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FERONIA coordinates plant growth and salt 
tolerance via the phosphorylation of phyB

Xin Liu1,2, Wei Jiang1, Yali Li1,2, Haozhen Nie3, Lina Cui2,4, Rongxia Li5, Li Tan1, 
Li Peng1, Chao Li1, Jinyan Luo1, Ming Li1, Hongxia Wang3, Jun Yang3, 
Bing Zhou    2,4,6,7, Pengcheng Wang    1, Hongtao Liu    8, Jian-Kang Zhu    1,9,10,11   
& Chunzhao Zhao    1 

Phosphorylation modification is required for the modulation of 
phytochrome B (phyB) thermal reversion, but the kinase(s) that 
phosphorylate(s) phyB and the biological significance of the 
phosphorylation are still unknown. Here we report that FERONIA (FER) 
phosphorylates phyB to regulate plant growth and salt tolerance, and the 
phosphorylation not only regulates dark-triggered photobody dissociation 
but also modulates phyB protein abundance in the nucleus. Further analysis 
indicates that phosphorylation of phyB by FER is sufficient to accelerate 
the conversion of phyB from the active form (Pfr) to the inactive form 
(Pr). Under salt stress, FER kinase activity is inhibited, leading to delayed 
photobody dissociation and increased phyB protein abundance in the 
nucleus. Our data also show that phyB mutation or overexpression of PIF5 
attenuates growth inhibition and promotes plant survival under salt stress. 
Together, our study not only reveals a kinase that controls phyB turnover 
via a signature of phosphorylation, but also provides mechanistic insights 
into the role of the FER-phyB module in coordinating plant growth and stress 
tolerance.

Phytochromes are photoreceptors that are essential for the sensing and 
transduction of red (R) and far-red (FR) light signals, thus facilitating the 
response of plants to ever-changing ambient light conditions through-
out the life cycle1. In Arabidopsis thaliana, phytochrome B (phyB) is 
predominantly involved in the regulation of R/FR light-dependent 
growth and development2. phyB exists in two reversible forms, bio-
logically inactive (Pr) and biologically active (Pfr)3. A high R/FR ratio 
promotes the conversion of phyB from Pr to Pfr and subsequently 

triggers the translocation of phyB from the cytoplasm to the nucleus. 
Nucleus-localized phyB is assembled into discrete puncta known as 
photobodies (PBs), where it interacts with and promotes the degrada-
tion of PHYTOCHROME INTERACTING FACTORS (PIFs), resulting in 
developmental transition from skotomorphogenesis to photomorpho-
genesis4–6. Pfr can also be reverted to Pr via either FR light-dependent 
photoconversion or light-independent thermal reversion (also called 
dark reversion)3.
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(suppressor of lrx345-620), which exhibited a longer petiole and a higher 
survival rate under salt stress than the lrx345 mutant (Extended Data 
Fig. 1a–d). The constitutively increased expression of JA-responsive 
genes PDF1.2 and PDF1.3 in the lrx345 mutant was also attenuated by 
the slrx620 mutation (Extended Data Fig. 1e).

To identify the mutated gene in the slrx620 that was responsible 
for the suppression of the lrx345 mutant phenotypes, bulked seg-
regant analysis (BSA) was conducted. The mapping result revealed 
an obvious peak at approximately 9 Mb on chromosome 2 (Extended 
Data Fig. 1f). By manually checking all the candidate mutations in this 
region, a nucleotide mutation (G1191A) was identified in the phyB 
gene that results in the change of tryptophan 397 to a premature stop 
codon (Extended Data Fig. 1g). Notably, similar to the phenotype of the 
phyB mutant14, the slrx620 mutant exhibited a long hypocotyl under 
white-light conditions (Extended Data Fig. 1h,i), which indicated that 
the phyB mutation was most likely responsible for the phenotypes of 
the slrx620 mutant.

phyB mutation suppresses lrx345 and fer-4 phenotypes
We then crossed phyB-9, a widely used phyB mutant allele14, with the 
lrx345 and fer-4 mutants. It is worth mentioning that phyB-9 and slrx620 
share the same nucleotide mutation (G1191A) in the phyB gene. Similar 
to the slrx620, the leaf bleaching phenotype of the lrx345 and fer-4 
mutants under salt stress was largely suppressed by the phyB-9 muta-
tion (Fig. 1a,b). Moreover, the reduced petiole length and the increased 
expression of JA-responsive genes PDF1.2 and PDF1.3 in the lrx345 and 
fer-4 mutants were all suppressed by the phyB-9 mutation (Fig. 1c–e). 
Together, these results indicate that phyB mutation could rescue a wide 
range of the phenotypes of lrx345 and fer-4 mutants. However, our data 
showed that phyB-9 mutation could not suppress the low fertility of the 
fer-4 mutant (Extended Data Fig. 2a).

To validate that phyB mutation is responsible for suppressing 
the growth and salt-hypersensitive phenotypes of fer-4 mutant, wild 
type (WT) phyB was transformed into phyB-9 fer-4 double mutant. 
Phenotype analysis showed that ectopic expression of phyB restored 
the long petiole and salt-tolerant phenotypes of the phyB-9 fer-4 double 
mutant to that of the fer-4 mutant (Extended Data Fig. 2b–e). In addi-
tion, we found that overexpression of phyB in the wild-type background 
resulted in enhanced leaf bleaching under salt stress, which was similar 
to that observed in the lrx345 and fer-4 mutants (Extended Data Fig. 
2f,g). It has been reported that the fer-4 mutant displays a reduced 
plant height when grown on soil22. Here we found that phyB mutation 
suppressed the reduced plant height of the fer-4 mutant, whereas 
overexpression of phyB in the fer-4 mutant resulted in a more severe 
dwarf phenotype (Extended Data Fig. 2h,i).

Because the activity of phyB is affected by light intensity28, we 
tested whether light intensity is a factor that determines the survival 
rate of the lrx345 and fer-4 mutants under high salinity. Indeed, these 
two mutants grown under weak white-light (WL) irradiance showed 
a much higher survival rate under salt stress than those grown under 
normal white-light (NL) conditions (Fig. 1f,g). As phyB is specifi-
cally involved in sensing red light, we then investigated whether the 
enhanced salt hypersensitivity of the lrx345 and fer-4 mutants under 
white-light conditions is specifically triggered by red light. To this 
end, the phenotypes of seedlings grown under monochromatic red 
light were examined. After red-light illumination, both lrx345 and 
fer-4 mutants exhibited enhanced leaf bleaching phenotype under 
salt stress (Extended Data Fig. 3a,b), and this phenotype was fully sup-
pressed by phyB mutation (Extended Data Fig. 3a,b). In addition, the 
salt-triggered leaf bleaching phenotype of the lrx345 and fer-4 mutants 
was substantially improved under low red-light intensity compared 
with that under high red-light intensity (Extended Data Fig. 3c,d). 
Together, these data indicate that the phyB-mediated red-light signal 
is responsible for the leaf bleaching phenotype of the lrx345 and fer-4 
mutants under salt stress.

The regulatory mechanisms underlying the activation and attenu-
ation of phyB signalling have been extensively studied over the past 
two decades. After the absorption of light via bilin chromophores, 
the N-terminal domain of phyB is structurally changed, resulting in 
the exposure of the C-terminal nuclear localization signal and thus 
the trafficking of phyB to the nucleus5,6. Under dark conditions, how-
ever, phyB experiences a thermal reversion process that compromises 
light signalling. So far, several components that regulate the thermal 
reversion process have been identified, including PHOTOPERIODIC 
CONTROL OF HYPOCOTYL 1 (PCH1), ARABIDOPSIS RESPONSE REG-
ULATOR4 (ARR4) and HEMERA (HMR)7–11. Phosphorylations of the 
N-terminal domain of phyB, including the Ser84, Ser86, Thr89-Thr91, 
Ser106 and Tyr104 sites, have been shown to be involved in the modu-
lation of thermal reversion12,13. Abolishing the phosphorylation of 
these sites compromises thermal reversion, whereas phosphomimic 
mutations of these sites accelerate thermal reversion12,13. Although 
phosphorylation has been reported in several studies, the kinase(s) 
that phosphorylate(s) phyB is(are) still unknown and the biological 
significance of the phosphorylation-mediated regulation of thermal 
reversion is still poorly understood.

One of the typical phenotypes of a phyB mutant is an extended 
hypocotyl and petiole14, indicating that phyB regulates cell growth 
in response to ambient light conditions. It has been shown that 
phyB-mediated signalling pathways are utilized by plants to regulate 
growth under stress conditions. For example, two independent studies 
reported that phyB acts as a thermosensor to regulate plant morphol-
ogy under warm temperature conditions15,16. phyB mutation has also 
been shown to uncouple growth-defence trade-offs in plants17. As one 
of the major environmental stresses, high salinity severely affects plant 
growth and survival18, and in some cases these adverse effects are aggra-
vated under high light intensity. However, the molecular mechanisms 
underlying salt-induced growth inhibition and cell death are still largely 
unknown, and whether plants take advantage of the phyB-mediated 
light signalling pathways to regulate salt stress response remains to 
be determined.

FERONIA (FER) is a receptor-like kinase of the Catharanthus 
roseus receptor-like kinase 1-like (CrRLK1L) family that harbours two 
extracellular malectin domains and a cytosolic kinase domain19. As a 
putative sensor of cell wall integrity, FER participates in the regula-
tion of multiple biological processes, including fertilization, root hair 
growth, plant immunity and abiotic stress response20–25. Recently, 
we found that cell wall-localized leucine-rich repeat extensins (LRX) 
3/4/5, rapid alkalinization factor (RALF) 22/23 and FER function as a 
module to regulate plant growth and salt tolerance by fine-tuning the 
homoeostasis of multiple phytohormones, including jasmonic acid 
( JA) and abscisic acid26,27. lrx345 and fer-4 mutants exhibit enhanced 
leaf bleaching under salt stress, but little is currently known about the 
molecular mechanisms underlying the leaf bleaching phenotype of 
these two mutants under salt stress. Here we found that phyB muta-
tion suppresses both the dwarfism and salt-triggered leaf bleach-
ing of the lrx345 and fer-4 mutants. FER directly interacts with and 
phosphorylates phyB, and disruption of phyB phosphorylation in 
fer-4 mutant delays photobody dissociation and results in increased 
phyB protein abundance in the nucleus. Further studies indicate that 
the enhanced leaf bleaching phenotype of the fer-4 mutant under 
salt stress is largely caused by the overaccumulation of phyB in the 
nucleus.

