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The PHYTOCHROME-INTERACTING FACTORs (PIFs) play a central
role in repressing photomorphogenesis, and phosphorylation
mediates the stability of PIF proteins. Although the kinases re-
sponsible for PIF phosphorylation have been extensively studied,
the phosphatases that dephosphorylate PIFs remain largely un-
known. Here, we report that seedlings with mutations in FyPP1 and
FyPP3, 2 genes encoding the catalytic subunits of protein phospha-
tase 6 (PP6), exhibited short hypocotyls and opened cotyledons in
the dark, which resembled the photomorphogenic development of
dark-grown pifg mutants. The hypocotyls of dark-grown sextuple
mutant fypp1 fypp3 (f1 £3) pifq were shorter than those of parental
mutants f1 f3 and pifq, indicating that PP6 phosphatases and PIFs
function synergistically to repress photomorphogenesis in the dark.
We showed that FyPPs directly interacted with PIF3 and PIF4, and
PIF3 and PIF4 proteins exhibited mobility shifts in f1 f3 mutants,
consistent with their hyperphosphorylation. Moreover, PIF4 was
more rapidly degraded in 1 £3 mutants than in wild type after light
exposure. Whole-genome transcriptomic analyses indicated that
PP6 and PIFs coregulated many genes, and PP6 proteins may posi-
tively regulate PIF transcriptional activity. These data suggest that
PP6 phosphatases may repress photomorphogenesis by controlling
the stability and transcriptional activity of PIF proteins via regulating
PIF phosphorylation.
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Green plants utilize sunlight as the source of energy to pro-
vide both food and oxygen for most creatures on earth.
Meanwhile, light regulates many processes of plant development
(1). For example, Arabidopsis seedlings grown in the dark un-
dergo skotomorphogenesis, which is featured by long hypocotyls,
closed and yellow cotyledons, and apical hooks. After illumina-
tion, seedlings undergo photomorphogenesis, which is featured
by inhibited hypocotyl elongation, open and expanded cotyle-
dons, and disappearance of the apical hook. This latter pro-
cess, which is also called de-etiolation, is regulated by the
coordination of multiple photomorphogenic regulators (2). One
of the most important partners are the transcription factors,
PHYTOCHROME-INTERACTING FACTORs (PIFs), which
repress photomorphogenesis in the dark (3, 4).

PIF proteins interact with phytochromes in a light-dependent
manner: Red light converts the phytochromes into the active Pfr
form, which can interact with PIF proteins, while far-red light
converts phytochromes into the inactive Pr form, which reduces
their interaction with PIF proteins (5, 6). During de-etiolation,
light activates phytochromes, and the Pfr forms of phytochromes
translocate from the cytosol into the nucleus and interact with
PIF proteins to induce the phosphorylation and degradation of PIF
proteins to initiate photomorphogenesis (7-9). For example, light
can induce phosphorylation of PIF3 proteins at multiple sites, and
phosphorylated PIE3 is then targeted for degradation by LIGHT
RESPONSIVE BTB PROTEIN (LRB) and EIN3-BINDING F
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BOX PROTEIN (EBF) E3 ligases (10-12). Phosphorylation has
also been shown to regulate the transcriptional activity of PIF4
and translocation of PIF7 in diurnal hypocotyl elongation and
shade-induced stem elongation, respectively (13-15).

Several kinases have been identified that phosphorylate PIF
proteins either in the dark and/or during the dark-to-light tran-
sition. Casein Kinase 2 (CK2) has been shown to phosphorylate
PIF1 at multiple sites that promote light-induced degradation
of PIF1 (16). The GSK3-like kinase BRASSINOSTEROID-
INSENSITIVE 2 (BIN2) has been shown to phosphorylate PIF3
in the dark, and elevated activity of BIN2 destabilizes PIF3 in copl
mutants (17). BIN2 has also been shown to regulate the phos-
phorylation and transcriptional activity of PIF4 in diurnal condi-
tions (14). Recently, there is evidence showing that phytochromes,
Photoregulatory Protein Kinases (PPKs), and MPK6 can also
phosphorylate PIF3 proteins (18-20). In contrast to the extensive
studies of PIF protein phosphorylation, dephosphorylation of PIF
proteins is poorly understood. To our knowledge, the only known
phosphatase acting on PIF proteins is TOPP4, which can de-
phosphorylate and stabilize PIF5 (21).

