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ABSTRACT
In plants, the photoperiod sensitivity directly in-
fluences flowering time, which in turn affects
latitudinal adaptation and yield. However, re-
search into the mechanisms underlying photo-
period sensitivity, particularly those mediated by
epigenetic regulation, is still in its nascent stages.

In this study, we analyzed the regulation of pho-
toperiod sensitivity in Arabidopsis thaliana. We
demonstrate that the evening complex LUX AR-
RYTHMO (LUX) and the chromatin remodeling
factor SWITCH/SUCROSE NONFERMENTING 3C
(SWI3C) regulate GI locus chromatin compaction
and H3K4me3 modification levels at the GI-
GANTEA locus under different photoperiod con-
ditions. This mechanism is one of the key factors
that allow plants to distinguish between long‐day
and short‐day photoperiods. Our study provides
insight into how the LUX–SWI3C module regu-
lates photoperiod sensitivity at the epigenetic
level.
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INTRODUCTION

To ensure successful reproduction, plants must select the
appropriate time to transition from vegetative growth to

reproductive development. This transition is governed by the
perception of various environmental cues, among which
photoperiod—the length of day and night—plays a pivotal role
in determining when to flower. Based on their responses to
different day lengths, plants are categorized into long‐day (LD),
short‐day (SD), and day‐neutral species. Arabidopsis (Arabi-
dopsis thaliana) is a typical facultative LD model plant, and its
photoperiod‐regulated flowering has been extensively studied
(Song et al., 2015; Creux and Harmer, 2019; Takagi et al., 2023).
Photoreceptors continuously detect changes in photoperiod

and relay this information through a series of signaling events to
GIGANTEA (GI), a critical regulatory component in the photo-
periodic pathway (Yu et al., 2008; Shim et al., 2017; Liu et al.,
2023). GI interacts with the F‐BOX protein FLAVIN BINDING
KELCH REPEAT F‐BOX protein 1 (FKF1) to degrade the DOF
family transcriptional regulators cyclic DOF factors (CDFs)
(Imaizumi et al., 2005; Sawa et al., 2007), thereby alleviating the
transcriptional repression of the core photoperiodic pathway
factor gene CONSTANS (CO) (Fornara et al., 2009), whose
encoded protein CO induces transcription of flowering locus
T (FT) in the phloem (Samach et al., 2000; An et al., 2004; Wigge
et al., 2005). FT is then transported to the shoot apical meristem
(SAM), where it regulates the expression of a suite of flowering
genes and promotes flowering (Corbesier et al., 2007).
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The evening complex (EC) acts as a transcriptional re-
pressor, binding to the promoters of key target genes and
keeping their expression low (Nusinow et al., 2011). The EC
primarily consists of EARLY FLOWERING 3 (ELF3), ELF4, and
LUX ARRHYTHMO (LUX, reported as PHYTOCLOCK1
(PCL1)), with all of the encoding genes showing peak ex-
pression at dusk. LUX is a MYB family transcription factor
(Silva et al., 2016), ELF4 is a small nucleus‐localized protein
that promotes the nuclear localization of ELF3 (Doyle et al.,
2002; Kikis et al., 2005; Huang et al., 2016), and ELF3 inter-
faces with ELF4 and LUX, connecting the EC to light‐
signaling pathways through its interactions with phytochrome
B (phyB) and CONSTITUTIVELY PHOTOMORPHOGENIC1
(COP1), ELF3 also acts as a temperature sensor through a
prion‐like domain (Liu et al., 2001; Yu et al., 2008; Jung et al.,
2020), thus conferring temperature‐dependent genome‐wide
targeting capability to the EC. Located in the cell nucleus, the
EC inhibits the expression of key circadian genes such as
TIMING OF CAB EXPRESSION 1 (TOC1), LUX, GI, and
PSEUDO‐RESPONSE REGULATOR 7 (PRR7) and PRR9, in-
directly promoting the expression of the morning oscillator
component CIRCADIAN CLOCK ASSOCIATED 1 (CCA1) and
LATE ELONGATED HYPOCOTYL (LHY) (Nusinow et al.,
2011; Herrero and Davis, 2012; Ezer et al., 2017).

In eukaryotic organisms, DNA replication, DNA repair, and
transcription typically require a relaxed chromatin state.
However, the tight winding of DNA around histone octamers
hinders access by various regulatory proteins. Chromatin
remodeling has evolved as a mechanism that addresses this
issue. Chromatin remodeling factors slide, remove, or replace
nucleosomes at specific sites through ATP hydrolysis, al-
tering the chromatin structure, thereby facilitating tran-
scription and playing a crucial role in biological programs
such as cell differentiation, development, and DNA repair
(Clapier et al.,2017). Chromatin remodeling is often asso-
ciated with cross‐talk with histone modifications (Li et al.,
2016b; Guo et al., 2022; Fu et al., 2023). SWITCH/SUCROSE
NONFERMENTING 3C (SWI3C), a chromatin remodeling
factor, is a key subunit of the Arabidopsis switch defective/
sucrose non‐fermentable (SWI/SNF) complex (BRM‐
associated SWI/SNF complexes), overlapping in function
with the core subunit BRAHMA (BRM). The swi3c mutants
usually exhibit phenotypes such as growth retardation, im-
paired root development, leaf curling, abnormal stamens, and
lower fertility (Sarnowski et al., 2005; Archacki et al., 2009).
Current research on SWI3C remains limited, but it is known to
affect the transcription of FLOWERING LOCUS C (FLC), as
well as participate in flowering regulation and the gibberellin
pathway in Arabidopsis (Sarnowski et al., 2005; Sarnowska
et al., 2013).

Previous reports have shown that the EC plays a central
role in photoperiodic flowering in Arabidopsis, rice (Oryza
sativa), maize (Zea mays), pea (Pisum sativum), and soybean
(Glycine max) (Liew et al., 2009; Weller and Ortega, 2015; Li
et al., 2016b; Lu et al., 2017; Bu et al., 2021; Andrade et al.,
2022). However, EC target genes vary between species.

For instance, in Arabidopsis, LUX can form a complex with
HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE
GENES 15 (HOS15) and HISTONE DEACETYLASE 9 (HDA9)
that regulates GI expression (Park et al., 2019) while, in rice,
LUX affects photoperiodic flowering by regulating the tran-
scription of PRR37 and Grain number, plant height, and
heading date7 (Ghd7) (Andrade et al., 2022). In the model SD
crop soybeans, LUX directly binds to the promoter of the key
flowering gene E1 and inhibits its expression (Bu et al., 2021).
In our recent study, we demonstrated that the soybean GI
homolog E2 forms a feedback loop with the EC, with E2
forming a complex with FKF1 that degrades the soybean
ELF3 homolog J, while the EC simultaneously suppresses E2
transcription. This antagonistic and mutually regulatory cycle
established between E2 and EC determines soybean pho-
toperiod sensitivity (Zhao et al., 2024). However, the mech-
anisms by which the EC regulates photoperiod sensitivity in
LD plants, such as in Arabidopsis, remain unclear. In this
study, through an analysis of photoperiod sensitivity in Ara-
bidopsis, we discovered that the LUX–SWI3C module medi-
ates photoperiod sensitivity through the epigenetic regulation
of GI. When this module is impaired, Arabidopsis cannot ef-
fectively distinguish between LD and SD conditions, dis-
playing an extreme early‐flowering phenotype indicative of a
loss of photoperiod sensitivity. Our findings reveal that the
LUX–SWI3C module epigenetically regulates GI transcription,
constituting one of the pathways that regulate photoperiod
sensitivity in the LD plant Arabidopsis.

