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PHYTOCHROME INTERACTING FACTORs (PIFs) are a group of basic helix-loop-helix (bHLH) transcription factors that
repress plant light responses. PIF8 is one of the less-characterized Arabidopsis (Arabidopsis thaliana) PIFs, whose putative
orthologs are conserved in other plant species. PIF8 possesses a bHLH motif and an active phytochrome B motif but not an
active phytochrome A motif. Consistent with this motif composition, PIF8 binds to G-box elements and interacts with the Pfr
form of phyB but only very weakly, if at all, with that of phyA. PIF8 differs, however, from other PIFs in its protein accumulation
pattern and functional roles in different light conditions. First, PIF8 inhibits phyA-induced seed germination, suppression of
hypocotyl elongation, and randomization of hypocotyl growth orientation in far-red light, but it does not inhibit phyB-induced
red light responses. Second, PIF8 protein accumulates more in far-red light than in darkness or red light. This is distinct from
the pattern observed with PIF3, which accumulates more in darkness. This PIF8 accumulation pattern requires degradation of
PIF8 by CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) in darkness, inhibition of COP1 by phyA in far-red light, and
promotion of PIF8 degradation by phyB in red light. Together, our results indicate that PIF8 is a genuine PIF that represses

phyA-mediated light responses.

INTRODUCTION

Plants have evolved significant developmental plasticity to ensure
their survival in the face of changing environmental conditions. Of
the many environmental factors influencing plant development,
light is one of the most critical (Franklin and Quail, 2010). In the
dark, seedlings display skotomorphogenic phenotypes charac-
terized by elongated hypocotyls with closed cotyledons and an
exaggerated apical hook. These are developmental adjustments
by which germinating seedlings can rapidly push through the soil
without harming the shoot apical meristem. Once the seedlings
emerge from the soil, skotomorphogenesis is suppressed, and the
seedlings display photomorphogenic phenotypes characterized
by short hypocotyls with open cotyledons and fully developed
chloroplasts that are ready for photosynthesis. Plants have de-
veloped several classes of photoreceptors that detect and re-
spondto light quality, quantity, duration, and direction (Galvao and
Fankhauser, 2015; Li and Mathews, 2016). Phytochromes (phyA
to phyE in Arabidopsis [Arabidopsis thaliana]) are chromophore-
conjugated dimeric proteins responsible for detecting far-red and
red light (Clack et al., 1994; Rockwell et al., 2006; Li et al., 2015).
Far-red and red light induce reversible conformational changes in
phytochromes such that they take either the biologically inactive
Pr form or the biologically active Pfr form, respectively. Pfr
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phytochromes enter the nucleus and promote photomorpho-
genesis, partly by inhibiting basic helix-loop-helix (bHLH) tran-
scription factors called PHYTOCHROME INTERACTING
FACTORs (PIFs) and ubiquitin E3 ligase complexes called
CONSTITUTIVE PHOTOMORPHOGENIC1/SUPPRESSOR OF
PHYA-105 complexes (COP1/SPAs; Nagatani, 2004; Bae and
Choi, 2008; Leivar and Quail, 2011; Klose et al.,2015; Xu et al.,2015;
Hoecker, 2017). In addition to detecting external light conditions,
phytochromes also seem to sense ambient temperature. Pfr phy-
tochromes are gradually converted to their Pr forms by thermal
reversion, a process that is accelerated by increasing ambient
temperature (Jung et al., 2016; Legris et al., 2016).

PIFs are bHLH transcription factors that possess a phyA
binding APA (active phytochrome A) motif or a phyB binding APB
(active phytochrome B) motif (Khanna et al., 2004; Al-Sady et al.,
2006). They bind to G-box (CACGTG) motifs either alone or to-
gether with other transcription factors, including group A bZIPs
like ABA INSENSITIVE5S (Martinez-Garcia et al., 2000; Hug and
Quail, 2002; Hug et al., 2004; Oh et al., 2007, 2009; Leivar et al.,
2008b; Hornitschek et al., 2009, 2012; Kidokoro et al., 2009; Li,
2012; Zhang et al., 2013; Li et al., 2014; Pfeiffer et al., 2014; Kim
et al., 2016b). Upon binding to their target promoters, PIFs recruit
transcriptional regulators like LEUNIG_HOMOLOG, HEMERA,
TIMING OF CAB EXPRESSION1, and HISTONE DEACETYLASE15
to either positively or negatively regulate gene expression
(Yamashino et al., 2003; Liu et al., 2013; Lee et al., 2015; Qiu et al.,
2015; Soy et al., 2016; Zhu et al., 2016; Gu et al., 2017; Qiu et al.,
2019). PIFs promote skotomorphogenic development in the dark
through this regulation of target gene expression. PIFs are found
in all land plants ranging from liverwort to angiosperms (Llorente
et al., 2016; Rosado et al., 2016; Lee and Choi, 2017; Xu and
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Background: When plants are in the dark, their stems get longer to search for light. When reaching the light, plant
photoreceptors called phytochromes perceive light and signal the plant body to adapt to the light environment.
Phytochrome A (phyA) and phyB are two major phytochromes perceiving far-red light and red light, respectively.
Upon light perception, phyA and phyB promote light responses partly by inhibiting Phytochrome interacting factors
(PIFs). In a model plant, Arabidopsis thaliana, eight different PIFs (PIF1 to PIF8) regulate light responses both

redundantly and distinctively.

Question: Among the eight different PIFs, the role of PIF8 had not been fully understood. Thus, we decided to
characterize the role of PIF8 in light signaling by focusing on its similarities and differences to other better-

characterized PIFs.

Findings: We found that Arabidopsis seedlings overexpressing PIF8 had longer hypocotyls with smaller and closed
cotyledons than wild-type seedlings (that had short hypocotyls with larger and fully-opened cotyledons) in far-red light
but not in red light. This was in contrast to seedlings overexpressing PIF3, which had those phenotypes in red light
but not in far-red light. Such a far-red light-specific role of PIF8 is largely dictated by the far-red light-specific
accumulation of PIF8 protein shaped by the interplay among phyA, phyB, and CONSTITUTIVE
PHOTOMORPHOGENIC 1 (COP1), coupled with the resistance to be sequestered by phyA in far-red light.
Accumulated and unsequestered PIF8 binds to target gene promoters and regulates gene expression, repressing

light responses in far-red light.

Next steps: PIF8 is a well-conserved PIF, implying it provides advantages to plants living in natural light
environments. Thus, it would be interesting to determine if PIF orthologs from other plant species have similar roles
and to identify natural light conditions where PIF8 plays a role.

Hiltbrunner, 2017; Gao et al., 2019). Chara braunii, which belongs
to the Charophyta clade, possesses a protein containing a dis-
tantly related APA motif, suggesting that PIF-like proteins may
have evolved even before the emergence of land plants (Possart
et al., 2017). Multiple PIFs are present in most land plant species
with the exception of Marchantia polymorpha, aliverwort with only
one PIF (Inoue et al., 2016). Arabidopsis possesses at least eight
PIFs (PIF1 to PIF8), which regulate light responses either re-
dundantly or distinctively (Jeong and Choi, 2013; Pham et al,,
2018c). Among them, PIF1 specifically inhibits seed germination,
whereas most PIFs redundantly promote skotomorphogenic
phenotypes partly through their ability to promote cell elongation
(Oh et al., 2004; Leivar and Monte, 2014). The redundant roles of
the PIFs are exemplified by the constitutively photomorphogenic
phenotypes of the pif quadruple mutant (pif1 pif3 pif4 pif5) in the
dark (Leivar et al., 2008a; Shin et al., 2009).

Phytochromes inhibit PIFs in part by promoting PIF protein
degradation. Light-activated Pfr interacts with and phosphor-
ylates PIFs by kinase activity either intrinsic to the phytochromes
or, as is the case for PIF3, by PHOTOREGULATORY PROTEIN
KINASEs (PPK1 to PPK4) that are associated with phyB (Al-Sady
et al., 2006; Ni et al., 2013, 2017; Shin et al., 2016). The phos-
phorylated PIFs are then polyubiquitinated and subsequently
degraded by 26S proteasomes (Bauer et al., 2004; Park et al.,
2004; Shen et al., 2005, 2007, 2008; Oh et al., 2006; Nozue et al.,
2007; Lorrain et al., 2008). A few E3 ubiquitin ligases have been
identified that ubiquitinate PIFs for degradation. Among the E3
ligase components, COLD TEMPERATURE-GERMINATING10
and EIN3 BINDING F-BOX PROTEINs promote light-induced
degradation of PIF1 and PIF3, respectively (Dong et al., 2017;
Majee et al., 2018). BLADE-ON-PETIOLEs ubiquitinate PIF4 for
degradation in red light (Zhang et al., 2017), while LIGHT-
RESPONSIVE BRIC-A-BRACK/TRAMTRACK/BROADs bind to

the Pfrform of phyB and PIF3 and ubiquitinate them, ensuring their
destruction in the presence of red light (Ni et al., 2014). PIFs are
also phosphorylated independently of light by protein kinases
such as CASEIN KINASE Il and BRASSINOSTEROID-
INSENSITIVE2 (BIN2; Bu et al., 2011; Ling et al., 2017). In addition
to PIF protein degradation, phyB inhibits PIFs by sequestering
them from their target gene promoters (Park et al., 2012, 2018).

