunoprecipitation assays using GAL4 Activating
Domain (GAD) alone or fused to full-length PIF7 (GAD:PIF7) and PIF3 (GAD:PIF3) as baits,
while PIF7 was used as prey. Schematic diagrams on the top show the design of the experiment,
and the SDS-PAGE separations of the pellet fractions and the inputs (10%) are shown below.
Quantification of the binding expressed as % of bound PIF7 in relation to the initial PIF7 input
and normalized to the bait used is shown at the bottom.

(B) PIF7 and PIF3 interact in a yeast two-hybrid assay. GAD, GAD:PIF3 and GAL4 DNA
Binding domain (GBD) alone or fused to full length PIF7 (GBD:PIF7) were used for yeast two-
hybrid interaction assays. Growth assays using restrictive media -LWA (top row) and -LWH
(second row from top) were done to test for interaction in the yeast strain AH109. The control
using non-restrictive —LW medium is shown in the third row. Interaction assay using qualitative
-galactosidase assay using Y187 yeast strain on plate is shown in the bottom row. The lower
panel shows Miller units in a quantitative liquid B-galactosidase assay.

(C) PIF7 and PIF3 bind to the G-box DNA motif as heterodimer. Electrophoresis mobility shift
assay (EMSA) showing TnT-translated PIF7 and GAD:PIF3 binding to the G-box as homodimers
(lanes 4 and 3 respectively) and as a heterodimer (intermediate band in lane 5). TnT-only reactions
were included as controls (lanes 2 and 6). FP= free probe. Lane 1 corresponds to FP-only binding
reaction, and the asterisks indicate non-specific bands in the TnT-only reactions.

Fig. 4. Developmental and temporal regulation of hypocotyl growth by PIF3 and PIF7 under
diurnal conditions.

(A) Quantification of hypocotyl elongation of seedlings grown for 2, 3 and 4 days in SD or in
SD-EODFR. Letters denote statistically significant differences among means by the Tukey’s test
(p <0.05) in SD (letters below lines) and SD-EODFR (letters above lines). Independent tests were
assayed for each day and condition.

(B) Quantification of hypocotyl elongation of seedlings that were first grown for 2 days in WL
(2d-WL) and then grown for 4 additional days in either WL, SD or SD-EODFR.
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(C) Quantification of hypocotyl growth during the night hours of the 3" day in SD or in SD-
EODFR. Seedlings were grown for 2 days in SD (ZT0), and images of the seedlings were taken
at the end of the day (ZT8, W8), and at the end of the night (ZT24) with (FR24) or without (D24)
an EODFR pulse as indicated in the left panel. Hypocotyl length was measured (middle panel)
and data were represented as a growth difference among the indicated time points (right panel).
Data in A, B and C represent the mean and standard error of at least 25 seedlings. Letters denote
statistically significant differences among means by the Tukey’s test (p < 0.05). Independent tests
were assayed for each experimental condition.

Fig. 5. PIF7, together with PIF3, acts to induce growth-related gene expression at night.
Gene expression was measured during the night hours of the 3™ day in SD (A) or in SD-EODFR
(B). Seedlings were grown for 2 days in SD (ZTO0) as in Fig. 4C, and samples were harvested at
the at the end of the third day (ZT8, W8), and during the night hours at ZT9, ZT12, ZT16, ZT20
and ZT24 in seedlings treated with (FR9, FR12, FR16, FR20, FR24; panel B) or without (D9,
D12, D16, D20, D24; panel A) an EODFR. An additional sample was harvested upon 1h
illumination (ZT25, W25) during the 4™ day of growth in SD (panel A). PILI, HFRI, XTR7,
HAT?2 and MIDA9 expression relative to PP2A4 was measured and data are normalized to WT D24
set at one. Data represent the mean and standard deviation of technical triplicates of one biological
replicate.

Fig. 6. PhyB prevents full de-phosphorylation of PIF7 at night.

(A) PIF7 time-course expression in WT seedlings grown under SD or SD-EODFR. Seedlings
were grown in SD. During the third day of growth, samples were either harvested at the indicated
times (SD), or given an EODFR pulse and collected during the night at the indicated time points
(SD-EODFR samples). PIF7 expression relative to PP2A was measured and normalized to the 0
time point (ZT0) set at one. Values are means of technical triplicates of one biological replicate.
(B) PIF7 protein level in SD at ZT8 (W8), ZT9 (D9), ZT24 (D24) and at 1h of the following day
after illumination (W1).

(C) PIF7 protein level in SD-EODFR compared to SD at ZT8 (W8), ZT9 (FR9, D9) and at ZT24
(FR24, D24).

(B, C) Ponceau staining was used as a loading control. Blots correspond to one biological

replicate.
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