Results
Identification of lrx345 suppressors under salt stress
To identify cellular components in the LRX3/4/5-RALFs-FER salt 
stress response pathway in Arabidopsis, we performed ethylmethane 
sulfonate-mediated mutagenesis in the lrx345 mutant and screened for 
suppressors that exhibited a higher survival rate than the lrx345 mutant 
under salt stress. Here we report one of these suppressors, slrx620 
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To further understand the association of FER with phyB, RNA-seq 
assay was performed for the wild type, fer-4 and phyB-9 fer-4. Tran-
scriptome data revealed that 2,669 genes were constitutively upregu-
lated in the fer-4 mutant (fold change (FC) > 1.5, false discovery rate 

(FDR) < 0.05) (Supplementary Table 1), and among them, 272 exhibited 
reduced transcript levels in the phyB-9 fer-4 mutant compared with the 
fer-4 mutant (Extended Data Fig. 4a,b). Gene ontology (GO) enrichment 
analysis revealed that these 272 genes were enriched in the categories 
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Fig. 1 | Mutation of phyB suppresses the phenotypes of lrx345 and fer-4 
mutants. a, Phenotype of seedlings grown on 1/2 MS medium containing 0.8% 
agar and 1% sucrose (w/v) with or without NaCl (120 mM) under white-light (16 h 
light/8 h dark cycle) conditions. b, Survival rate of seedlings grown on NaCl 
medium for 8 d. The seedlings with full leaf bleaching were calculated as dead 
plants. Values are the means ± s.d. of three biological replicates. c, Representative 
images of each genotype grown on soils for 22 d under LD conditions (16 h 
light/8 h dark). Scale bar, 1 cm. d, The petiole length of the plants shown in c. Data 

are the means ± s.d. (n = 15 seedlings). e, RT–qPCR analysis of the transcript levels 
of PDF1.2 and PDF1.3 genes in each genotype. Values are the means ± s.d. of three 
biological replicates. f, Phenotypes of wild type, lrx345 and fer-4 mutants grown 
on 1/2 MS medium with or without NaCl (120 mM) under normal white light (NL, 
~100 μmol m−2 s−1) or weak white light (WL, ~5 μmol m−2 s−1) in LD conditions.  
g, Survival rate of seedlings grown on NaCl medium as shown in f. Values are the 
means ± s.d. of three biological replicates. In b, d, e and g: *P < 0.05, **P < 0.01, 
two-sided Student’s t-test.
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of ‘response to jasmonic acid’, ‘response to wounding’ and ‘response 
to salicylic acid’ (Extended Data Fig. 4c), indicating that the constitu-
tive activation of JA and SA signalling pathways in the fer-4 mutant was 
attenuated by the phyB mutation. Previously, we reported that the 
enhanced leaf bleaching phenotype of the lrx345 and fer-4 mutants 
under high salinity is due to the overactivation of salt stress response 
and increased reactive oxygen species (ROS) accumulation27. Here, 
RNA-seq data showed that the above 272 genes were also enriched in 
the ‘response to salt stress’, ‘response to oxidative stress’ and ‘response 
to ROS’ categories (Extended Data Fig. 4c), suggesting that the phyB 
mutation compromised salt stress activation in the fer-4 mutant. 
Among the 1,146 genes that were downregulated in the fer-4 mutant 
(FC > 1.5, FDR < 0.05) (Supplementary Table 1), 135 showed significantly 
increased transcript levels in the phyB-9 fer-4 mutant compared with 
the fer-4 mutant (Extended Data Fig. 4d,e). GO enrichment analysis 
showed that ‘response to auxin’ and ‘regulation of developmental 
growth’ categories were enriched for these 135 genes (Extended Data 
Fig. 4f), indicating that phyB is involved in FER-mediated regulation 
of plant growth. Moreover, 57 genes belonging to the category of 
‘response to red or far-red light’ were differentially expressed in the 
fer-4 mutant compared with the wild type; among of them, 15 were 
restored in the phyB-9 fer-4 mutant (FC > 1.5, FDR < 0.05), suggesting 
that FER participates in the regulation of red/far-red light response.

FER interacts with and phosphorylates phyB
To further understand the biological relationship between FER and 
phyB, we tested whether these two proteins are physically associated. 
FER is a plasma membrane-localized receptor-like kinase that harbours 
a cytoplasmic kinase domain (FERKD) (Fig. 2a). A yeast two-hybrid 
assay showed that FERKD interacted with full-length PHYB and the 
N-terminal region of PHYB (PHYBN), but not with the C-terminal 
region of PHYB (PHYBC) (Fig. 2b). A split luciferase complementation 
(split-LUC) assay performed in Nicotiana benthamiana further indi-
cated that full-length phyB and phyBN, but not phyBC, interacted with 
both full-length FER and the cytosolic domain of FER (FERCD) (Fig. 2c).  
We then examined the interaction of FER with phyB in Arabidopsis 
using co-immunoprecipitation (Co-IP) assay. It is known that phyB is 
synthesized as an inactive Pr form in the cytosol and upon exposure to 
red light, Pr is rapidly converted to the active Pfr form and transported 
into the nucleus6. To investigate which form of phyB interacts with 
FER, seedlings were grown in darkness or exposed to red light before 
being subjected to Co-IP assay. The result showed that FER preferred 
to interact with the Pr form rather than the Pfr form of phyB (Fig. 2d). 
Consistent with this result, co-localization analysis indicated that, 
under dark conditions, FER and phyB were highly co-localized in the 
cytosol. Under white-light conditions, however, the majority of phyB 
were transported into the nucleus, while FER remained in the plasma 
membrane (Extended Data Fig. 5a). These results indicate that FER 
mainly interacts with the Pr form of phyB in the cytosol. A recent study 
showed that CrRLK1L family members THE1 and HERK1 exhibit a similar 
function as FER in the regulation of salt tolerance29. Here, split-LUC 
assay showed that phyB also interacted with THE1, suggesting that 
multiple CrRLK1L family proteins are probably involved in the regula-
tion of the phyB signalling pathway (Extended Data Fig. 5b).

Because the cytosolic kinase domain of FER directly interacts 
with the N-terminal domain of phyB, we then tested whether FER may 
phosphorylate phyB. An in vitro kinase assay showed that FERCD was 
capable of phosphorylating phyBN (Fig. 2e). To verify the phosphoryla-
tion of phyBN by FER, mass spectrometry analysis was performed. In 
control samples with phyBN alone, a peak that matched the molecular 
weight of non-phosphorylated phyBN was identified (Extended Data 
Fig. 5c). Because phyBN was fused with an Avi-tag and this tag can bind 
to biotin, a peak representing the biotin-tagged non-phosphorylated 
phyBN was also identified in our mass spectrometry data (Extended 
Data Fig. 5c). In the sample incubated with FERCD, the abundance of 

non-phosphorylated phyBN was decreased, and two additional peaks 
next to the non-phosphorylated phyB peak appeared; the molecular 
weight of these two newly appeared peaks was increased by one and 
two phosphates, respectively (Extended Data Fig. 5c), suggesting that at 
least two residues of phyB were phosphorylated by FERCD. To validate 
the phosphorylation of phyB by FER in vivo, the phosphorylation level 
of phyB in the wild type and fer-4 mutant was compared. Because FER 
predominantly interacts with the Pr form of phyB, etiolated seedlings 
grown under dark conditions were selected for the analysis of phyB 
phosphorylation. Immunoblotting assay was performed for immu-
noprecipitated phyB-GFP using anti-phosphoserine antibody, and 
the result showed that the phosphorylation level of phyB-GFP was 
dramatically reduced in the fer-4 mutant (Fig. 2f).

To identify the phosphorylation sites, liquid chromatography–tan-
dem mass spectrometry (LC–MS) analysis was performed for phyBN 
incubated with or without FERCD in vitro. Two residues, Ser106 and 
Ser227 (Fig. 2g and Extended Data Fig. 5d), were identified that exhib-
ited increased phosphorylation levels in phyBN after incubation with 
FERCD. To verify that these two residues were the phosphorylation 
sites of phyB by FERCD, they were simultaneously mutated to Ala, 
and the mutated phyBN was subjected to in vitro kinase assay and 
LC–MS analysis. Both assays indicated that the phosphorylation level 
of phyBNS106AS227A by FERCD was dramatically reduced (Fig. 2h and 
Extended Data Fig. 5c), corroborating that they were the major sites 
phosphorylated by FER. To verify the phosphorylation of these two 
residues in vivo, mass spectrometry analysis was performed in the wild 
type and fer-4 mutant. In two independent biological replicates, the 
phosphorylation of both Ser106 and Ser227 was detected in the wild 
type (Extended Data Fig. 6a,b and Supplementary Table 2), demonstrat-
ing that they are the phosphorylation sites of phyB in planta. In the fer-4 
mutant, both Ser106 and Ser227 displayed reduced phosphorylation 
levels compared with that in the wild type (Extended Data Fig. 6c,d), 
indicating that FER is required for the phosphorylation of these two 
residues in vivo. In a previous study, it was shown that phosphoryla-
tion of Ser86 is required for the regulation of thermal reversion12, but 
the kinase that phosphorylates this residue is still unknown. Our data 
showed that mutation of Ser86 to Ala did not affect the phosphoryla-
tion of phyBN by FERCD (Extended Data Fig. 5e), suggesting that addi-
tional kinase(s) rather than FER phosphorylate(s) Ser86.

Dark-induced photobody dissociation is delayed in fer-4
To investigate the biological relevance of FER-mediated phosphorylation 
of phyB, the protein abundance of phyB was examined using an antibody 
against endogenous phyB. The phyB protein abundance was slightly 
increased in the lrx345 and fer-4 mutants compared with that in the wild 
type (Fig. 3a). The phosphorylation of phyB has been implicated in the 
regulation of photobody assembly and dissociation12,13, so we investi-
gated whether fer-4 mutation may affect photobody dynamics. Under 
our growth conditions, we found that after white-light illumination for 
5 h (Zeitgeber time 5, ZT5), majority of phyB proteins had aggregated 
into photobodies in both the wild type and fer-4 mutant, so we chose ZT5 
as a time point to perform photobody dynamics analysis. Five-day-old 
seedlings of the wild type and fer-4 mutant grown under a 16 h light/8 h 
dark cycle were exposed to white light for 5 h (ZT5) after dawn and then 
subjected to continuous dark conditions. At ZT5, the size of the photo-
bodies was comparable between these two genotypes (Fig. 3b,c). After 
dark treatment for 1 h and 3 h, the photobodies gradually disassembled in 
both the wild type and fer-4 mutant, but the fer-4 mutant exhibited a much 
slower rate of photobody dissociation (Fig. 3b,c), suggesting that fer-4 
mutation leads to enhanced photobody stability under dark conditions.