COP1 is a RING-type E3 ubiquitin ligase that suppresses
photomorphogenesis in association with SPA proteins (Huang
et al., 2014; Hoecker, 2017). COP1/SPAs suppress photo-
morphogenesis by directly ubiquitinating and degrading
photomorphogenesis-promoting factors including ELONGATED
HYPOCOTYL5 (HY5) and LONG HYPOCOTYL IN FAR-RED1
(HFR1)inthe dark (Osterlund et al., 2000; Hoecker and Quail, 2001;
Duek et al., 2004; Jang et al., 2005; Yang et al., 2005). COP1 also
regulates PIF protein stability: it promotes the degradation of
PHYTOCHROME INTERACTING FACTORS-LIKE1 (PIL1/PIF2;
Luo et al., 2014) but increases the stability of PIF1, PIF3, PIF4, and
PIF5 in the dark (Bauer et al., 2004; Pham et al., 2018a, 2018b).
During the dark-to-light transition, COP1 also ubiquitinates PIF1
and PIF5, promoting their degradation (Shenetal.,2008; Zhu etal.,
2015; Pham et al., 2018b). Phytochromes inhibit COP1/SPAs
either by excluding COP1 from the nucleus (von Arnim and Deng,
1994; Osterlund and Deng, 1998; Pacin et al., 2013, 2014), by
disrupting COP1/SPA complexes (Lu et al., 2015; Sheerin et al.,
2015), or by degrading SPA proteins (Balcerowicz et al., 2011;
Chen et al., 2015). Such inhibition of COP1/SPAs by phyto-
chromes results in the accumulation of several different factors,
including HY5, that promote photomorphogenic development in
the light.

PIF8 is one of the more poorly characterized PIFs in Arabidopsis
(Leivar and Quail, 2011). Given the importance of the other PIFs in
light signaling, however, PIF8 too likely plays an important role in
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light signaling. Here, we report that PIF8 binds to the Pfr form of
phyB but only very weakly, if at all, to that of phyA. We found that
PIF8, unlike other PIFs, suppresses phyA-mediated far-red light
responses, including seed germination and seedling photomor-
phogenesis, without affecting phyB-mediated responses to red
light. PIF8 protein levels are higher under far-red light illumination
than in the dark or under red light. This is in contrast to the levels of
the other PIFs, which are higher in the dark than under red or far-
red light. This increased accumulation of PIF8 under far-red light is
caused by the combination of phyA-mediated inhibition of COP1
under far-red light, COP1-mediated degradation of PIF8 in the
dark, and the promotion of PIF8 degradation by phyB in red light.
Together, these findings indicate that PIF8 is a genuine PIF that
mitigates excessive photomorphogenic seedling development in
prolonged far-red light.

RESULTS

PIF8 Binds to Pfr of phyB but Only Very Weakly, if at All, to
That of phyA

PIF8, also denoted as UNFERTILIZED EMBRYO SAC10, is one of
the less-characterized PIFs possessing a bHLH domain and an
APB motif but not acore APA motif (Figure 1A). PIF8 is more similar
to PIF7 than to the other Arabidopsis PIFs, and its orthologs are
found in other plant species including tomato (Solanum lyco-
persicum) and rice (Oryza sativa; Figure 1B; Supplemental
Figure 1; Supplemental Files 1 and 2). Compiled transcriptome
data indicate that PIF8 mRNA is expressed at higher levels in
leaves than in seeds, and its expression pattern resembles that of
PIF4, PIF5, and PIF7 rather than PIF1 and PIF3 (Figure 1C;
Supplemental Figure 2). Our experiments further indicate that
PIF4, PIF5, PIF7, and PIF8 mRNA levels are increased by both red
and far-red light, whereas PIF1 and PIF3 mRNA levels are not
(Figure 1D). Light-induced expression of PIF8 mRNA is abolished
inthe phyA-211 (phyA) mutant under far-red light and in the phyB-
9 (phyB) mutant under red light (Figure 1E). These results suggest
that PIF8, which is expressed in a pattern similar to PIF4, PIF5, and
PIF7 in Arabidopsis, could be a genuine member of the conserved
PIF family in angiosperms.

PIF8 possesses a conserved APB motif but lacks a core APA
motif (Figure 1A). This suggests that it is capable of binding phyB
but not phyA. We therefore examined whether PIF8 protein can
directly interact with phyA and phyB in vitro and in vivo. We
performed in vitro binding assays using recombinant glutathione
S-transferase (GST)-tagged PIF8 and MYC-tagged phyA or phyB
proteins. We found that PIF8 preferentially binds to the Pfr form of
phyB, but it does not bind to phyA regardless of its form
(Figure 2A). Unlike PIF8, PIF3 shows preferential binding to the Pfr
form of both phyA and phyB in the same binding assays. Although
we used the same amount of PIF8 and PIF3 protein, we found that
PIF8 was capable of pulling down less phyB than PIF3, suggesting
that PIF8’s binding affinity for phyB is weaker than that of PIF3. We
also performed semi-in vivo binding assays using recombinant
GST-tagged PIF8 and cell extracts from transgenic lines ex-
pressing FLAG-tagged phyA or phyB. As with the in vitro binding
assays, PIF8 preferentially pulls down the Pfr form of phyB but

only very weakly, if at all, that of phyA from cell extracts, while PIF3
pulls down the Pfr form of both phyA and phyB (Figure 2B). Also
similar to the in vitro binding assays, PIF8’s affinity for phyB is
weaker than that of PIF3. Ininvivo binding assays using transgenic
lines expressing MYC-tagged PIF8 or PIF3 (PIF8-OX and PIF3-
0OX), we found further evidence that PIF8 preferentially coimmu-
noprecipitates the Pfr form of phyB but only very weakly, if at all,
that of phyA, while PIF3 coimmunoprecipitates the Pfr form of both
phyA and phyB (Figure 2C).

PIF8 Inhibits a Subset of phyA-Induced Light Responses in
Prolonged Far-Red Light

To investigate the biological roles of PIF8, we generated trans-
genic lines expressing MYC-tagged PIF8 under the control of the
35S promoter (PIF8-OX) and isolated two pif8 mutants (pif8-1 and
pif8-2). The pif8-1 mutant has a T-DNA insertion in the fourth
intron, while pif8-2 is a clustered regularly interspaced short
palindromic repeats (CRISPR)-CAS-generated mutant with
a single nucleotide insertion in the first exon that leads to the
formation of a premature stop codon (Figure 3A).

In far-red light, PIF8-OX produces hypocotyls twice as long as
those of the wild type (Columbia-0 [Col-0]), but in the dark and in
red light, its hypocotyls are similar to those of the wild type (Figures
3B and 3C). When compared with wild-type seedlings in far-red
light, PIF8-OX, like the phyA mutant, produces more closed co-
tyledons (Figure 3B) and expresses higher levels of the marker
genes PIL1 and PIL2 (Supplemental Figure 3). The two pif8 mu-
tants, however, produce hypocotyls similar in length to those of
the wild type regardless of the light conditions. The wild-type-like
hypocotyls of the pif8 mutants may be due to PIF8’s redundancy
with other PIFs. Since PIF8is expressed in asimilar patternto PIF4,
PIF5, and PIF7 (Figure 1C), we generated and examined the
phenotypes of mutants lacking multiple PIFs. Consistent with the
redundancy hypothesis, the pif4 pif5 pif8 (pif458) triple mutant
produces small but significantly shorter hypocotyls than the pif4
pif5 (pif45) double mutant in far-red light (Figure 3C). The pif7 pif8
(pif78) double mutant also produces small but significantly shorter
hypocotyls than the pif7 single mutant in far-red light. We further
examined the role of PIF8 in phyA and phyB signaling by gen-
erating pif8 phyA and pif8 phyB double mutants. The pif8 phyA
double mutant produces hypocotyls identical in length to those of
the phyA single mutant under far-red light, whereas the pif8 phyB
double mutant produces hypocotyls shorter than those of the
phyB mutant but similar to those of the pif8 mutant under far-red
light (Supplemental Figure 4). Together, these results indicate that
PIF8 inhibits phyA-induced seedling photomorphogenesis re-
dundantly with PIF4, PIF5, and PIF7 in far-red light.

We next examined whether PIF8 also regulates any other phyA-
mediated far-red light responses such as seed germination or
hypocotyl negative gravitropism. More than 80% of wild-type
seeds germinate by 12 h of far-red light irradiation in phyA-
dependent germination assays, while PIF8-OX seeds, like phyA
mutant seeds, do not germinate even by 24 h of far-red light ir-
radiation (Figure 4A). These low germination frequencies for PIF8-
OX seeds are not due to death or dormancy, because more than
80% of PIF8-OX seeds germinate in phyB_ON or white light
conditions (Figure 4B). These results indicate that PIF8 inhibits
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Figure 1. PIF8 Is an APB-Containing bHLH Transcription Factor.