RESULTS

Evening complex components regulate photoperiod
sensitivity in Arabidopsis
Photoperiod sensitivity plays a crucial role in the recognition
of different photoperiods, thus guiding the timing of
flowering. A change in flowering time when plants are grown
under different photoperiods is a critical outward manifes-
tation of plant photoperiod sensitivity. To elucidate the mo-
lecular mechanisms regulating photoperiod sensitivity in
Arabidopsis, we wished to identify the key factor(s) that
govern this response. Mutations in the genes encoding such
factors would be expected to cause a loss of photoperiod
sensitivity. Given that our previous work had demonstrated a
significant role for the EC in photoperiod sensitivity in the SD
plant soybean (Zhao et al., 2024), we investigated the flow-
ering time of Arabidopsis mutants in individual EC compo-
nents. We determined that the mutants lux6, elf3‐1, and
elf4‐209, defective in LUX, ELF3, and ELF4, respectively,
show extreme insensitivity to photoperiod, as evidenced by
their very early flowering under both LD (16‐h light/8‐h dark)
and SD (8‐h light/16‐h dark) conditions, producing only about
seven rosette leaves before flowering, consistent with pre-
vious reports (Hazen et al., 2005) (Figure 1A, B). These
findings clearly indicate that the EC in Arabidopsis is also
involved in photoperiod sensitivity.
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To genetically dissect the role of LUX in the regulation of
photoperiod sensitivity, we generated several double mu-
tants consisting of lux‐6 and mutants of key floral regulatory
genes and examined their flowering behaviors by counting
the number of rosette leaf numbers under SD and LD con-
ditions. The lux‐6 gi‐201 double mutant exhibited a flowering
phenotype with a leaf number intermediate between that of
lux‐6 and gi‐201, although closer to gi‐201. This suggests
that LUX functions genetically largely upstream of GI. How-
ever, the incomplete similarity to the gi‐201 phenotype in the
double mutant may indicate that LUX also regulates other
downstream targets, such as PRR7 and PRR9. The double
mutants lux‐6 co‐9, lux‐6 soc1‐2, and lux‐6 ft‐10 flowered at
the same time as the corresponding co‐9, soc1‐2, and ft‐10
single mutants, indicating that LUX is genetically located

upstream of CO, SOC1, and FT. Similarly, double mutants
consisting of gi‐201 and mutants of other EC members, elf3‐1
and elf4‐209, displayed flowering times comparable with gi‐
201, suggesting they are also genetically upstream of GI. By
contrast, the lux‐6 phyb‐9 double mutant flowered at the
same time as the phyb‐9 single mutant, suggesting that LUX
and PHYB may function at the same genetic level, or that
they may act independently. As the EC component ELF3
forms a complex with phyB (Huang et al., 2016; Kwon et al.,
2024), we suggest that PHYB may act together with LUX in
the same genetic pathway. When performing a one‐way
analysis of variance (ANOVA) on the data, the difference
between phyb‐9 and lux‐6 appears small in Figure 1B,
probably because other genotypes display greater differ-
ences from these mutants. However, when we performed a

Figure 1. Analysis of the genetic relationship between evening complex (EC) genes and primary flowering regulatory genes
(A) Representative photographs of wild‐type (Col‐0) and EC mutants (lux‐6, elf3‐1, and elf4‐209), key floral regulatory gene mutants (phyb‐9, co‐9, gi‐201,
soc1‐2, and ft‐10), and several double mutants. Plants were grown under long‐day (LD; 16‐h light/8‐h dark) or short‐day (SD; 8‐h light/16‐h dark) conditions
until the onset of flowering (when the flowering stem was 1 cm in height Scale bar, 1 cm), when the number of rosette leaves was determined. (B) Number of
rosette leaves at the time of flowering for the genotypes shown in (A). For each biological replicate, about 20 plants for each genotype were scored per
photoperiod condition, with three biological replicates carried out with consistent results. Values are means± SD, with individual data points from one
representative biological replicate shown as black dots. Different lowercase letters indicate a significant difference at P< 0.05 based on one‐way analysis of
variance (ANOVA).
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separate t‐test analysis focusing on the phyb‐9 and lux‐6
phyb‐9 mutants, we detected significant differences under
both SD and LD conditions (P< 0.001). Additionally, the lux‐6
phyb‐9 double mutant flowered earlier than the lux‐6 and
phyb‐9 single mutants. (Figure 1A, B). Overall, we conclude
that the EC complex plays a crucial role in regulating pho-
toperiod sensitivity, with LUX located upstream of GI, CO,
SOC1, and FT in the genetic hierarchy.

LUX physically interacts with SWI3C and both are
genetically dependent on GI
LUX was previously reported to form complexes with HOS15
and HDA9 that regulate the photoperiodic flowering pathway
specifically under LD conditions (Park et al., 2019). In this
study, we focused on the role of LUX in photoperiod sensi-
tivity, specifically in the recognition of LD and SD conditions.
Therefore, the complex formed by HDA9 and HOS15 with EC
might not be sufficient to explain this phenomenon. To dis-
sect the molecular mechanisms by which LUX regulates
photoperiod sensitivity, we looked for protein(s) that interact
with LUX and whose mutation results in a loss of photoperiod
sensitivity. We thus conducted a yeast‐two‐hybrid (Y2H) li-
brary screening and identified the critical subunit SWI3C of
the SWI/SNF chromatin remodeling complex as a candidate
interactor. To validate the authenticity of this interaction, we
conducted a targeted Y2H assay, co‐transforming the con-
structs LUX–AD (a fusion between LUX and the activation
domain (AD) of yeast GAL4) and SWI3C–BD (a fusion of
SWI3C and the DNA‐binding domain (BD) of yeast GAL4) into
yeast cells. The growth of positive transformants on a syn-
thetic defined medium lacking leucine, tryptophan, histidine,
and adenine confirmed their interaction in yeast (Figure S1A).
We also tested the interaction between SWI3C and two other
key components of the EC, ELF3, and ELF4, but detected no
interaction. As ELF3 and ELF4 are crucial for gating of light
responses to the circadian clock in the LUX–ELF3–ELF4
protein complex, we asked whether ELF3 and/or ELF4
might influence the interaction between LUX and SWI3C. We
examined this question in a yeast‐three‐hybrid assay
(Y3H) (Figure S1B), co‐transforming AD–SWI3C with
pBridge–LUX–ELF3 or pBridge–LUX–ELF4 and measuring
the resulting β‐galactosidase activity, using yeast cells
co‐transformed with AD–SWI3C and pBridge–LUX alone as
the control. We observed no significant differences in
β‐galactosidase activity for the LUX–SWI3C interaction
regardless of ELF3 or ELF4 presence or absence suggesting
that ELF3 and ELF4 do not influence the strength of the
LUX–SWI3C interaction in the Y3H system. Luciferase com-
plementation imaging (LCI) and bimolecular fluorescence
complementation (BiFC) assays indicated that LUX interacts
with SWI3C in vivo when the appropriate constructs are co‐
infiltrated into the leaves of Nicotiana benthamiana plants and
that this interaction occurs in the nucleus (Figure 2A, B). We
verified the interaction between LUX and SWI3C in an in vitro
glutathione S‐transferase (GST) pull‐down assay, using
recombinant purified GST‐LUX and HIS‐SWI3C (Figure 2C).

To assess their in vivo interaction, we generated the trans-
genic complementation line pSWI3C:SWI3C‐GFP/swi3c‐3
(Figure S2A–C), following immunoprecipitation with an anti‐
GFP antibody, we detected LUX in the immunoprecipitates,
confirming their interaction in vivo (Figures 2D, S1). Taken
together, these results suggest that LUX and SWI3C interact
both in vitro and in vivo, suggesting that SWI3C may
co‐regulate photoperiod sensitivity alongside LUX.

Before investigating whether and how LUX and SWI3C co‐
regulate photoperiod sensitivity, we checked their protein levels
in seedlings grown under LD and SD conditions. To this end,
we conducted an immunoblot analysis of LUX protein abun-
dance in 14‐d‐old Col‐0 seedlings grown under SD or LD
conditions using a commercial anti‐LUX antibody. LUX protein
levels did not show significant changes under LD and SD
conditions at any time point across the diurnal cycle, sug-
gesting that LUX abundance is not sensitive to photoperiod
changes (Figure S3A–C). We also tested SWI3C protein levels in
the proSWI3C:SWI3C‐GFP/swi3c‐3 transgenic line. SWI3C
protein abundance, as determined with an anti‐GFP antibody,
followed the same pattern in seedlings grown under SD and LD
conditions, indicating that SWI3C abundance is not affected by
photoperiod (Figure S3D, E).

