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Abstract
Flowering is the transition from vegetative to reproductive growth and is critical for plant adaptation and reproduction. 
FLOWERING LOCUS C (FLC) plays a central role in flowering time control, and dissecting its regulation mechanism provides 
essential information for crop improvement. Here, we report that DECAPPING5 (DCP5), a component of processing bodies 
(P-bodies), regulates FLC transcription and flowering time in Arabidopsis (Arabidopsis thaliana). DCP5 and its interacting part-
ner SISTER OF FCA (SSF) undergo liquid–liquid phase separation (LLPS) that is mediated by their prion-like domains (PrDs). 
Enhancing or attenuating the LLPS of both proteins using transgenic methods greatly affects their ability to regulate FLC and 
flowering time. DCP5 regulates FLC transcription by modulating RNA polymerase II enrichment at the FLC locus. DCP5 requires 
SSF for FLC regulation, and loss of SSF or its PrD disrupts DCP5 function. Our results reveal that DCP5 interacts with SSF, and the 
nuclear DCP5–SSF complex regulates FLC expression at the transcriptional level.
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Introduction
Flowering is essential for plant reproduction and adaptation. 
Extensive natural variation at the FRIGIDA (FRI) and 
FLOWERING LOCUS C (FLC) loci is a major factor determining 
the winter-annual (late flowering) or rapid-cycling (early flow-
ering) growth habits of the cruciferous species Arabidopsis 
(Arabidopsis thaliana) (Johanson et al. 2000; Shindo et al. 
2006). While FRI induces FLC transcription, proteins including 
FLOWERING CONTROL LOCUS A (FCA), FLOWERING 
LOCUS PA, FLOWERING LOCUS D, and FY form the autono-
mous pathway and antagonize FRI function to repress FLC 
expression (Macknight et al. 1997; Schomburg et al. 2001; 

Simpson et al. 2003; Crevillen and Dean 2011). We recently 
identified SISTER OF FCA (SSF) through genome-wide associ-
ation studies and revealed that it promotes FLC transcription 
and delays flowering (Wang et al. 2020). Arabidopsis accessions 
harbor either one of two haplotypes for SSF, one of which re-
sults in an amino acid change that modulates the interaction 
between SSF and CULLIN1 and manipulates RNA polymerase 
II (Pol II) enrichment at the FLC locus, leading to differential 
FLC transcription and flowering time (Wang et al. 2020). 
Nevertheless, the precise mechanism of SSF function in regulat-
ing FLC requires further investigation.

In addition to conventional membrane-bound organelles, 
cells also contain several types of membraneless and 
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noncovalent compartments composed of proteins or RNA 
molecules that are thought to play critical roles in ubiquitous 
biological pathways such as RNA metabolism, translation, 
and signal transduction (Banani et al. 2017). These compart-
ments, also called biomolecular condensates, refer to the spa-
tial concentration of biomolecules into speckles/spots, as 
observed by microscopy (Boija et al. 2018; Emenecker et al. 
2020), such as stress-induced granules, processing bodies 
(P-bodies), nucleoli, Cajal bodies, and dicing bodies 
(D-bodies) (Collier et al. 2006; Kroschwald et al. 2015; Luo 
et al. 2018; Xie et al. 2020). Some RNA-binding proteins 
have been reported to contain intrinsically disordered do-
mains of low complexity that are essential for proteins under-
going liquid–liquid phase separation (LLPS) either alone or in 
the presence of RNA (Fang et al. 2019; Ji et al. 2019). To date, 
how and where most phase-separation events take place re-
mains elusive, and the biological function of most examples 
of cellular phase separation is unclear (Emenecker et al. 
2020).

P-bodies consist of cytoplasmic condensates and contrib-
ute to multiple steps in mature mRNA processing, including 
mRNA decapping, mRNA degradation, deadenylation, 
RNA-mediated post-transcriptional gene silencing, and 
nonsense-mediated decay (Maldonado-Bonilla 2014; Schütz 
et al. 2017). P-bodies are conserved across eukaryotes and 
display liquid droplet properties that are enhanced by the 
addition of RNA (Schütz et al. 2017). DECAPPING1 (DCP1), 
DCP2, DCP5, and VARICOSE are major components of the 
P-body in plants. DCP5 shows similarity to human 
RNA-associated protein 55 (Xu and Chua 2012) and is re-
quired for pre-mRNA decapping, inhibition of mRNA trans-
lation, and P-body formation (Xu and Chua 2009).

In Arabidopsis, a protein complex comprising SM-LIKE1 
(LSM1) and LSM7 in the cytoplasm is involved in P-body for-
mation, mRNA decapping and decay, playing a critical role in 
Arabidopsis development. Interestingly, the LSM2–LSM8 
complex localizes in the nucleus, regulating U6 small nuclear 
RNA stabilization and pre-mRNA splicing (Perea-Resa et al. 
2012). Moreover, DCP5 affects the localization of DCP1 and 
DCP2 in plants (Xu and Chua 2009; Jang et al. 2019), enabling 
selective translation for optimal development of Arabidopsis 
seedlings (Jang et al. 2019). DCP5 also works together with 
LSM1 to evade translational repression during cauliflower 
mosaic virus (CaMV) infection (Hoffmann et al. 2022).

Here, we show that SSF interacts with DCP5 in the nucleus 
to cotranscriptionally regulate FLC expression. Our data sug-
gest that both proteins undergo LLPS, which is required for 
their ability to regulate FLC, with DCP5 enhancing SSF 
LLPS. We also demonstrate that SSF recruits DCP5 to FLC 
chromatin to repress FLC transcription.

Results
SSF interacts with DCP5, a component of the P-body 
complex
We previously showed that SSF regulated FLC transcription 
and flowering in Arabidopsis (Wang et al. 2020). To further 
dissect the molecular mechanism of SSF, we identified its in-
teracting partners by protein pull-down assays using ssf-2 
proSSF:SSF–GFP transgenic plants (Wang et al. 2020), fol-
lowed by mass spectrometry analysis. From these experi-
ments, we identified a candidate SSF-interacting protein: 
DCP5 (At1g26110), a component essential for the formation 
of the P-body (Xu and Chua 2009; Jang et al. 2019) 

IN A NUTSHELL
Background: Typical organelles such as mitochondria and chloroplasts are surrounded by membranes. However, eu-
karyotic cells also contain organelles that lack membranes. For example, P-bodies consist of cytoplasmic condensates 
and act in mRNA processing, including mRNA decapping, mRNA degradation, deadenylation, RNA-mediated post- 
transcriptional gene silencing, and nonsense-mediated decay P-bodies are conserved across eukaryotes. In plants, 
P-bodies and their constituent proteins undergo liquid–liquid phase separation (LLPS). In LLPS, proteins and nucleic 
acids form a dense, separate phase that looks like droplets of liquid. However, it is unclear where the LLPS occurs and 
how it is related to important biological processes such as flowering time, which affects plant growth, development, 
and seed yield.

Question: What is the function of the essential P-body component DECAPPING5 (DCP5)? How does DCP5 affect 
flowering time?

Findings: We applied protein coimmunoprecipitation combined with mass spectrometry (IP-MS) analysis on the 
flowering regulator SISTER OF FCA (SSF), and identified the SSF-interacting protein DCP5. A knockdown mutation 
of DCP5 (dcp5-1) affected the expression of the floral repressor FLOWERING LOCUS C (FLC) and resulted in late flower-
ing compared to the wild type. The dcp5-1 mutation led to more RNA polymerase II enrichment at the FLC locus and 
higher FLC transcription. FLC mRNA stability was not affected in dcp5-1. Moreover, we showed that DCP5 was re-
cruited to FLC genomic regions by SSF. More importantly, we discovered that the regulation of FLC by the DCP5– 
SSF complex depended on LLPS.

Next steps: To better understand the role of the DCP5–SSF complex in the cotranscriptional regulation of FLC, we will 
identify additional proteins that interact with SSF or DCP5 for flowering time regulation in Arabidopsis.
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(Supplemental Data Set 1). To validate this interaction, we 
performed yeast two-hybrid (Y2H) assays with SSF fused to 
the yeast (Saccharomyces cerevisiae) GAL4 DNA-binding do-
main (BD-SSF) and DCP5 fused to the GAL4 activation do-
main (AD-DCP5). Only cells cotransformed with both 
constructs grew on selective medium, while either construct 
cotransformed with the corresponding empty vector did not. 
Furthermore, truncated SSF variants (SSFΔPrD and SSFWW) 
did not interact with DCP5 (Fig. 1A; Supplemental Fig. S1).

We performed luciferase (LUC) complementation imaging 
(LCI) assays in Nicotiana benthamiana leaf cells and bimol-
ecular fluorescence complementation (BiFC) assays in 
Arabidopsis protoplasts. For LCI assays, we coinfiltrated 
N. benthamiana leaves with constructs encoding SSF-nLUC 
(SSF fused to the N-terminal half of LUC), SSFΔPrD-nLUC, 
SSFWW-nLUC and cLUC-DCP5 (DCP5 fused to the 
C-terminal half of LUC). We observed strong LUC activity 
when SSF-nLUC and cLUC-DCP5 were coexpressed, but not 
for SSFΔPrD-nLUC and cLUC-DCP5 or SSFWW-nLUC and 
cLUC-DCP5, consistent with the reconstitution of LUC due 
to protein-protein interaction (Fig. 1B). For BiFC assays, we 
transiently transfected Arabidopsis protoplasts with plas-
mids encoding nYFP-SSF (SSF fused to the N-terminal half 
of yellow fluorescent protein) and cYFP-DCP5 (DCP5 fused 
to the C-terminal half of yellow fluorescent protein) and de-
tected YFP fluorescence, supporting the interaction of SSF 
with DCP5 (Fig. 1C). SSF–GFP predominantly localized in 
the nucleus, while we detected DCP5–mCherry in the nu-
cleus and the cytosol, with clear colocalization of the two 
proteins in the nucleus (Fig. 1D).