(A) A diagram showing the APB and bHLH motifs of PIF8 protein. The numbers are amino acid residue numbers. The bottom panel shows the amino acid
sequence alignments of PIF8 with the other PIFs at their APA and APB motifs. Only PIF1 and PIF3, which possess the conserved APA motif, were used for the
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phyA-induced seed germination. PIF8 also regulates hypocotyl
negative gravitropism in far-red light (Figure 4C). Wild-type
seedlings grow upward against gravity in the dark, displaying
hypocotyl negative gravitropism, whereas seedlings lie down both
in red and far-red light, displaying hypocotyl agravitropism. Unlike
wild-type seedlings, phyA and phyB mutant seedlings grow up-
ward not only in the dark but also in far-red and red light, re-
spectively, supporting a role for phyA and phyB in inhibiting
hypocotyl negative gravitropism in response to far-red and red
light, respectively. PIF8-OX seedlings grow upward against
gravity in far-red light but lie down in red light. These results in-
dicate that PIF8 suppresses phyA-mediated inhibition of hypo-
cotyl negative gravitropism in far-red light. Phytochromes are
capable of disrupting hypocotyl negative gravitropism, in part by
inhibiting the PIFs that maintain starch-filled endodermal amy-
loplasts (Kimetal., 2011). Consistent with this, PIF8-OX seedlings,
like phyA mutants, retain their starch-filled endodermal amylo-
plasts in far-red light, whereas wild-type seedlings do not
(Figure 4D). These results indicate that PIF8 promotes hypocotyl
negative gravitropism by inhibiting the depletion of starch-filled
amyloplasts in far-red light.

We next measured shade-induced hypocotyl elongation in
PIF8-OX. Shade inactivates phyB, releasing PIFs and promot-
ing shade responses. At the same time, however, shade also
activates phyA, inhibiting shade responses (Franklin, 2008; Roig-
Villanova and Martinez-Garcia, 2016). The magnitude of a seed-
ling’s shade response is thus determined by integration of these
opposing effects of phyA and phyB. We measured the hypocotyls
of seedlings grown under either high or low red:far-red light. We
found that the hypocotyls of wild-type seedlings grow 2.5 times
longer when grown under low red:far-red light (shade) than under
high red:far-red light (normal; Supplemental Figure 5). Consistent
with the opposing roles for phyA and phyB in driving shade re-
sponses, the hypocotyls of phyA mutant seedlings are longer than
those of wild-type seedlings grown in the shade, whereas the
hypocotyls of phyB mutant seedlings are longer than those of wild-
type seedlings even in high red:far-red light. Shade-induced hy-
pocotyl elongation is promoted in part by PIF4, PIF5, and PIF7
(Lorrain et al., 2008; Li et al., 2012). Consistent with this, the hy-
pocotyls of pif45 and pif7 mutant seedlings grown in the shade are
shorter than those of the wild type. Unlike those of pif45 and pif7

mutants, however, the hypocotyls of pif8 mutant seedlings grown
inthe shade are similar to those of the wild type. The hypocotyls of
pif458 triple and pif78 double mutant seedlings are also similar to
those of pif45 and pif7 mutants grown in the shade, respectively.
Even the hypocotyls of PIF8-OX seedlings are similar to those of
wild-type seedlings grown in the shade. These results indicate
that, although phyA plays an active role in shade responses, PIF8
does not promote hypocotyl elongation in the shade.

PIF8 Is Stabilized by phyA but Destabilized by phyB

We next wondered how PIF8, expressed by the constitutive 35S
promoter, promotes hypocotyl elongation only in far-red but not
red light. Since phytochromes inhibit PIFs in part by promoting
PIF protein degradation, we measured PIF8 protein levels under
differentlight conditions using transgenic plants expressing MYC-
tagged PIF8 or PIF3 under the control of the 35S promoter (PIF8-
OX and PIF3-0OX). Interestingly, we found more accumulation of
PIF8 protein in far-red light than in either the dark or red light
(Figure 5A). PIF3 protein, by contrast, accumulates more in the
dark than under red light. To determine whether this unusual PIF8
protein accumulation pattern is due to PIF8’s interactions with
phytochromes, we generated PIF8-OX lines in the phyA, phyB,
and phyA phyB (phyAB) mutant backgrounds by crossing PIF8-
OX to each phytochrome mutant. We did not see any significant
difference in the level of PIF8 protein produced in phyA mutant
background seedlings (PIF8-OX phyA) grown under far-red light
rather than in the dark, nor did we see any difference in PIF8 levels
in phyB mutant background seedlings (PIFS8-OX phyB) grown
under red light rather than in the dark (Figure 5B). In the phyAB
double mutant background (PIF8-OX phyAB), we found similar
levels of PIF8 protein under all light conditions. Together, these
results indicate that PIF8 protein is stabilized by phyA in far-red
light and destabilized by phyB in red light. Curiously, we noticed
that phyB mutants accumulate more PIF8 than the wild type under
far-red light. As previously reported, this may be due to the in-
hibition of phyA signaling by phyB in far-red light (Wagner et al.,
1996; Casal et al., 2000; Zheng et al., 2013). The hypocotyl lengths
of phyB mutant seedlings, however, were identical to those of the
wild type under far-red light in our experimental conditions. This

Figure 1. (continued).

APA motif alignment. The conserved APA and APB motifs are shaded. For the APA motif alignment, the symbols above the alignment indicate the level of
conservation between PIF1 and PIF3: *, conserved sequences; :, conservative mutations; ., semiconservative mutations.

(B) The phylogenetic clustering of PIF8 with PIF7. The amino acid sequences of Arabidopsis, tomato, and rice PIFs and PILs were aligned, and a phylogenetic
tree was drawn using the maximum-likelihood method with 500 bootstrap repeats. The numbers at each node represent the statistical probability (%) of each
node inthe bootstrap tests. Branch lengths represent the number of substitutions per site. Prefixes indicate species: Sl for tomato and Os forrice. Genes and
proteins from Arabidopsis are noted without a prefix.

(C) The expression pattern clustering of PIF8 with PIF4, PIF5, and PIF7. Expression levels of each PIF gene in various tissues and developmental stages were
retrieved from the Klepikova Arabidopsis Atlas eFP browser (Klepikova et al., 2016), and their similarity was visualized by hierarchical clustering. See
Supplemental Figure 2 for more detailed information.

(D) Light-inducible expression of PIF8 as well as PIF4, PIF5, and PIF7. Four-day-old wild-type seedlings grown in various light conditions were used for the
expression analysis of Arabidopsis PIFs. Expression analysis was performed by quantitative real-time PCR. D, dark; FR, far-red light (2.5 umolm—2s~); R,
red light (15 wmol m—2 s=). Individual data points are indicated with dots. Error bars indicate st (n = 3 biological replicates).

(E) phyA- and phyB-mediated light-inducible expression of PIF8. Seedlings were grown for 4 d in the dark (D), far-red light (FR; 2.5 wmolm~2s~7), or red light
(R; 15 wmol m~2 s~7) before being used for the expression analysis. Expression analysis was performed by quantitative real-time PCR. phyA, phyA-211
mutant; phyB, phyB-9 mutant. Individual data points are indicated with dots. Error bars indicate se (n = 3 biological replicates).
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Figure 2. PIF8 Preferentially Binds to the Pfr Form of phyB but Not to That of phyA.

(A) In vitro binding assays showing preferential binding of PIF8 to the Pfr form of phyB but not phyA. Recombinant GST-PIF8 or GST-PIF3 was mixed with
recombinant MYC-tagged phytochromes preirradiated with 5 min of far-red light (2.5 wumol m~2 s~) or red light (15 wmol m~2 s~ ) to generate the Pr or Pfr
form, respectively. GST-tagged PIF proteins were pulled down with Glutathione Sepharose resin. Coprecipitated phytochromes were detected withaMYC-
specific antibody (a-MYC). Ponceau S staining shows the amount of each GST-tagged PIF protein.

(B) Semi-in vivo binding assays showing preferential binding of PIF8 to the Pfr form of phyB but not phyA. Recombinant GST-PIF8 or GST-PIF3 was mixed
with cell extracts of transgenic plants and irradiated for 5 min with far-red light (2.5 umol m=2 s~7) or red light (15 wmol m~2 s~1). GST-tagged PIF proteins
were pulled down with Glutathione Sepharose resin. Coprecipitated phytochromes were detected with a FLAG-specific antibody (a-FLAG). Four-day-old
etiolated transgenic seedlings expressing either FLAG-tagged phyA (PHYA-FLAG) or phyB (PHYB-FLAG) were used to obtain cell extracts from transgenic
plants.

(C) In vivo binding assays showing preferential binding of PIF8 to the Pfr form of phyB but not phyA. Four-day-old etiolated transgenic seedlings expressing
MYC-tagged PIFs were irradiated for 30 min with far-red light (2.5 wmol m=2 s~7) or red light (15 wmol m=2 s='). MYC-tagged PIF proteins were im-
munoprecipitated from cell extracts with a MYC-specific antibody (a-MYC). Coimmunoprecipitated phyA was detected with a phyA-specific antibody
(a-PHYA), and phyB-FLAG was detected with a FLAG-specific antibody (a-FLAG).
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Figure 3. PIF8 Inhibits phyA-Induced Seedling Photomorphogenesis in Prolonged Far-Red Light.

(A) The genomic structure of the PIF8 locus showing pif8 mutation sites. Gray boxes, untranslated regions; black boxes, exons; black lines, introns; inverted
triangle, pif8-1 T-DNA insertion site; *, pif8-2 thymidine insertion site. The right panel indicates the DNA and amino acid sequences of pif8-2 showing the
premature stop codon induced by a single thymidine insertion.

(B) Elongated hypocotyls and closed cotyledons of 4-d-old PIF8-OX seedlings grown in far-red light (1 umol m~2s~"). The photograph on the left shows 4-d-
old seedlings grown in far-red light, and the photographs on the right show cotyledon opening of 4-d-old seedlings grown in far-red light. Col-0, wild type;
PIF8-OX, PIF8-overexpressing line; pif8-1, T-DNA insertion pif8 mutant; pif8-2, CRISPR-CAS-generated pif8 mutant; phyA, phyA-211; phyB, phyB-9; pif45,
pif4 pif5; pif458, pif4 pif5 pif8; pif78, pif7 pif8. Bar = 5 mm.