Aside from their protein levels, the interaction strength
between LUX and SWI3C may also influence their response to
photoperiod regulation. To assess for a possible difference in
the LUX–SWI3C interaction under SD and LD conditions, we
performed co‐immunoprecipitation (co‐IP) experiments using
total protein extracted from 14‐d‐old proSWI3C:SWI3C‐GFP/
swi3c‐3 and pSuper:GFP seedlings grown under SD or LD
conditions. The amount of LUX co‐immunoprecipitated with
SWI3C was higher in seedlings grown under SD conditions
than from those grown under LD conditions (Figures 2D, S1C).
This result indicates that the LUX–SWI3C interaction strength
is indeed sensitive to photoperiod, with a weaker interaction
under LD conditions.

Although LUX and SWI3C interact, evidence supporting their
joint regulation of photoperiod sensitivity is lacking. To establish
their co‐regulatory role, two prerequisites must be met: (i) they
interact; and (ii) there is a loss of photoperiod sensitivity in
Arabidopsis upon mutation of SWI3C. We therefore obtained a
T‐DNA insertion mutant for SWI3C and characterized its flow-
ering time when grown under LD or SD conditions. Importantly,
the swi3c‐3 and lux‐6 single mutants exhibited similar early‐
flowering phenotypes, with about seven rosette leaves at the
time of flowering, significantly fewer than for the wild‐type Col‐0
(Figure 2E–G). We observed a similar phenotype in another
swi3c mutant line, swi3c‐2, suggesting that SWI3C is indeed
involved in the regulation of photoperiod sensitivity, the pho-
toperiod sensitivity phenotype of swi3c‐2 was not completely
abolished compared with that of swi3c‐3. Additionally, we
evaluated the photoperiod sensitivity of the complementation
line proSWI3C:SWI3C‐GFP/swi3c‐3, demonstrating substantial
rescue of the swi3c‐3 mutant phenotype (Figure S2A–C). LUX
may therefore interact with SWI3C to co‐regulate photoperiod
sensitivity.
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Figure 2. Interaction between LUX and SWI3C and their genetic relationship
(A) Luciferase complementation imaging (LCI) assay showing that LUX interacts with SWI3C. (B) Bimolecular fluorescence complementation (BiFC)
analysis of the interaction between LUX and SWI3C. Scale bars, 20 μm. (C) Glutathione S‐transferase (GST) pull‐down assay showing that LUX interacts
with SWI3C in vitro. Proteins were detected with anti‐GST and anti‐HIS antibodies. (D) Co‐immunoprecipitation (Co‐IP) assay demonstrating the interaction
between LUX and SWI3C‐GFP in Arabidopsis 14‐d‐old 35S:GFP and proSWI3C:SWI3C‐GFP/swi3c‐3 seedlings grown under short‐day (SD) or long‐day
(LD) conditions. LUX abundance in SD‐grown seedlings was set to 1. Immunoblotting was performed with anti‐GFP (top two rows) and anti‐LUX (bottom
row) antibodies. (E) Representative photographs of Col‐0, lux‐6, swi3c‐3, and the lux‐6 swi3c‐3 double mutant (2m in the figure). Plants were grown under
LD or SD conditions until the onset of flowering. Scale bar, 5 cm. (F) Number of rosette leaves at flowering for the genotypes shown in (E). For each
biological replicate, about 20 plants per genotype and condition were scored, with three biological replicates, each showing consistent results. Values are
means± SD, with individual data points from one representative biological replicate shown as black dots. Different lowercase letters indicate a significant
difference at P< 0.05 based on one‐way ANOVA. (G) Representative photographs of Col‐0, swi3c‐3 and swi3c‐2 single mutants, key floral regulatory
mutants (phyb‐9, co‐9, gi‐201, soc1‐2, ft‐10), and their respective double mutants with swi3c‐3 at the onset of flowering. Scale bar, 1 cm. (H) Number of
rosette leaves at flowering for the genotypes shown in (G). For each biological replicate, about 20 plants per genotype and condition were scored, with
three biological replicates, each showing consistent results. Values are means± SD, with individual data points from one representative biological replicate
shown as black circles. Different lowercase letters indicate a significant difference at P< 0.05 based on one‐way ANOVA.
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To support our hypothesis, we analyzed the genetic re-
lationship between LUX and SWI3C by generating the lux‐6
swi3c‐3 double mutants. While the two single mutants were
already insensitive to photoperiod, the double mutants
displayed an additive effect, losing photoperiod sensitivity
and exhibiting an even earlier flowering phenotype with only
about five rosette leaves, suggesting that LUX and
SW13C may control photoperiod sensitivity at the same
regulatory level or within independent regulatory pathways
(Figure 2D, F). As SWI3C also regulated photoperiod sensi-
tivity, we crossed swi3c‐3 to mutants in key flowering genes
(phyb‐9, gi‐201, co‐9, soc1‐2, ft‐10) and obtained the corre-
sponding double mutants. The gi‐201 swi3c‐3 double mutant
flowered at a time very similar to gi‐201, indicating that
SWI3C genetically acts upstream of GI. However, the co‐9
swi3c‐3 and soc1‐2 swi3c‐3 double mutants occasionally
flowered at a time between co‐9 or soc1‐2 and swi3c‐3 under
both LD and SD conditions, suggesting that SWI3C acts
upstream of CO and SOC1, but may also regulate other
downstream genes. Interestingly, most ft‐10 swi3c‐3 double‐
mutant plants failed to flower under LD conditions and
showed pronounced developmental defects (Figure 2G).
Furthermore, the elf3‐1 swi3c‐3 and elf4‐209 swi3c‐3 double
mutants were fully photoperiod insensitive and flowered
slightly earlier than the elf3‐1 and elf4‐209 single mutants,
similar to lux‐6 swi3c (Figure 2G, H). In summary, SWI3C and
the EC regulate photoperiodic flowering at the same genetic
level or are involved in different regulatory pathways, with
both SWI3C and LUX located upstream of the key flowering
component GI.

LUX and SWI3C regulate photoperiod sensitivity by
influencing GI transcription
We hypothesized that LUX and SWI3C operate at the same
regulatory level. A previous report demonstrated that the
HOS15–EC–HDA9 complex regulates flowering under LD
conditions by inhibiting the transcription of GI (Park et al.,
2019). As LUX and SWI3C acted genetically upstream of GI
under both LD and SD conditions (Figure 2G, H), we specu-
lated that LUX and SWI3C may jointly regulate GI expression
and regulate photoperiod sensitivity. To test this idea, we
examined the expression patterns of key flowering genes in
14‐d‐old Col‐0, lux‐6, swi3c‐3, and the lux‐6 swi3c‐3 (2m)
double‐mutant seedlings grown under LD or SD conditions
by reverse transcription quantitative PCR (RT‐qPCR)
analysis. GI expression levels were significantly lower
under SD conditions than under LD conditions, indicating
that photoperiod affects GI expression in the wild‐type
(Figure S3F; Table S3). Regardless of the photoperiod, GI
transcript levels in lux‐6 and swi3c‐3 seedlings were sig-
nificantly higher than those in the wild‐type, especially after the
light‐to‐dark transition. Additionally,GIwas expressed at higher
levels in the lux6 swi3c‐3 double mutant than in the lux6 and
swi3c‐3 single mutants, consistent with our genetic analysis
and indicating an additive effect (Figure 3A, B; Table S3). We
also measured the expression levels of CO, SOC1, and FT in

the same seedlings (Figure S4A–F). Under both LD and SD
conditions, CO expression levels were higher in the single and
double mutants than in the wild‐type. SOC1 expression in lux‐6
and swi3c‐3 exhibited a pattern distinct from that seen with GI,
suggesting that LUX and SWI3C may regulate SOC1 ex-
pression through different pathways. Notably, FT expression
markedly changed between SD and LD conditions. Under SD
conditions, FT expression in lux‐6 was higher than in Col‐0 for
most of the day, except at ZT24, when it was lower. In swi3c‐3,
FT expression was only higher than that in Col‐0 around ZT4. In
the lux‐6 swi3c‐3 double mutants, FT expression did not show
a clear additive effect. Under LD conditions at ZT16, swi3c‐3
and the lux6 swi3c‐3 double mutants expressed FT at higher
levels than Col‐0 and lux‐6, with FT expression levels in Col‐0
and lux‐6 being similar. These observations suggest that LUX
and SWI3C may regulate FT expression independently. Fur-
thermore, the differences seen in the mutants in terms of FT
expression under LD and SD conditions indicate that these
effects may not be related to the photoperiod sensitivity reg-
ulation under investigation in this study (Figure S4A–F). Taken
together, the genetic and gene expression analyses suggest
that LUX and SWI3C regulate GI transcript levels, thereby
contributing to the regulation of photoperiod sensitivity. The
comparable effects on gene expression levels by the swi3c‐3
and lux6 mutants are in agreement with previous genetic
analysis (Figure 2F), indicating the possibility that LUX and
SWI3C operate at the same regulatory level.