DCP5 interacted with SSF in in vitro protein pull-down as-
says using recombinant GFP–SSF and mCherry–DCP5, when 
GFP–SSF and mCherry–DCP5 mixture solution was pulled 
down by magnetic beads coupled with anti-GFP antibodies 
and detected with an anti-mCherry antibody (Fig. 1E). We 
also conducted in vivo protein coimmunoprecipitation 
(Co-IP) assays using transgenic Arabidopsis plants harboring 
proSSF:SSF–GFP and proDCP5:DCP5–FLAG transgenes, which 
confirmed the interaction between SSF and DCP5 when 
using anti-GFP antibodies (Fig. 1F). FCA is homologous to 
SSF, prompting us to hypothesize that it may also interact 
with DCP5. Accordingly, we tested the DCP5–FCA inter-
action by performing Y2H and BiFC assays. In contrast to 
our expectation, FCA failed to interact with SSF or DCP5 in 
yeast or in Arabidopsis protoplasts (Supplemental Fig. S2).

To explore which domain in DCP5 plays a major role in the 
SSF–DCP5 interaction, we carried out interaction analysis 
using truncated DCP5 variants. DCP5 contains four major 
domains: one Like-Sm domain (LSM), one Phe-Asp-Phe 
(FDF), and two Arg-Gly-Gly domains (RGG). We generated 
several truncated DCP5 proteins for interaction assays: trun-
cated C-terminal domain (DCP5ΔC), truncated N-terminal 
LSM domain (DCP5ΔN), and both N- and C-terminal do-
mains deleted (DCP5M) (Fig. 1G). We first checked the local-
ization of DCP5ΔC, DCP5ΔN, and DCP5M as GFP fusions to 
their C termini in N. benthamiana leaf cells: we determined 

that DCP5ΔC, DCP5ΔN, and DCP5M localize to the nucleus 
and cytosol (Supplemental Fig. S3, A to D). The BiFC assays 
showed that both DCP5ΔC and DCP5ΔN can interact with 
SSF in Arabidopsis protoplasts, while DCP5M could not 
(Fig. 1H). We further divided DCP5 into DCP5N and 
DCP5C, and observed that both fragments can interact 
with SSF in BiFC assays. DCP5N and DCP5C localized in the 
nucleus and cytoplasm (Fig. 1H; Supplemental Fig. S3, E 
and F). These results indicate that both the N- and 
C-terminal domains of DCP5 can interact with SSF.

DCP5 regulates flowering time in Arabidopsis by 
downregulating FLC expression
We performed genetic characterization of DCP5 with the dcp5-1 
knockdown mutant, which harbors a T-DNA insertion in the 3′ 
untranslated region (3′ UTR) of DCP5 (Supplemental Fig. S4, A 
and B). DCP5 transcript levels were about one-third those in wild- 
type Col-0 (Fig. 2A). Moreover, the dcp5-1 mutant flowered later 
when grown under a long-day photoperiod (Fig. 2B) and accu-
mulated higher levels of spliced (mature) and unspliced (nas-
cent) FLC transcripts (Fig. 2, C and D). To verify the 
late-flowering phenotype of dcp5-1, we generated stable trans-
genic plants carrying a proDCP5:DCP5–GFP complementation 
transgene in the dcp5-1 mutant background. The transgene re-
stored DCP5 transcripts to levels similar to wild-type (Fig. 2A), 
rescued the delayed flowering time phenotype of the dcp5-1 mu-
tant (Fig. 2B), and reduced FLC transcript levels back to Col-0 le-
vel (Fig. 2, C and D).

Given that unspliced FLC was increased in the dcp5-1 mu-
tant (Fig. 2D), we suspected a role for DCP5 in the nucleus 
(Fig. 1D). To confirm that DCP5 exists in the nucleus as 
seen by confocal imaging (Fig. 2E), we extracted proteins 
from dcp5-1 proDCP5:DCP5–FLAG transgenic Arabidopsis 
seedlings and separated soluble proteins into nuclear and 
cytosolic fractions for immunoblot analysis. We only de-
tected the nuclear protein Histone H3 in the nuclear fraction, 
while only the cytosolic fraction accumulated actin, indicat-
ing that these fractions lack detectable contamination 
(Zavaliev et al. 2020). Consistent with the DCP5–GFP local-
ization in the nucleus (Fig. 2E), we obtained a signal for 
DCP5–FLAG in both the nuclear and cytosolic fractions 
with an anti-FLAG antibody (Fig. 2F).

We performed chromatin immunoprecipitation (ChIP) 
assays to evaluate RNA Pol II occupancy at the FLC locus 
in the dcp5-1 mutant. Significantly more RNA Pol II accu-
mulated in the dcp5-1 mutant over the entire FLC genomic 
region than in the wild-type control (Col-0), but the en-
richment was significantly lower in the dcp5-1 proDCP5: 
DCP5–GFP transgenic complementation plants relative to 
dcp5-1 (Fig. 2, G and H). In addition, we did not detect a 
significant difference in FLC mRNA stability between 
dcp5-1 and wild-type Col-0, and we obtained similar results 
for ssf-2 (Supplemental Fig. S4C). These results indicate 
that DCP5 can regulate flowering time by modulating 
FLC transcription.
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DCP5 binding to FLC chromatin is SSF-dependent
The ssf-2 mutant flowered earlier than wild-type Col-0, while 
dcp5-1 flowered later (Fig. 3A). To elucidate the genetic rela-
tionship between SSF and DCP5, we generated the ssf-2 
dcp5-1 double mutant by crossing. The ssf-2 dcp5-1 double 
mutant flowered almost at the same time as the ssf-2 single 

mutant (Fig. 3, A and B). In agreement with this result, FLC 
transcript levels in ssf-2 dcp5-1 were comparable to those 
in ssf-2, and much lower than in dcp5-1 (Fig. 3, C and D), indicat-
ing that ssf-2 can suppress the high FLC transcript levels and late 
flowering seen in dcp5-1. To confirm this result, we obtained 
transgenic Arabidopsis lines constitutively overexpressing DCP5 

Figure 1. SSF interacts with the P-body component DCP5 in vitro and in vivo. A) The prion-like domain (PrD) is a key domain mediating the inter-
action between SSF and DCP5 in yeast (Saccharomyces cerevisiae) cells. The interaction between P53 and T was used as a positive control. pGBKT7 
(empty bait vector; BD) with DCP5 and pGADT7 (empty prey vector; AD) with SSF were used as negative controls. B and C) Luciferase (LUC) com-
plementation imaging (LCI) (B) and bimolecular fluorescence complementation (BiFC) assays (C) show that SSF interacts with DCP5 in Nicotiana 
benthamiana cells (B) and in Arabidopsis protoplast cells (C). D) SSF–GFP and DCP5–mCherry colocalize in the nuclei of Arabidopsis protoplasts. E) 
Protein pull-down assays show that SSF interacts with DCP5 in vitro. mCherry fused to DCP5 (mCherry–DCP5) was tested for binding to GFP fused 
to SSF (GFP–SSF). GFP alone was used as a negative control in the pull-down assays. M, molecular weight of protein marker. F) 
Coimmunoprecipitation (Co-IP) assay using stable transgenic plants to detect the association of SSF–GFP with DCP5–FLAG. The SSF–GFP transgenic 
line was crossed to a DCP5–FLAG transgenic line. F3 generation plants were used for Co-IP. G) Schematic diagram of the different domains of DCP5. 
H) BiFC showing that SSF interacts with DCP5C and DCP5N, but not with DCP5M, in Arabidopsis protoplasts. Scale bars, 10 μm. All experiments 
were performed at least 3 times, and representative results are shown.
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under the control of the CaMV 35S promoter in the Col-0 back-
ground (DCP5-OE) and crossed them to ssf-2 to obtain ssf-2 
DCP5-OE plants.

The flowering time of the DCP5-OE lines was significantly 
earlier than that of Col-0 (Fig. 3E; Supplemental Fig. S5A). 
Consistent with this result, FLC transcript levels in DCP5-OE 
were lower than in Col-0 (Fig. 3, F and G), while DCP5 transcript 

levels in DCP5-OE were higher than in Col-0 (Supplemental Fig. 
S5B). By contrast, we observed no significant difference in flow-
ering time or FLC transcript levels between ssf-2 DCP5-OE and 
ssf-2 (Fig. 3, H to J; Supplemental Fig. S5C), although the expres-
sion of DCP5 in ssf-2 DCP5-OE was much higher than in ssf-2 
(Supplemental Fig. S5D), suggesting that SSF is required for 
DCP5 to repress FLC expression.