Ser/Thr phosphatases and Tyr phosphatases are major types
of phosphatase in eukaryotes, and Ser/Thr phosphatases can be
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further divided into the Ser/Thr-specific phosphoprotein phos-
phatase (PPP) family and the Mg“"-dependent phosphoprotein
phosphatase (PPM) family (22). In Arabidopsis, there are 26 PPP
catalytic subunits subdivided into PP1, PP2A, PP4, PPS, PP6, and
PP7 types (23). The catalytic subunits of PP6, FyPP1 (phytochrome-
associated Ser/Thr protein phosphatase 1) and FyPP3, have been
shown to physically interact with phytochromes A (phyA) and B
(phyB), and regulate flowering time in Arabidopsis (24). Loss of
function of both FyPP1 and FyPP3 in Arabidopsis has been shown
to cause many developmental defects, including shorter roots, root
meristem collapse, abnormal cotyledons, and altered leaf vena-
tion, which were shown to be due to elevated accumulation of
phosphorylated PIN-FORMED (PIN) protein and abnormal
auxin transport (25). It has also been shown that the PP6 holo-
enzyme containing FyPP1 and FyPP3 can directly dephosphor-
ylate ABSCISIC ACID INSENSITIVES (ABIS) to regulate
ABSCISIC ACID (ABA) signaling (26). Even though PP6 phos-
phatases were first identified as regulators of light signaling, the
direct targets of PP6 in this process are still unknown.

In this study, we report that PP6 phosphatases repressed
photomorphogenesis. PP6 directly interacted with PIF3 and
PIF4 proteins, and regulated their phosphorylation status in the
dark. Loss of PP6 function elevated light-induced PIF4 degra-
dation. Transcriptome analysis of fippl fipp3 (fl f3) double-
mutant seedlings suggested that PP6 shared many downstream
responsive genes with PIFs, and PP6 was required for PIF
transcriptional activity in vivo. Our study indicates that PP6
functions as the phosphatase that dephosphorylates PIF3 and
PIF4, and regulates photomorphogenesis in Arabidopsis.

Results

PP6 Repressed Photomorphogenesis. Previously, FyPP1- and
FyPP3-containing PP6 phosphatases have been shown to be in-
volved in light signaling (24). To better determine whether these
PP6 phosphatases can regulate photomorphogenesis, we com-
pared the phenotypes of wild-type (Columbla -0 [Col-0]), fippl
(f1), fipp3 (f3), and the progeny of fI7* f3 (fippl allele is het-
erozygous, fypp3 allele is homozygous) in the dark. While both
fI and f3 single-mutant seedlings exhibited skotomorphogenic
phenotypes similar to Col, the fI f3 double-mutant seedlings
from the progeny of f17/* f3 showed photomorphogenic phenotypes

Fig. 1.

with short hypocotyls and open cotyledons (Fig. 1 4 and B).
Similarly, we found that under continuous red light, even though
the hypocotyl lengths of f7 and f3 single mutants were comparable
to those of Col, the hypocotyl lengths of f7 f3 double mutants were
much shorter (Fig. 1 C and D). We generated transgenic plants
with binary vectors FyPPIpro::GUS (GUS expression driven by the
FyPPI native promoter) or FyPP3pro::GUS to study the expression
of FyPP genes (SI Appendix, Fig. S1 A and B). GUS staining
showed that both FyPPI and FyPP3 were expressed in hypocotyls
and cotyledons of dark- and light-grown transgenic seedlings (S/
Appendix, Fig. S1 C and D). Together, these data suggest that PP6
may play a negative role in regulation of photomorphogenesis.

PIFs are well-known photomorphogenic repressors, and pif!
pif3 pif4 pif5 (pifg) mutant seedlings show constitutive photo-
morphogenesis in the dark (3, 4). To investigate the genetic in-
teractions between PIFs and FyPPs, we crossed pifq mutants with
fI7* f3 mutants to obtain the sextuple mutant pifg fI7* f3 (SI
Appendix, Fig. S2 A and B). Among the progeny of pifg fI7'* f3,
we found that the hypocotyl lengths of the homozygous pifg fI f3
seedlings were shorter than those of both pifg and f1 f3 seedlings
in the dark (Fig. 1 A and B) and under continuous red light (Fig.
1 C and D). These synergistic genetic interactions between FyPPs
and PIFs are consistent with the hypothesis that PP6 phospha-
tases may function together with PIFs to repress hypocotyl
elongation in photomorphogenesis.