LUX–SWI3C regulates chromatin compaction and
H3K4me3 levels at the GI locus
To ascertain whether GI is the main target gene through which
LUX and SWI3C jointly regulate photoperiod sensitivity, we
asked whether they bind to the GI locus and explored the his-
tone modification landscape over GI in wild‐type and mutants
using previously published chromatin immunoprecipitation se-
quencing (ChIP‐seq) data (Ezer et al., 2017; Guo et al.,
2022; Zhao et al., 2022). Among the 831 genes to which LUX
binds, 153 were also bound by SWI3C (Figure 3C; Table S1).
Notably, at well annotated genes such as GI, LUX, and PRR7,
the binding sites for LUX and SWI3C were nearly identical
(Figures 3D, S5A–C). Given the association of the SWI/SNF
complex with histone modifications such as H3K27me3,
H3K4me3, and H3ac (Li et al., 2016a; Guo et al., 2022;
Fu et al., 2023), we analyzed ChIP‐seq data for these histone
marks on several genes (GI, LUX, PRR7, PRR9) in Col‐0. We
detected a notable enrichment of H3K4me3, H3K9ac, and
H3K27ac marks over the promoters of GI, while H3K27me3
was not enriched along the GI gene body (Figure 3D). Of note,
the ChIP‐seq data analyzed here were derived from seedlings
grown under LD conditions, where LUX and SWI3C probably
bind to the GI locus, potentially altering its histone modification
status. These data alone are insufficient to conclude that LUX
and SWI3C can regulate photoperiod sensitivity through GI
expression. To gain deeper insights into whether and how LUX
and SWI3C regulate GI expression and control photoperiod
sensitivity, and to validate the published ChIP‐seq results, we
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Figure 3. LUX and SWI3C regulate photoperiod sensitivity by GI transcript levels
(A, B) Relative GI transcript levels in Col‐0, lux‐6, swi3c‐3, and lux‐6 swi3c‐3 (2m) 14‐d‐old seedlings grown under short‐day (SD) (A) or long‐day (LD)
(B) conditions. Total RNA was extracted from samples collected at zeitgeber times ZT0, ZT4, ZT8, ZT12, ZT16, ZT20, and ZT24. UBQ10 was used as the
internal reference gene. Each biological replicate consisted of three technical replicates, with one representative biological replicate shown. Values are
means± SD from three independent biological replicates. P‐values were obtained using a two‐sided Student's t‐test; ns, no significant difference;
*P< 0.05, and **P< 0.01. The statistical analyses are shown in Table S3. (C) Venn diagram showing the extent of overlap for the number of genes bound by
LUX or SWI3C. (D) Integrative Genome Viewer (IGV) visualization of LUX and SWI3C binding sites across the GI genomic region, alongside enrichment of
histone modifications at this locus in Col‐0. (E) Diagram of the GI locus illustrating the PCR amplicons containing LUX‐binding motifs, denoted by red lines,
and PCR amplicons without such motifs, indicated by black lines. The white rectangles represent untranslated regions, the black rectangles denote exon
regions, and the black lines represent either intron or promoter regions. (F) Quantification of LUX binding at the GI locus. Here, 14‐d‐old seedlings were
harvested at the transition from light to dark (ZT8 for SD conditions; ZT16 for LD conditions). Chromatin immunoprecipitation assays used anti‐LUX
antibodies, and the bound DNA was quantified by quantitative PCR (qPCR). The average IP data were normalized to total input DNA. Values are
means± SD from three biological replicates. Different lowercase letters indicate a significant difference at P< 0.05, as determined by multiple comparison
testing by one‐way ANOVA. (G) Quantification of SWI3C binding to the GI locus in 14‐d‐old lux‐6, proSWI3C:SWI3C‐GFP #1/lux‐6, and proSWI3C:SWI3C‐
GFP #1/swi3c‐3 seedlings collected at the transition from light to dark (ZT8 for SD conditions; ZT16 for LD conditions). Chromatin immunoprecipitation
assays were performed with anti‐GFP antibodies, and the bound DNA was quantified by qPCR. The average IP data were normalized to total input DNA.
Values are means±SD from three biological replicates. Different lowercase letters indicate a significant difference at P< 0.05, as determined by multiple
comparison testing by one‐way ANOVA.
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used a commercially available anti‐LUX antibody for ChIP‐
qPCR analysis of LUX binding to the GI locus, with PCR am-
plicons targeting two regions containing a LUX‐binding site
(LBS, GATWCG motif, where W is A or T; Sites 1 and 3) and
three regions lacking an LBS (Sites 2, 4, and 5). As LUX and
SWI3C abundance was higher around the light–dark transitions
under LD and SD conditions, we selected these time points for
ChIP‐qPCR analysis (Figure S3B–E). We observed significant
enrichment of LUX at Site 1 under both LD and SD conditions;
but no binding of LUX was detected at site 3 (Figure 3E, F).
Similarly, in the proSWI3C:SWI3C‐GFP/swi3c‐3 lines, we de-
tected a significant enrichment for SWI3C at Site 1 under both
LD and SD conditions (Figure 3G). As we hypothesized that
LUX and SWI3C regulate photoperiod sensitivity by controlling
GI expression, we compared the binding abilities of LUX and
SWI3C to the GI locus in Col‐0 and proSWI3C:SWI3C‐GFP/
swi3c‐3 under both LD and SD conditions. The binding of LUX
and SWI3C to site 1 of the GI locus is higher under SD con-
ditions than under LD conditions (Figure 3F, G). This finding
aligns with our observation of a stronger LUX–SWI3C inter-
action intensity under SD conditions (Figures 2D, S3A–C).
These results demonstrate that both LUX and SWI3C partic-
ipate in the regulation of photoperiod sensitivity by binding to
the GI locus.

Although both LUX and SWI3C bind to the GI promoter, the
above genetic analysis (Figure 2E–H) alone is not sufficient to
conclude that they regulate photoperiod sensitivity by cooper-
atively controlling GI transcription at the same regulatory level.
Indeed, they may independently regulate GI expression. Thus,
to delineate the extent of interdependence between LUX and
SWI3C, we measured the LUX enrichment at the GI sites in the
swi3c‐3 mutant and the SWI3C enrichment at the GI sites in
proSWI3C:SWI3C‐GFP/lux‐6 under SD and LD conditions. Im-
portantly, the ChIP‐qPCR signal in these genetic backgrounds
was similar to that of the negative control lux‐6, indicating the
mutual dependence of LUX and SWI3C for binding to the GI
promoter (Figure 3F, G). This finding corroborates our earlier
genetic analysis (Figure 2E–H), suggesting that LUX and SWI3C
interdependently regulate photoperiod sensitivity through con-
trolling GI transcription, aligning with our initial hypothesis. This
interdependence may be due to LUX recognizing its cognate
binding site, after which SWI3C would be recruited to alter the
nearby epigenetic landscape.