Figure 2. DCP5 downregulates FLC expression in Arabidopsis. A) DCP5 expression was restored to wild-type levels in dcp5-1 proDCP5:DCP5–GFP 
transgenic plants (lines #1 and #2), compared to that in wild-type Col-0 and dcp5-1. B) Flowering time (as total leaf number) of the indicated gen-
otypes. C and D) Spliced (C) and unspliced (D) FLC transcript levels are lower in dcp5-1 proDCP5:DCP5–GFP transgenic plants compared to dcp5-1. 
The gene expression values from RT-qPCR were normalized to Col-0. E) Subcellular localization analysis of DCP5–GFP. 4′,6-diamidino-2-phenylin-
dole staining was used to mark nuclei. Scale bars, 20 or 10 μm. F) Immunoblot analysis indicating that DCP5–FLAG exists in the nucleus and cytosol. 
Histone H3 and actin specifically accumulate in the nucleus and cytosol, respectively, and were used as indicators for the separation of nuclear and 
cytosolic fractions. M, molecular weight of protein marker. G) RNA Polymerase II (Pol II) is more highly enriched in the dcp5-1 mutant, compared to 
that in wild-type Col-0. The P-values illustrate significance level relative to dcp5-1. AtSN1, negative control; P5CS1-II, positive control. H) Schematic 
diagram of the FLC locus. The boxes with yellow color, exons; horizontal lines, introns. The ChIP-qPCR primer positions are shown as letters in the 
figure. In (A, C, D), UBC was used as an internal control for qPCR, data are means of three independent experiments ± standard deviation (SD) 
(n = 50 seedlings per replicate). In (B), data are means of 12 plants ± standard error of the mean (SEM). In (G), data are means of three independent 
experiments ± SEM (3 g of seedlings per replicate). Significant differences were determined using Student’s t-test. All experiments were performed at 
least 3 times, and representative results are shown.
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We also discovered that DCP5 binds to multiple regions of 
the FLC locus, as evidenced by ChIP-qPCR assays. Notably, 
DCP5 binding to the FLC locus was SSF-dependent, as 
DCP5 enrichment was lost when the ChIP assay was per-
formed in ssf-2 proDCP5:DCP5–GFP (Figs. 3K and 2H). 
Taken together, these data suggest that SSF is essential for 
DCP5 to bind to FLC chromatin.

SSF undergoes phase separation
SSF encodes a putative RNA-binding protein (RBP) with two 
RNA recognition motifs and one WW domain (Figs. 1A and 
4A). Fang et al. (2019) reported that the SSF homolog FCA 
has a prion-like domain (PrD), which affects its function. 

Therefore, we speculated that SSF may also have a PrD, al-
though the biological roles of SSF and FCA are not the same 
(Wang et al. 2020). The prion-like amino acid composition 
(PLAAC) prediction tool detected one candidate PrD in SSF 
spanning amino acids 7 to 83, while the Database of 
Disordered Protein Prediction (D2P2) program identified three 
disordered regions in SSF, one of which partially overlapped 
with the PrD (Figs. 1A and 4A). We then determined the sub-
cellular localization of SSF tagged with GFP (SSF–-GFP) in ssf-2 
proSSF:SSF–GFP transgenic plants. Previous work established 
that the SSF–GFP fusion protein is functional (Wang et al. 
2020). SSF–GFP was nonuniformly distributed in the nucleus, 
with clear differences from the GFP control (Fig. 4B).

Figure 3. SSF recruits DCP5 to repress FLC transcription and flowering. A) Phenotype of Col-0, ssf-2, dcp5-1 and ssf-2 dcp5-1. Note the ssf-2 dcp5-1 
plants flower at the same time as ssf-2. B) Flowering time (as total leaf number) of Col-0, ssf-2, dcp5-1 and ssf-2 dcp5-1. C and D) Levels of spliced (C) 
and unspliced (D) FLC transcripts in Col-0, ssf-2, dcp5-1 and ssf-2 dcp5-1. E) Total leaf number of Col-0 and DCP5-OE (Col-0 background) overexpres-
sion lines. F and G) Levels of spliced (F) and unspliced (G) FLC transcripts in Col-0 and DCP5-OE. H) Total leaf number of ssf-2 and ssf-2 DCP5-OE 
Arabidopsis plants. I and J) Expression of spliced (I) and unspliced (J) FLC transcripts in ssf-2 and ssf-2 DCP5-OE (n = 3). K) DCP5 enrichment at FLC 
genomic regions is dependent on SSF. The ChIP-qPCR primer positions are as indicated in the diagram in Fig. 2H. The P-values illustrate statistical 
significance relative to DCP5–GFP. AtSN1: negative control. In (B, E, and H), data are means of 12 plants ± SEM. In (C, D, F, G, I, and J), UBC was used 
as an internal control for qPCR, data are means of three independent experiments ± SD (n = 50 seedlings per replicate). In (K), data are means of 
four independent experiments ± SEM (3 g of seedlings per replicate). Significant differences were determined using Student’s t-test. All experiments 
were performed at least 3 times, and representative results are shown.
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To gain a better view of the spatial organization of SSF in the 
nucleus, we performed AX microscopy with NSPARC (Nikon 
Spatial Array Confocal; a confocal-based super resolution micro-
scope) to overcome the optical diffraction limit and capture SSF 

localization. We established that SSF–GFP in the nucleus shows a 
spot-like pattern (Supplemental Fig. S6A). When we transiently 
expressed SSF–GFP driven by 35S promoter in N. benthamiana 
leaf epidermal cells, SSF–GFP aggregated into multiple large, 

Figure 4. The flowering time regulator SSF shows phase separation. A) Schematic diagram of the SSF protein. Top, the four domains of SSF are 
shown. Prion-like domain (PrD). RRM, RNA recognition motif. WW, Trp-Trp domain; middle, PrD score (0 to 1) is displayed compared to the back-
ground (analyzed by “prion-like amino acid composition”, PLAAC; http://plaac.wi.mit.edu/); bottom, disordered regions of SSF as predicted by D2P2 
(http://d2p2.pro/). B) SSF–GFP and PrD(SSF)–GFP form fluorescent speckles in the roots of transgenic Arabidopsis seedlings, whereas SSFΔPrD–GFP 
and GFP do not. PrD(SSF), the PrD of SSF. SSFΔPrD, SSF without its PrD. Scale bars, 5 μm. C) In vitro phase-separation assays of GFP, GFP–SSF, GFP– 
SSFΔPrD, GFP–SSF–PrDΔFUS, and mCherry–SSF with 10% (w/v) PEG4000 treatment for 10 min. PrDΔFUS, PrD was replaced by FUS. Scale bars, 
5 μm. Note: the deletion of PrD abolished the phase-separation capacity of SSF. D) Phase separation of GFP–SSF was tested in the presence of total 
RNA extracted from Arabidopsis seedlings. Scale bars, 5 μm. E) Dynamic LLPS of GFP–SSF with different concentrations of KCl and recombinant 
GFP–SSF. F) PrD(SSF)–GFP forms multiple speckles in the nuclei of transgenic Arabidopsis seedlings. Scale bars, 5 μm. G) The relative GFP fluor-
escence of PrD(SSF)–GFP in the nuclei of transgenic Arabidopsis plants recovers after photobleaching. Data are means of the fluorescence values 
from 15 seedlings ± SEM. The images were taken every 3 s over 142 s to document fluorescence recovery, each time point was normalized to the 
value before photobleaching. H and I) GFP–SSF can recover after photobleaching. Scale bars, 2 μm. Data are means of the fluorescence values from 
six droplets ± SEM. The images were taken every 20 s over 205 s to document fluorescence recovery, each time point was normalized to the value 
before photobleaching. J and K) GFP–SSF droplets can fuse and form larger droplets. Scale bars, 2 μm (n = 210 droplets). The circles in (F and I) 
indicate the photobleached regions for recovery analysis. All experiments were performed at least 3 times, and representative results are shown.
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round foci (0.1 to 9.95 μm2 in size), which was distinct from the 
GFP control (Supplemental Fig. S6, D and E). To test the role of 
the SSF PrD, we generated stable transgenic lines expressing 
PrD(SSF)–GFP under the native SSF promoter in Arabidopsis. 
PrD(SSF)–GFP formed multiple fluorescent foci in Arabidopsis 
root cells (Fig. 4B) and distributed nonuniformly in N. benthami-
ana leaf cells (Supplemental Fig. S6F). However, when we deleted 
the PrD from SSF, the localization appeared very different from 
intact SSF–GFP: SSFΔPrD was uniformly distributed in 
Arabidopsis cells and did not form fluorescent foci in N. 
benthamiana cells (Fig. 4B; Supplemental Fig. S6G).

To characterize SSF protein properties in vitro, we puri-
fied recombinant GFP–SSF with His tags at both termini 
(Supplemental Fig. S6H). Purified GFP–SSF formed liquid 
droplets upon the addition of the crowding agent poly-
ethylene glycol (10% [w/v] PEG4000 (Boyko et al. 2019; 
Greig et al. 2020)). As a control, treating the same amount 
of purified GFP with PEG4000 did not yield similar results 
(Fig. 4C). Furthermore, a recombinant SSF protein lacking 
the PrD (GFP–SSFΔPrD) also did not show phase- 
separation even with 10% PEG treatment, suggesting 
that the PrD is required for the LLPS of SSF (Fig. 4C). SSF 
is an RBP, but it remains unknown whether SSF condensa-
tion can be influenced by RNA. To test this notion, we 
extracted total RNA from Col-0 and added it into the 
GFP–SSF solution. Importantly, the presence of RNA pro-
moted GFP–SSF condensation even without PEG addition 
(Fig. 4D).