(C) Box plots showing hypocotyl lengths of 4-d-old seedlings grown in the dark (D), far-red light (FR; 1 umol m~—2s~7), orred light (R; 15 pmol m~2s~7). The
borders of the boxes indicate the 25th and 75th percentiles. The horizontal line indicates the median, and the whiskers span 1.5 times the interquartile range.
Outliers are depicted as black dots. The letters above each box indicate statistical significance as determined by an ANOVA with Tukey’s HSD posthoc test
for multiple comparisons. Levels that are not significantly different are marked with the same letter (n = 15 seedlings).
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Figure 4. PIF8 Inhibits a Subset of phyA-Mediated Far-Red Light Responses.

(A) Inhibition of phyA-dependent germination by PIF8. The top diagram indicates a light irradiation scheme for phyA-dependent germination assays. The
bottom graph indicates the germination frequencies for each genotype. WL, 1 h of white light (50 .mol m~2s~") for seed sterilization and plating; FRp, far-red
light pulse (2.5 wmolm~=2s~7, 5 min); D 2d, 2 d at 22°C in the dark; FRx, x hours of far-red light (2.5 wumol m=2s~1); D4d, 4 d at 22°C in the dark. Individual data
points are indicated with dots. Error bars indicate se (n = 3 biological replicates using different seedling samples).

(B) No inhibition of phyB-dependent germination by PIF8. Top diagrams indicate light irradiation schemes for the phyB_OFF and phyB_ON germination
conditions. The bottom graph indicates the germination frequencies for each genotype. Rp, red light pulse (15 wumolm=2s~1, 5 min); WLc, 4 d in white light.
Other notations are identical to those in (A). Individual data points are indicated with dots. Error bars indicate st (1 = 4 biological replicates using different
seedling samples).

(C) Promotion of hypocotyl negative gravitropism by PIF8 in far-red light. Seedlings were grown for 4 d in the vertical position under different light conditions,
and then standing seedlings were counted. D, dark; FR, far-red light (1 pmol m=2s~7); R, red light (15 wmol m~2s~7). Individual data points are indicated with
dots. Error bars indicate se (n = 3 biological replicates using different seedling samples).

(D) Maintenance of starch-filled endodermal amyloplasts by PIF8 in far-red light. Seedlings were grown in the dark for 2 d and either kept in the dark (D) or
transferred to far-red light (FR; 2.5 pmol m~=2 s~') for 12 h. Amyloplasts are visualized by Lugol’s iodine staining. Bars = 250 um.
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Figure 5. PIF8 Protein Accumulates in Far-Red Light but Not in the Dark.
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(A) Selective accumulation of PIF8 protein in far-red light rather than in the dark or in red light. Transgenic seedlings expressing either MYC-tagged PIF8
(PIF8-OX) or MYC-tagged PIF3 (PIF3-OX) were grown in different light conditions for 4 d, and MYC-tagged PIF protein levels were measured by immunoblot.
D, dark; FR, far-red light (2.5 umol m=2s~1); R, red light (15 wmol m~2 s~ ). Relative intensities were determined by comparing the PIF protein band intensity
with the tubulin band intensity. Intensities in the dark were set to 1 for each genotype. Individual data points are indicated with dots. Asterisks indicate
significant differences from the dark values (*, P < 0.05; **, P < 0.01; and ***, P < 0.001; Student’s t test). Error bars indicate se (n = 3 biological replicates).

a-MYC, anti-MYC antibody; a-TUB, anti-tubulin antibody.

(B) Stabilization of PIF8 protein by phyA in far-red light and destabilization of PIF8 protein by phyB in red light. The top panel shows immunoblots of PIF8
protein, and the bottom panel shows the quantification of the immunoblots. phyA, phyA-211 mutant; phyB, phyB-9 mutant; phyAB, phyA-211 phyB-9

double mutant. Other notations are identical to those in (A).

suggests that inhibition of phyA signaling by phyB under far-red
light is relatively weak (Figure 3C; Supplemental Figure 4).

COP1 Ubiquitinates and Degrades PIF8 Protein in the Dark

Since phyA does not bind to PIF8, it is unclear how phyA stabilizes
PIF8 protein in far-red light. One possibility is that PIF8 protein is
actively degraded by a ubiquitin E3 ligase such as COP1/SPAs,
and phyA inhibits this E3 ligase selectively in far-red light. To test

this hypothesis, we treated seedlings with the 26S proteasome
inhibitor MG132 and measured PIF8 protein levels. We found that
MG132 treatment dramatically increases PIF8 protein levels in the
dark but not in far-red light, supporting the hypothesis that PIF8
protein is actively degraded by the 26S proteasome in the dark
(Figure 6A).

Many photomorphogenic factors, including HY5, HFR1,
PHYTOCHROME RAPIDLY REGULATED1 (PAR1) and PAR2, are
degraded by COP1 in the dark (Osterlund et al., 2000; Duek et al.,
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Figure 6. PIF8 Protein Is Degraded by COP1 in the Dark but Not in Far-Red Light.

(A) Stabilization of PIF8 protein by MG 132 in the dark. Four-day-old etiolated PIF8-OX seedlings were treated with either 80 .M MG132 or the same amount
of DMSO for 1 hin the dark and transferred either to the dark (D) or to far-red light (FR; 2.5 umol m~2 s~ ") for 6 h. -, DMSO treatment; MG, MG132 treatment.
Individual data points are indicated with dots. Asterisks indicate significant differences from the DMSO-treated values (***, P < 0.001; Student’s t test). Error
bars indicate st (n = 3 biological replicates).

(B) Increased PIF8 protein level in the cop? mutant. cop1, cop7-4 mutant; D, dark for 4 d; FR, far-red light (2.5 umol m—2 s~7) for 4 d. Asterisks indicate
significant differences from the dark values (*, P < 0.05 and **, P < 0.01; Student’s t test). Error bars indicate se (n = 3 biological replicates).

(C) Preferential ubiquitination of PIF8 by COP1 in the dark. Seedlings were grown either in the dark (D) or in far-red light (FR; 2.5 wumol m~2s~) for 4 d and
treated with 80 wuM MG132 for 12 h. Polyubiquitinated proteins were captured by TUBE. Input samples (Input) and the captured protein fractions (TUBE) were
probed using an anti-ubiquitin antibody (a-UBQ), an anti-MYC antibody (a-MYC), and an anti-tubulin antibody (a-TUB).

(D) In vitro binding assay showing the direct interaction between PIF8 and COP1. Recombinant MBP-COP1 was mixed with recombinant GST-PIF8, and
MBP-COP1 protein was pulled down with amylose resin. Coprecipitated GST-PIF8 was detected with a GST-specific antibody (a-GST), and MBP-COP1
was detected with an MBP-specific antibody (a-MBP).
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2004; Jang etal., 2005; Yang et al., 2005; Zhou et al., 2014b). Thus,
we examined whether COP1 degrades PIF8 in the dark. We
generatedaPIF8-OX cop1 line by crossing PIF8-OX and the cop1-
4 mutant and measured its PIF8 protein levels in different light
conditions. We noticed in PIF8-OX cop1 mutant seedlings that
PIF8 protein levels increase in the dark to levels similar to those
grown in far-red light (Figure 6B), but this increase cannot be
attributed to increased PIF8 mRNA expression in dark-grown
PIF8-OX cop1 mutants (Supplemental Figure 6). These results
support a role for COP1 in degrading PIF8 protein in the dark.
Since phyA inhibits COP1/SPAs in far-red light (Osterlund and
Deng, 1998; Chen et al., 2015; Sheerin et al., 2015), our results
further suggest that phyA stabilizes PIF8 via its inhibition of COP1/
SPAs in far-red light.

Tofurther confirmthat COP1 ubiquitinates and degrades PIF8in
the dark, we captured all ubiquitinated proteins from MG132-
treated PIF8-OX and PIF8-OX cop1 seedlings using the tandem
ubiquitin binding entities (TUBEs) technique and measured the
levels of captured PIF8 protein. Consistent with a selective
degradation of PIF8 protein by COP1 in the dark, we found higher
amounts of PIF8 captured by TUBE from PIF8-OX seedlings
grown in the dark than in far-red light, whereas we found minimal
capture of PIF8 from PIF8-OX cop1 seedlings regardless of the
light condition (Figure 6C). We could not attribute these different
levels of PIF8 captured by TUBE to changes in overall ubiquiti-
nation, because we detected similar levels of ubiquitinated pro-
teins with an anti-ubiquitin antibody (a-UBQ) in all seedlings
regardless of light conditions. Together, these results support
arole for COP1 in the preferential ubiquitination and degradation
of PIF8 in the dark.