PP6 Directly Interacted with PIF3 and PIF4. To reveal the functional
relationship between PP6 and PIF proteins, we conducted sev-
eral types of experiments to test whether the FyPP catalytic
subunits of PP6 could interact with PIF3 and PIF4. Luciferase
complementation imaging (LCI) assays showed that FyPPs could
interact with PIF3 and PIF4 in tobacco leaves (Fig. 2 A-D). We
also found that FyPPs could interact with PIF1 and PIF5 in vivo
(SI Appendix, Fig. S3 A and B). In vitro pull-down assays showed
that FyPP3 could directly interact with PIF3 and PIF4 (Fig. 2 E
and F). Finally, we confirmed that FyPPs could associate with
PIF3 and PIF4 in Arabidopsis seedlings by coimmunoprecipita-
tion assays (Fig. 2 G and H). These data suggest that FyPPs
are able to directly interact with PIF3 and PIF4 both in vitro and
in vivo.
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Fig. 2. PP6 physically interacted with PIF3 and PIF4. LCl assays showed that FyPP1 interacted with PIF3 (A) and PIF4 (B) and that FyPP3 interacted with PIF3 (C)
and PIF4 (D) in tobacco leaves. Empty vectors (cLUC and nLUC only) were used as negative controls. GST-FyPP3, but not GST, interacted with HIS-PIF3 (E), and
MBP-FyPP3 interacted with GST-PIF4, but not GST (F). Immunoblotting analyses were conducted with anti-GST, anti-HIS, and anti-MBP antibodies. (G) PIF3-
MYC interacted with YFP-FyPP3 in vivo. Total proteins were extracted from F30E and PIF3-MYC/F3OE seedlings grown in the dark for 3 d. Anti-MYC anti-
bodies were used for immunoprecipitation. Pellets were analyzed with anti-MYC and anti-GFP antibodies. (H) PIF4-MYC interacted with endogenous FyPPs
in vivo. Total proteins were extracted from 3-d-old dark-grown seedlings of Col-0 and PIF4-4MYC. Anti-MYC antibodies were used for immunoprecipitation.
Pellets were analyzed with anti-MYC and anti-FyPP antibodies. Asterisks denote cross-reacting bands.

PP6 Regulated the Phosphorylation Status of PIF3 and PIF4. As FyPPs
are catalytic subunits of PP6 phosphatases, we wanted to know
whether FyPP-containing phosphatases could regulate PIF phos-
phorylation status. We first tested whether PP6 could directly de-
phosphorylate PIF3 and PIF4 by cell-free kinase assays using
purified maltose binding protein (MBP)-PIF3 and glutathione S-
transferase (GST)-PIF4 proteins from Escherichia coli as substrates
and extracts from dark-grown Col and fI f3 double-mutant seed-
lings as kinase sources. We observed that the signal of phosphor-
ylated MBP-PIF3 or GST-PIF4, but not MBP or GST, was
stronger in samples incubated with plant total protein extracts from
f1 f3 mutant seedlings compared with Col seedlings (Fig. 3 4 and
B). These observations are consistent with the possibility that PP6
may directly mediate the dephosphorylation of PIF3 and PIF4.
By immunoblotting, we detected a lower shift in the mobilities
of both endogenous PIF3 and PIF4 bands in dark-grown fI f3
double-mutant seedlings compared with those from dark-grown
Col seedlings (Fig. 3 C and D and SI Appendix, Fig. S4 A and B).
Similarly, transgenically expressed PIF3-MYC or PIF4-MYC
protein bands also exhibited mobility shifts in the f7 f3 double-
mutant background compared with Col (Fig. 3 E and F). To
further confirm that the mobility shifts of these bands were
caused by phosphorylation, we used a calf intestinal alkaline
phosphatase (CIAP) treatment. Without CIAP treatment, the
movement of PIF3-MYC and PIF4-MYC proteins was slower in
the f1 f3 background than in Col (Fig. 3 G and H); after CIAP
treatment, these proteins moved faster in both the f7 f3 and Col
backgrounds, and the mobility differences between the f7 f3 and
Col backgrounds disappeared (Fig. 3 G and H). These results
suggest that disruption of FyPP1 and FyPP3 in vivo will induce a
mobility shift of PIF3 and PIF4 proteins, and the mobility shift is
caused by overphosphorylation of PIF3 and PIF4 proteins.