To explore the dynamics of GFP–SSF droplet formation, we 
added various concentrations of KCl to the recombinant 
GFP–SSF solution, which revealed that increasing KCl con-
centrations (250 to 1000 mM) or decreasing GFP–SSF protein 
concentrations disrupts the formation of GFP–SSF droplets, 
suggesting the reversibility of SSF phase separation (Fig. 4E; 
Supplemental Fig. S6I). Furthermore, we used a full laser 
beam to specifically bleach a portion of SSF–GFP or 
PrD(SSF)–GFP fluorescence and measured the recovery 
rate (Fang et al. 2019; Lu et al. 2020; Xie et al. 2020; Kim 
et al. 2021). We observed that the fluorescence of the 
bleached SSF–GFP region recovers to some extent 
(Supplemental Fig. S6, B and C), whereas PrD(SSF)–GFP 
fluorescence returned to the bleached area within 21 s 
(Fig. 4, F and G). Consistently, the droplets of recombinant 
GFP–SSF in solution recovered after photobleaching in vitro 
(Fig. 4, H and I), and showed a strong ability to fuse with each 
other, leading to the formation of progressively larger dro-
plets (Fig. 4, J and K).

To further confirm that SSF can form droplets in vitro, we 
added 15% (w/v) Ficoll 400 to the GFP–SSF solution (Dao 
et al. 2018; Guo et al. 2019). We determined that GFP–SSF can 
form droplets after Ficoll addition, but GFP alone could not 
(Supplemental Fig. S6J). The formation of SSF droplets was not 
due to the added GFP tag, as recombinant mCherry–SSF exhib-
ited a similar behavior (Fig. 4C; Supplemental Fig. S6K). Therefore, 
we propose that SSF undergoes LLPS, for which its PrD is 
essential.

The SSF PrD contributes to the regulation of FLC 
transcription and flowering
As the formation of SSF droplets was affected by its PrD, we 
hypothesized that the function of SSF may be regulated by its 
PrD. To test this hypothesis, we used stable transgenic 
Arabidopsis lines harboring proSSF:SSF or proSSF:SSFΔPrD in 
the ssf-2 background for phenotypic characterization. ssf-2 
proSSF:SSF plants flowered later than ssf-2, while the ssf-2 
proSSF:SSFΔPrD lines did not delay flowering to the same ex-
tent as the proSSF:SSF lines (Fig. 5, A and B), despite having 
comparable SSF transcript levels (Fig. 5C). To assess whether 
the PrD truncation affects SSF protein accumulation, we 
quantified the protein abundance of the GFP fusion in ssf-2 
proSSF:SSF–GFP and ssf-2 proSSF:SSFΔPrD–GFP transgenic 
lines using an anti-GFP antibody: we observed no significant 
difference between the two transgenes (Supplemental Fig. 
S7). In agreement with the changes in flowering time, spliced 
and unspliced FLC transcript levels were higher in the ssf-2 
proSSF:SSF lines than in ssf-2. However, FLC transcript levels 
were not higher in the ssf-2 proSSF:SSFΔPrD lines (Fig. 5, D 
and E), suggesting that the PrD is important for SSF to regu-
late FLC transcription.

We explored the function of the PrD of SSF by coinfiltrat-
ing N. benthamiana leaves with a reporter construct consist-
ing of the FLC promoter driving the firefly LUC gene (proFLC: 
LUC) with either 35S:SSF or 35S:SSFΔPrD as effectors. The le-
vel of LUC activity indicated that removing the PrD inhibits 
the ability of SSF to promote FLC transcription (Fig. 5F). We 
further performed ChIP experiments to evaluate whether SSF 
might bind to FLC chromatin, and whether its PrD affects this 
binding, using ssf-2 proSSF:SSF–GFP and ssf-2 proSSF: 
SSFΔPrD–GFP transgenic plants. We determined that SSF– 
GFP can indeed bind to FLC chromatin, and the enrichment 
of SSFΔPrD–GFP on FLC was significantly reduced, with levels 
resembling Col-0 (Fig. 5G).

To further demonstrate that SSF requires PrD-triggered 
condensation to perform its molecular function, we replaced 
the SSF PrD with the low-complexity domain (LCD) of the 
RBP FUSCA (FUS), a domain important for protein LLPS 
(Lin et al. 2015; Patel et al. 2015). We generated proSSF: 
SSF–PrDΔFUS (encoding SSF–PrD with its PrD replaced 
with the FUS domain) and introduced this construct into 
ssf-2. The flowering time of these ssf-2 proSSF:SSF–PrDΔFUS 
lines was similar to that of ssf-2 proSSF:SSF lines, which was 
much later than that of ssf-2 (Fig. 5H). Consistently, spliced 
and unspliced FLC transcript levels in ssf-2 proSSF:SSF– 
PrDΔFUS lines and ssf-2 proSSF:SSF lines were the same as 
Col-0, and their SSF expression levels were similar (Fig. 5, I to 
K). In agreement with these data, when we replaced the SSF 
PrD with the domain from FUS, LUC imaging showed that 
35S:SSF–PrDΔFUS promotes FLC transcription, similar to SSF 
in Col-0 (Fig. 5F). Moreover, we inspected GFP–SSF–PrDΔFUS 
characteristics in solution and observed that it can form liquid 
droplets, similar to GFP–SSF (Fig. 4C; Supplemental Fig. S6H). 
In addition, in transgenic Arabidopsis, we observed that 
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Figure 5. The prion-like domain of SSF is important for FLC transcription and flowering. A) Phenotype of Col-0, ssf-2, ssf-2 proSSF:SSF and ssf-2 
proSSF:SSFΔPrD. B) PrD deletion affects the function of SSF in flowering time control. proSSF:SSFΔPrD failed to delay flowering time compared 
to the proSSF:SSF transgene. C) SSF transcript levels in Col-0, ssf-2, ssf-2 proSSF:SSF and ssf-2 proSSF:SSFΔPrD. D and E) Levels of spliced (D) and un-
spliced (E) FLC transcripts in Col-0, ssf-2, ssf-2 proSSF:SSF and ssf-2 proSSF:SSFΔPrD transgenic lines. F) PrD deletion (SSFΔPrD) and replacement with 
the FUS domain in SSF (SSF–PrDΔFUS) attenuates and enhances FLCpro:LUC expression, respectively. Firefly luciferase (Fluc) activity was normalized 
to Renilla luciferase (Rluc). G) SSF enrichment at FLC genomic regions is dependent on its PrD. The ChIP-qPCR primer positions are as indicated in 
the diagram in Fig. 2H. H) Flowering time analysis of Col-0, ssf-2, ssf-2 proSSF:SSF (ssf-2 SSF) and ssf-2 proSSF:SSF–PrDΔFUS (ssf-2 SSF–PrDΔFUS). I) SSF 
expression in Col-0, ssf-2, ssf-2 SSF and ssf-2 SSF–PrDΔFUS. J and K) Levels of spliced (J) and unspliced (K) FLC transcripts in Col-0, ssf-2, ssf-2 SSF and 
ssf-2 SSF–PrDΔFUS. L) Confocal micrographs showing the formation of nuclear bodies by SSF–GFP, SSFΔPrD–GFP and SSF–PrDΔFUS–GFP in trans-
genic Arabidopsis lines. Scale bars, 5 μm. In (B and H), data are means of 12 plants ± SEM. In (C–E, I–K), UBC was used as an internal control for 
qPCR, data are means of three independent experiments ± SD (n = 50 seedlings per replicate). In (F), data are means of three different leaves ± SEM. 
For each leaf, one area was infiltrated. In (G), data are means of three independent experiments ± SEM (3 g of seedlings per replicates). Significant 
differences were determined using Student’s t-test. All experiments were performed at least 3 times, and representative results are shown.
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SSF–PrDΔFUS displays a nonuniform distribution in the nucleus, 
similar to the distribution pattern of intact SSF (Fig. 5L). These 
data suggest that PrD-mediated condensation of SSF is import-
ant for its function in regulating FLC transcription and flowering 
time.

To explore whether the SSF PrD affects its interaction with 
DCP5, we carried out Y2H and LCI assays, which revealed that 
SSFΔPrD cannot interact with DCP5 (Fig. 1, A and B; 
Supplemental Fig. S1). We verified this finding by performing 
in vitro protein pull-down and Co-IP assays. Consistent with 
the LCI and Y2H assays, we did not detect interaction be-
tween SSFΔPrD and DCP5 in these experiments, suggesting 
that the PrD of SSF is required for its interaction with 
DCP5 (Supplemental Fig. S8, A and B). Interestingly, results 
of the Y2H, BiFC, and protein pull-down assays showed 
that SSF–PrDΔFUS still possesses the ability to interact 
with DCP5 (Supplemental Fig. S8, C to E).

DCP5 exhibits phase separation in vivo
Detailed confocal imaging analysis of the dcp5-1 proDCP5: 
DCP5–GFP transgenic plants showed that DCP5–GFP accu-
mulates in the cytosol and nuclear periphery, forming mul-
tiple speckles (Fig. 6A). PLAAC and D2P2 predicted highly 
disordered regions and two PrDs within DCP5 (Fig. 6B). To 
investigate whether DCP5 exhibits phase separation, we ana-
lyzed the fluidity of DCP5 in proDCP5:DCP5–GFP transgenic 
plants. Indeed, DCP5–GFP formed liquid droplets in the nu-
cleus, whose fluorescence quickly recovered when a small re-
gion was photobleached with a full laser beam (Fang et al. 
2019; Lu et al. 2020; Xie et al. 2020; Kim et al. 2021) (Fig. 6, 
C and D). Similarly, we observed that DCP5–GFP can form 
droplets in the nuclei of N. benthamiana leaf cells infiltrated 
with the 35S:DCP5–GFP construct, and the fluorescence sig-
nal of the droplets recovered after photobleaching 
(Supplemental Fig. S9, A, C, and D). By contrast, deletion of 
the two PrDs from DCP5 resulted in a truncated protein un-
able to undergo LLPS in either transgenic Arabidopsis or N. 
benthamiana leaves (Fig. 6, C and E; Supplemental Fig. S9, 
B, C, and E). These results suggest that the DCP5 PrDs are 
essential for its LLPS.