To understand whether fer-4 mutation also affects the protein 
abundance of phyB in the nucleus, we performed a nuclear fractiona-
tion assay. Six-day-old seedlings grown under long-day conditions 
(16 h light/8 h dark) were collected at ZT5 after dawn, and the proteins 
from cytosolic and nuclear fractions were separated. Immunoblotting 
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assays showed that the protein abundance of phyB in the nucleus was 
largely increased in the fer-4 mutant compared with that in the wild type 
(Fig. 3d). During our study, we noted that total phyB protein level was 
substantially increased in seedlings after dark treatment for 3 d, but 
the phyB protein in the nucleus was dramatically decreased (Fig. 3d), 
implying the possibility of trafficking of phyB from the nucleus to the 
cytosol after prolonged exposure to dark conditions. We then tested 
whether FER is required for modulating phyB protein abundance in the 

nucleus after prolonged dark treatment. Compared with the wild type, 
the protein abundance of phyB in the nucleus retained a high level in 
the fer-4 mutant after dark treatment for 3 d (Fig. 3d). Together, these 
results indicate that FER negatively regulates the protein abundance 
of phyB in the nucleus. In agreement with this notion, dark-induced 
hypocotyl elongation was largely compromised in the fer-4 mutant and 
this growth inhibition was restored by the phyB mutation (Fig. 3e,f). 
In addition, we measured fluence rate response curves of hypocotyl 
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His medium. c, Split luciferase complementation assays showing the interaction 
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performed to test the interaction of FER with phyB in vivo. Total proteins were 
extracted from 7-day-old etiolated seedlings grown in darkness or exposed 
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anti-GFP antibodies. e, Analysis of the phosphorylation of phyBN by FERCD 
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repeated independently at least three times with similar results.
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lengths under different fluence rates of red light. The fer-4 mutant 
exhibited a shorter hypocotyl than the wild type when grown at low 
fluence rates (0.85 and 2.7 μmol m−2 s−1), but they exhibited a similar 
response at higher fluence rates (6 and 9 μmol m−2 s−1) (Extended Data 
Fig. 3e). This result suggested that the fer-4 mutation led to an increased 
response to red light, especially under low red-light fluence rates.

Phosphorylation of phyB promotes photobody dissociation
To determine whether the phospho-mutated phyB was more stable in 
the photobody under dark conditions, transgenic plants expressing 

phyBWT and phyBS106AS227A in the phyB-9 mutant background were gener-
ated, and the transgenic plants with similar phyB protein abundance 
were collected for the analysis of photobody (Extended Data Fig. 7a). 
At ZT5, the phyB protein aggregated into photobodies in both the 
phyBWT/phyB-9 and phyBS106AS227A/phyB-9 seedlings. After dark treat-
ment, phyBS106AS227A showed a much slower photobody dissociation 
rate than the wild-type phyB (Fig. 3g,h), suggesting that phosphoryla-
tions negatively regulate photobody stability under dark conditions. 
We also performed nuclear fractionation assay to compare nuclear 
phyB abundance between phyBWT/phyB-9 and phyBS106AS227A/phyB-9 
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f, Quantification of the hypocotyl length of the seedlings shown in e. Values are 
the means ± s.d. (n > 35 seedlings). g, Comparison of photobody dissociation in 
the cotyledons of phyBWT-GFP/phyB-9 and phyBAA/phyB-9#3 transgenic plants. The 
experiment was performed using a similar procedure as in b. AA represents S106A 
and S227A mutations. Scale bar, 4 μm. h, Quantification of the diameter of phyB 
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transgenic plants, and found that substitution of Ser106 and Ser227 to 
Ala resulted in increased phyB protein abundance in the nucleus com-
pared with the phyBWT both before and after dark treatment (Fig. 3i),  
which was similar to that observed in the fer-4 mutant. Notably, the eleva-
tion of endogenous phyB protein abundance after dark treatment for 3 d 
was not obviously detected for ectopically expressed phyB-GFP under 
the control of cauliflower mosaic virus (CaMV) 35S promoter (Fig. 3i),  
implying that transcriptional regulation might be involved in the con-
trol of phyB protein abundance under continuous dark conditions.

Phenotype analysis indicated that both the phyBWT and phyB-
S106AS227A transgenes complemented the long hypocotyl phenotype of the 
phyB-9 mutant under white-light conditions. Because the growth inhibi-
tion response in phyBWT-overexpressing plants was almost saturated, it 
was difficult to distinguish the difference between phyBWT/phyB-9 and 
phyBS106AS227A/phyB-9 transgenic plants in terms of hypocotyl elongation 
under long-day (16 h light/8 h dark cycle) conditions (Extended Data 
Fig. 7b,c). We then analysed the hypocotyl elongation of the seed-
lings after they were transferred from white light to continuous dark 
conditions, and found that the dark-induced hypocotyl elongation in 
the phyBS106AS227A/phyB-9 transgenic plants was slower than that of the 
phyBWT/phyB-9 transgenic plants (Extended Data Fig. 7d), suggesting 
that substitutions of Ser106 and Ser227 to Ala enhance the biological 
function of phyB.

We also generated transgenic plants expressing phyBS106DS227D-GFP 
in the phyB-9 mutant, and the transgenic lines with similar phyB protein 
abundance as phyBWT-GFP were chosen for the analysis of photobody 
behaviour (Extended Data Fig. 7e). We found that photobody size in 
phyBS106DS227D-GFP transgenic plants was smaller than that in phyBWT-GFP 
transgenic plants both before and after dark treatment (Extended 
Data Fig. 7f,g), corroborating that phosphorylation negatively regu-
lates photobody stability. Using the same transgenic lines, we found 
that phyBS106DS227D could fully complement the hypocotyl elongation 
phenotype of the phyB-9 mutant (Extended Data Fig. 7h). Given that 
phyB-mediated signalling output is tightly correlated with its pro-
tein abundance in the nucleus30, we speculated that complete rescue 
of the phyB-9 mutant phenotype by the phyBS106DS227D was probably 
due to the high protein abundance of phyBS106DS227D. We then selected 
three independent transgenic lines that exhibited a relatively low 
phyBS106DS227D-GFP protein level, but the protein abundance in these 
transgenic lines was still much higher than the endogenous phyB pro-
tein abundance (Extended Data Fig. 7i). Phenotype analysis showed 
that phyBS106DS227D only partially complemented the long hypocotyl 
phenotype of the phyB-9 mutant (Extended Data Fig. 7j,k), suggest-
ing that phyB activity is compromised when Ser106 and Ser227 are 
constitutively phosphorylated.

FER accelerates dark-induced Pfr-to-Pr conversion in vitro
The photobody dissociation under dark conditions is usually accom-
panied by the conversion of Pfr to Pr6, so the effect of phosphorylation 
on the photoswitching of phyB was analysed. As reported previously31, 
phyBN displayed two peaks at 651 nm (Pr form) and 714 nm (Pfr form) 
after red-light illumination, and Pfr was successfully converted to 
Pr after far-red light irradiance for 5 min (Extended Data Fig. 8a,b), 
suggesting that the purified phyBN functions well in light absorp-
tion in vitro. We then examined the role of FER in the regulation of 
dark-triggered Pfr-to-Pr conversion. The phyBN protein was exposed 
to red-light illumination for 5 min before being subjected to dark 
treatment. For the sample with phyBN protein alone, Pfr/Pr ratio was 
gradually reduced after dark treatment. Addition of FERCD, however, 
triggered the phosphorylation of phyBN and greatly accelerated the 
conversion of Pfr to Pr (Fig. 4a,b). As a control, FERCDK565R, a kinase-dead 
form of FERCD, was not able to phosphorylate phyBN and thus could 
not accelerate Pfr-to-Pr conversion under dark conditions (Fig. 4a,b). 
It should be noted that the protein size of FERCDK565R is smaller than 
that of FERCDWT on sodium dodecyl sulphate-polyacrylamide gel 

electrophoresis (SDS–PAGE), which is probably caused by the absence 
of autophosphorylation due to disrupted kinase activity. This is sup-
ported by the result showing that the FERCDWT treated with λPPase 
exhibited a similar protein size as FERCDK565R (Extended Data Fig. 8c). 
Together, these results suggested that FER-mediated phosphorylation 
was sufficient to promote Pfr-to-Pr conversion under dark conditions.

The Pfr-to-Pr conversion of each phospho-mutated phyB with simi-
lar protein abundance was also analysed (Fig. 4c), which showed that 
phyBNS106AS227A exhibited delayed reversion from Pfr to Pr under dark 
conditions compared with the phyBNWT (Fig. 4d). Our results verified 
that substitution of Ser86 to Ala delayed Pfr-to-Pr conversion under 
dark conditions as reported previously12. Remarkably, simultaneous 
substitutions of Ser86, Ser106 and Ser227 to Ala (phyBNAAA) almost fully 
abolished Pfr-to-Pr reversion under dark conditions (Fig. 4d), indicat-
ing that these three residues were the major phosphorylation sites 
contributing to the regulation of dark-triggered Pfr-to-Pr reversion. In 
contrast, far-red light-triggered photoconversion was not affected in 
these phospho-mutated phyBN (Extended Data Fig. 8a,b), indicating 
that phosphorylation is mainly required for the regulation of Pfr-to-Pr 
reversion under dark conditions.

Salt stress slows down photobody dissociation
Suppression of the salt hypersensitivity of the fer-4 mutant by the phyB 
mutation suggested that phyB participates in the regulation of salt 
stress response. To analyse photobody dissociation under salt stress, 
5-day-old phyB-GFPWT seedlings grown under a 16 h light/8 h dark cycle 
were transferred to MS media supplemented with or without NaCl at 
ZT0, and then the seedlings were exposed to white light for 5 h (ZT5) 
before being subjected to dark treatment for 1 and 3 h. The results 
showed that the dark-triggered dissociation of photobodies was sub-
stantially delayed in the seedlings grown on salt medium (Fig. 5a,b), 
indicating that salt stress enhanced the stability of the photobody. 
Using a similar treatment procedure as described above for photobody 
analysis, we examined the effect of salt stress on the protein abundance 
of phyB in the nucleus. After being transferred to salt medium for 5 h 
under white-light conditions, the seedlings showed a higher phyB 
protein level in the nucleus than those grown on MS medium (Fig. 5c), 
suggesting that salt stress may enhance nuclear phyB protein stabil-
ity even under white-light conditions. After dark treatment for 3 d, 
phyB protein abundance in the nucleus was largely reduced in the wild 
type grown on MS medium, but salt stress substantially compromised 
dark-triggered phyB protein reduction in the nucleus (Fig. 5c). These 
results indicate that salt stress promotes the accumulation of phyB 
in the nucleus, which is similar to that observed in the fer-4 mutant.