To test this hypothesis, considering that SWI3C is a
subunit of the SWI/SNF chromatin remodeling complex, we
used micrococcal nuclease (MNase)‐qPCR assays to assess
nucleosome occupancy at the GI locus. The MNase‐qPCR
analysis showed that chromatin at the GI locus is more re-
laxed in the lux‐6 and swi3c‐3 mutants than in the wild‐type.
In the lux‐6 swi3c‐3 double mutant, the chromatin at the GI
locus appeared even more relaxed under SD conditions,
consistent with our genetic and gene expression findings
(Figure 4A). We observed largely comparable chromatin re-
laxation in the single and double mutants under LD con-
ditions (Figure 4B). SWI/SNF complexes are often associated
with histone modifications such as H3K27me3, H3K4me3,

and H3K9ac, and both histone modifications and chromatin
relaxation levels directly influence transcription. Therefore,
we evaluated the levels of these modifications at the GI locus
in 14‐d‐old Col‐0, lux‐6, swi3c‐3, and lux‐6 swi3c‐3 seedlings
grown under LD and SD conditions. The levels of the
H3K4me3 modification at Sites 3 and 4 significantly rose with
the loss of LUX and/or SWI3C, regardless of photoperiod
(Figure 4C, E). Additionally, in the wild‐type, H3K4me3 levels
at Sites 3 and 4 were higher under LD conditions than under
SD conditions, further indicating that GI expression is likely to
be regulated by LUX‐SWI3C in response to photoperiod
sensitivity (Figure 4F). This finding is consistent with our RT‐
qPCR analysis (Figure S3F). The enrichment of H3K27me3 at
the GI locus was minimal, with only Sites 3 and 4 showing
weak signals, and with little difference between the mutants
and the wild‐type; no signals were detected at other sites
(Figure S6A–C). We also assessed the enrichment of H3ac at
the GI locus, obtaining results that were in line with previous
reports (Park et al., 2019). Under LD conditions, the level of
H3ac enrichment was significantly higher in the lux‐6 mutant
than in Col‐0 (Park et al., 2019). However, there was little to
no change in the enrichment degree of H3ac at the GI locus
between the swi3c‐3mutant and Col‐0 under both LD and SD
conditions. We conclude that SWI3C, unlike LUX, does not
participate in the regulation of H3ac deposition at the GI
locus. Furthermore, the H3ac enrichment at the GI locus did
not appear to be strongly associated with photoperiod sen-
sitivity (Figure S6D–F). SWI3C appears to be involved solely
in the regulation of H3K4me3. The above results echo the
mechanism observed for the regulation of the SOC1 locus by
BRM, as H3K27me3 levels also remain unchanged (Yang
et al., 2022). Intricate cross‐talk exists in epigenetic regu-
lation, as chromatin remodeling factors lack histone‐
modifying activity. The regulation of H3K4me3 and H3ac
deposition may involve the formation of more higher‐order
complexes with histone demethylases and histone deacety-
lases. Identifying the specific proteins directly involved in the
direct regulation of H3K4me3 and H3ac deposition will be a
focal point for our upcoming research efforts. As H3K4me3 is
typically associated with transcriptional activation, we pro-
pose that the repression of GI by LUX and SWI3C is primarily
due to the chromatin compaction they exert at the GI locus
and to alterations in the levels of H3K4me3.

While we demonstrated here that the LUX–SWI3C module
regulates GI transcription through epigenetic modulation, the
ELF3 component of the EC can also regulate GI protein
stability (Yu et al., 2008), raising the question whether the
LUX–SWI3C module might also influence GI stability in ad-
dition to its role in transcriptional regulation. To investigate
this point, we performed in vitro cell‐free degradation assay
by adding recombinant purified maltose‐binding protein
(MBP)‐GI to total proteins extracted from Col‐0, lux‐6, swi3c‐
3, and lux‐6 swi3c‐3. Using protein extracts from seedlings
grown under LD or SD conditions, recombinant MBP‐GI ex-
hibited a similar degradation profile regardless of the geno-
type (Figure S7A–D). These findings indicated that the

LUX–SWI3C module regulates photoperiod sensitivity Journal of Integrative Plant Biology

8 Month 2025 | Volume 00 | Issue 00 | 1–17 www.jipb.net

 17447909, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1111/jipb.13889 by G

uangzhou U
niversity, W

iley O
nline L

ibrary on [19/03/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



LUX–SWI3C module does not influence GI protein stability in
this in vitro cell‐free system. However, the results from cell‐
free degradation assays may not fully reflect GI protein dy-
namics in vivo, which warrants further investigation using
anti‐GI antibodies or transgenic materials.

DISCUSSION

To ensure successful reproduction, plants must flower at the
appropriate time, completing the transition from vegetative

growth to reproductive development (Liu et al., 2023). Pho-
toperiod is a critical environmental factor influencing flow-
ering time, as first discovered by Garner and Allard in 1920
(Garner and Allard, 1920). Photoperiod is indeed an essential
cue that allows plants to distinguish between seasons and
initiate flowering at the optimal time. Whether and when
plants flower when grown under different photoperiods is a
reliable indicator of their photoperiod sensitivity. In plants,
photoperiod sensitivity directly shapes their latitudinal
adaptation and yield (Lu et al., 2017). Because of its sig-
nificant influence on plant development and agricultural

Figure 4. The LUX–SWI3C module regulates the chromatin compaction and H3K4me3 levels at the GI locus
(A, B) Nucleosome occupancy over the GI locus in Col‐0, lux‐6, swi3c‐3, and lux‐6 swi3c‐3 (2m) 14‐d‐old seedlings grown under short‐day (SD) (A) or long‐
day (LD) (B) conditions, as analyzed by micrococcal ribonuclease (MNase)‐qPCR. Seedlings were collected at the transition from light to dark. Values are
means± SE from three technical replicates, with the numbers on the x‐axis representing the distance from the transcription start site (+1 bp); the numbers
on the y‐axis are as described in the Materials and Methods section and represent nucleosome occupancy. (C) Diagram of the GI locus illustrating the PCR
amplicons containing LUX‐binding motifs, denoted by red lines, and PCR amplicons without such motifs, indicated by black lines. (D–F) Quantification of
H3K4me3 enrichment at the GI locus in 14‐d‐old Col‐0, lux‐6, swi3c‐3, and 2m seedlings grown under SD or LD conditions. Seedlings were collected at the
transition from light to dark. Chromatin immunoprecipitation assays used anti‐H3K4me3 antibodies, and the bound DNA was quantified by qPCR. The
average IP data were normalized to total input DNA. Values are means± SD from three biological replicates. Different lowercase letters indicate a significant
difference at P< 0.05, as determined by multiple comparison testing by one‐way ANOVA.
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productivity, photoperiod sensitivity has garnered substantial
attention from plant physiologists and breeders worldwide.
Based on their responses to day length, plants can be clas-
sified into LD, SD plants, and day‐neutral plants.

We previously focused on the role of the EC in the typical
SD plant soybean, investigating the consequences of loss of
EC components on flowering time and photoperiod sensi-
tivity (Lu et al., 2017; Bu et al., 2021; Zhao et al., 2024).
Specifically, the soybean homolog of GI, E2, forms a feed-
back loop with the EC, with E2 associating with FKF1 to
degrade J (the soybean ELF3 homolog), while the EC also
inhibits E2 transcription. This antagonistic regulatory cycle
between E2 and the EC determines soybean photoperiod
sensitivity (Zhao et al., 2024). By contrast, GI does not re-
ciprocally influence the protein levels of ELF3 in the facul-
tative LD plant species Arabidopsis, suggesting some level of
divergence in the regulatory mechanisms of this module be-
tween soybean and Arabidopsis. and sparking our interest in
exploring how photoperiod sensitivity is regulated in Arabi-
dopsis, an LD plant. The study of photoperiod sensitivity
mechanisms, particularly those mediated by epigenetic
regulation, remains relatively underexplored. Environmental

responses via epigenetic regulation typically involve changes
in histone modifications, DNA methylation, and RNA metab-
olism (Yaish et al., 2011; Nguyen et al., 2016). In this study,
we proposed a model in which the LUX–SWI3C module
regulates photoperiod sensitivity in Arabidopsis (Figure 5).
Under SD conditions, more LUX binds at the GI transcription
initiation site. The interaction between LUX and SWI3C
strengthens, facilitating the recruitment of more SWI3C to the
GI locus. This recruitment leads to greater chromatin com-
paction in the region, together with a corresponding de-
crease in H3K4me3 deposition, which suppresses GI tran-
scription and results in delayed flowering. Conversely, under
LD conditions, lower levels of LUX accumulate at the GI
transcription start site. The interaction between LUX and
SWI3C is weaker, leading to reduced recruitment of SWI3C
to the GI locus. This results in a relatively loose chromatin
structure and higher H3K4me3 deposition, which alleviates
the inhibition of GI transcription and promotes early flow-
ering. When either LUX or SWI3C is mutated, the other is
unable to bind to the GI locus, resulting in nucleosome oc-
cupancy and H3K4me3 levels conducive to activating
GI expression to the threshold required for flowering. Hence,

Figure 5. Proposed model for the LUX and SWI3C regulation of photoperiod sensitivity
(A) Under long‐day (LD) conditions, LUX abundance is low, with little LUX binding near the GI transcription start site and LUX recruiting low levels of SWI3C
to the GI locus. The chromatin at the GI locus thus takes on a relaxed structure, with increased levels of H3K4me3 modification, thus facilitating a
transcriptionally active state around GI and leading to higher GI expression levels, promoting flowering in Arabidopsis. (B) By contrast, under short‐day (SD)
conditions, the quantity of LUX protein bound to the GI promoter is significantly enhanced and the interaction between LUX and SWI3C also strengthens,
facilitating the recruitment of more SWI3C to this location and leading to greater chromatin compaction, together with a corresponding decrease in
H3K4me3 accumulation, suppressing GI transcription and resulting in delayed flowering. (C) In the lux swi3c double mutants or their single mutants, LUX
cannot recruit SWI3C to the GI locus, thus preventing the regulation of chromatin compaction at the GI locus under both LD and SD conditions.
Consequently, the chromatin remains open with high H3K4me3 levels, rendering the GI locus transcriptionally active and resulting in a loss of photoperiod
sensitivity.
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the mutants lose photoperiod sensitivity. Therefore, we sug-
gest that LUX and SWI3C participate in the regulation of
photoperiod sensitivity in Arabidopsis.