The PrD of DCP5 is important for regulating FLC 
transcription and flowering
To investigate whether DCP5 can trigger phase separation on 
its own in vitro, we purified recombinant mCherry–DCP5 
from Escherichia coli (Supplemental Fig. S9F). Upon the add-
ition of PEG or Ficoll (Dao et al. 2018; Boyko et al. 2019; Guo 
et al. 2019; Greig et al. 2020), recombinant mCherry–DCP5 
underwent LLPS, but not mCherry. Moreover, without its 
PrDs, DCP5 lost the ability to undergo LLPS (Fig. 6F; 
Supplemental Fig. S9G). Even in vitro and without other co-
factors, recombinant mCherry–DCP5 fluorescence recovered 
close to 90% of its original fluorescence signal following 
photobleaching (Fig. 6, G and H). The addition of KCl (0.25 
to 1 M) to the protein solution reversed the phase separation 

of mCherry–DCP5 droplets (Fig. 6I; Supplemental Fig. S9H). 
Furthermore, small mCherry–DCP5 droplets could fuse to 
form larger ones (Fig. 6J).

To confirm the importance of PrDs in DCP5 function, we 
generated 35S:DCP5 and 35S:DCP5ΔPrD constructs and trans-
formed them into dcp5-1. The dcp5-1 35S:DCP5 transgenic 
plants flowered earlier than dcp5-1 (Fig. 7A). However, 
dcp5-1 35S:DCP5ΔPrD lines flowered significantly later than 
dcp5-1 35S:DCP5 (Fig. 7A). Consistent with this result, FLC 
transcript levels in 35S:DCP5ΔPrD lines were significantly 
higher than in 35S:DCP5 lines (Fig. 7, B and C), although their 
DCP5 expression levels were comparable (Fig. 7D). 
Furthermore, when proFLC:LUC was coinfiltrated with 35S: 
DCP5 or 35S:DCP5ΔPrD in N. benthamiana, DCP5 was able 
to downregulate FLC transcription, with the removal of the 
PrDs significantly decreasing the inhibitory effect of DCP5 
on FLC transcription (Fig. 7, E and F). These results indicate 
that the PrDs of DCP5 are important for its LLPS and its abil-
ity to regulate FLC expression and flowering.

DCP5 promotes the LLPS of SSF
We investigated the interaction between DCP5 and SSF with 
respect to LLPS by mixing equal amounts of purified recombin-
ant GFP–SSF with His (control), DCP5 or DCP5ΔPrD. Notably, 
we observed that the addition of DCP5 significantly enlarges 
the droplet size of recombinant GFP–SSF compared to the add-
ition of the His control, whereas DCP5ΔPrD showed no influ-
ence on GFP–SSF droplet size (Fig. 8, A and B). To better 
document this result, we performed semidenaturing detergent 
agarose gel electrophoresis (SDD-AGE) to evaluate the polymer 
size of prion-like protein using the method described for LLPS 
analysis (Ji et al. 2019). Indeed, the migration distance of 
GFP–SSF declined when DCP5 was added compared to His 
and DCP5ΔPrD. This result indicates that the addition of 
DCP5, but not the His tag or DCP5ΔPrD, increases GFP–SSF 
polymerization (Fig. 8C).

To obtain in vivo support for these results, we infiltrated 
N. benthamiana cells with constructs expressing SSF–GFP 
or DCP5 from the 35S promoter. We observed stronger 
fluorescence from SSF–GFP droplets, as well as larger dro-
plets, when coexpressed with DCP5, compared to coinfiltra-
tion of SSF–GFP with the empty vector (Fig. 8, D and E; 
Supplemental Fig. S10). We confirmed that the stronger 
fluorescence was not caused by a greater accumulation of 
SSF–GFP in these samples (Fig. 8F). We repeated these ex-
periments with stable transgenic Arabidopsis lines expressing 
SSF–GFP and overexpressing DCP5 and obtained similar re-
sults, showing that the plants harboring SSF–GFP and overex-
pressing DCP5 have stronger fluorescence signals (Fig. 8, G 
and H) and formed larger SSF–GFP bodies than SSF–GFP 
without DCP5 (Fig. 8I). In addition, DCP5 transcript levels 
were not affected by loss of SSF function, and vice versa 
(Supplemental Fig. S11, A and B), and overexpression of 
DCP5 did not affect SSF–GFP accumulation (Fig. 8J). These 
results suggest that DCP5 may promote SSF liquid 
condensation.
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Figure 6. DCP5 exhibits liquid–liquid phase separation in vivo and in vitro. A) Fluorescence microscopy of root tips from 4-day-old transgenic seed-
lings expressing DCP5–GFP. Scale bars, 10 μm (left), 5 μm (right). B) Schematic diagram of DCP5 domains. Top, the position of two prion-like do-
mains (PrDs); middle, PrD scores (0 to 1) predicted by the PLAAC algorithm; bottom, the score of disordered regions predicted by D2P2. C) 
Fluorescence time lapse microscopy of transgenic Arabidopsis expressing DCP5–GFP or DCP5ΔPrD–GFP. Scale bars, 5 μm. D and E) 
Quantification of fluorescence from the photobleached region (n = 15 nuclei). The images were taken every 3 s for 143 s to document fluorescence 
recovery, each time point was normalized to before photobleaching. F) Phase separation of mCherry–DCP5 upon PEG addition. mCherry alone was 
used as a control with the same amount of PEG. The design of mCherry–DCP5 is shown as Supplemental Fig. 9F; His tags were added to the two 
termini of DCP5 for protein purification. Scale bars, 10 μm. G) Fluorescence of mCherry–DCP5 recovered after photobleaching. Scale bars, 2 μm. H) 
Time course of fluorescence recovery after photobleaching of mCherry–DCP5 droplets (n = 6 droplets). The images were taken every 10 s over 216 s 
to document fluorescence recovery, each time point was normalized to before photobleaching. I) Illustration of DCP5 phase separation with dif-
ferent concentrations of mCherry–DCP5 protein and KCl. PS, phase separation. J) Merging of mCherry–DCP5 liquid droplets. At the upper left 
corner of each confocal micrograph, the fusion curve of mCherry–DCP5 is shown. Scale bars, 2 μm. In (D, E, and H), data are means of relative 
fluorescence ± SEM. Dots are relative fluorescence values. In (C and G), the circles indicate the photobleached regions. All experiments were per-
formed at least 3 times, and representative results are shown.

DCP5–SSF complex regulates FLC transcription                                                             THE PLANT CELL 2023: 35; 3303–3324 | 3313

http://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koad151#supplementary-data


In addition, when we mixed recombinant mCherry–DCP5 
with SSF or His, we established that SSF has no clear influence 
on the size of DCP5 droplets (Supplemental Fig. S12, A and B), 
in contrast to the significant effect of DCP5 on SSF–GFP (Fig. 8, 
A and B). These results were supported by SDD-AGE assays 
showing that, similar to the addition of His alone, SSF cannot 
enhance the aggregation of mCherry–DCP5 (Supplemental 
Fig. S12C). Furthermore, when we crossed the 35S:DCP5–GFP 

transgenic line into the ssf-2 mutant, we observed no large dif-
ference in droplet size or number between 35S:DCP5–GFP and 
ssf-2 35S:DCP5–GFP (Supplemental Fig. S12, D and E). We thus 
propose that SSF does not influence the LLPS of DCP5.

The LLPS of DCP5–SSF contributes to FLC regulation
To determine the effect of DCP5 on the molecular function of 
SSF, we crossed proSSF:SSF–GFP with DCP5-OE and obtained 

Figure 7. The prion-like domain (PrD) of DCP5 influences flowering time and FLC transcription. A) PrD deletion affects the function of DCP5 in 
flowering time control. 35S:DCP5ΔPrD failed to promote flowering time compared to the 35S:DCP5 transgene. DCP5ΔPrD, DCP5 with its PrD trun-
cated. B to D) FLC and DCP5 transcript levels in Col-0, dcp5-1, dcp5-1 35S:DCP5 and dcp5-1 35S:DCP5ΔPrD transgenic lines. E) Overexpressing 
DCP5ΔPrD attenuates the inhibition of proFLC:LUC expression in N. benthamiana. For each leaf, one area was infiltrated. F) LUC activity derived 
from proFLC:LUC when coinfiltrated with DCP5 or DCP5ΔPrD. LUC, luciferase; EV, empty vector. Firefly luciferase (Fluc) activity was normalized 
to Renilla luciferase (Rluc). In (A), data are means of 12 plants ± SEM. In (B to D), UBC was used as an internal control for qPCR, data are means 
of three independent experiments ± SD (n = 50 seedlings per replicate). In (E), for each leaf, one area was infiltrated. In (F), data are means of three 
independent leaves ± SEM. Significant differences were determined using Student’s t-test. All experiments were performed at least 3 times, and 
representative results are shown.
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transgenic plants harboring proSSF:SSF–GFP and DCP5-OE, 
which we used for ChIP analysis. We observed that DCP5 can 
promote SSF–GFP enrichment at the FLC locus (Fig. 9A). We 
sought to determine the molecular mechanism by which the 
DCP5–SSF complex modulates FLC expression. To this end, 
we transiently coinfiltrated N. benthamiana leaves with 

proFLC:LUC and 35S:DCP5ΔC (Fig. 1G). Notably, DCP5ΔC failed 
to reduce proFLC:LUC expression compared to full-length 
DCP5, suggesting that the C-terminal region of DCP5 is import-
ant for FLC regulation. When we coinfiltrated proFLC:LUC, 35S: 
DCP5ΔC and 35S:SSF into N. benthamiana leaves, LUC activity 
increased (Fig. 9, B and C). By contrast, when proFLC:LUC, 