This preferential ubiquitination of PIF8 by COP1 in the dark but
not in far-red light suggested that COP1 may directly interact with
PIF8. To investigate this possibility, we performed in vitro binding
assays using recombinant MBP-tagged COP1 and GST-tagged
PIF8 (Figure 6D). We found that MBP-COP1 preferentially pre-
cipitates GST-PIF8 over GST alone, indicating that COP1 binds
directly to PIF8. Together, our results support that COP1/SPAs
directly interact with and ubiquitinate PIF8 in the dark.

phyA Sequesters PIF3 but Not PIF8 in Far-Red Light

Although both PIF3 and PIF8 proteins are present at significant
levels, only PIF8-OX produces elongated hypocotyls in far-red
light, suggesting that the presence of PIF8 protein is not the sole
factor promoting hypocotyl elongation. According to previous
studies, phyB inhibits PIF1, PIF3, and PIF4 not only by protein
degradation but also by sequestering them from their target
promoters (Park et al., 2012, 2018). Since phyA binds to PIF3 but
not PIF8, phyA may inhibit PIF3 but not PIF8 by sequestration.
We first examined whether PIF8 binds directly to the G-box
element (CACGTG), a canonical PIF binding sequence element.
For in vitro DNA binding assays, we pulled down PIF8 protein with
biotinylated promoter fragments containing G-box elements in the
presence or absence of nonbiotinylated promoter fragments
(Figures 7A and 7B). We confirmed the pull-down of PIF8 by bi-
otinylated PILT and PIL2 promoter fragments (PIL1pro and
PIL2pro; Figure 7B). This binding was disrupted by the addition of
nonbiotinylated promoter fragments but not by the addition of

promoter fragments with mutated G-boxes. As with PIF8, PIL 1pro
and PIL2pro can also pull-down PIF3 in vitro. These results in-
dicate that PIF8, like PIF3, binds to G-box elements in vitro.

We next performed chromatin immunoprecipitation (ChlIP)
assays using PIF3-OX and PIF8-OX grown either in the dark or in
far-red light. We found that PIF3 binds to both PIL1pro and
PIL2pro in the dark, but its binding affinity falls dramatically in far-
red light (Figure 7C). We found similar PIF3 protein levels in the
dark and in prolonged far-red light, ruling out protein degradation
as the cause of this reduced binding in far-red light (Figure 5A). We
also continued to observe reduced PIF3 binding to its target
promoters in far-red light compared with the dark even as
we inhibited residual PIF3 protein degradation with MG132
(Figure 7D). Unlike what we observed with MG 132 treatment, inthe
presence of phyA mutation, we observed similar levels of PIF3
binding to its target promoters in the dark and in far-red light
(Figure 7E). This suggests that phyA sequesters PIF3 from its
target promoters in far-red light. In the same ChIP assays, how-
ever, we observed much stronger binding of PIF8 to its target
promoters in far-red light than in the dark (Figure 7C). This stronger
binding in far-red light can be attributed in part to higher PIF8
protein levels in far-red light. This was made clear when we found
similar levels of PIF8 binding in the dark and in far-red light after
equalizing PIF8 protein levels via MG132 treatment or phyA
mutation (Figures 7D and 7E). Thus, phyA inhibits PIF3 but not
PIF8 by sequestering it in far-red light. Furthermore, this lack of
sequestration by phyA combined with the elevated levels of PIF8
protein in far-red light contributes to the role of PIF8 but not PIF3
in promoting hypocotyl elongation in far-red light.

DISCUSSION

Here, we characterized the most poorly studied member of the
PHYTOCHROME INTERACTING FACTOR protein family, PIF8,
whose putative orthologs are conserved in plant species as diverse as
tomato and rice. PIF8 possesses a bHLH domain and a highly
conserved APB motif, but it does not have a conserved APA motif.
Consistent with its motif composition, PIF8 binds to G-box elements
in its target gene promoters and interacts preferentially with the Pfr
form of phyB but only very weakly, if at all, with that of phyA. In-
terestingly, PIF8 is distinct from the other more well-characterized
Arabidopsis PIFs in its protein stability pattern and functional roles in
different light conditions. First, PIF8 represses photomorphogenic
development in far-red but not in red light; it inhibits phyA-induced
seed germination, suppression of hypocotyl elongation, cotyledon
opening, and suppression of hypocotyl negative gravitropism in far-
red light, but it does not inhibit phyB-induced light responses in red
light. Second, PIF8 protein is more stable in far-red light than in the
dark or in red light, whereas other PIFs, PIF3 for example, are more
stable in the dark than in far-red and red light. This pattern of PIF8
accumulation is accomplished by the combination of COP1/SPAs-
induced degradation of PIF8 in the dark, phyA-induced inhibition of
COP1/SPAs in far-red light, and the degradation of PIF8 by phyB in
red light. Together, our results indicate that PIF8 is a genuine PIF that
inhibits phyA-mediated far-red light responses (Figure 8).

The exact molecular mechanism by which PIF8 inhibits phyA-
and not phyB-mediated light responses is not fully clear. PIF8
binds the promoters of PIF target genes and activates theirmRNA
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expression (Figure 7; Supplemental Figure 3), suggesting that
PIF8, like PIF3, inhibits light responses viaits role as atranscription
factor. The selective stabilization of PIF8 combined with its re-
sistance to being sequestered by phyAin far-red light would make
PIF8 more active in far-red than in red light, thus biasing its action
toward the inhibition of phyA-mediated light responses. It is
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unclear, however, whether the far-red light specificity of PIF8 is
due solely to increased transcription factor activity in far-red light.
Comparisons of the transcriptome- and genome-wide binding
sites of PIF8 and PIF3 would allow us to confirm whether they bind
similar target genes despite their preferential inhibition of phyA- or
phyB-mediated light responses, respectively.
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Figure 7. PIF8 Binds to G-Box Elements and Promoters of PIF Target Genes.

(A) Diagrams of the PIL1 and PIL2 promoters. Black lines, promoters; black bars, G-box elements; black arrows, forward (F) and reverse (R) primers used in
ChIP-gPCR; gray lines, promoter fragments used in in vitro DNA binding assays. Numbers indicate the distance in base pairs from the translation start site.
(B) Binding of PIF8 to G-box elements in vitro. For in vitro DNA binding assays, biotin-labeled PIL 1 or PIL2 promoter fragments possessing G-box elements
(PIL1pro or PIL2pro) were mixed with GST-tagged PIF proteins in the presence or absence of nonbiotinylated promoter fragments (competitor). After
precipitation with streptavidin resin, coprecipitated proteins were detected with an anti-GST antibody (a-GST). -, non-treated; m, nonbiotinylated promoter
fragments with mutated G-box elements; WT, nonbiotinylated promoter fragments with wild-type G-box elements.

(C) Increased in vivo binding of PIF8 to PIL1pro and PIL2pro in far-red light. Transgenic seedlings expressing either MYC-tagged PIF8 (PIF8-OX) or MYC-
tagged PIF3 (PIF3-OX) were grown in different light conditions for 4 d for ChIP assays. D, dark; FR, far-red light (2.5 pmol m~2s~1). Enrichment in the dark was
setto 1. Individual data points are indicated with dots. Asterisks indicate significant differences from the enrichmentin the dark (*, P < 0.05; **, P <0.01; and ***,
P < 0.001; Student’s t test). Error bars indicate se (n = 3 biological replicates).

(D) Similar in vivo binding of PIF8 but not PIF3 to PIL 1pro and PIL2pro in different light conditions in the presence of MG132. Seedlings were treated with 80
M MG132 for 12 h before fixation for ChIP assays. Enrichment in the dark was set to 1. Individual data points are indicated with dots. Asterisks indicate
significant differences from the enrichment in the dark (**, P < 0.001; Student’s t test). Error bars indicate se (n = 3 biological replicates).

(E) Similar in vivo binding of both PIF8 and PIF3 to PIL1pro and PIL2pro in different light conditions in phyA mutants. Enrichment in the dark was set to 1.
Individual data points are indicated with dots. Error bars indicate se (n = 3 biological replicates).
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Figure 8. Diagram Showing the Regulation of PIF8 by phyA and phyB.

PIF8, like other PIFs, binds to G-box elements in target promoters and
regulates target gene expression, leading to the suppression of light re-
sponses. PIF8 activity is disabled both in the dark, because COP1/SPAs
ubiquitinate and degrade PIF8 protein in the dark, and in red light, because
phyB interacts with and promotes PIF8 protein degradation in red light.
Since phyA does not interact with PIF8 protein, however, phyA does not
degrade or sequester PIF8 in far-red light. Instead, phyA interacts with and
inhibits COP1/SPAs, stabilizing PIF8 protein in far-red light. This stabilized
PIF8 then regulates target gene expression, repressing light responses,
including inhibition of hypocotyl elongation and seed germination in far-red
light. The dotted bar-headed line indicates inhibition of COP1/SPAs by
phyB, the effect of which is overridden by phyB’s promotion of PIF8 protein
degradation in red light. The solid bar-headed lines indicate the inhibitory
regulation.

PIF8 is an Arabidopsis PIF possessing a bHLH motifand an APB
motif but no APA motif. Two tomato PIF8 homologs (SI-PIF8a and
SI-PIF8b) and arice homolog (Os-PIF8) also possess a bHLH motif
and an APB motif but no APA motif (Supplemental Figure 1). This
motif composition is similar to that of PIF2, PIF4, PIF5, PIF6, and
PIF7 but different from that of PIF1 and PIF3, which possess both
the APA and APB motifs (Leivar and Quail, 2011). The tomato and
rice PIFs and PILs that cluster with Arabidopsis PIF1 and PIF3
(i.e., SI-PIF1a, SI-PIF1b, SI-PIF3, and Os-PIL15) also possess both
APA and APB motifs, whereas tomato and rice PIFs and PILs that
cluster with Arabidopsis PIF4, PIF5, PIF7, and PIF8 (i.e., SI-PIF4/
PIF5, SI-PIF7a, SI-PIF7b, SI-PIF8a, SI-PIF8b, and Os-PIF8) do not
have APA motifs (Figure 1B; Nakamura et al., 2007; Zhou et al.,
2014a; Rosado et al., 2016; Lee and Choi, 2017; Ji et al., 2019).
Thus, the absence of an APA motif is one of the most dis-
tinguishing features of PIF8 and its homologs.