20220 | www.pnas.org/cgi/doi/10.1073/pnas. 1907540116

PP6 Regulated the Stability of PIF4 Protein. Phosphorylation of PIFs
has been previously reported to correlate with protein stability or
transcriptional activity (10, 14, 17). We therefore asked whether
the regulation of PIF3 and PIF4 phosphorylation by PP6 had
similar effects. We found that the levels of PIF4 proteins, but not
PIF3, showed a slight decrease in f7 f3 double-mutant seedlings
in the dark (Fig. 3 C and D). We further checked whether PP6
could regulate the stability of PIF3 and PIF4 proteins during de-
etiolation, as the timely removal of PIF proteins is essential for
de-etiolation and is coupled with phosphorylation (7, 8, 10, 11).
Because the PIF4 messenger RNA (mRNA) levels were dra-
matically lower in f7 f3 mutant seedlings (SI Appendix, Fig. S5),
PIF4-YFP was ectopically expressed in fI f3 mutants (by crossing
358::PIF4-YFP/Col plants with fI f3 mutants) to investigate the
regulation on protein level. We found that the light-induced
degradation of PIF4-YFP, but not PIF3, was more rapid in f/
f3 mutant seedlings than in Col (Fig. 4 A and B and SI Appendix,
Fig. S6A4), and the rapid degradation of PIF4-YFP in fI f3 could
be inhibited by MG132 treatment (Fig. 4C). Similarly, we found
that PIF4-YFP protein levels, but not PIF3-MYC protein levels,
were significantly lower in f7 3 than in Col under continuous red
or white light (Fig. 4D and SI Appendix, Fig. S6 B-D). These data
suggested a correlation between PP6-regulated phosphorylation
and light-induced degradation of PIF4 proteins. We also found
that the hypocotyls of fI f3 double-mutant seedlings were sig-
nificantly shorter than Col under continuous red light, while
overexpression of PIF4 and PIF3 could partially rescue the hy-
pocotyl lengths of f1 f3 double-mutant seedlings (Fig. 4 E and F
and SI Appendix, Fig. S7 A and B). These data suggest that PP6
regulates light-triggered PIF4 degradation and PIF4-controlled
hypocotyl elongation under continuous red light.
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Fig. 3. PP6 regulated the phosphorylation status of PIF3 and PIF4 in the
dark. Cell-free kinase assays showed that there were more phosphorylated
MBP-PIF3 (A) and GST-PIF4 (B) proteins in total extracts of dark-grown f7 f3
seedlings than in total extracts of dark-grown Col-0 seedlings. (Left) [y—32P]
adenosine 5'-triphosphate autoradiography. (Right) Coomassie Blue stain-
ing. Asterisks denote the bands of GST-PIF4 or MBP-PIF3. Triangles denote
the GST or MBP bands. The phosphorylated signals of recombinant PIF
proteins incubated with Col were set as 1. Endogenous PIF3 proteins (C) and
PIF4 proteins (D) from f1 f3 mutants migrated more slowly than those from
Col-0 on sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) gels. Immunoblotting analyses were performed with anti-PIF3, anti-
PIF4, and anti-FyPP antibodies. The numbers in parentheses represents bi-
ological replicates. PIF3-MYC proteins (E) and PIF4-MYC proteins (F) from f1
f3 mutants migrated more slowly on SDS-PAGE gels than those from Col-0.
Anti-MYC and anti-FyPP antibodies were used in the immunoblotting anal-
yses. In C, D, and F, PIF3, PIF4, and PIF4-MYC protein levels were normalized
to RPN6, and PIF protein levels in Col background were set as 1. The slow-
migrating PIF3-MYC (G) and PIF4-MYC (H) were phosphorylated forms.
Proteins extracted from dark-grown seedlings were incubated with (+) or
without (-) alkaline phosphatase (CIAP) for 2 h before electrophoresis. Actin
and RPN6 proteins were used as loading controls. Asterisks denote nonspecific
bands. Open circles (O) represent the phosphorylated form, and filled circles
(@) indicate the dephosphorylated form.

The Transcriptional Regulatory Activities of PIFs Were Dependent on
PP6. To examine the functional relationships between PP6 and
PIFs in the regulation of photomorphogenesis, we compared the
transcriptomes of 4-d-old, dark-grown, wild-type (Col-0), fI f3
and pifg mutant seedlings by mRNA deep sequencing analysis.
We identified 5,519 genes that were differentially expressed in
dark-grown f1 f3 double-mutant seedlings compared with Col
(Dataset S1). A heat map showed that the trends of changes in

Yu et al.

expression levels of many genes were similar between f1 f3 and
pifqg mutants (Fig. 54). We identified 566 coup-regulated genes,
which accounted for 43.9% (566 of 1,289) and 27% (566 of
2,642) of the total up-regulated genes in pifg and fI f3, respec-
tively, and we also identified 454 codown-regulated genes, which
accounted for 44.6% (454 of 1,019) and 15.8% (454 of 2,877) of
the total down-regulated genes in pifg and fI f3, respectively
(Fig. 5B).