Figure 8. DCP5 promotes SSF liquid–liquid phase separation. A) DCP5, but not DCP5ΔPrD, can promote SSF liquid–liquid phase separation (LLPS) 
in solution. PrD, prion-like domain. His was used as a control, as DCP5 and DCP5ΔPrD were fused with His tags. DCP5ΔPrD, DCP5 with its PrD 
truncated. B) Quantification of GFP–SSF droplet size among the samples with the addition of the control protein (His), DCP5 or DCP5ΔPrD 
(n = 934). C) Semidenaturing detergent agarose gel electrophoresis (SDD-AGE) assays showing that GFP–SSF aggregates into larger polymers 
upon the addition of DCP5, compared to the addition of His or DCP5ΔPrD. The arrow indicates the direction of sample movement in the gel. 
D) DCP5 promotes the liquid separation of SSF–GFP in N. benthamiana cells. EV, empty vector. E) Quantification of droplet size between 
SSF–GFP and SSF–GFP with DCP5. Classification of droplet size: big: >3 μm2; middle: 1 to 3 μm2; small: <1 μm2. EV, empty vector. Data are means  
± SEM of 60 cells from multiple N. benthamiana leaves. F) The same amount of SSF–GFP protein was used for the assays in (D and E). G and H) 
Overexpression of DCP5 promotes the liquid separation of SSF–GFP in Arabidopsis root cells (n = 60). The arrows in (G) indicate the representative 
unevenly distributed fluorescence signals. I) Overexpression of DCP5 enlarges SSF–GFP droplet size (n = 301 root cells). J) DCP5 overexpression does 
not influence SSF protein abundance. OE, overexpression. In (B, H, and I), significant differences were determined using Student’s t-test. All experi-
ments were performed at least 3 times, and representative results are shown.
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35S:DCP5ΔC and 35S:SSFΔPrD were coinfiltrated into N. 
benthamiana leaves, SSFΔPrD failed to promote LUC activity. 
Importantly, when SSF–PrDΔFUS was infiltrated instead of 
SSFΔPrD, LUC activity increased to a level similar to that seen 
with the coinfiltration of SSF (Fig. 9, B and C). These results 

suggest that SSF has an additional role in promoting FLC expres-
sion, which is independent from DCP5.

To confirm the relationship between SSF and DCP5, we 
transformed the proSSF:SSFΔPrD construct into ssf-2 
proDCP5:DCP5–FLAG plants and generated ssf-2 DCP5– 

Figure 9. The liquid–liquid phase separation of SSF–DCP5 regulates flowering time. A) DCP5 enhances the enrichment of SSF to FLC genomic re-
gions. B and C) SSF overexpression cannot promote the reduction of proFLC:LUC expression by DCP5ΔC in N. benthamiana. LUC, luciferase. EV, 
empty vector. In (C), firefly luciferase (Fluc) activity was normalized to Renilla luciferase (Rluc). D) DCP5–FLAG enrichment on FLC genomic regions 
is reduced in the presence of PrD-deleted SSF (SSFΔPrD). PrD, prion-like domain. The P-values illustrate significance level relative to DCP5–FLAG. 
AtSN1, negative control. In (C), data are means of LUC from five independent N. benthamiana leaves ± SEM. For each leaf, one area was infiltrated. In 
(A and D), the ChIP-qPCR primer positions are as indicated in the diagram in Fig. 2H, data are means three independent experiments ± SEM (3 g of 
seedlings per replicate). Significant differences were determined using Student’s t-test. All experiments were performed at least 3 times, and rep-
resentative results are shown.
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FLAG SSFΔPrD transgenic plants, which were subjected to 
ChIP analysis using an anti-FLAG antibody. We determined 
that the enrichment of DCP5 at the FLC locus is significantly 
reduced in ssf-2 DCP5–FLAG SSFΔPrD compared to DCP5– 
FLAG plants (Fig. 9D). These results suggest that the regula-
tion of FLC by the SSF–DCP5 complex requires the SSF PrD.

Discussion
In this study, we show that DCP5 cooperates with SSF to 
regulate RNA Pol II enrichment, FLC transcription, and flow-
ering time in Arabidopsis. Our genetic analysis of the ssf-2 
dcp5-1 double mutant and ssf-2 DCP5-OE transgenic lines 
suggests that DCP5 requires SSF to regulate FLC transcription 
and flowering (Fig. 3, A to J). In support of this claim, we dis-
covered that DCP5 binds to the FLC genomic region in an 
SSF-dependent manner (Fig. 3K).

P-bodies have been previously proposed to be LLPS/bio-
molecular condensates (Banani et al. 2017). However, 
whether the phase separation of these components is the 
cause or the consequence of their molecular activity, such 
as gene silencing, is under debate (Eulalio et al. 2007). We 
provided several lines of evidence that DCP5 cellular conden-
sates form by LLPS in vitro and in vivo (Fig. 6; Supplemental 
Fig. S9), and showed that the PrDs of DCP5 are necessary for 
its liquid phase separation (Fig. 6, C to G, Supplemental Fig. 
S9, C to E). However, although the PrD is required for 
DCP5 to form droplets (Fig. 6 and Supplemental Fig. S9), it 
is not necessary for interaction with SSF (Fig. 1, G and H). 
Through the analysis of transgenic Arabidopsis lines and 
transient expression assays, we discovered that variants of 
DCP5 lacking the PrD failed to repress FLC transcription 
and rescue the flowering time phenotype of the dcp5-1 mu-
tant (Fig. 7), suggesting that the LLPS of DCP5 is essential for 
its biological functions.

Mounting evidence indicates that LLPS of proteins can be 
complex, appearing in various forms varying from liquid-like, 
gel to solid (Patel et al. 2015; Noda et al. 2020). When ob-
served under a confocal microscope, SSF–GFP did not 
show rounded foci (a property of LLPS [Patel et al. 2015]), 
but presented a nonuniform distribution in Arabidopsis cells 
(Fig. 4B). When using AX confocal techniques to observe 
Arabidopsis cells, we observed that SSF–GFP formed small 
puncta at these nonuniform regions (Supplemental Fig. 
S6A). Furthermore, in N. benthamiana cells and in vitro, 
SSF–GFP demonstrated the ability to reversibly form round 
droplets (Fig. 4, G to K; Supplemental Fig. S6, I to K). The re-
covery rate of SSF during fluorescence recovery after photo-
bleaching was not strong (Supplemental Fig. S6, B and C). We 
speculate that SSF may be tightly assembled in vivo, similar to 
Tudor Staphylococcal Nuclease2, a component of stress par-
ticles in Arabidopsis (Gutierrez-Beltran et al. 2015), or some 
other stress granule components (Protter and Parker 2016); 
thus, SSF puncta are more solid. We replaced the PrD of 
SSF with the LCD of FUS, a domain important for LLPS in 
amyotrophic lateral sclerosis (ALS). By doing so, we 

determined that the resulting chimeric SSF–GFP showed a 
nonuniform distribution, rather than forming foci as found 
in ALS (Patel et al. 2015), suggesting that the SSF sequence 
outside of the PrD may have some influence on its LLPS. 
Importantly, variants of SSF without the PrD failed to rescue 
FLC transcript levels and the flowering time phenotype of the 
ssf-2 mutant (Fig. 5, A to G). Notably, replacement of the SSF 
PrD with the FUS domain restored FLC expression to wild- 
type levels (Fig. 5, F and H–L), suggesting that SSF condensa-
tion is required for its regulation of FLC transcription.

The PrD of SSF is not only important for SSF droplet forma-
tion but also for interaction with DCP5 (Fig. 1, A to C and 
Supplemental Fig. S8, A and B). Therefore, it is difficult to deter-
mine whether the interaction is due to direct binding or a result 
of the LLPS of the two proteins. Interestingly, replacing the PrD 
of SSF with the FUS domain (SSF–PrDΔFUS) maintained the 
ability of SSF to interact with DCP5 (Supplemental Fig. S8, C 
to E). Different from interactions of well-folded domains, 
previous reports showed that specific motifs, so-called low- 
complexity aromatic-rich kinked segments (LARKS), can inter-
act and assemble with proteins containing similar LARKS 
(Hughes et al. 2018; Mittag and Parker 2018). Both the FUS do-
main and SSF PrD contain such hydrophobic and aromatic ami-
no acids, which provide the multivalent interactions for phase 
separation, although their sequences are very different (6.7% 
overall identity). These weak multivalent interactions in the 
FUS domain and SSF PrD may promote the interaction with 
DCP5, and it is possible that LLPS of these two proteins may fa-
cilitate their interaction. Further detailed site-specific mutagen-
esis analysis of the SSF PrD may help dissect these possibilities in 
future studies.