The motif composition of PIF8 partly explains its molecular
properties. First, PIF8’s ability to bind to G-box motifs in vitro and
promoters containing G-box motifs in vivo can be attributed to its
bHLH motif (Figure 7). Studies have shown that the bHLH motifs
of Arabidopsis PIFs bind to specific sequence elements including
G-boxes (CACGTG) and PIF binding E-boxes (ACATG; Martinez-
Garciaetal., 2000; Hug and Quail, 2002; Hug et al., 2004; Oh et al.,
2007,2009; Kimetal.,2008; Leivar et al.,2008b; Hornitschek et al.,

2009, 2012; Kidokoro et al., 2009; Li, 2012; Zhang et al., 2013; Li
et al., 2014; Pfeiffer et al., 2014). Similarly, PIFs in other plant
species including SI-PIF1, SI-PIF3, Os-PIL13, and Os-PIL14 also
bind to G-boxes or promoters containing G-box or PIF binding
E-box elements (Todaka, 2012; Cordeiro et al., 2016; Llorente
et al., 2016; Sakuraba et al., 2017; Wang et al., 2018).

Second, the presence of an APB motif but not an APA motif likely
explains why PIF8 binds to phyB but only very weakly, if at all, to
phyA. In previous studies, Arabidopsis PIFs with an APB motif bind
to phyB, whereas PIF4, PIF5, and PIF7, which lack an APA motif,
either do not bind to phyA or bind only weakly (Hug and Quail,
2002; Hugetal.,2004; Shen et al., 2007; Leivar et al., 2008b; Leivar
and Quail, 2011; Lee and Choi, 2017). Similarly, APA-containing
PIFs in other plant species including maize (Zea mays; i.e., Zm-
PIF1, Zm-PIF2, and Zm-PIF3) bind to phyA, while APB-containing
PIFs including rice Os-PIL14, Os-PIL15, and Os-PIL16 and maize
Zm-PIF1 through Zm-PIF6 bind to phyB (Cordeiro et al., 2016; He
et al., 2016; Kumar et al., 2016; Gao et al., 2019; Xie et al., 2019).
This is consistent with the APA and APB motifs of PIFs being
necessary for binding to phyA and phyB, respectively. APA and
APB motifs, however, do not seem to be the sole determining
factor for a PIF’s ability to interact with either phyA or phyB. In our
experiments, PIF5, although lacking an APA motif, binds to the Pfr
form of phyA (Supplemental Figure 7). PIF4, which also lacks an
APA motif, does not bind to phyA in vitro. Rice Os-PIL13, which
has an APB motif, does not interact with rice phyB (Todaka et al.,
2012). Since in vitro binding assays can be influenced by ex-
perimental conditions, further experimental verification will be
necessary to conclude whether the APA and APB motifs are
necessary and sufficient for PIF interactions with phyA and phyB,
respectively.

Third, PIF8’s lack of an APA motif only partly accounts for its
light-dependent degradation. Previous studies have implicated
the APA motif in phyA-induced PIF protein degradation in far-red
light and the APB motif in phyB-induced PIF protein degradationin
red light. Consistent with this, PIF1 and PIF3, which possess both
the APA and APB motifs, are degraded both in red and far-red light,
whereas PIF4 and PIF5, which possess the APB motif but not the
APA motif, are degraded in red light and only weakly degraded in
far-red light (Bauer et al., 2004; Park et al., 2004; Al-Sady et al.,
2006; Oh et al., 2006; Shen et al., 2007, 2008; Lorrain et al., 2008).
Consistent with its APB moitif, red light-induced degradation of
PIF8 protein is dependent on phyB. Curiously, however, rather
than being degraded by phyA, PIF8 protein is stabilized by phyAin
far-red light. This degradation pattern is distinct from that of PIF1
and PIF3 and from that of PIF4 and PIF5. It is also different from
that of PIF2, which is stabilized in red light, and that of PIF7, which
is not degraded in red light (Leivar et al., 2008b; Luo et al., 2014).
Thus, although the APA and APB motifs are necessary for phyA-
and phyB-dependent PIF degradation, respectively, the presence
of an APA or APB motif cannot be considered the only factor
determining phyA- or phyB-dependent PIF degradation.

Our data indicate that COP1 also shapes the PIF8 protein
degradation pattern in different light conditions. PIF8 protein is
polyubiquitinated and degraded by the 26S proteasome in the
dark, whereas it is stabilized in a phyA-dependent manner in far-
red light. Because PIF8 does not directly interact with phyA, this
phyA-dependent stabilization of PIF8 protein in far-red light must
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occurthrough interaction with another protein. Our data show that
COP1 directly interacts with and ubiquitinates PIF8, whereas phyA
stabilizes PIF8 in far-red light by inhibiting COP1. According to
previous studies, phyA inhibits COP1/SPAs either by excluding
COP1 from the nucleus (Osterlund and Deng, 1998), by disrupting
the COP1/SPA complex (Sheerin et al., 2015), or by degrading
SPA proteins (Balcerowicz et al., 2011; Chen et al., 2015). Since
COP1/SPAs are light-blind ubiquitin E3 ligases, it seems more
likely that COP1/SPAs would ubiquitinate PIF8 protein regardless
of the light condition. In far-red light, however, phyA’s inhibition of
COP1/SPAs inhibits the COP1-dependent ubiquitination of PIF8,
resulting in higher accumulation of PIF8 in far-red light than in the
dark. Blue light also inhibits COP1/SPAs via cryptochromes and
phyA (Lian et al., 2011; Liu et al., 2011; Sheerin et al., 2015).
Consistently, PIF8 protein is stabilized in blue light (Supplemental
Figure 8). PIF8 protein levels in red light are also higher in cop?
mutant seedlings than in the wild type, suggesting that phyB also
inhibits the action of COP1/SPAs on PIF8. However, PIF8 protein
is still degraded in cop? mutant seedlings grown in red light
(Figure 6B), indicating that the degradation of PIF8 by phyB can
override phyB-mediated inhibition of COP1/SPAs in red light.
Together, these results suggest that PIF8’s light-dependent
degradation pattern is determined by a combination of COP1/
SPA-mediated degradation of PIF8 in the dark, phyA-mediated
inhibition of COP1/SPAs leading to the stabilization of PIF8 in far-
red light, and phyB-mediated degradation of PIF8 in red light.
COP1 also regulates the stability of other PIFs, but not all PIFs
are unilaterally degraded by COP1/SPAs. PIFs can either be
stabilized or destabilized depending on the identity of the PIF and
on light conditions. PIF1, PIF3, PIF4, and PIF5 are stabilized by
COP1 in the dark (Bauer et al., 2004; Pham et al., 2018a, 2018b).
Although the mechanism by which this PIF stabilization occurs is
not fully understood, PIF3 stabilization by COP1 can be attributed
to COP1’s inhibition of the BIN2 protein kinase, which itself
phosphorylates and destabilizes PIF3 (Ling et al., 2017). Upon
prolonged light exposure, however, the stability of PIF1, PIF3,
PIF4, and PIF5 is not regulated by COP1. Very shortly after the
transition from dark to light, PIF1 and PIF5 are destabilized by the
COP1/SPA complex (Shen et al., 2008; Zhu et al., 2015; Pham
et al., 2018b). Among the other less-characterized PIFs, PIF2 is
destabilized by COP1 in the dark but not in red, far-red, and blue
light (Luo et al., 2014). At this point, it is unclear what determines
these various COP1/SPAs-associated PIF degradation patterns.
Our data indicate that PIF8 promotes hypocotyl elongation in
blue, far-red, or mixed blue and far-red light but not in red light
(Figure 3; Supplemental Figure 8). This PIF8 activity is quite dif-
ferent from those of the better-characterized PIFs including PIF1,
PIF3, PIF4, PIF5, and PIF7, which promote hypocotyl elongationin
red light but either not at all in far-red light (PIF3 and PIF7) or very
weakly in far-red light (PIF1, PIF4, and PIF5; Hug and Quail, 2002;
Kim et al., 2003; Fujimori et al., 2004; Oh et al., 2004; Khanna et al.,
2007; Leivaretal., 2008b; Castillon et al., 2009; Lorrain et al., 2009;
Kunihiro et al., 2010; Ma et al., 2016). PIF8 is also different from
PIF2, which weakly inhibits hypocotyl elongation in red, far-red,
and blue light (Luo et al., 2014). These different light-specific
activities of the various PIFs are not merely due to light-
dependent PIF degradation. Rather, these functional differences
arise from a combination of factors including light-dependent
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PIF degradation and light-dependent PIF sequestration by phy-
tochromes and other proteins such as HFR1 and DELLA (de
Lucas et al., 2008; Feng et al., 2008; Hornitschek et al., 2009;
Lorrain et al., 2009; Park et al., 2012; Shi et al., 2013). Such light-
specific PIF8 activities should mitigate excessive phyA-mediated
light responses in conditions enriched with far-red and blue
light. The ecological conditions in which PIF8 plays a key role
must still be identified.