We overlapped the genes that were coregulated in f7 f3 and
pifg with previously published PIF4 chromatin immunoprecipitation-
sequencing data (27). This analysis revealed that at least 266 genes
were likely direct targets of PIF4 and were also regulated by PP6
(SI Appendix, Fig. S8 A and B and Dataset S2). We identified the
biological processes in which these genes were involved using the
functional annotation of DAVID (Database for Annotation, Vi-
sualization, and Integrated Discovery) (28) (SI Appendix, Fig. S§ C
and D). Specifically, 186 genes whose promoters were bound by
PIF4 and whose expression was decreased in both f7 f3 and pifg
were enriched in regulation of transcription, oxidation-reduction
process, far-red-light and red-light stimulus, regulation of growth,
response to auxin, ethylene biosynthetic process, and brassinosteroid-
mediated process (SI Appendix, Fig. S8D). Through quantitative
reverse transcription polymerase chain reaction (RT-qPCR)
analyses, we confirmed that the expression levels of several
representative targets, PAR1, b(HLH87, HFRI, HB53, and IAA19,
were indeed decreased in f7 f3 double mutants (Fig. 5C).

More interestingly, we found that even though overexpression
of PIF4 could significantly activate the expression of HFRI and
IAA19, PP6 mutations alleviated the activation (Fig. 5D), sug-
gesting that PP6-mediated dephosphorylation of PIF4 may pro-
mote the transcriptional activation activity of PIF4 protein
in vivo. To test whether transcriptional activity of PIF4 was influ-
enced by PP6, we performed a dual-luciferase assay using mesophyll
protoplasts prepared from Col and f7 f3 plants. We found that PIF4
could activate the expression of the L4419pro::LUC reporter in Col
but not in fI f3 protoplasts (Fig. 5 E and F). These results in-
dicate that dephosphorylation of PIF proteins by PP6 facilitates
their transcriptional activity to repress photomorphogenesis in
the dark.

Discussion

We present evidence that FyPP1 and FyPP3, 2 conserved cata-
Iytic subunits of PP6, are negative regulators of photomorpho-
genesis and light signal transduction. FyPP-null mutant seedlings
showed shorter hypocotyl lengths and separated cotyledons in
the dark, and also exhibited shorter hypocotyls under continuous
red light (Fig. 1 4 and C). Furthermore, among the 5,519 FyPP-
regulated genes, light signaling pathway-related genes were sig-
nificantly and strongly enriched (Dataset S3), suggesting that
FyPPs may have a specific role in light signal transduction.
Mutations of PIF1, PIF3, PIF4, and PIF5 in fI f3 double-mutant
seedlings further shortened the hypocotyl lengths in the dark,
suggesting a functional convergence of PIFs and PP6 in repres-
sing photomorphogenesis (Fig. 1). However, we observed that
PP6 mutations did not further enhance the cotyledon separation
of pifg mutant, probably because PP6 may mediate cotyledon
development by factors other than PIFs. SAUR genes, which are
auxin-responsive genes, have been shown to be the major factors
regulating cotyledon opening (29, 30). We found that several
SAURs were up-regulated to higher levels in pifg than those in f1
f3 (e.g., SAURS51) or down-regulated in fI f3 (e.g., SAURI4,
SAURI6) (Dataset S1), which could be part of the reason why f7
f3 did not further enhance the cotyledon separation phenotype
of pifq mutant. Nonetheless, the transcriptomic comparison of f7
f3 and pifq demonstrated that PP6 shared many target genes with
PIFs, and these genes were involved in light responses or related
to cell elongation (SI Appendix, Fig. S8), further suggesting that
FyPPs work in concert with PIFs to repress photomorphogenesis
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Fig. 4. PP6 regulated the red-light-induced degradation of PIF4. Mutation of PP6 increased the red-light-induced degradation rate of PIF4-YFP as shown by
immunoblotting (A) and statistical analyses (B). Seedlings were grown in the dark (D) for 4 d, and were then illuminated with a red-light pulse (Rp) of 3,000
umol/m? and kept in the dark for the indicated times before harvesting. Data in B are means of 3 independent biological replicates + SD *P < 0.05 and **P <
0.01, as determined by Student’s t test. n.s, not significant. (C) MG132 reduced the degradation rate of PIF4-YFP in f1 3 mutants during red-light irradiation.
The 4-d-old dark-grown seedlings were incubated with dimethyl sulfoxide (DMSO) or 50 pM MG132, and were then given a red-light pulse and kept in the
dark for 15 min. (D) PP6 facilitated PIF4 accumulation under continuous red light. The seedlings were grown under continuous red light (40 ymol-m=2s~") for 4 d.
The numbers in parentheses represent biological replicates. In B, C, and D, the PIF4-YFP protein level was normalized to RPN6. The PIF4-YFP level in dark
conditions (B and C) or Col background (D) was set as 100% or 1. Hypocotyl phenotypes (E) and lengths (F) of Col-0, PIF4-MYC, f1 3, and PIF4-MYC/f1 3
seedlings grown under continuous red light (30 umol-m=2:s~") for 4 d. Data are shown as mean + SD (n > 20). **P < 0.01, as calculated by Student’s t test. The
experiments were performed 3 times, and similar results were obtained each time.