P-body components have been frequently reported to 
function mainly at the post-transcriptional level (Luo et al. 
2018; Ivanov et al. 2019; Jang et al. 2019), although some 
do function in the nucleus. For instance, the LSM1–LSM7 
complex is cytoplasmic and is involved in P-body formation 
and mRNA decay, whereas the LSM2–LSM8 complex is nu-
clear and plays a role in mRNA splicing (Perea-Resa et al. 
2012). Here, we showed that DCP5 regulated FLC transcrip-
tion; notably, ChIP assays indicated that RNA Pol II was highly 
enriched at the FLC locus in the dcp5-1 mutant (Fig. 2G). In 
line with these data, the stability of FLC mRNA was compar-
able in dcp5-1 and the wild-type Col-0 (Supplemental Fig. 
S4C). Therefore, we propose that DCP5 also functions in 
FLC regulation in the nucleus, but we cannot rule out its pos-
sible contribution at the post-transcriptional level, as it is also 
abundant in the cytosol (Fig. 2, E and F). Whether the other 
P-body components have functions in the nucleus similar to 
DCP5 warrants further study. For example, we also deter-
mined that DCP2, but not DCP1, interacted with SSF in 
the nucleus, and that dcp2 mutants showed delayed flower-
ing and higher FLC expression compared to wild-type Col-0 
(Supplemental Fig. S13).

DCP5 was reported to be essential for the formation of 
P-bodies in Arabidopsis, as the dcp5-1 knockdown mutant 
has smaller P-bodies of different shapes, although the 
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mechanism remains unclear (Xu and Chua 2009). Our data 
suggest that DCP5 promotes SSF LLPS (Fig. 8, Supplemental 
Fig. S10), but SSF does not promote that of DCP5 
(Supplemental Fig. S12). The PrD of SSF is required for its 
binding to FLC chromatin (Fig. 5G), and more SSF–GFP was 
enriched at the FLC locus when DCP5 was overexpressed 
(Fig. 9A). Therefore, DCP5-mediated SSF condensation may 
assist the SSF–DCP5 complex in binding to FLC. In line 
with this hypothesis, DCP5 function was SSF-dependent 
(Fig. 3). This conclusion was further supported by DCP5– 
FLAG ChIP assays; when overexpressing SSFΔPrD, the enrich-
ment of DCP5 at the FLC loci was significantly reduced 
(Fig. 9D). Overall, these data suggest that LLPS is of signifi-
cance for the SSF–DCP5 complex to regulate FLC 
transcription.

Hnisz et al. (2017) proposed a phase-separated multimole-
cular transcriptional model, which posits that phase separ-
ation plays a crucial role in transcriptional control. 
Accumulating evidence indicates that transcription involves 
the condensation of factors in the cell nucleus (Cramer 
2019), and a phase-separation model involving RNA has 
been proposed for transcriptional control (Shao et al. 
2022). Generally, dynamic phase-separated transcriptional 
condensates can assemble high concentrations of the tran-
scriptional machinery complex to promote transcription ini-
tiation, thereby leading to proper transcriptional control 
(Sabari et al. 2018; Zhu et al. 2021). In this study, we discov-
ered that SSF and DCP5 can phase separate and regulate RNA 
Pol II enrichment on FLC (Figs. 2G, 4 and 6), providing an add-
itional layer of regulatory control for FLC transcription. 
Currently, it remains unclear how exactly the DCP5–SSF 
module affects RNA Pol II enrichment at FLC. Further efforts 
to determine whether the DCP5–SSF complex interacts with 
transcriptional machinery will be helpful.

We noticed that SSF promoted FLC transcription and delayed 
flowering, while DCP5 inhibited FLC transcription and promoted 
flowering (Fig. 3). Therefore, SSF and DCP5 show opposite effects 
on FLC transcription and flowering time regulation. This type of 
regulation involving the interaction between positive and nega-
tive factors has been reported in other studies. For example, 
MYC2 regulates the termination of jasmonate signaling through 
its interaction with MEDIATOR25 and MYC2-TARGETED BASIC 
HELIX-LOOP-HELIX TFs, which function differently to orches-
trate jasmonate responses (Liu et al. 2019). We propose a model 
in which SSF may act as a “scaffold” protein anchored to the FLC 
locus that can interact with positive and negative regulatory fac-
tors to fine-tune FLC transcription. DCP5 represses FLC in an 
SSF-dependent manner (Fig. 3). Without a functional DCP5, 
such as DCP5ΔC, SSF presents a positive effect on FLC tran-
scription (Fig. 9, B and C), suggesting that SSF may also as-
sociate with some activating factors (Fig. 10). Among the list 
of SSF-interacting proteins obtained from mass spectrom-
etry analysis (Supplemental Data Set 1), we identified 
EARLY FLOWERING8 (ELF8; At2g06210), which is a homo-
log of a component of the Paf1 complex of budding yeast 
that promotes FLC expression (He et al. 2004). Whether 

the early flowering phenotype of SSF is ELF8-dependent re-
quires further studies.

In summary, this study reveals the role of the P-body com-
ponent DCP5 in regulating FLC and flowering time. DCP5 in-
teracts with SSF in the nucleus and regulates FLC 
transcription by affecting RNA Pol II enrichment in an 
LLPS-associated manner.

Materials and methods
Plant materials and growth conditions
The Col-0, ssf-2 (SALK_028875), and dcp5-1 (SALK_008881) 
Arabidopsis (A. thaliana) mutants were ordered from the 
Nottingham Arabidopsis Stock Centre (http://Arabidopsis. 
info). Seeds were surface sterilized with chlorine gas over-
night, sown on Murashige and Skoog (MS) medium without 
sucrose, and stratified for 3 d at 5 °C in the dark before being 
transferred to long-day (16-h light/8-h dark, LED light 
[Philips, F25T8/TL841] intensity of 153 mmol m−2 s−1, 70% 
humidity) growth conditions at 22 °C for growth and pheno-
typic analysis, in addition to normal plant maintenance. The 
N. benthamiana plants were grown under the same growth 
conditions as Arabidopsis except that the temperature was 
set at 25 °C.

Vector construction and transformation
For the proDCP5:DCP5–GFP and proDCP5:DCP5–FLAG con-
structs, the genomic sequence of DCP5 encompassing a 
1.6-kb promoter fragment, all exons, introns, and 1 kb of 
3′ untranslated region was PCR-amplified from Col-0 genom-
ic DNA using PrimerSTAR Max DNA polymerase (TakaraBio, 
Dalian, China, cat: R045Q). The GFP coding sequence (CDS) 
was amplified by PCR. In constructing proDCP5:DCP5– 
FLAG, the sequence encoding the FLAG tag was included in 
the reverse PCR primer for DCP5 amplification. All DNA frag-
ments were cloned using the pEASY-T3 Cloning vector 
(TransGen, Beijing, China, cat: CT301-01), and a single clone 
for each fragment was verified by Sanger sequencing and li-
gated into the pGreenII-0179 vector (Hellens et al. 2000) by 

Figure 10. Proposed model for SSF and DCP5 in regulating FLC tran-
scription. The dashed lines indicate multiple regulation steps.
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restriction enzyme digestion and ligation with T4 DNA ligase 
(TakaraBio, Dalian, China, cat: 2011A).

For PrD(SSF)–GFP, SSFΔPrD–GFP and DCP5ΔPrD–GFP, the 
CDSs of SSF and DCP5 were amplified from first-strand cDNA 
prepared from total RNA of 2-week-old Col-0 seedlings, and 
the truncated SSFΔPrD and DCP5ΔPrD CDSs were amplified 
by overlapping PCR. All DNA fragments were sequenced and 
inserted into the pCAMBIA1305 vector (Novagen) down-
stream of the CaMV 35S promoter by restriction enzyme diges-
tion and ligation, with the GFP CDS cloned in-frame and 
downstream of each target gene. Constructs harboring 
mCherry instead of GFP were generated following the same pro-
cedure. All constructs were transformed into Arabidopsis 
Columbia-0 (Col-0), ssf-2, or dcp5-1 plants as described in the 
text by the floral dipping method (Clough and Bent 1998). 
The sequences of the primers used for vector construction 
are listed in Supplemental Table S1.

Gene expression analysis
All gene expression analyses in this study were performed 
using 2-week-old seedlings grown under long-day conditions 
at 22 °C. Total RNA was extracted using Trizol reagent ac-
cording to the manufacturer’s instructions (Invitrogen, 
Waltham, MA, USA, cat: 15596-026). Reverse transcription 
was conducted using a one-step RNA reverse transcription 
kit (TakaraBio, Dalian, China, cat: RR086A) with gene-specific 
primers. Quantitative PCR was performed on a Roche LC480 
LightCycler with gene-specific primers. Relative gene expres-
sion levels were normalized using UBC as a reference. The se-
quences of all primers are included in Supplemental Table S1. 
Three independent biological replicates were performed with 
approximately 50 seedlings per sample in each biological rep-
licate. Data are shown as means ± SD of three replicate 
petri-dish plates with seedlings.