Because salt stress and fer-4 mutation had a similar effect on the 
behaviours of phyB, we speculated that salt stress might negatively 
regulate the activity of FER. Immunoblotting assays showed that the 
protein level of FER was not affected after NaCl treatment (Fig. 5d). We 
then examined the kinase activity of FER by using an IP-kinase assay. The 
FER-GFP transgenic plants were treated with NaCl or H2O and the immu-
noprecipitated FER-GFP was subjected to kinase reactions. The results 
showed that the autophosphorylation of FER was largely compromised 
by NaCl treatment but not by H2O treatment (Fig. 5e), suggesting that 
salt stress inhibits the kinase activity of FER. Immunoblotting assay 
using anti-phosphoserine antibody showed that the phosphorylation 
of phyB was only slightly reduced in the wild type but not reduced in the 
fer-4 mutant after salt treatment (Extended Data Fig. 6e). Because there 
are a lot of phosphorylation sites in phyB13, and anti-phosphoserine 
antibody potentially recognizes all the phosphorylated Ser or Thr in 
phyB, the intensity of the phosphorylation band in SDS–PAGE could 
not accurately reflect the phosphorylation level of specific residues. 
We then analysed the phosphorylation of phyB under salt stress using 
mass spectrometry analysis, which can recognize the phosphorylation 
of specific residues, and found that the phosphorylation level of Ser106 
was significantly reduced in the wild-type plants after salt treatment 
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(Extended Data Fig. 6f). On the basis of these results, we propose that 
salt stress inhibits the kinase activity of FER and thus affects the phos-
phorylation of phyB.

phyB mutation improves salt tolerance in Arabidopsis and rice
Since phyB plays an important role in the regulation of hypocotyl elon-
gation, we tested whether the salt-induced inhibition of hypocotyl 
growth depends on phyB-mediated pathways. On MS medium, the 
wild type and phyB-9 mutant exhibited a similar hypocotyl length after 
growth under dark conditions for 5 d. Under salt stress, hypocotyl elon-
gation was dramatically inhibited in the wild type, while this inhibition 
was partially alleviated in the phyB-9 mutant (Fig. 5f,g), suggesting that 
the salt-induced inhibition of hypocotyl elongation partially depends 
on phyB.

To understand whether the increased leaf bleaching phenotype 
of the fer-4 mutant under salt stress was correlated with the increased 
accumulation of phyB in the nucleus, we observed the phenotype of 
YHB plants under salt stress. The YHB plant harbours a Y276H muta-
tion in phyB that leads to the constitutive localization of phyB in 
the nucleus32. Similar to the fer-4 mutant, the YHB plants displayed 
an enhanced leaf bleaching phenotype under salt stress (Fig. 5h,i), 
supporting the idea that the increased accumulation of phyB in the 
nucleus was responsible for the reduced survival rate of plants under 
salt stress. This notion was also supported by the results showing that 
overexpression of phyBWT in the phyB-9 mutant resulted in enhanced 
leaf bleaching, while overexpression of phyBS106AS227A caused an even 
more severe phenotype under salt stress (Extended Data Fig. 9a). To 
test whether phyB is also involved in the regulation of salt tolerance in 
other plant species, we analysed the phenotype of the OsphyB mutant 

in rice (Oryza sativa) under salt stress. Strikingly, the OsphyB mutant 
exhibited a substantially higher survival rate than the wild-type plants 
(Fig. 5j,k), verifying that disruption of phyB is beneficial for the survival 
of plants under salt stress.

PIF5 overexpression suppresses lrx345 and fer-4 phenotypes
PIFs are transcription factors that function downstream of phyB to 
regulate photomorphogenesis6. As the phyB mutation suppressed 
the dwarfism and salt hypersensitivity of the lrx345 and fer-4 
mutants, we wondered whether PIFs are involved in the LRX3/4/5-FER 
module-mediated regulation of plant growth and salt tolerance. 
Consistent with the increased accumulation of phyB in the nucleus, 
PIF5-YFP transgenic plants in the lrx345 and fer-4 backgrounds 
showed substantially lower PIF5 protein abundance than in the wild 
type (Fig. 6a), although the transcript level of PIF5 was similar in these 
transgenic plants (Extended Data Fig. 9b). Treatment of plants with 
MG132, an inhibitor of 26S proteasome, substantially increased the 
protein level of PIF5 in the lrx345 and fer-4 mutants (Fig. 6a), indicat-
ing that the reduction of PIF5 in these two mutants was caused by 26S 
proteasome-mediated degradation. As a direct target of phyB, the 
reduced PIF5 protein abundance in the lrx345 and fer-4 mutants was 
fully recovered by the phyB mutation (Fig. 6b).

Consistent with the finding that salt stress promoted the stability 
of phyB in the nucleus, the PIF5 protein abundance in the wild type was 
gradually reduced under salt stress. However, in the lrx345 and fer-4 
mutants, salt stress-triggered degradation of PIF5 was completely abol-
ished (Fig. 6c). Moreover, salt stress-induced degradation of PIF5 was 
compromised in the phyB-9 mutant (Fig. 6d), indicating that phyB acts 
upstream of PIFs in response to salt stress. Notably, these salt treatment 
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experiments were performed under white-light conditions, suggest-
ing that salt stress may also affect phyB behaviour under white-light 
conditions. This conclusion can be supported by our immunoblotting 
assay showing that salt stress increased the protein abundance of phyB 
in the nucleus under white-light conditions (Fig. 5c).

Similar to the phyB-9 mutation, overexpression of PIF5 rescued 
the dwarfism and salt-induced leaf bleaching of the lrx345 and fer-4 
mutants (Fig. 6e–g). Moreover, overexpression of PIF3 also largely res-
cued the leaf bleaching phenotype of the fer-4 mutant under salt stress 
(Extended Data Fig. 9c–e). These results suggest that suppression of 
the mutant phenotypes of lrx345 and fer-4 by phyB mutation depends 
on the accumulation of PIF proteins. In addition, we found that pifq, in 
which PIF1, PIF3, PIF4 and PIF5 genes are all absent, displayed a lower 
survival rate compared with the wild type under salt stress (Fig. 6h), 

further supporting the involvement of PIFs in the regulation of salt 
tolerance. Remarkably, salt-induced hypocotyl elongation inhibition 
was dramatically attenuated in the transgenic plants overexpressing 
PIF5 (Fig. 6i,j), indicating that plants utilize the phyB-PIFs-mediated 
light signalling pathway to regulate plant growth under high salinity.

Discussion
Phosphorylation modification plays a major role in the regulation of 
the thermal reversion (also called dark reversion) of phyB12,13, but the 
kinase(s) that phosphorylate(s) phyB has not been reported previ-
ously. Identification of such kinase(s) is critical for understanding the 
biological significance of the phosphorylation-mediated turnover of 
phyB. In this study, we discovered that FER directly interacts with and 
phosphorylates phyB, which is presumably the first report of a kinase 
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Fig. 6 | Overexpression of PIF5 suppresses the phenotypes of lrx345 and 
fer-4 mutants. a, Analysis of PIF5 protein abundance in each genotype. Eight-
day-old seedlings were treated with 50 μM MG132 or dimethyl sulfoxide for 
3 h before immunoblotting assay using anti-GFP antibody. b, Analysis of PIF5 
protein abundance in each genotype. Total protein was extracted from 8-day-old 
seedlings and immunoblotting was performed using anti-PIF5 antibody. Asterisk 
indicates a non-specific band. c, Analysis of PIF5-YFP protein abundance before 
and after NaCl treatment. Eight-day-old seedlings were treated with 150 mM 
NaCl under white-light conditions and immunoblotting was performed using 
anti-GFP antibody. d, Analysis of PIF5-YFP protein abundance in the wild type 
and phyB-9 mutant background before and after 150 mM NaCl treatment under 
white-light conditions. Immunoblotting was performed using anti-GFP antibody. 
e, Representative images of each genotype grown on soils for 22 d under LD 
conditions. Scale bar, 1 cm. f, Quantification of the petiole length of plants shown 

in e. Values are the means ± s.d. (n = 15 seedlings). g, Survival rate of seedlings 
grown on NaCl (120 mM) medium under white light in LD conditions. Values are 
the means ± s.d. of three biological replicates. h, Survival rate of seedlings grown 
on NaCl (120 mM) medium under white-light conditions (16 h light/8 h dark 
cycle). Values are the means ± s.d. of three biological replicates (n = 30 seedlings 
in each replicate). i, Hypocotyl phenotype of each genotype. Three-day-old 
seedlings were transferred to 1/2 MS or NaCl (120 mM) medium and grown under 
dark conditions for 5 d. Scale bar, 2 mm. j, Relative hypocotyl length of seedlings 
grown on NaCl medium compared with those grown on MS medium under dark 
conditions. Values are the means ± s.d. (n = 25 seedlings). Different letters in f, g 
and j indicate statistically significant differences (P < 0.01, one-way ANOVA). In 
h, **P < 0.01, two-sided Student’s t-test. The experiments in a–d were repeated 
independently at least three times with similar results.
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that phosphorylates phyB. Our data further support the idea that the 
FER-mediated phosphorylation of phyB controls photobody dynamics, 
which in turn regulates plant growth and salt tolerance. Collectively, 
this study not only identifies a kinase (FER) that phosphorylates phyB 
but also reveals a novel mechanism by which plants coordinate growth 
and salt tolerance via the FER-phyB module (Fig. 7).