To uncover the mechanisms of photoperiod sensitivity, it
is crucial to identify mutants with altered photoperiod sensi-
tivity, preferably those that have lost photoperiod sensitivity.
Previous reports have indicated that the EC plays a central
role in photoperiodic flowering in Arabidopsis, rice, maize,
pea, and soybean. However, their target genes vary among
species (Liew et al., 2009; Weller and Ortega, 2015; Li et al.,
2016b; Lu et al., 2017; Andrade et al., 2022). Interestingly, in
Arabidopsis, LUX can form a complex with HOS1 and HDA9
that regulates GI expression and mediates the photoperiodic
pathway, but this model applies only under LD conditions
(Park et al., 2019). In this study, we primarily focused on the
mechanisms of photoperiod sensitivity. The lux‐6 mutant
exhibited early flowering under both LD and SD conditions,
consistent with previous findings (Hazen et al., 2005). No-
tably, the lux‐6 mutant flowered with the same number of
rosette leaves when grown under LD and SD conditions.
Thus, LUX plays a key role in photoperiod sensitivity and
provides a valuable tool for dissecting this signaling pathway.
Therefore, we looked for proteins that interacted with LUX to
elucidate this mechanism.

We generated various double‐mutant lines between lux‐6
and key genes involved in the photoperiodic pathway, which
revealed that LUX acted upstream of GI; this parallels pre-
vious findings of the HOS15–EC–HDA9 module regulating GI
expression (Park et al., 2019). Subsequent Y2H screening
identified an interaction between LUX and SWI3C, which we
validated by in vivo and in vitro experiments. Importantly, the
swi3c‐3 mutant was also insensitive to photoperiod, sug-
gesting SWI3C as a potential component that interacts with
LUX to jointly regulate photoperiod sensitivity in Arabidopsis.
Under these two extreme photoperiod conditions, the similar
flowering times observed in both the lux‐6 and swi3c‐3 mu-
tants underscores their complete loss of photoperiod sensi-
tivity, suggesting that LUX and SWI3C are important com-
ponents in the regulation of photoperiod sensitivity.
Generally, upstream components transduce signals to their
downstream targets. We wondered whether LUX and SWI3C
might differ in their signal perception under different photo-
period conditions. Therefore, we compared the abundance
and interaction strengths of the LUX–SWI3C interaction
under different photoperiods (Figures 2D, S3A–E). LUX and
SWI3C levels showed no significant differences between SD
and LD conditions. Additionally, the interaction strength be-
tween LUX and SWI3C was stronger under SD conditions
than under LD conditions.

As a critical subunit of the BRAHMA‐related SWI/SNF
complex (BAS), SWI3C functions in transcriptional regulation
to modulate access to transcription factors to their respective
cis‐regulatory elements (Guo et al., 2022; Fu et al., 2023).
Chromatin remodeling factors such as SWI3C slide, move, or
replace nucleosomes at specific sites through ATP hydrol-
ysis, exposing cis‐elements and relaxing chromatin structure,

and thus facilitating transcription (Clapier et al., 2017). Typi-
cally, chromatin remodeling is also associated with histone
modification cross‐talk. According to previous studies,
SWI3C is associated with the H3K4me3, H3K27me3, and
H3ac modifications (Li et al., 2016a; Guo et al., 2022; Yang
et al., 2022). However, in our study, we found that the
H3K27me3 signal at the GI locus was very weak, with
detectable signals only at Sites 3 and 4, showing no differ-
ences among genotypes, and with no changes in H3ac
levels; SWI3C appears to be involved only in the regulation of
H3K4me3 deposition. This mechanism is similar to that seen
with the BAS complex component BRM regulating H3K4me3
at the SOC1 locus controlled by GATA, NITRATE‐
INDUCIBLE, CARBON METABOLISM INVOLVED (GNC),
where H3K27me3 levels also remained unchanged (Yang
et al., 2022). As SWI3C lacks H3K4me3 demethylase activity,
identifying the specific histone H3K4me3 demethylase(s)
involved in photoperiod sensitivity is a future research
direction.

In this study, we showed that LUX and SWI3C interact and
regulate downstream gene expression in an interdependent
manner (Figure 2). The transcription factor LUX recognizes its
cognate binding sites, while the chromatin remodeling factor
SWI3C alters the epigenetic landscape at and near these
sites, rendering both factors essential for the process.
Previous studies suggested that LUX regulates downstream
transcription mainly as a transcriptional repressor (Hazen
et al., 2005). However, our findings indicate that the LUX role
is limited to recognizing binding sites, and its transcriptional
repression function is primarily executed by SWI3C. Under
SD conditions, the strengthened LUX–SWI3C interaction led
to greater LUX binding to the GI transcription start site, re-
cruiting a large amount of SWI3C to this site, leading to
chromatin compaction and diminished H3K4me3 accumu-
lation, thereby repressing GI transcription and resulting in
delayed flowering. Conversely, under LD conditions, the
weakened LUX–SWI3C interaction results in only a small
amount of LUX binding near the GI transcription start site,
and thus recruited little SWI3C, leading to a relatively loose
chromatin structure and increased H3K4me3 accumulation,
therefore promoting GI transcription and resulting in earlier
flowering. When LUX or SWI3C is mutated, GI transcription
remains permanently activated, causing Arabidopsis plants
to completely lose photoperiod sensitivity (Figure 5). Our
model suggests that the LUX/SWI3C‐GI epigenetic regulatory
module contributes to photoperiod sensitivity in Arabidopsis,
with our study focusing on the transcriptional regulation of GI.
This may be only one of the roles played by this module, as
this module may regulate additional target genes. For ex-
ample, in rice, the EC regulates flowering under LD and SD
conditions by modulating OsPRR37 and OsGhd7 expression
levels (Andrade et al., 2022). Similarly, in Arabidopsis, EC
target genes are not limited to GI. Key EC target genes within
the circadian clock include PRR9 and PRR7 (Kolmos et al.,
2011; Herrero et al., 2012). PRR7 and PRR9 along with PRR5
are genetically redundant for the control of flowering time and
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hypocotyl length (Nakamichi et al., 2005). Additionally, the
prr7 prr9 double mutant largely suppresses the early‐
flowering phenotype of elf3 (Yuan et al., 2024), suggesting
that part of the mechanism regulating photoperiodic sensi-
tivity, besides the regulation of GI (and eventually CO) ex-
pression patterns, may involve the direct regulation of CO
levels through control of PRR mRNA levels and, eventually,
the levels of their encoded proteins. Other target genes may
be involved in the LUX–SWI3C‐mediated regulation of pho-
toperiod sensitivity. Identifying additional target genes in-
volved in LUX–SWI3C‐mediated regulation of photoperiod
sensitivity will be an important task. Interestingly, the tran-
scriptional regulation of GI by LUX diverges between the SD
plant soybean and the LD plant Arabidopsis. Unlike LUX in
Arabidopsis, which regulates GI transcription under both LD
and SD conditions, in soybean, LUX in soybean regulates E2
(the GI homolog) expression only under LD conditions.