in vivo. However, the genes independently regulated by PIFs
were also enriched in light response, suggesting that the FyPP-
PIF regulation module only affected part of the light-responsive
genes among PIF-regulated genes (SI Appendix, Fig. S9 A and B
and Dataset S4). FyPPs independently regulated another 4,499
genes that were involved in general translation processes (SI
Appendix, Fig. S9C and Dataset S4), suggesting that FyPPs also
show broader function on plant development other than specif-
ically regulating light signal transduction.

Notably, the molecular and biochemical data suggested that
PP6 is a phosphatase of PIF3 and PIF4. The phosphorylation
status of PIF3 and PIF4 proteins was altered in pp6-null mutants,
and plant extracts containing PP6 could efficiently dephosphor-
ylate PIF3 and PIF4 in vitro (Fig. 3 A and B), suggesting an
important role of PP6 in regulating PIF phosphorylation. The
ability to detect direct interactions of FyPPs with both PIF3 and
PIF4 further implied the possibility that FyPPs directly catalyzed
the dephosphorylation of PIF3 and PIF4 proteins (Fig. 2 E and
F). FyPPs could also interact with PIF1 and PIF5 (SI Appendix,

20222 | www.pnas.org/cgi/doi/10.1073/pnas. 1907540116

Fig. S3), indicating a more inclusive role of PP6 in regulating PIF
protein phosphorylation. Moreover, it also has been shown that
phosphorylation status will affect the activity of COP1, another
key suppressor of photomorphogenesis (31). Even though the
kinase of COP1 has been identified, the potential phosphatase(s)
of COP1 is still unknown, and it will be interesting to investigate
whether PP6 is also involved in the regulation of COP1 protein
phosphorylation status or not.

PIF proteins have been shown to play a central role in light
signaling (3-5). Following the light-induced activation of phy-
tochromes, most PIF proteins are rapidly phosphorylated (7-9,
13). PIF protein phosphorylation regulates the stability and/or
transcriptional activity of PIF proteins, and also plays an im-
portant role in promoting the degradation of phyB to attenuate
light signaling (10, 11, 14). Interestingly, changes in PIF4, but not
PIF3, phosphorylation decreased corresponding protein levels in
f1 f3 double-mutant seedlings (Fig. 4 and SI Appendix, Fig. S6),
suggesting a distinct effect of PP6-regulated phosphorylation on
different PIF proteins. Also, there are both convergence and
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difference between light- and pp6-induced PIF phosphorylation.
Both light- and pp6-induced PIF4 phosphorylation could regu-
late PIF4 protein level (this study and ref. 32). However, even
though light-induced PIF3 phosphorylation can strongly induce
the degradation of PIF3 protein (10), pp6-induced PIF3 phos-
phorylation did not affect its protein stability (SI Appendix, Fig.
S6 A and B). We propose that FyPPs may regulate PIF3 phos-
phorylation at different sites than those induced by light, and
other uncharacterized phosphatase(s) may be required to spe-
cifically regulate those light-induced phosphorylation sites on
PIF3 protein. Furthermore, we noticed a more obvious mobility
shift of PIF4 protein after red-light treatment even in f7 f3 mu-
tant background (Fig. 4C), suggesting that there are other light-
responsive factors to regulate PIF4 phosphorylation status to-
gether with FyPPs. The PP6 phosphatases counteract with light
signal to maintain the dephosphorylation status and activity of
PIF4 protein to negatively regulate light signal transduction
(Figs. 4D and 5 C-F). As PIF4 protein is the key regulator in
temperature signaling, and FyPPs can regulate PIF4 activity, we
found that the response to warm temperature was significantly
impaired in f7 f3 mutant compared with wild type (SI Appendix,
Fig. S10), suggesting that the regulation of PIF4 by FyPPs is
probably conserved across PIF4-involved biological processes.

Reversible phosphorylation is mainly dependent on the an-
tagonistic role of kinases and phosphatases in eukaryotic or-
ganisms (33). Our data and previous studies demonstrate that
the phosphorylation status of PIF proteins is strictly regulated by
FyPP-containing PP6 phosphatases as well as numerous kinases
in vivo. It will be interesting to study how light simultaneously
regulates the activity of both phosphatases and kinases to fine-
tune PIF protein phosphorylation and induce optimal plant
development.