The roles of the phyB-PIF module in the regulation of plant growth 
under salt stress have been reported in previous studies33–35. Under salt 
stress, tomato plants grown under conditions with a low R:FR ratio 
display higher plant height and biomass than those grown under a 
high R:FR ratio33. Overexpression of PIF-LIKE14 (OsPIL14) in rice (Oryza 
sativa) promotes mesocotyl and root growth under high salinity by 
directly regulating cell elongation-related genes34. However, the early 
signalling components that link salt stress to phyB-PIFs-mediated 
growth regulation were not known. Our data showed that salt stress 
delays photobody dissociation via the inhibition of FER-mediated 
phosphorylation of phyB, and the phyB-9 mutant or the plants overex-
pressing PIF5 display longer hypocotyls under high salinity, suggesting 
that plants utilize the FER-phyB-PIF module to regulate growth under 
salt stress. FER is considered as a sensor of cell wall integrity and the 
cell wall status largely determines plant growth and development36,37, 
hence we propose that FER may function in translating cell wall signals 
to regulate the phyB-mediated signalling pathway and thus dynamically 
fine-tunes plant growth in response to environmental stress. However, 
whether phyB regulates cell wall repair under salt stress requires fur-
ther investigation.

The present study also showed that phyB mutation or overexpres-
sion of PIF5 suppresses the leaf bleaching phenotype of both lrx345 
and fer-4 mutants under salt stress, which further corroborates that 
FER and LRX3/4/5 function in a similar pathway to regulate salt toler-
ance. Ours and previous studies both showed that OsphyB mutation in 
rice results in an increased survival rate under salt stress38, indicating 
that the phyB-mediated signalling pathway negatively regulates plant 
survival under salt stress. In tobacco, mutations of phyA and phyB result 
in an increased survival rate under salt stress, which is largely due to 

increased activation of antioxidant enzymes and subsequently reduced 
ROS accumulation39, suggesting that the phytochromes-mediated 
pathways repress the accumulation of ROS under salt stress. Our 
recent study has shown that the enhanced leaf bleaching of the fer-4 
mutant under salt stress is caused by the overaccumulation of ROS and 
excessive expression of stress-responsive genes27. Here, gene expres-
sion analysis showed that the increased expression of salt stress- and 
ROS-responsive genes in the fer-4 mutant is compromised by the phyB-9 
mutation, indicating that the suppression of salt-induced cell death of 
the fer-4 mutant by the phyB-9 mutation is to some extent attributed 
to attenuated stress response and ROS accumulation.

FER is a plasma membrane-localized receptor-like kinase and 
there has been no indication of a nuclear localization of FER, hence it 
is likely that the phosphorylation of phyB by FER occurs in the cytosol 
and then the phosphorylated phyB is transported into the nucleus 
to promote phyB turnover. This hypothesis is supported by our data 
showing that FER and phyB are co-localized in the cytosol rather than in 
the nucleus, and FER predominantly interacts with the Pr form of phyB. 
FER phosphorylates Ser106 and Ser227, and substitutions of these two 
phosphosites to Ala result in delayed photobody dissociation, imply-
ing that FER-mediated phosphorylation is required for the regulation 
of phyB thermal reversion. Apart from Ser106 and Ser227, Ser86 and 
Tyr104 are also phosphorylation sites that are required for modulat-
ing phyB thermal reversion12,13, but the kinases that phosphorylate 
these two sites remain to be determined. Because phosphorylation of 
different sites at the N terminus causes a similar effect on the thermal 
reversion of phyB, it is possible that multiple kinases are involved in 
phosphorylating phyB, and this strategy enables plants to regulate 
phyB turnover in response to diverse developmental and environ-
mental cues. Strikingly, in vitro analysis showed that phosphorylation 
of phyB by FER alone is sufficient to accelerate Pfr-to-Pr conversion, 
supporting the key role of phosphorylation events in the regulation of 
phyB turnover. Formation of photobodies is considered as an event of 
liquid-liquid phase separation (LLPS)40–42, hence whether phosphoryla-
tion affects the LLPS of phyB merits further investigation.
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Fig. 7 | A proposed working model. Without salt stress, FER-mediated 
phosphorylation of phyB facilitates photobody dissociation and decreases phyB 
protein abundance in the nucleus, thus promoting plant growth. Under salt 
stress, inhibition of FER kinase activity results in the accumulation of more non-
phosphorylated phyB, thus enhancing photobody stability and increasing phyB 
protein abundance in the nucleus, which in turn promotes PIFs degradation. 

As a consequence, plant growth is impaired, accompanied by the activation of 
the stress response. We propose that dynamic regulation of phyB accumulation 
in the nucleus is beneficial for plants to balance growth and stress response; 
however, in the fer-4 mutant, overaccumulation of phyB in the nucleus probably 
leads to overactivation of the stress response, which is detrimental to the survival 
of plants under high salinity.
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Under salt stress, photobody dissociation is inhibited, largely 
due to the reduced kinase activity of FER. However, the molecular 
mechanisms underlying the inhibition of FER kinase activity under 
salt stress is still elusive. Salt stress causes modification of pectin29,36, 
and recent studies showed that FER directly binds to pectin and the 
status of pectin is an important factor that determines FER kinase 
activity29; hence, it is possible that salt stress affects the kinase activ-
ity of FER via modification of pectin. Moreover, it has been widely 
demonstrated that RALFs are the ligands of FER23,43, and our previous 
study showed that salt treatment induces the production of mature 
RALF peptides26. Therefore, it is likely that RALFs are required for 
salt-triggered inhibition of FER kinase activity. Currently, the influence 
of RALFs on the activation of FER remains controversial. The positive 
role of RALFs in the activation of FER is supported by data showing that 
application of synthesized mRALF1 triggers the phosphorylation of FER 
within 5 min44,45. However, the phosphorylation sites of FER induced 
by mRALF1, including Ser858, Ser871 and Ser877, are all located in the 
region after the kinase domain44, and experimental evidence has shown 
that phosphorylation of Ser871 negatively regulates the kinase activity 
of FER46. Thus, we cannot rule out the possibility that RALF1-triggered 
phosphorylation may have a negative impact on the kinase activity of 
FER. Actually, the negative regulation of FER by RALFs is supported by 
several genetic studies showing that plants overexpressing RALFs or 
being treated with exogenous mature RALFs mimic the phenotypes 
of the fer-4 mutant. For example, fer-4 mutation and overexpression 
of RALF23 both result in reduced flg22- or elf18-induced ROS bursts, 
enhanced stability of MYC2 and increased sensitivity to bacteria23,47. In 
addition, fer-4 mutation and overexpression of RALF22 both lead to a 
dwarf phenotype and leaf bleaching under salt stress26,48,49. In the future, 
the regulation of FER kinase activity by RALFs needs to be investigated 
in more detail, especially in the contexts of different developmental 
stages and different environmental stimuli.

Our study reveals a cross-talk between the light and salt stress 
signalling pathways via the FER-mediated phosphorylation of phyB, 
which advances our understanding of how plants rapidly and dynami-
cally coordinate growth and stress responses under adverse environ-
mental conditions. Our study also provides an example of how a plasma 
membrane-localized receptor-like kinase controls nuclear output by 
regulating the turnover of a nucleus-localized protein simply via a phos-
phorylation signature, which could be a common mechanism applicable 
to other receptor-like kinases. Moreover, phosphorylation-mediated 
regulation in response to environmental conditions may also be applied 
to other photoreceptors, such as other phytochromes and cryp-
tochromes, all of which have been reported to undergo phosphoryla-
tion modifications50–52. Remarkably, phyB mutation or overexpression 
of PIF genes not only promotes plant growth but also largely enhances 
plant survival under salt stress, which provides important genetic loci 
for the engineering of salt-tolerant crops without growth penalty.

Methods
Plant materials and growth conditions
The Columbia (Col-0) or Landsberg erecta (Ler) ecotype of A. thali-
ana and the Nipponbare of rice (Oryza sativa) were used as the 
wild-type plant materials. lrx345, fer-4 and proFER::FER-GFP trans-
genic plants have been described previously26. phyB-9 (CS6217), pif5-3 
(SALK_087012) and pifq (CS66049) mutants were obtained from the 
Arabidopsis Biological Resource Center (ABRC). The phyBY276H/phyB-5 
(YHB, in Ler background) was obtained from Prof. J. Clark Lagarias 
(University of California, Davis, USA). Transgenic plants expressing 
p35S::phyBWT-GFP, p35S::phyBS106AS227A-GFP, p35S::phyBS106DS227D-GFP, 
p35S::PIF5-YFP, phyBpro::phyB-Myc and p35S::PIF3-GFP were generated 
by Agrobacterium tumefaciens strain GV3101-mediated transforma-
tion. OsphyB mutant was a gift from Prof. Rongxiang Fang (Institute 
of Microbiology, CAS, China). Primers used for genotyping are listed 
in Supplementary Table 3.

Seeds were sterilized with 15% bleach and sown on 1/2 MS medium 
with 0.8% agar and 1% sucrose (w/v). After stratification at 4 °C for 
2 to 4 d, the plates were placed in a growth chamber at 22 °C with a 
long-day light cycle (LD, 16 h light/8 h dark, with light intensity of 
100 μmol m−2 s−1). Measurement of the fluence rate curve was per-
formed as described previously53. The seeds were sown on 1/2 MS 
medium without sucrose and transferred to white light for 4 h at 22 °C 
to trigger germination, and then the germinated seeds were transferred 
to the continuous red light (LED; 660 nm) under various fluence con-
ditions for 4 d. For survival rate measurement, plants were grown on 
120 mM NaCl medium under normal white light (NL, ~100 μmol m−2 s−1) 
or weak white-light (WL, ~5 μmol m−2 s−1) conditions with a 16 h light/8 h 
dark light cycle, and survival rate was measured after growing for 
approximately 8 d. For survival rate measurement under red-light 
illumination, plants grown on 120 mM NaCl medium were exposed to 
continuous high red-light intensity (~15 μmol m−2 s−1) or continuous low 
red-light intensity (~1 μmol m−2 s−1), and survival rate was quantified 
after growing for approximately 8 d. Measurement of survival rate of 
rice under salt stress was performed as described previously54. Briefly, 
germinated seeds were transferred to Yoshida’s culture solution and 
placed in a growth chamber at 28 °C with a short-day light cycle (SD, 
8 h light/16 h dark). Two-week-old seedlings were treated with 100 mM 
NaCl and survival rate was calculated after growing for 12 d.

Measurement of plant size
For petiole length measurement, 7-day-old seedlings were transferred 
to soil and grown for 22 d. The largest expanded rosette leaf was excised 
from each plant and the length of petiole was measured. For hypocotyl 
measurement, plants were grown in growth chambers at 22 °C under LD 
conditions for 4 d, and the plants were then grown in darkness for 3 d. 
For hypocotyl measurement under salt stress, seedlings were grown in 
a growth chamber at 22 °C under LD conditions for 3 d and then trans-
ferred to 1/2 MS medium supplemented with NaCl. The seedlings were 
grown under dark conditions for an additional 5 d before hypocotyl 
length measurement using ImageJ software. For plant height measure-
ment, 7-day-old seedlings were transferred to soil. After growth under 
LD light conditions for 28 d, plant height was measured.