Unveiling the full spectrum of molecular mechanisms
behind photoperiod sensitivity raises several intriguing
questions. For instance, Arabidopsis continuously monitors
changes in photoperiod through photoreceptors present in
its leaves, and then transmits this signal to downstream
response genes. A key question is why the enrichment
levels of LUX/SWI3C at GI differ under various photoperiod
conditions. This variability may arise from upstream proteins
affecting the stability of LUX or SWI3C or their post‐
translational modifications. Notably, research in soybean
has shown that the phytochromes phyA2 and phyA3 can
degrade LUX by directly interacting with it as part of the EC,
thus alleviating the repression of E1 imposed by LUX, a
critical step in photoperiodic flowering (Lin et al., 2022).
Similarly, in rice, phyB affects the activity of ELF3, influ-
encing photoperiod perception (Andrade et al., 2022). In
Arabidopsis, mutation of PHYB leads to the loss of photo-
period sensitivity, and the phyB‐9 mutant showed additive
effects with the loss of LUX and SWI3C (Figures 1, 2),
suggesting a complex interaction that might influence the
activity of the LUX/SWI3C‐GI module under different
photoperiods. Additionally, phyB might directly transmit
photoperiod signals to the EC, suggesting that a similar
mechanism might exist in Arabidopsis with phyB regulating
EC or SWI3C activity. Addressing these critical questions is
a direction for future research.

MATERIALS AND METHODS

Plant materials and growth conditions
The Arabidopsis thaliana accession Columbia (Col‐0) was the
genetic background for all plant lines used in this study, en-
compassing the wild‐type, mutants, and transgenic lines. The
seeds underwent stratification at 4°C in the dark for 3 d to
promote uniform germination. Post‐stratification, seeds were
released in a greenhouse, and subjected to either an LD
photoperiod (16‐h light/8‐h dark) or an SD photoperiod (8‐h
light/16‐h dark). Four days post‐emergence, seedlings were

transplanted into soil. The growth environment was con-
sistently maintained at 22°C.

The mutants used in this study included: lux‐6 (SALK132224),
swi3c‐3 (SAIL_224_B10), swi3c‐2 (Koncz_3737), gi‐201 (SALK‐
092757), co‐10 (SAIL_24_H04), soc1‐2 (agl20), elf3‐1 (Zhang
et al., 2018), elf4‐209 (N86619), ft‐10 (GK‐290E08), and phyb‐9
(hy3‐EMS142).

The swi3c proSWI3C:SWI3C‐GFP transgenic plants were
obtained by cloning a 1,799‐bp SWI3C promoter fragment
and the SWI3C cDNA was prepared from total RNA extracted
from whole seedlings into the pCAMBIA1300 binary vector.
The resulting construct was transformed into Agrobacterium
(Agrobacterium tumefaciens) strain GV3101; positive colo-
nies were cultured at 28°C for 3 d before transformation of
swi3c‐3 mutant plants via the floral dip method (Clough and
Bent, 1998). Transgenic plants were selected for resistance
to hygromycin B; T3 homozygous transgenic lines were used
for analysis.

Yeast‐two‐hybrid assays
Yeast two‐hybrid assays were conducted following the
guidelines provided in the manual for the GAL4‐based
Matchmaker Two‐Hybrid System 3 (Clontech). The
full‐length coding sequences of LUX and SWI3C were subcl-
oned into thepGADT7 and pGBKT7 vectors, respectively. The
primers employed for these constructs are listed in Table S2.
Subsequently, Pairs of AD and BD constructs were co‐
transformed into the yeast strain AH109 via the lithium acetate
method as described in the Yeast Protocols Handbook (Clon-
tech). The transformed yeast cells were initially plated on
a synthetic defined medium lacking leucine and tryptophan
(SD/−Leu/−Trp) to select positive co‐transformants. These
co‐transformants were then assessed for protein–protein
interaction potential by transferring them onto SD
medium lacking leucine, tryptophan, adenine, and histi-
dine (SD/−Leu/−Trp/−Ade/−His).

Yeast‐three‐hybrid assays
The full‐length LUX coding sequence was cloned into the
MCS1 of the pBridge vector, while the full‐length coding
sequence of ELF3 or ELF4 was inserted into the MCS2 of the
pBridge vector. The indicated pairs of AD and pBridge con-
structs were co‐transferred into yeast strain AH109, and the
yeast transformants were spread onto SD/−Leu/−Trp plates
for positive colony selection at 30°C for 48–60 h. Then, the
transformants were cultured in liquid SD/−Leu/−Trp medium
at 30°C with shaking at 200 rpm overnight. After transfer to
liquid SD/−Leu/−Trp/−Met medium for 3 h, 1 mL of yeast
culture was harvested by centrifugation for 5min at 10,000 g
and washed once in Z buffer (pH 7.0) consisting of 21.5 g/L
Na2HPO4·12H2O, 6.2 g/L NaH2PO4·2H2O, 0.75 g/L KCl,
0.246 g/L MgSO4·7H2O. After centrifugation, the cell pellets
were resuspended in 150 μL of Z buffer containing 0.27%
(v/v) β‐mercaptoethanol, 50 μL chloroform, and 20 μL 0.1%
(w/v) sodium dodecyl sulfate (SDS), and vortexed vigorously
for 15 s. The reactions were incubated at 37°C after adding
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200 μL of 4 g/L o‐nitrophenol‐β‐D‐galactopyranoside (ONPG;
dissolved in Z buffer), and the time of ONPG addition was
recorded. When a reaction turned yellow, 500 μL of 1M
Na2CO3 was added to stop the reaction and the time was
recorded. The mixtures were then centrifuged, the super-
natants were collected, and their absorbance at 420 nm
(A420) was measured, using absorbance at 600 nm (A600) to
estimate yeast cell count. The β‐galactosidase units were
calculated as below.

∗ ∗

∗

= /[  ( )

 ( )]

Miller Units 1000 A420 A600 culture volume mL

reaction time min

Luciferase complementation imaging assays
The full‐length LUX coding sequence was cloned into the
pCAMBIA1300‐NLUC vector, while the full‐length SWI3C
coding sequence was inserted into the pCAMBIA1300‐CLUC
vector. The resulting constructs were individually transformed
into Agrobacterium strain GV3101. Appropriate pairs of positive
Agrobacterium cultures were then co‐infiltrated into the leaves
of Nicotiana benthamiana plants. The volume of Agrobacterium
required for the combination was calculated by measuring the
optical density at 600 nm using a spectrophotometer, and the
calculation formulas are as follows:

= × / ×V V 0.5 OD600 nsample final

= × / ×V V 0.3 OD600 nP19 final

The volume of bacterial liquid required for different samples
and P19 in each combination according to the above formulas
were calculated. The silencing suppressor P19 should be
added to each reaction combination, and mixed in a centrifuge
tube. The mixture was centrifuged at 12,000 g for 2min at
room temperature to collect the bacteria. The bacteria were
suspended with 2mL of resuspension solution (10mM MES‐
KOH (pH 5.7), 40mM MgCl2, 0.15mM acetosyringone), and
placed at room temperature for 2–5 h before injecting into
tobacco leaves. After a period of 48 h post‐infiltration to allow
for expression, firefly luciferase (LUC) activity was detected
using a cold charge‐coupled device (CCD) camera. The
D‐Luciferin sodium salt (16291; kingbio) was sprayed onto the
leaves. The concentration of the solution used was 8.79mM
(diluted 100 times for use), and a waiting time of 5min was
observed before taking photographs.

Bimolecular fluorescence complementation assays
To prepare vectors for the BiFC assay, the full‐length SWI3C
coding sequence was cloned into the pUC–SPYCE vector,
while the full‐length LUX coding sequence was cloned into
the pUC–SPYNE vector. The resulting constructs were in-
dividually transformed into Agrobacterium strain GV3101.
Appropriate pairs of positive Agrobacterium cultures were
then co‐infiltrated into the leaves of N. benthamiana plants.

Infiltrated plants were maintained under a 16‐h light/8‐h dark
photoperiod for about 2 d. Yellow fluorescent protein (YFP)
fluorescence was observed under a confocal laser‐scanning
microscope (Zeiss).