METHODS

Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) plants were grown in a growth room
under long-day conditions (16 h of white light/8 h of dark; white light,
100 wmol m~2 s=*; LED light bulb) at 22°C for general growth and har-
vesting purposes. All plants were of the Col-0 background. The pif8-1
mutant (CS429358) was obtained from the ABRC. The pif8-2 mutant was
generated via CRISPR-CAS9 (single guide RNA, CCAAACTGTCACATC
GATGATAG; Park et al., 2015; Kim et al., 2016a; Labun et al., 2016). The
mutation caused by the insertion of a thymidine residue in the PIF8 gene
was confirmed by sequencing. The following mutants were obtained from
the ABRC: pif4, CS101616; pif5, CS2103235; pif7, CS71656; and hfr1,
SALK_037727C. PIF8-OX was generated by cloning the PIF8 coding re-
gion into the pkHTM vector and introducing it into wild-type Col-0 by
Agrobacterium tumefaciens-mediated floral dip transformation (Clough
and Bent, 1998; Oh et al., 2004). The sequences of all the primers used in
this study are listed in Supplemental Table 1.

Phylogenetic and Expressional Clustering Analyses

For the PIF8 phylogenetic clustering analysis, putative PIF ortholog
sequences were retrieved by homology search of OrthoDB and Phytozome
in conjunction with literature studies (Nakamura et al., 2007; Goodstein
et al., 2012; Rosado et al., 2016; Kriventseva et al., 2019). The amino acid
sequences were aligned with MUSCLE using the default settings, and
a phylogenetic tree was inferred by applying the maximum likelihood
method with 500 bootstrap repeats using MEGA X (Kumar et al., 2018). For
the PIF8 expression clustering analysis, the expression levels of each PIF
gene in various tissues and developmental stages were retrieved from the
Klepikova Arabidopsis Atlas eFP browser (Klepikova et al., 2016). The
expression patterns for the PIF genes were analyzed by hierarchical
clustering with Multiple Experiment Viewer (distance metric, Pearson
correlation; linkage method, average linkage clustering; Saeed et al., 2003).
The sequence alignment and tree file are provided in Supplemental Files 1
and 2, respectively.

Analysis of Plant Phenotypes
Hypocotyl Elongation

Seeds were surface-sterilized with a sterilization solution containing 0.4%
(w/v) sodium hypochlorite and 0.02% (v/v) Triton X-100. The sterilized
seeds were then spotted onto Murashige and Skoog (MS) agar plates
containing half-strength MS medium, 0.05% (w/v) MES, and 0.8% (w/v)
phytoagar (pH 5.7). Plates were stratified for 3 d in the dark at 4°C and
transferred to white light (50 mol m~2 s~) for 6 h at 22°C for germination
induction. The plates were then transferred to red (660 nm, 15 wmol m—2
s~ 1), far-red (730 nm, 1 pmol m~2s~7), blue (450 nm, 5.2 umolm—2s~"), or
mixed light (blue + far-red; blue, 1.2 wmol m—2s~1; far-red, 1.5 umol m—2
s~1) and grown for 4 d. The seedlings were then laid out on plates for
photographs, and the hypocotyl lengths were measured with the Multi
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Gauge software (Fuji Film). ANOVA results are provided in Supplemental
Table 2.

Shade Response

Surface-sterilized seeds were stratified, and germination was induced as
described above. The seedlings were then grown in high red:far-red light
(red, 8 umol m~2 s~1; far-red, 0.4 umol m—2 s~1; blue, 12 umol M=2s~1;
red:far-red ratio = 20) for 4 d. They were then either kept in high red:far-red
light (normal) or transferred to low red:far-red light (shade; red, 8 pmol m—2
s~1; far-red, 55 wmol m~2s~7; blue, 12 pmol m~2 s~7; red:far-red ratio =
0.15) for an additional 3 d before their hypocotyl lengths were measured.

Hypocotyl Negative Gravitropism

Surface-sterilized seeds were stratified, and germination was induced as
described above. The plates were then placed vertically in growth
chambers, and the seedlings were grown under red (15 pmol m=2s~7) or
far-red (1 umolm=2s~) light for 4 d. If the shoot apex was within =45° from
the vertical line, the seedlings were regarded as standing (Kim et al., 2016c).
The standing rate was then calculated as (number of standing seedlings)/
(number of total seedlings) X 100 (%).

Amyloplast Staining

For amyloplast visualization, seedlings were fixed with a fixation solution
(5% [v/v] formaldehyde, 5% [v/v] acetic acid, and 45% [v/v] ethanol)
overnight at 4°C, washed in 100% ethanol, and stained with |,-KI solution
(2% [w/v] iodine, 5% [w/v] potassium iodide, and 20% [v/V] trichloroacetic
acid) for 1 min Kim et al., 2016c. The stained seedlings were briefly washed
with a destaining solution (50% [v/v] trichloroacetic acid, 25% [v/v] phenol,
and 25% [v/v] lactate) before observation with a light microscope.

Germination

For the germination assays, 70 seeds of each genotype were surface-
sterilized and spotted onto MS agar plates containing 1% strength MS
medium, 0.05% (w/v) MES, and 0.8% (w/v) phytoagar (pH 5.7) within 1 h of
the start of sterilization. For the phyA-mediated germination assays,
spotted seeds were irradiated with a far-red light pulse (2.5 pmolm=2s~71)
for 5 min, incubated for 2 d in the dark at 22°C, irradiated for the indicated
number of hours with far-red light (2.5 umol m~2s~7), and further incubated
for 4 d in the dark at 22°C. For the phyB-mediated germination assays,
spotted seeds were irradiated with a far-red light pulse (2.5 pmolm=2s~7")
for 5 min with or without a follow-up red light pulse (15 umol m=2 s~1) for
5 min and then incubated for 4 d in the dark at 22°C. Seeds with protruding
radicles were counted as germinated seedlings.

RNA Expression Analysis

Seedlings grown on MS agar plates with an additional supplement of 1%
(w/v) Suc in the indicated conditions were collected and ground in liquid
nitrogen. Total RNA was extracted using the Spectrum Plant Total RNA Kit
(STRN250, Sigma-Aldrich). For the expression analysis, 2 pg of isolated
RNA was reverse transcribed to cDNA with M-MLV Reverse Transcriptase
(M1701, Promega), and the expression level of each gene was determined
by quantitative real-time PCR with a set of specific primers and the TOPreal
qPCR 2X PreMIX (RT500, Enzynomics) in the CFX Connect Real-Time PCR
Detection System (Bio-Rad Laboratories). All the values were normalized
with respect to the values of PP2A. All expression analysis was performed
in three biological replicates using different seedling samples. The se-
quences of all the primers used in this study are listed in Supplemental
Table 1.

Protein-Protein Interaction Assays

In Vitro Interaction Assays

Recombinant proteins were purified from Escherichia coli strain BL21-
CodonPlus-RIL cell lines with the exception of phyA and phyB, which were
purified from LMG194 lines (Gambetta and Lagarias, 2001). For the in vitro
binding assays, GST-tagged PIF proteins bound to Glutathione Sepharose
4B resins (17075601, GE Healthcare) were mixed with MYC-tagged
phytochrome proteins pretreated for 5 min with far-red light (2.5 pmol m—2

s~1) or red light (15 wmol m~2 s~1) to generate the Pr or Pfr form, re-
spectively. These were then incubated in a binding buffer (50 mM Tris-HCI,
1 mM EDTA, 150 mM NaCl, 0.1% [v/v] Triton X-100, 0.05% [w/v] sodium
deoxycholate, and 10% [v/v] glycerol, pH 7.5) with gentle rotation at 4°C in
the dark for 2 h. After this, the glutathione resins were precipitated, and the
coprecipitated phytochromes were detected with an anti-MYC antibody.
Forthein vitro binding assay between PIF8 and COP1, MBP-tagged COP1
proteins bound to Amylose Resins (E8021, New England Biolabs) were
mixed with GST-tagged PIF8 proteins and incubated in binding buffer with
gentle rotation at 4°C for 2 h. After the precipitation of the amylose resins,
the coprecipitated PIF8 proteins were detected with an anti-GST antibody.

Semi-in Vivo Interaction Assays

Four-day-old etiolated seedlings expressing FLAG-tagged phytochromes
(PHYA-FLAG, PHYApro:PHYA-NLS-FLAG phyA phyB; PHYB-FLAG,
35Spro:PHYB-NLS-FLAG phyA phyB) were ground in liquid nitrogen and
dissolved in a semi-immunoprecipitation buffer (50 mM Tris-HCI, 150 mM
NaCl, 0.1% [v/v] Triton X-100, 10% [v/v] glycerol, 1 mM PMSF, and 1X
protease inhibitor cocktail, pH 7.5). After removing the cell debris by
centrifugation at 15,810g for 10 min at 4°C, the supernatant fractions were
mixed with recombinant GST-tagged PIF proteins bound to Glutathione
Sepharose 4B resins. These mixtures were treated with either 5 min of far-
red light (2.5 umol m=2s~") orred light (15 wumol m~—2 s~ ") to generate the Pr
or Pfr phytochrome form, respectively. These were then incubated with
gentlerotation at4°Cinthe dark for 2 h. After the incubation, the glutathione
resins were precipitated. The coprecipitated phytochromes were detected
with an anti-FLAG antibody.