Methods

Plant Materials and Growth Conditions. All Arabidopsis plant materials were
in the Col-0 ecotype background. The 35S::PIF4-MYC (PIF4-MYC) transgenic
lines were provided by Peter ‘Quail, University of California, Berkeley, CA

Yu et al.

(34), and 35S::PIF4-YFP (PIF4-YFP) transgenic lines were provided by Mingyi
Bai, Shandong University, Shandong, China (35). The f1, f3, f17* £3 (25), and
pifq (3) mutants and 2x35S::EYFP-FyPP3 (F30E) (25) and 35S::PIF3-MYC (PIF3-
MYC) (36) transgenic lines have been described previously. Because f1 f3
double mutants showed severe infertility, fertile f17*f3 heterozygous mu-
tants were used to produce genetic materials. For generating pifq f17/* £3,
PIF3-MYCIf1"* £3, PIF4-MYCIf1 £37*, and PIF4-YFPIf1~"* f3 genetic materials,
pifq, PIF3-MYC, PIF4-MYC, and PIF4-YFP plants were crossed with 17+ £3
mutants. For generating PIF3-MYC/F3OE, PIF3-MYC was crossed with F30E
transgenic lines. For generating 35S::PIF4-4xMYC/Col (PIF4-4MYC), Agro-
bacterium strain GV3101 carrying the binary plasmid pJIM19-PIF4-4xMYC
was transformed into Col-0 plants.

For phenotypic observations, f1 3, pifq 1 3, PIF3-MYC/f1 3, PIF4A-MYC/f1 13,
and PIF4-YFP/f1 f3 homozygous seedlings were isolated from the progenies of
171 £3, pifq f17* £3, PIF3-MYCIf17* 3, PIF4-MYC/f1 37, and PIF4-YFPIf17* 3
plants. We identified homozygous f7 f3 through PCR on genomic DNA and RT-
PCR. For biochemical assays, 3-d-old dark-grown homozygous seedlings of 1 13,
PIF3-MYCTf1 3, PIF4-MYC/f1 13, and PIF4-YFPIf1 f3 were isolated from the
progenies of f17* £3, PIF3-MYC/f17* 3, PIF4-MYCIf1 £37*, and PIF4-YFPIf17* 3
plants under green light, and then were grown on Murashige and Skoog (MS)
medium in the dark for another 24 h before protein extraction. Wild-type Col-0,
PIF3-MYC, PIF4-MYC, and PIF4-YFP were treated in the same way.

Seeds were surface-sterilized with 10% NaClO and 0.02% Triton X-100 for
10 min, and then were sown on solid MS medium and stratified in darkness
for 3 d at 4 °C. For dark treatment, seeds were transferred to white-light
chambers (80 pmol-m=2.s7") for 12 h and then kept in a dark chamber
maintained at 22 °C unless otherwise specified. For red-light treatment,
seeds were irradiated with continuous white light for 4 h and then trans-
ferred to red light and maintained at 22 °C for 4 d. For biochemical assays,
1x MS medium (containing 4.3 g/L MS powder, 10 g/L sucrose, and 8 g/L agar
[pH 5.7]) was used, and for phenotypic observations, 1/2x MS medium
(containing 2.2 g/L MS powder, 3 g/L sucrose, and 8 g/L agar [pH 5.7]) was
used. ImagelJ software was used to calculate hypocotyl lengths. For MG132
treatment, 4-d-old dark-grown seedlings were treated with MG132 or di-
methyl sulfoxide in liquid MS medium for the indicated times before
harvesting.

Cell-Free Kinase Assays. The cell-free kinase assays were performed as pre-

viously described (25). The bacterial strains expressing MBP-PIF3 and GST-PIF4
were obtained from previous research (17, 34).
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In Vitro Pull-Down Assays. The assays were essentially performed as previously
described (12). Input and eluted proteins were analyzed by immunoblotting
using anti-HIS (Sigma-Aldrich), anti-MBP (New England Biolabs), and anti-
GST (Sigma-—Aldrich) antibodies.

Coimmunoprecipitation Assays. Four-day-old dark-grown F30OE and 35S::PIF3-
MYC/F30E (Col-0 and 35S::PIF4-4xMYC/Col) seedlings were harvested and
ground into powder in liquid nitrogen. The assays were performed as pre-
viously described (34). Input and eluted proteins were analyzed by Western
blot using anti-MYC (Sigma-Aldrich), anti-GFP (Abmart), and anti-FyPP
(custom-made) antibodies.