GST pull‐down assay
The GST pull‐down assay was conducted as previously de-
scribed with some modifications (Yang et al., 2022). The full‐
length LUX coding sequence was cloned into the pGEX4T‐1
vector; similarly, the full‐length SWI3C coding sequence was
cloned into the pET28(a) vector. These constructs were in-
troduced into Escherichia coli BL21 cells and positive colo-
nies were cultured at 20°C for 10 h, using 0.3mM
isopropylthio‐β‐galactoside (IPTG) to induce protein pro-
duction. For the binding assay, recombinant purified 10 µg
GST or GST‐LUX was combined with GST resin (GE
Healthcare, USA) and incubated in buffer (50mM Tris‐HCl,
pH 7.4; 5% (v/v) glycerol; 120mM NaCl; 0.5% (v/v) Nonidet
P‐40; 1mM β‐mercaptoethanol; and 1mM phenyl-
methylsulfonyl fluoride (PMSF)) for 2 h at 4°C. Post in-
cubation, these complexes were mixed with a supernatant
containing His‐tagged SWI3C and incubated at 25°C for
60min. Following five washes with wash buffer (50mM Tris‐
HCl, pH 7.4; 5% (v/v) glycerol; 120mM NaCl; and 0.5% (v/v)
Nonidet P‐40), the bound proteins were eluted by boiling in
SDS sample buffer. The protein–protein interactions were
analyzed through SDS‐PAGE gel electrophoresis followed by
immunoblotting. For immunoblotting, anti‐GST (HT601‐01;
with a working dilution at a ratio of 1:5,000; TransGen) and
anti‐HIS (HT501‐01; with a working dilution at a ratio of
1:1,000; TransGen) antibodies were used.

Co‐immunoprecipitation assay assays
The co‐IP assay was performed as previously described with
some modifications (Gu et al., 2017). Protein was extracted
from 14‐d‐old seedlings grown on Murashige and Skoog (MS)
medium under SD or LD conditions, using a buffer containing
50mM Tris‐HCl (pH 7.4), 2 mM MgCl2, 150mM NaCl, 1mM
DTT, 1% (v/v) NP‐40, 20% (v/v) glycerol, 0.05mM MG132,
and 2mM PMSF, supplemented with a protease inhibitor
cocktail from Roche. The resulting supernatant was then in-
cubated with 30 μL of GFP‐Trap®‐A beads (Chromo Tek) at
4°C for 4 h. Following incubation, the beads were centrifuged
for collection (at 4°C, 1,000 g) and washed six times in buffer
(2 mM MgCl2; 50mM Tris‐HCl, pH 7.4; 150mM NaCl; 1%
(v/v) NP‐40; 1mM DTT; and 10% (v/v) glycerol). The proteins
bound to the beads were eluted with 40 μL of 2× SDS loading
buffer and subsequently analyzed via immunoblotting. For
immunoblotting, anti‐GFP (HT801‐01; with a working dilution
at a ratio of 1:5,000; TransGen) and anti‐LUX (R1247‐4; with a
working dilution at a ratio of 1:1,000; Abiocode) antibodies
were used.

Protein extraction method
Total protein was extracted as described previously (Qiu
et al., 2017; Han et al., 2023). Briefly, Arabidopsis seedlings
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were ground and homogenized in extraction buffer (100 mM
Tris‐HCl, pH 7.5; 100 mM NaCl; 5 mM EDTA, pH 8.0; 20%
(w/v) glycerol; 5% (w/v) SDS; 40mM β‐mercaptoethanol;
20 mM DTT; 2 mM PMSF; 80 μM MG132; 80 μM MG115; 1×
EDTA‐free protease inhibitor cocktail; and 1% (v/v) phos-
phatase inhibitor cocktail). Samples were boiled for 10 min,
followed by centrifugation at 16,000 g for 15 min at room
temperature. The supernatants were collected and used for
immunoblotting. To detect the protein levels of LUX and
SWI3C, the band intensity of the target protein was nor-
malized to that of actin (or a non‐specific band). Specifically,
the band gray values of the target protein and actin protein
(or non‐specific band) were measured separately using Im-
ageJ image analysis software. The gray value reflects the
signal intensity of the protein band. Then, the gray value of
the target protein was divided by that of actin (or the non‐
specific band) to obtain the expression ratio of the target
protein relative to actin (or the non‐specific band). The ratio
obtained through the above‐mentioned normalization
process is the relative expression level of the target protein.
This relative expression level can be used to compare the
expression differences of the target protein among different
samples.

Reverse transcription qPCR analysis
Total RNA was isolated from 14‐d‐old seedlings grown
on MS medium, using TRIzol™ reagent (Cat. No. 644
15596026; Invitrogen). Total RNA was then converted to first‐
strand cDNA, employing approximately 1 μg of total RNA with
a SuperScript First‐strand cDNA Synthesis System (TaKaRa),
following the guidelines provided by the manufacturer. The
resulting cDNA served as a template for qPCR analysis,
which was performed using a PrimeScript RT reagent kit
(TaKaRa). In this analysis, UBQ10 was selected as the ref-
erence gene. Three biological replicates were conducted in
each experiment. The specific primers used for the RT‐qPCR
are listed in Table S2.

Chromatin immunoprecipitation assays
The ChIP assays were conducted based on a previously
established protocol (Gendrel et al., 2005). Chromatin was
extracted from 14‐d‐old seedlings after fixation with 1%
(w/v) formaldehyde, followed by vacuum incubation for
15 min. The extracted chromatin was then fragmented to
an average size of about 600 bp through sonication. The
samples were sonicated in an ice–water mixture at 30%
power, with a cycle of 1 s on and 9 s off, for a total of 90
cycles. Following fragmentation, specific antibodies were
used for immunoprecipitation: anti‐H3K4me3 (ab8580;
Abcam), anti‐H3K27me3 (07‐449; Millipore), anti‐H3ac
(ab47915; Abcam), and anti‐GFP (ab290; Abcam). After
immunoprecipitation, the DNA–protein cross‐links were
reversed following the method described previously
(Gendrel et al., 2005). The quantity of specific targets
immunoprecipitated was then determined via qPCR, using
the gene‐specific primers listed in Table S2.

MNase‐qPCR assays
Next, 14‐d‐old seedlings (0.3 g fresh weight per sample)
were cross‐linked with 1% (w/v) formaldehyde and then
frozen in liquid nitrogen. Nuclei and chromatin were iso-
lated according to the method by Han et al. (2012). The
chromatin was then digested with micrococcal nuclease
(TaKaRa) at a final concentration of 0.2 units/mL for 10 min
at 37°C in the supplied digestion. Subsequent procedures
were carried out as detailed by Chodavarapu et al. (2010).
Mononucleosomes were extracted from 1.5% (w/v)
agarose gels and purified using a Qiagen gel purification
kit (28506). The input fraction was determined as
2−ΔΔCt (2−[Ct(mono) − Ct(gDNA)]) using undigested genomic
DNA (Gévry et al., 2009). The specific primers used for the
assay are listed in Table S2.

In vitro cell‐free in vitro degradation assays
For cell‐free degradation assays, total proteins were ex-
tracted from Col‐0, lux‐6, swi3c‐3, and lux‐6 swi3c‐3 14‐d‐
old seedlings grown under different photoperiod con-
ditions (SD or LD) with cell‐free extraction buffer (50 mM
Tris‐MES, pH 8.0; 0.5 M sucrose; 1 mM MgCl2; 10 mM
EDTA, pH 8.0; and 5 mM DTT). To 200 μg of each whole‐
protein extract, 0.1 μg purified recombinant GI was added
together with 10 mM ATP and incubated at 25°C. Aliquots
were taken at the indicated times and proteins were sep-
arated by SDS‐PAGE and detected with an anti‐MBP an-
tibody (HT701; with a working dilution at a ratio of 1:5,000;
TransGen Biotech). Actin was used as a loading control
(CW0096M; the working dilution at a ratio of 1:5,000;
CWBIO).
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Figure 1. ELF3 and ELF4 do not affect the interaction between SWI3C
and LUX
Figure 2. The pSWI3C:SWI3C‐GFP/swi3c‐3 line has a normal photoperiod
sensitivity, indicating that SWI3C‐GFP is functional
Figure 3. Analysis of LUX and SWI3C protein levels under different conditions
Figure 4. Analysis of CO, SOC1, and FT gene expression levels
Figure 5. Analysis of LUX and SWI3C target genes and their associated
histone modifications via chromatin immunoprecipitation sequencing
(ChIP‐seq)
Figure 6. Analysis of in vivo H3ac deposition at the GI locus
Figure 7. GI protein abundance in a cell‐free degradation assay
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