In Vivo Interaction Assays (Coimmunoprecipitation Assays)

Four-day-old etiolated seedlings expressing MYC-tagged PIFs with or
without FLAG-tagged phyB were treated either with far-red light (2.5 umol
m~2s~") orred light (15 pmol m—2 s~7) for 30 min to generate the Pr or Pfr
phytochrome form, respectively. The seedlings were collected, ground in
liquid nitrogen, and dissolved in an immunoprecipitation buffer (100 mM
NaH,PO,, 100 mM NaCl, 0.1% [v/v] Nonidet P-40, 2 mM PMSF, 80 uM
MG132, and 1X protease inhibitor cocktail, pH 7.8). After removing the cell
debris by centrifugation at 15,810g for 10 min at 4°C, the supernatant
fractions were incubated with a-MYC (no. 2276, Cell Signaling Technology)
with gentle rotation at 4°C overnight in the dark. After the overnight in-
cubation, Protein A Agarose (no. 20333, Pierce Biotechnology) was added,
and the sample was incubated for 2 h and then precipitated. The resulting
coimmunoprecipitated phytochromes were detected with an anti-PHYA
antibody for endogenous phyA or an anti-FLAG antibody for PHYB-FLAG.

Immunoblot Analysis

Seedlings grown under the indicated conditions were collected and ground
in liquid nitrogen. The resulting powders were dissolved in denaturing
buffer (120 mM NaH,PO,, 8 M urea, and 10 mM Tris-HClI, pH 8.0) and
centrifuged at 15,810g for 10 min at 4°C. The supernatant fractions were
boiled with SDS sample buffer, and the protein levels were determined by
immunoblot analysis using the following antibodies: a-MYC (sc-789, Santa
Cruz Biotechnology), a-TUB (T9026, Sigma-Aldrich), a-FLAG (F2555,
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Sigma-Aldrich), a-GST (sc-138, Santa Cruz Biotechnology), a-MBP (sc-
809, Santa Cruz Biotechnology), a-UBQ (no. 3936, Cell Signaling
Technology), a-PHYA (AS07 220, Agrisera), goat anti-rabbit 1gG-
HRP (sc-2004, Santa Cruz Biotechnology), mouse anti-rabbit 1gG-
HRP (sc-2357, Santa Cruz Biotechnology), and goat anti-mouse
I9G-HRP (LF-SA8001, AbFrontier). Luminescence was detected us-
ing the ChemiDoc XRS+ System (Bio-Rad Laboratories) after reacting
with EzWestLumiOne (WSE-7110, ATTO) or Clarity Western ECL
Substrate (no. 1705060, Bio-Rad Laboratories). Band intensities were
quantified using Image Lab Software (Bio-Rad Laboratories). Relative
intensities were determined by the band intensity of the PIF protein
bands relative to the band intensity of the tubulin band. This analysis
was performed on three biological replicates with each using different
seedling samples.

TUBE Assay

Four-day-old seedlings grown either in the dark or in far-red light (2.5 pmol
m~2 s~ ') were pretreated with 80 pM MG132 for 12 h. The seedlings were
collected and ground in liquid nitrogen. The resulting powders were then
mixed with TUBE pull-down buffer (100 mM NaH,PO,, 100 mM NaCl,
0.1% [v/v] Nonidet P-40, 2 mM PMSF, 80 uM MG132, 1X protease
inhibitor cocktail, and 20 .M PR-619, pH 7.8), and the cellular debris
was removed by two rounds of centrifugation at 15,810g at 4°C.
Agarose-TUBE (UM402, Lifesensors) was added to the clear super-
natants and incubated with gentle rotation in the dark at 4°C overnight.
The captured fractions were then washed with TUBE pull-down buffer
three times, and ubiquitinated MYC-tagged PIF8 was detected with an
anti-MYC antibody.

In Vitro DNA Binding Assays

Biotin-labeled double-stranded oligonucleotides complementary to
the PIL1 and PIL2 promoters (400 ng each) were bound to Streptavidin
Agarose Resin (20347, Thermo Fisher Scientific) and equilibrated with
TKNG buffer (20 mM Tris-HCI, 150 mM KCI, 1 mM EDTA, 0.5% [v/v]
Nonidet P-40, and 15% [v/v] glycerol, pH 8.0). Then, 800 ng of GST-
PIF3 or GST-PIF8 protein was added and the samples were incubated
in the presence of 1 ug of poly dI-dC (deoxyinosinic-deoxycytidylic;
118578-37-3, Sigma-Aldrich) and 1 pg of BSA at 4°C for 2.5 h. If in-
dicated, the nonbiotinylated double-stranded PIL1 and PIL2 promoter
oligonucleotides with the wild-type sequence or a G-box mutated
sequence were coincubated. Resin-bound fractions were washed with
TKNG buffer three times, and the remaining bound GST-PIF proteins
were detected with an anti-GST antibody. All oligonucleotide se-
quences used in the in vitro DNA pull-down assays are listed in
Supplemental Table 1.

ChIP

ChIP experiments were performed as previously described with slight
modifications (Gendrel et al., 2002; Park et al., 2018). One gram of 4-d-old
seedlings grown either in the dark or in far-red light (2.5 pmolm~2s~') was
cross-linked with 1% (v/v) formaldehyde solution by vacuum infiltration
(5 min on, break, 5 min on) under green light. If indicated, seedlings were
pretreated with 80 M MG132 for 12 h before cross-linking. After being
ground in liquid nitrogen, the chromatin fractions were isolated usingSuc
gradients and sonicated for four cycles (30 s on, 30 s off) in a nuclei lysis
buffer (50 mM Tris-HCI, 10 mM EDTA, 1% (w/v) SDS, 1 mM PMSF, 1X
protease inhibitor cocktail, and 80 uM MG132, pH 8.0) using a Bioruptor
Standard (Diagenode). After centrifugation at 15,810g at 4°C, the super-
natant fractions were diluted with ChIP dilution buffer (1.1% [v/v] Triton X-
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100, 1.2 mM EDTA, 16.7 mM Tris-HCI, 167 mM NaCl, 1 mM PMSF, 1X
protease inhibitor cocktail, and 80 .M MG132, pH 8.0). After incubation
with a-MYC (no. 2276, Cell Signaling Technology) overnight at 4°C, Protein
A Agarose/Salmon Sperm DNA (16-157, Merck Millipore) was added and
incubated for 2 h. The resin-bound fractions were washed and eluted with
elution buffer (1% [w/v] SDS and 0.1 M NaHCO,) at 65°C for 30 min. The
eluted fractions were then reverse cross-linked with NaCl (final concen-
tration 0.2 M) at 65°C overnight. The fractions were then treated with
0.024 mg of Proteinase K (no. 25530049, Invitrogen) for 1 h at 45°C. The
precipitated DNAs were purified using QIAquick PCR Purification Kits
(28106, Qiagen) and used for quantitative real-time PCR with iQ SYBR
Green Supermix (no. 1708882, Bio-Rad Laboratories). All the values were
normalized with respect to their input values. All ChIP analysis was per-
formed on three biological replicates using different seedling samples. The
sequences of all the primers used in this study are listed in Supplemental
Table 1.

Accession Numbers

Sequence data from this article can be found in the GenBank/EMBL li-
braries, Rice Annotation Project, and Sol Genomics Network data library
under the following accession numbers: PIF1 (AT2G20180), PIF2/PIL1
(AT2G46970), PIF3 (AT1G09530), PIF4 (AT2G43010), PIF5 (AT3G59060),
PIF6 (AT3G62090), PIF7 (AT5G61270), PIF8 (AT4G00050), HFR1
(AT1G02340), COP1 (AT2G32950), PHYA (AT1G09570), PHYB
(AT2G18790), PP2A (AT1G13320), SI-PIF1a (Solyc099063010), SI-PIF1b
(Solyc06g008030), SI-PIF3 (Solyc01g102300), SI-PIF4/PIF5 (Sol-
yc079043580), SI-PIF7a (Solyc03g115540), SI-PIF7b (Solyc06g069600),
SI-PIF8a (Solyc019090790), SI-PIF8b (Solyc109018510), Os-PIL11
(LOC_0Os12941650), Os-PIL12 (LOC_0s03g43810), Os-PIL13 (LO-
C_0s03956950), Os-PIL14 (LOC_Os07905010), Os-PIL15 (LO-
C_0s01918290), Os-PIL16 (LOC_Os05g04740), and Os-PIF8
(LOC_Os10g40740).
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Supplemental Figure 1. Sequence alignment of PIF8 orthologs from
Arabidopsis thaliana, Solanum lycopersicum, and Oryza sativa (sup-
ports Figure 1).

Supplemental Figure 2. Expression pattern clustering for PIF8, PIF4,
PIF5, and PIF7 visualized by hierarchical clustering (supports Figure 1).

Supplemental Figure 3. Increased expression of PIL1 and PIL2
mRNAs induced by PIF8 in far-red light (supports Figure 3).

Supplemental Figure 4. Hypocotyl lengths of pif8 phyA and pif8 phyB
double mutants in far-red light (supports Figure 3).

Supplemental Figure 5. PIF8 does not promote hypocotyl elongation
in the shade (supports Figure 3).

Supplemental Figure 6. Light-independent expression of transgenic
PIF8 mRNA in the PIF8-OX cop1 mutant (supports Figure 6).

Supplemental Figure 7. Preferential interaction between PIF5 and
phyA in vitro (supports Figure 2).

Supplemental Figure 8. Inhibition of blue light responses by PIF8
(supports Figure 3).

Supplemental Table 1. List of primers used in this study.
Supplemental Table 2. ANOVA tables.

Supplemental File 1. Sequence alignment for phylogenetic analysis of
Arabidopsis, tomato, and rice PIFs and PILs (supports Figure 1).

Supplemental File 2. Tree file for phylogenetic analysis of Arabidop-
sis, tomato, and rice PIFs and PILs (supports Figure 1).
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