Plasmid construction
For the generation of transgenic plants, the coding sequence (CDS) 
of phyB was amplified and cloned into pEarleyGate 103 vector using 
the XhoI restriction site. pEarleyGate 103-phyBS106AS227A and pEarl-
eyGate 103-phyBS106DS227D constructs were generated by PCR-based 
point mutation using PrimerSTAR Max DNA polymerase (Takara). 
To generate pEarleyGate101-PIF5, the CDS of PIF5 was amplified and 
cloned into pDONR207 using a BP Clonase II kit (Thermo Fisher), and 
then pDONR207-PIF5 was recombined into pEarleyGate101 using an 
LR Clonase II kit (Thermo Fisher). To generate pCambia1300 PIF3-GFP, 
the CDS of PIF3 was amplified and cloned into pCambia1300-GFP using 
the BamHI and SalI restriction sites. For yeast two-hybrid assay, the 
CDS of phyB, phyBN (1–651 amino acid (aa)) and phyBC (652-1172 aa) 
were amplified and cloned into pGADT7 using the EcoRI and BamHI 
restriction sites. The CDS sequence of FERKD (536–895 aa) was ampli-
fied and cloned into pGBKT7 using the EcoRI and BamHI restriction 
sites. For split luciferase complementation assay, the CDS of phyB, 
phyBN, phyBC, FER, FERCD (470–895 aa) and THE1 were amplified and 
cloned into pDONR207 before being recombined into nLUC or cLUC 
vector. For recombinant protein expression, the CDS of FERCD was 
amplified and cloned into pET28a using the EcoRI and SalI restriction 
sites. The pET28a-FERCDK565R construct was generated by PCR-based 
point mutation. The phyBNS106AS227A, phyBNS86A and phyBNS86AS106AS227A 
constructs for the expression of recombinant proteins were gener-
ated by PCR-based point mutation using phyBN plasmid (PMH1105, 
Addgene) as a template. All primers used for plasmid construction are 
listed in Supplementary Table 3.
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Mutant screening and BSA
The lrx345 mutant seeds were mutagenized with ethylmethane sul-
fonate, and suppressors were screened in the M2 generation. The identi-
fied suppressor slrx620 was crossed with lrx345. In the F2 population, 
approximately 120 plants that survived on NaCl medium were pooled 
for genomic DNA extraction using a DNeasy Plant Maxi kit (QIAGEN). 
The isolated DNA was sent for Illumina sequencing and BSA was per-
formed according to a protocol described previously55.

RNA extraction and RT–qPCR
Seeds were sterilized and sown on 1/2 MS medium with 0.8% agar and 1% 
sucrose (w/v). After stratification at 4 °C for 2 d, the plates were placed 
in a growth chamber under white light in LD conditions at 22 °C for 
8 d. Total RNAs were extracted from whole seedlings using an Eastep 
Total RNA Super Extraction kit (Promega) according to the manufac-
turer’s instructions. Complementary DNA (cDNA) was synthesized 
from messenger RNA (mRNA) using ABScript III RT Master Mix for 
qPCR with gDNA Remover kit (ABclonal). Quantitative PCR with reverse 
transcription (RT–qPCR) was performed using iTaqUniversal SYBR 
Green Supermix (Bio-Rad). Primers used for RT–qPCR are listed in 
Supplementary Table 3.

Yeast two-hybrid assay
Bait vector pGBKT7 and prey vector pGBKT7 harbouring FERKD or 
phyB were co-transformed into yeast strain AH109. After incubation 
at 30 °C for 2 d, positive yeast colonies containing bait and prey con-
structs were selected on SD/-Trp/-Leu plates. The selected yeast colo-
nies were incubated in liquid medium overnight at 30 °C, and then the 
yeast cells were diluted to an optical density (OD)600 of 0.5 and spotted 
on SD/-Trp/-Leu or SD/-Trp/-Leu/-His medium.

Split luciferase complementation assay
A split luciferase complementation assay was performed using N. 
benthamiana leaves. nLUC or cLUC fused with the tested genes was 
introduced into A. tumefaciens strain GV3101. Strain colonies were 
incubated in LB liquid medium overnight, and bacterial cells were 
resuspended in infiltration buffer (10 mM MgCl2, 10 mM MES (pH 
5.7) and 200 μM acetosyringone) and diluted to an OD600 of 0.5. After 
incubation at room temperature for 3 h in the dark, cell suspensions 
were injected into N. benthamiana. After 48 h, luciferin was sprayed 
on tobacco leaves and fluorescence was detected using plant living 
imaging system NightShade LB985.

Recombinant protein expression and in vitro kinase assay
Recombinant phyB-Avi-His encoded by the plasmid pMH1105 was 
purified as previously described31. The construct of PMH1105- 
phyBN, PMH1105-phyBNS86A, PMH1105-phyBNS106AS227A or PMH1105- 
phyBNS86AS106AS227A was transformed into strain BL21 Star (DE3) (WEDI). 
The bacteria were incubated in LB liquid medium at 37 °C until OD600 
reached 0.8, and then isopropyl b-d-1-thiogalactopyranoside (IPTG, 
1 mM final concentration) was added to the cell culture and incubated 
at 16 °C for 18 h. Bacterial solutions were centrifuged and pellets were 
resuspended in lysis buffer (50 mM HEPES, 300 mM NaCl, 20 mM 
imidazole, 5% (v/v) glycerol and 1 mM tris(2-carboxyethyl)phosphine 
(TCEP) at pH 7.5) and lysed using a high-pressure homogenizer. The 
samples were loaded into a Histrap HP column (Cytiva) and eluted 
with an imidazole linear gradient of 20–500 mM imidazole using an 
Äkta system at 4 °C. The proteins were concentrated and loaded into 
a Superdex 200 column (Cytiva) pre-equilibrated with protein buffer 
(1x PBS and 0.5 mM TCEP). For recombinant His-FERCD purification, 
pET28a-FERCD or pET28a-FERCDK565R construct was transformed into 
strain BL21-CodonPlus (DE3)-RIPL (WEDI). After overnight induction 
at 16 °C with 1 mM IPTG, the bacterial solution was centrifuged and 
pellet was resuspended in lysis buffer (20 mM HEPES, 300 mM NaCl, 
20 mM imidazole, 1% (v/v) Triton X-100 and 1 mM TCEP at pH 7.5) and 

lysed using a high-pressure homogenizer. The sample was loaded into 
a Histrap HP column and eluted with an imidazole linear gradient of 
20–500 mM imidazole using an Äkta system at 4 °C. Then, the recom-
binant protein was purified with a Hitrap Q FF column (Cytiva) using a 
20–500-mM linear NaCl gradient.

An in vitro kinase assay was performed using ATP-gamma-S 
(Abcam) as previously described56. phyBNWT, phyBNS86A or phyBN-
S106AS227A was incubated with His-FERCD in 25 μl kinase buffer (50 mM 
HEPES (pH 7.5), 5 mM MgCl2, 1 mM dithiothreitol (DTT) and 1 mM 
ATP-gamma-S). The mixture was incubated at room temperature for 
30 min before the proteins were mixed with 2.5 mM p-Nitrobenzyl 
mesylate (Abcam) and incubated at room temperature for 2 h. After 
adding 1x SDS loading buffer, the phosphorylated proteins were 
detected by immunoblotting using anti-thiophosphate ester antibody 
(Abcam, ab92570) and total protein inputs were visualized by Coomas-
sie brilliant blue (CBB) staining.

Protein extraction and Co-IP assay
Proteins were extracted using lysis buffer (50 mM Tris-HCl (pH 7.5), 
150 mM NaCl, 0.5 mM EDTA, 5% (v/v) glycerol, 1 mM DTT, 1 mM phe-
nylmethylsulfonyl fluoride (PMSF), 1x complete protease inhibitor 
cocktail and 0.1% (v/v) NP-40). The extraction buffer was centrifuged 
at 14,000 × g and 4 °C for 10 min and the supernatant was transferred 
to a new 1.5 ml Eppendorf tube. The total protein concentration of each 
sample was measured and adjusted to the same level using Quick Start 
Bradford Dye reagent (Bio-Rad). The protein samples were boiled with 
1x SDS loading buffer and analysed by immunoblotting. The proteins 
were detected by using anti-GFP (Sigma, 11814460001, 1:3,000 dilu-
tion), anti-phyB (phytoAB, PHY1733, 1:2,000 dilution) or anti-PIF5 
(Agrisera, AS12 2112, 1:1,000 dilution) antibodies, and goat anti-mouse 
HRP conjugate (Bio-Rad, 1721011, 1:10,000 dilution) or goat anti-rabbit 
HRP conjugate (Bio-Rad, 1721019, 1:10,000 dilution) was used as a 
secondary antibody.

For Co-IP assay in dark or red-light conditions, FERpro::FER-GFP 
and FERpro::FER-GFP/phyBpro::phyB-Myc seedlings were grown under 
dark conditions for 7 d and then transferred to red light or kept under 
darkness for 6 h. Total proteins were extracted from whole seedlings 
using the same lysis buffer described above. After centrifugation, the 
supernatant was incubated at 4 °C for 4 h with anti-Myc antibody (Cell 
Signaling Technology, 2278) and then incubated with protein G agarose 
(Millipore, 16-266) for 2 h at 4 °C. The beads were washed twice with 
wash buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl and 0.5 mM EDTA) 
and once with 1x PBS. After centrifugation, the beads were boiled with 
2x SDS sample buffer for 10 min. The immunoprecipitated proteins 
were detected by SDS–PAGE using anti-Myc and anti-GFP antibodies.

In vivo phosphorylation assay
For phosphorylation assay in vivo, seedlings were grown on 1/2 MS 
or 100 mM NaCl medium (without sucrose) in the dark for 7 d. Total 
proteins were extracted using lysis buffer (50 mM Tris-HCl (pH 7.5), 
150 mM NaCl, 1% (v/v) Triton X-100, 1 mM PMSF, 1x complete protease 
inhibitor cocktail and 1x phosphatase inhibitor cocktail set II (Millipore, 
524625)). The extraction buffer was centrifuged twice at 14,000 × g at 
4 °C for 10 min, and the supernatant was transferred to a new tube. 
The total protein concentration of each sample was measured and 
adjusted to the same level using Quick Start Bradford Dye reagent. 
Then, the protein extract was incubated with anti-GFP magarose beads 
(Smart-lifesciences, SM038001) for 4 h at 4 °C. The beads were washed 
four times in washing buffer (50 mM Tris-HCl (pH 7.5), 150 mM NaCl, 
0.1% (v/v) Triton X-100) and twice with 1x PBS. The beads were boiled 
with 2x SDS sample buffer for 10 min and the immunoprecipitated pro-
teins were detected by SDS–PAGE using anti-phosphoserine (Abcam, 
ab9332, 1:125 dilution) and anti-GFP antibodies.