RNA Extraction and RT-qPCR. Total RNA was extracted from 4-d-old dark-
grown seedlings using the RNeasy Plant Mini Kit (Qiagen), followed by RT
using ReverTra Ace qPCR RT Master Mix (TOYOBO). RT-gPCR analysis was
performed using the SYBR Premix Ex Taq Kit (TaKaRa) in a 7500 Fast Real-
Time PCR System (Applied Biosystems). The primer sequences used for
RT-qPCR are listed in S/ Appendix, Table S1. The relative gene expression
levels were normalized to the PP2A gene. Three biological repeats were
used for the RT-gPCR experiments. Each sample was analyzed with 3 technical
replicates.

Transcriptomic Analysis. Total RNA was extracted from 4-d-old dark-grown
Col, pifg, and f1 f3 seedlings using the RNeasy Plant Mini Kit. Deep se-
quencing of mRNA was performed using an lllumina HiSeq 2500 system
(Illumina), generating more than 20 million paired-end reads of 150 base
pairs per sample. Two biological repeats of each sample were prepared
for RNA-sequencing analyses. The reads were viewed by fastqc (https:/
www.bioinformatics.babraham.ac.uk/projects/fastqc) to assess quality and
trimmed by Seqtk (https:/github.com/Ih3/seqtk). Next, trimmed reads were
mapped to the Arabidopsis TAIR10 genome using the splice site-guided
HISAT2 alignment software with default parameters (37). Numbers of
reads per gene were determined by the Python package HTSeq (38). Dif-
ferential expression analysis was performed with the DESeq2 R package (39).
Genes were considered differentially expressed when the adjusted P value
was <0.05 and the absolute fold change was >1.5. Functional enrichment
analysis was applied by the DAVID functional annotation clustering tool (28).
Heat maps were generated by the heat map function in the gplots R package
(40). The RNA-sequencing data have been deposited in the Gene Expression
Omnibus under accession number GSE128498.

Plant Total Protein Extraction and Imnmunoblot Analysis. Arabidopsis seedlings
were ground into powder in liquid nitrogen. Total proteins were extracted
with denaturing buffer (8 M urea, 100 mM NaH,PO,4, 100 mM Tris-HCI [pH 8.0],
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1 mM phenylmethylsulfonyl fluoride [PMSF], 1x protease inhibitor, and 100 uM
MG132) and cleared by centrifugation. Protein supernatants were mixed with 5x
sodium dodecyl sulfate (SDS) loading buffer and subsequently boiled for 10 min.
Immunoblot assays were performed as previously described (34). Immuno-
blotting analyses were performed with anti-MYC, anti-PIF3 (34), anti-PIF4
(Agrisera), anti-RPN6 (41), anti-Actin (Sigma-Aldrich), and anti-FyPP anti-
bodies. ImagelJ software was used for protein quantification. Proteins of in-
terest were normalized to the loading control.

LCl Assays. The LCl assays were performed as previously described (25, 26, 42).

Alkaline Phosphatase Treatment. Total proteins were extracted from 4-d-old
dark-grown seedlings with extraction buffer (100 mM Tris-HCI [pH 6.8], 20%
glycerol, 5% SDS, 20 mM dithiothreitol, 1 mM PMSF, 1x protease inhibitor,
and 100 pM MG132). The extracts were boiled for 3 min and cleared by
centrifugation. Total protein supernatants were diluted 20-fold into de-
phosphorylation buffer (Roche) containing 1 mM PMSF, 1x protease inhib-
itor, and 50 uM MG132, and then incubated with or without 400 units/mL
Alkaline Phosphatase (Roche) at 37 °C for 2 h. The reaction mixtures were
terminated by adding 5x SDS loading buffer and boiling at 99 °C for 10 min.
Immunoblotting analyses were performed with anti-MYC and anti-RPN6
antibodies.

Transient Gene Expression Assays. Protoplast isolation and polyethylene
glycol transformation were performed as previously described (43). Arabi-
dopsis Col-0 and f1 3 were grown under a 12-h light/12-h dark photoperiod
for 3 wk. Isolated mesophyll protoplasts (2 x 10%) were transfected with
20 pg of DNA (empty vector or 35S:PIF4 effector and pGreenll0800-
IAA19p::LUC reporter). After overnight incubation in the dark, protoplasts
were harvested by centrifugation and lysed in passive lysis buffer (Promega).
Firefly and Renilla luciferase activities were measured using a SpectraMax i3x
reader (Molecular Devices) and Dual-Luciferase Reporter kit (Promega).
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