For mass spectrometry analysis in vivo, the beads containing 
immunoprecipitated phyB-GFP were dissolved in lysis buffer with 
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guanidine hydrochloride, TCEP and calcium acetylacetonate and incu-
bated at 65 °C for 5 min. After centrifugation at 14,000 g for 15 min, 
ammonium bicarbonate and trypsin (1:50) were added to each sam-
ple and the sample incubated overnight at 37 °C. After digestion, 
chromatographic separation was performed using an Easy nLC 1200 
chromatographic system (Thermo Fisher). Then, the peptides were 
analysed with the targeted parallel reaction monitoring method using 
a Q Exactive HF-X mass spectrometer (Thermo Fisher). Peak lists were 
generated using Proteome Discoverer. For quantitative analysis, the 
phosphopeptide signal was calculated from the peak areas of the 
non-phosphorylated and the phosphorylated peptides according to 
the following equation: Phosphopeptide signal = Phosphopeptide 
peak area / (Phosphopeptide peak area+ non-phosphorylated peptide 
peak area).

Nuclear fractionation
For nuclear fractionation assay, seedlings were grown under LD con-
ditions for 6 d and then transferred to the dark for 3 d. For salt stress 
treatment, 6-day-old seedlings were transferred into 1/2 liquid MS with 
or without 120 mM NaCl and then placed in the dark for 3 d. Nuclear 
fractionation assay was performed as described previously57. Total 
proteins were extracted from seedlings using fractionation extraction 
buffer (2.5% (w/w) Ficoll 400, 5% (w/w) dextran T40, 0.4 M sucrose, 
25 mM Tris-HCl (pH 7.5), 10 mM MgCl2, 1 mM DTT, 1 mM PMSF and 1x 
complete protease inhibitor cocktail). The mixture was filtered twice 
with one layer of Miracloth (Millipore) and the homogenate with the 
same concentration was used as total protein. For nuclear protein 
extraction, the homogenate was incubated with 0.5% (v/v) Triton X-100 
on ice for 15 min and centrifuged at 1,500 g for 5 min at 4 °C. The super-
natant was used as cytosolic proteins. The pellet was washed twice 
with wash buffer (2.5% (w/w) Ficoll 400, 5% (w/w) dextran T40, 0.4 M 
sucrose, 25 mM Tris-HCl (pH 7.5), 10 mM MgCl2 and 0.1% (v/v) Triton 
X-100), resuspended in 80 μl of fractionation extraction buffer, and 
the suspension was used as nuclear protein. Immunoblottings were 
performed using anti-phyB, anti-PEPC (Agrisera, AS09458, 1:2,000 
dilution) and anti-H3 (Millipore, 07-690, 1:10,000 dilution) antibodies. 
Band abundance was estimated using ImageJ. In each fractionation, 
wild-type sample at 0 h was set as 1 and the band abundance of other 
samples was divided by the value of the wild-type sample at 0 h.

Analysis of the kinase activity of FER
Seven-day-old proFER::FER-GFP seedlings grown under LD conditions 
were transferred into 1/2 liquid MS for 12 h and then treated with H2O 
or 150 mM NaCl for 5 min. Total proteins were extracted from these 
seedlings using protein lysis buffer. After centrifugation, the super-
natant was incubated at 4 °C for 4 h with anti-GFP magarose beads. 
Then, the beads were washed twice with wash buffer (50 mM Tris-HCl 
(pH 7.5), 150 mM NaCl and 0.5 mM EDTA), twice with 1x PBS and twice 
with kinase buffer (50 mM HEPES (pH 7.5) and 1 mM DTT). The pel-
let was resuspended in 10 μl kinase buffer. The immunoprecipitated 
proteins were incubated in 25 μl kinase buffer (50 mM HEPES (pH 
7.5), 5 mM MgCl2, 1 mM DTT and 1 mM ATP-gamma-S) for 30 min at 
room temperature. Then, the reaction buffer was mixed with 2.5 mM 
p-Nitrobenzyl mesylate and incubated at room temperature for 2 h. 
Autophosphorylation of FER was detected by immunoblotting using 
an anti-thiophosphate ester antibody.

Confocal imaging
Confocal microscopy was performed with a Leica TCS SMD FLCS con-
focal laser scanning microscope. Green fluorescent protein (GFP) 
was excited at 488 nm using argon and collected with a 510–550 nm 
detector. mCherry was excited at 561 nm using argon and collected 
with a 610–650 nm detector. For light to dark treatment, seedlings were 
grown on 1/2 MS under LD conditions for 5 d and then the seedlings were 
exposed to light for 5 h before being subjected to dark treatment for 1 h 

and 3 h. For salt treatment, after growth on 1/2 MS under LD conditions 
for 5 d, the seedlings were transferred to 1/2 MS medium supplemented 
with NaCl at ZT0. After 5 h of light exposure, the seedlings were kept in 
the dark for 1 h and 3 h before observation of photobodies.

Pfr-to-Pr conversion analysis
In vitro Pfr-to-Pr conversion analysis of recombinant phyB protein was 
performed as previously described31. For the assessment of Pfr-to-Pr 
conversion after red or far-red light illumination, the recombinant 
phyBN proteins together with chromophore phycocyanobilin (PCB) 
were incubated in a protein buffer (1x PBS and 0.5 mM TCEP) and illu-
minated for 5 min with 660 (~17 μmol m−2 s−1) or 740 nm (~5 μmol m−2 s−1) 
light before measurement. For the measurement of Pfr-to-Pr conver-
sion after dark treatment, phyBNWT and the mutated variants of phyBN 
were illuminated with 660 nm (~17 μmol m−2 s−1) light for 5 min and then 
placed under dark conditions. To test the influence of FER on Pfr-to-Pr 
conversion, phyBNWT alone or phyBWT incubated with His-FERCD or 
His-FERCDK565R in kinase buffer (50 mM HEPES (pH 7.5), 5 mM MgCl2, 
1 mM DTT and 1 mM ATP) was illuminated at 660 nm (~17 μmol m−2 s−1) 
for 5 min and then subjected to dark treatment. Absorption spectra 
at 651 nm (Pr form) and 714 nm (Pfr form) were measured using a Nan-
odrop 2000C spectrophotometer and the Pfr/Pr ratio was calculated. 
All experiments were performed at the same temperature.

RNA-seq analysis
Total RNAs were extracted from 8-day-old seedlings using an RNeasy 
Plant Mini kit (Qiagen) according to the manufacturer’s instructions. 
Three biological replicates were performed for each genotype. Reads 
of RNA-seq data were mapped to the Arabidopsis reference genome 
(TAIR10) using HISAT2. Differentially expressed genes between the sam-
ples were identified using the R package edgeR (FDR < 0.05, FC > 1.5). 
Venn diagrams were created using Venny (https://bioinfogp.cnb.csic.es/
tools/ venny/index.html). GO enrichment analysis was performed using 
AgriGO58 (http://systemsbiology.cau.edu.cn/agriGOv2/index.php).

Quantification and statistical analysis
Quantification and statistical parameters are indicated in the legends of 
each figure. Statistical analyses were carried out using Student’s t-test 
(two-sided) for two groups or one-way analysis of variance (ANOVA) fol-
lowed by Duncan analysis for multiple groups. A P value less than 0.05 
was considered significant. All graphs were generated using GraphPad 
Prism v8 for windows or Microsoft Excel for windows.

Reporting summary
Further information on research design is available in the Nature Port-
folio Reporting Summary linked to this article.

Data availability
All materials in this study are available from the corresponding author 
upon request. The raw data of BSA sequencing have been deposited in 
the NCBI BioProject database under accession number PRJNA914087. 
RNA-seq data have been deposited in the NCBI GEO under accession 
number GSE188335. Arabidopsis reference genome (TAIR10) was used 
in this study. Source data are provided with this paper.
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Extended Data Fig. 1 | slrx620 mutation suppresses the phenotypes of lrx345 
mutant. a, Phenotype of wild type, lrx345, and slrx620 mutant grown on  
1/2 MS medium with or without NaCl (120 mM) under white light conditions  
(16 h light/8 h dark cycle). b, Quantification of the survival rate of seedlings 
grown on NaCl medium. Values are the means ± SD of three biological replicates. 
c, Representative images of wild type, lrx345, and slrx620 mutant grown on 
soils for 22 days under LD conditions. Scale bar, 1 cm. d, Quantification of the 
petiole length of plants shown in c. Values are the means ± SD (n = 11 seedlings). 
e, RT–qPCR analysis of the transcript levels of PDF1.2 and PDF1.3 genes in each 
genotype. Values are the means ± SD of three biological replicates.  

f, Identification of mutations in slrx620 mutant by bulked segregant analysis 
(BSA). Red asterisk indicates the location of the mutated gene that is associated 
with the slrx620 mutant phenotypes. g, Diagram illustrating the genomic 
structure of phyB and the mutation site in the slrx620 mutant. h. Hypocotyl 
growth of seedlings grown under white light conditions for 4 days. Scale bar, 
2 mm. i, Quantification of the hypocotyl length of the seedlings shown in h. 
Values are the means ± SD (n = 49-63 seedlings). Asterisks in b, d and e indicate 
statistically significant differences (**P < 0.01, Student’s t test, two-sided). 
Different letters in i indicate statistically significant differences (P < 0.01,  
one-way ANOVA).
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Extended Data Fig. 2 | phyB is involved in FER-mediated regulation of 
plant growth and salt tolerance. a, Representative images of wild type, fer-4, 
phyB-9, and phyB-9 fer-4 siliques. Scale bar, 0.5 mm. b, Representative images 
of wild type, fer-4, phyB-9 fer-4, and 35 S::phyB-GFP/phyB-9 fer-4 grown on soils 
for 22 days under white light conditions (16 h light/8 h dark cycle). Scale bar, 
1 cm. c, Quantification of the petiole length of plants shown in b. Values are 
the means ± SD (n = 21 plants). d, Phenotype of wild type, fer-4, phyB-9 fer-4, 
and 35 S::phyB-GFP/phyB-9 fer-4 grown on 1/2 MS media supplemented with or 
without NaCl (120 mM) under white light conditions. e, Quantification of the 
survival rate of seedlings grown on NaCl medium. Values are the means ± SD of 

three biological replicates. f, Phenotype of wild type, phyB-9, and 35 S::phyB-
GFP/phyB-9 transgenic seedlings grown on 1/2 MS medium with or without NaCl 
(120 mM) under white light conditions. g, Quantification of the survival rate of 
seedlings grown on NaCl medium. Values are the means ± SD of three biological 
replicates. h, Representative images of wild type, fer-4, phyB-9, phyB-9 fer-4, 
35 S::phyB-GFP/phyB-9, and 35 S::phyB-GFP/phyB-9 fer-4 seedlings grown on soils 
for 35 days under white light conditions. Scale bar, 5 cm. i. Quantification of the 
plant height as shown in h. Values are the means ± SD (n = 18-25 plants). Different 
letters in c, e, g and i indicate statistically significant differences (P < 0.01, one-
way ANOVA).
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Extended Data Fig. 3 | phyB mutation suppresses the salt-hypersensitivity of 
the lrx345 and fer-4 mutants under monochromatic red light illumination. 
a, Phenotype of each genotype grown on 1/2 MS media supplemented with or 
without NaCl (120 mM) under continuous red light. b, Quantification of the 
survival rate of seedlings grown on NaCl medium as shown in a. Values are the 
means ± SD of three biological replicates. c, Phenotype of wild type, lrx345, 
and fer-4 seedlings grown on 1/2 MS and 1/2 MS + NaCl (120 mM) media under 
continuous high red-light intensity (~15 μmol m-2 sec-1) or continuous low 
red-light intensity (~1 μmol m-2 sec-1). d, Quantification of the survival rate of 

seedlings grown on NaCl medium as shown in c. Values are the means ± SD of 
three biological replicates. e, Fluence rate response curves to analyze hypocotyl 
elongation inhibition under different red light fluence rates at 22 °C. Wild type 
and fer-4 mutant were grown on 1/2 MS medium without sucrose in dark or 
continuous red light for 4 days. Relative hypocotyl length of the seedings grown 
under different red light fluence rates was calculated by comparing with that 
under dark conditions. Values are the means ± SD (n = 32-41 seedlings). Asterisks 
in b and d indicate statistically significant differences (**P < 0.01, Student’s t test, 
two-sided).
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Extended Data Fig. 4 | Transcriptomic profiling reveals that FER regulates a 
subset of gene expression via phyB. a, Venn diagrams showing the overlapped 
genes that were up-regulated in fer-4 mutant compared with wild type, but 
down-regulated in phyB-9 fer-4 compared with fer-4 mutant. b, Heat map 
of the 272 overlapped genes shown in a. c, GO enrichment analysis for the 
overlapped genes shown in a. Categories that were significantly enriched for 
these overlapped genes were selected and shown. Significance was determined 

using Student’s t test (two-sided). d, Venn diagrams showing the overlapped 
genes that were down-regulated in fer-4 mutant compared with wild type, but 
up-regulated in phyB-9 fer-4 compared with fer-4 mutant. e, Heat map of the 
135 overlapped genes shown in d. f, GO enrichment analysis for the overlapped 
genes shown in d. Categories that were significantly enriched for these 
overlapped genes were selected and shown. Significance was determined using 
Student’s t test (two-sided).
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Extended Data Fig. 5 | Identification of the phosphorylation sites of phyB by 
FER. a, Co-localization analysis of FER and phyB in tobacco leaves under dark 
and white light conditions. Scale bar, 10 μm. b, Split luciferase complementation 
assay showing the interaction of THE1 with phyB. Fluorescence was detected at 
48 h after infiltration of the indicated constructs. c, Mass spectrometry analysis 
of the phosphorylation of phyBN and phyBNAA after incubation with FERCD. In 
the left panel, the two peaks represent nonphosphorylated phyBN and the biotin-
tagged nonphosphorylated phyBN. In the middle and right panels, the newly 

developed peaks represent phosphorylated phyBN. d, The phosphorylation 
sites of phyB after incubation with FERCD were identified by LC–MS analysis. 
PH indicates the phosphorylated residues. e, In vitro kinase assay showing the 
phosphorylation of phyBN and phyBNS86A by FERCD. It should be noted that, 
due to the addition of a small amount of FERCD in the reaction buffer, FERCD 
band was not clearly detected in CBB. The experiments in a and e were repeated 
independently for at least twice with similar results.

http://www.nature.com/natureplants


Nature Plants

Article https://doi.org/10.1038/s41477-023-01390-4

Extended Data Fig. 6 | Identification of the phosphorylation sites of 
phyB by FER in Arabidopsis. a,b, In vivo phosphorylations of S106 (a) and 
S227 (b) residues in phyB were identified by using LC–MS assay. PH indicates 
the phosphorylated residues. c,d, Relative phosphopeptide signals of the 
peptides containing phosphorylated S106 (c) or phosphorylated S227S234 (d) 
residues in wild type and fer-4 seedlings based on LC–MS data. e, Analysis of 
the phosphorylation of phyB in wild type and fer-4 seedlings grown on 1/2 MS 
medium with or without NaCl (120 mM). Total proteins were extracted from 

seven-day-old etiolated seedlings. phyB-GFP protein was immunoprecipitated 
with anti-GFP magarose beads, and immunoblotting assays were performed 
using anti-phosphoserine and anti-GFP antibodies. The experiment was repeated 
independently for twice with similar results. f, Relative phosphopeptide 
signals of the phyB peptides containing phosphorylated S94S106 residues in 
Arabidopsis seedlings treated with or without NaCl (150 mM). Values in c, d and 
f are the means ± SD of two biological replicates. Asterisks in c and f indicate 
statistically significant differences (*P < 0.05, Student’s t test, two-sided).
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Extended Data Fig. 7 | Phosphorylation of Ser106 and Ser227 is required  
for the regulation of photobody dissociation under dark conditions.  
a, Protein abundance of phyB in wild type (Col-0), 35 S::phyB-GFP/phyB-9 (WT), 
and 35 S::phyBS106AS227A-GFP/phyB-9 (AA) transgenic plants was analyzed using 
anti-phyB antibody. b, Hypocotyl phenotype of four-day-old seedlings grown 
on 1/2 MS medium under white light conditions (16 h light/8 h dark cycle). Scale 
bar, 2 mm. c, Quantification of the hypocotyl length of the seedlings shown 
in b. Values are the means ± SD (n = 50-55 seedlings). d, Time-course analysis 
of the hypocotyl length of seedlings before and after dark treatment (n = 33 
seedlings). e, Protein abundance of phyB in each genotype was analyzed by using 
anti-phyB antibody. DD represents 35 S::phyBS106DS227D-GFP/phyB-9 transgenic 
plants. f, Photobody dissociation under dark conditions. Five-day-old seedlings 
were exposed to white light for 5 h (ZT5) after dawn, and then the seedlings 

were treated in darkness for 1 h and 3 h before observation of photobodies. 
Scale bar, 4 μm. g, Quantification of the diameter of phyB photobodies shown 
in f. Values are the means ± SD (n > 100 bodies from 30-40 cells). h, Hypocotyl 
length of four-day-old seedlings grown on 1/2 MS medium under white light 
conditions. Values are the means ± SD (n = 54 seedlings). i, Protein abundance 
of phyB in each genotype was analyzed using anti-phyB antibody. j, Hypocotyl 
phenotype of four-day-old seedlings grown on 1/2 MS medium under white light 
conditions. Scale bar, 2 mm. k, Quantification of the hypocotyl length of the 
seedlings shown in j. Values are the means ± SD (n = 38-53 seedlings). Asterisks 
in g indicate statistically significant differences (**P < 0.01, Student’s t test, two-
sided). Different letters in c, h, and k indicate statistically significant differences 
(P < 0.01, one-way ANOVA). The experiments in a, e and i were repeated 
independently for at least three times with similar results.
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Extended Data Fig. 8 | Phosphorylation of phyB is not required for far-red 
light-triggered photoconversion. a, Spectral analysis of the photoswitching 
of wild type phyBN, phyBNS106AS227A, phyBNS86A, and phyBNS86AS106AS227A after 
irradiance with far-red light. Proteins were exposed to red light illumination 
(~17 μmol m-2 sec-1) for 5 min and then exposed to far-red light illumination 
(~5 μmol m-2 sec-1) for 5 min. Red lines indicate absorbance spectra after red 
light illumination and blue lines indicate absorbance spectra after far-red light 
illumination. The absorption spectra of phyBN were measured using Nanodrop 

2000C spectrophotometer. b, Quantification of the absorption spectra of 
the wild type phyBN and point-mutated phyB under red light and far-red light 
illumination. Y axis represents Pfr/Pr ratio. Values are the means ± SD of three 
independent replicates. Different letters indicate statistically significant 
differences (p < 0.01, one-way ANOVA). c, Recombinant His-FERCD and His-
FERCDK565R were detected by Coomassie Brilliant Blue (CBB) staining. His-
FERCD was treated with or without λPPase. The experiments were repeated 
independently for three times with similar results.
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Extended Data Fig. 9 | phyB-PIFs module is required for the regulation of 
plant survival under salt stress. a, The survival rate of wild type, 35 S::phyB-
GFP/phyB-9 and 35 S::phyBS106AS227A-GFP/phyB-9 (AA) seedlings grown on 1/2  
MS medium supplemented with NaCl (120 mM) under white light conditions  
(16 h light/8 h dark cycle). Values are the means ± SD of three independent 
replicates. b, RT–qPCR analysis of the transcript level of PIF5 gene in wild type  
and 35 S::PIF5-YFP transgenic plants. ACTIN8 was used as an internal control.  
c, RT–qPCR analysis of the transcript level of PIF3 gene in wild type and PIF3OE/

fer-4 seedlings. d, Phenotypes of wild type, fer-4, PIF3OE/WT, and PIF3OE/fer-4 
seedlings grown on 1/2 MS medium with or without NaCl (120 mM) under white 
light conditions. e, Quantification of the survival rate of seedlings grown on 
NaCl medium. Values in a, b, c and e are the means ± SD of three independent 
replicates. Different letters in a and e indicate statistically significant differences 
(p < 0.01, one-way ANOVA). Asterisks in c indicate statistically significant 
differences (**P < 0.01, Student’s t test, two-sided).
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