Recombinant protein production and purification
The CDSs of the target genes were cloned into the pET28a 
(+) vector (EMD Biosciences, Novagen) and verified by se-
quencing. The resulting constructs were introduced into 
E. coli BL21 (DE3), selected in the presence of 50 μg/mL kana-
mycin, and confirmed by PCR. A single colony was inoculated 
into LB medium containing 50 μg/mL kanamycin and cul-
tured at 37 °C until the OD600 reached 0.6 to 0.8, after which 
0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) was 
added to induce protein production overnight at 16 °C un-
der constant shaking at 220 rpm. The bacterial cells were col-
lected by centrifugation and sonicated, and the resulting 
mixture was centrifuged again. The supernatant was trans-
ferred to new tubes, mixed, and incubated with Ni2+–NTA 
resin (Solarbio, Beijing, China, cat: P2010) at 4 °C for 2 h. 
An empty column was washed with wash buffer (50 mM 

NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0), and 
then the Ni2+–NTA slurry with the supernatant was loaded 
onto the column and allowed to settle by gravity. The resin 
was washed 3 times with wash buffer, and the target proteins 
were eluted with 250 mM imidazole. The purified protein was 

stored at 4 °C in stock solution (20 mM HEPES, pH 7.4, 
150 mM KCl, 1 mM DTT). For long-term storage, the protein 
was stored at −80 °C.

In vitro LLPS assay
Purified recombinant GFP fusion proteins kept in stock solution 
(20 mM HEPES, pH 7.4, 150 mM KCl, 1 mM DTT) were used for 
phase-separation tests. His–GFP–SSF–His, His–mCherry–SSF–His, 
His–GFP–SSFΔPrD–His, His–GFP–SSF–PrDΔFUS–His, His– 
mCherry–DCP5–His, and His–mCherry–DCP5ΔPrD–His were 
diluted to the indicated concentration and mixed gently 
with polyethylene glycol 4,000 (PEG4000, Sigma-Aldrich, 
Darmstadt, Germany, cat: 1.09727) or Ficoll (Ficoll 400, 
Solarbio, Beijing, China, cat: F8150), to a final PEG4000 and 
Ficoll 400 concentration of 10% and 15%, respectively (both 
w/v). After incubation at room temperature for 10 min, 5 to 
10 μL of solution was transferred to glass slides and imaged 
by confocal microscopy (Zeiss LSM800, Jena, Germany; laser ex-
citation: 488 nm, collection bandwidth: 500 to 530 nm, digital 
gain: 1.0). To check the influence of salt and protein concentra-
tion on phase separation, the same procedure was repeated, 
using different concentrations of KCl (250 to 1000 mM) fol-
lowed by gentle mixing with the protein solution before micros-
copy examination. To check the influence of RNA on LLPS, the 
above procedure was performed, with total RNA extracted 
from Col-0 gently mixed with 12.8 μM GFP–SSF protein solu-
tion to a final concentration of 0.6 μg/μL (Fang et al. 2019; 
Zhang et al. 2019), but no PEG4000 treatment was applied.

Photobleaching and fluorescence recovery assays
For in vivo tests, the roots of transgenic Arabidopsis seedlings 
expressing SSF–GFP or DCP5–GFP were used for fluorescence 
imaging with a confocal microscope. After the target regions 
were focused and imaged, a small portion of GFP signal was 
bleached with 10 iterations at 100% intensity of the laser 
beam (Zeiss LSM800, Jena, Germany; laser excitation: 
488 nm, collection bandwidth: 500 to 530 nm, digital gain: 
1.0). For photobleaching of mCherry, 20 iterations at 100% 
intensity of laser beam (Zeiss LSM800, Jena, Germany; laser 
excitation: 561 nm, collection bandwidth: 560 to 650 nm, 
digital gain: 1.0) were used. For the tests in N. benthamiana, 
20 iterations at 100% intensity of the laser beam at 488 nm 
were applied. The fluorescence of each image was collected 
and quantified using the Zeiss confocal imaging system to 
generate a recovery curve. After reading the fluorescence 
data with a Zeiss 800 confocal microscope, we used the va-
lues before photobleaching as benchmark and compared 
the values at each time point to generate a relative fluores-
cence curve. For super resolution imaging of SSF condensates 
in cells, the roots of transgenic Arabidopsis seedlings expres-
sing SSF–GFP were captured by AX with NSPARC (Nikon 
Spatial Array Confocal; a confocal-based super resolution 
microscope).

For in vitro tests, purified recombinant GFP fusion proteins 
were mounted onto glass slides and visualized by confocal 
microscopy as above, but fluorescence bleaching was 
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performed using 50 iterations at 100% intensity of the laser 
beam at 488 nm.

Dual-LUC assay
The 1.6-kb FLC promoter was cloned into the pGreenII 0800-LUC 
vector to generate proFLC:LUC (Wang et al. 2020). DCP5, 
DCP5ΔPrD, SSF, SSFΔPrD, and SSF–PrDΔFUS overexpression con-
structs (pGreenII 0800-miRNA and pGreenII-0800-LUC, driven 
by the 35S promoter; Miaolingbio, China) were obtained by re-
striction enzyme cloning. Different vectors were individually 
transformed into Agrobacterium (Agrobacterium tumefaciens) 
strain GV3101 cells and the appropriate combinations were infil-
trated into N. benthamiana leaves. After 3 days of growth, LUC 
activity was captured and analyzed with a Tanon 5,200 chemilu-
minescent imaging system (Tanon, Shanghai, China). A 
DualucifTM Firefly & Renilla Assay kit (BioScience, Shanghai, 
China, cat: F6075M) was used for the quantitative analysis of 
LUC activity. Total plant protein was extracted and used to 
measure the LUC activity of Fluc (Firefly LUC) and Rluc 
(Renilla LUC) with a TriStar² LB 942-multimode microplate read-
er. The Fluc data were normalized to Rluc to represent the rela-
tive proFLC:LUC activity in different samples. Three replicates 
from different N. benthamiana leaves that had been injected 
were performed for each analysis. Data are shown as means ±  
SEM of three independent replicate N. benthamiana leaves.

Yeast two-hybrid assay (Y2H)
The CDSs of SSF, SSFΔPrD, SSFWW, SSF–PrDΔFUS, and FCA 
were cloned in-frame with the sequence encoding the 
GAL4 DNA-binding domain in the bait vector pGBKT7, while 
the CDSs of DCP5 and SSF were cloned in-frame with the se-
quence encoding the GAL4 activation domain in the prey 
vector pGADT7 (CLONTECH). Pairs of constructs were co-
transformed into yeast (S. cerevisiae) strain AH109 and se-
lected on synthetic defined (SD) medium lacking 
tryptophan and leucine for 3 d (SD–WL). Colonies were 
then resuspended and washed 3 times in SD medium lacking 
tryptophan, leucine, histidine, and adenine (SD–WLHA) and 
plated onto the same selection medium. After 3 to 4 d, yeast 
growth was checked and photographs were taken. As posi-
tive controls, the pGBK-p53 and pGAD-T constructs were 
used; negative controls were provided by transforming 
each target vector with empty pGBKT7 or pGADT7 accord-
ing to the manufacturer’s instructions.

Luciferase complementation imaging (LCI) and 
bimolecular fluorescence complementation (BiFC) 
assays
LCI assays were conducted in N. benthamiana leaves as de-
scribed (Chen et al. 2008). The CDSs of SSF and DCP5 were 
cloned in-frame with the sequence encoding the N- or 
C-terminal halves of LUC, respectively. All constructs were 
then individually introduced into Agrobacterium strain 
GV3101. The bacteria were grown in LB overnight, collected 
by centrifugation and resuspended to an OD600 of 1.0 in 

infiltration buffer (0.01 M MES, 0.01 mM MgCl2, 0.1 mM acet-
osyringone), and coinfiltrated as appropriate pairs into 
N. benthamiana leaves. Three days later, D-luciferin (5 mg/mL) 
was sprayed onto the leaves and luminescence was moni-
tored with a Tanon 5,200 chemiluminescent imaging system 
(Tanon, Shanghai, China). The constructs nLUC-SSFww and 
DCP5-cLUC, or nLUC-SSFΔPrD and DCP5-cLUC, were coinfil-
trated as negative controls. BiFC assays were performed in 
Arabidopsis protoplasts (Wang et al. 2020). The SSF CDS 
was cloned in-frame with the sequence encoding the 
N-terminal half of YFP (pUC-SPYNE), while the DCP5 CDS 
was cloned in-frame with the sequence encoding the 
C-terminal half of YFP (pUC-SPYCE). The resulting con-
structs were transfected into Arabidopsis protoplasts via 
PEG-mediated transfection as previously described (Yoo 
et al. 2007). After incubation in the dark overnight, proto-
plasts were imaged for YFP fluorescence analysis with a 
Zeiss confocal microscope (Zeiss LSM800, Jena, Germany; la-
ser excitation: 488 nm, collection bandwidth: 500 to 530 nm, 
digital gain: 1.0).

Pull-down assays
For protein pull-down assays, constructs encoding GFP–SSF, 
GFP–SSFΔPrD, GFP–SSF–PrDΔFUS, mCherry–DCP5, and 
GFP were generated and introduced into E. coli BL21 (DE3). 
Protein production was induced by the addition of IPTG (final 
concentration: 0.5 mM) to bacterial cultures grown at 16 °C. 
The cells were collected by a brief centrifugation, sonicated 
(15 s on/90 s off for 16 times) and centrifuged again to col-
lect cell debris. The supernatants containing different recom-
binant proteins were mixed and incubated at 4 °C for 4 h. 
GFP Trap beads (ChromoTek, Chicago, Illinois, USA, cat: 
gtm-20) were prepared and incubated with the supernatant 
mixture at 4 °C for at least 4 h and then washed with 20 mM 

Tris–HCl, pH 7.5. Finally, the beads were collected by centri-
fugation, resuspended in protein loading buffer, boiled, and 
centrifuged again. Eluted proteins were separated by 
SDS-PAGE for immunoblot analysis with an anti-mCherry 
antibody (EnoGene, Nanjing, Jiangsu, China, cat: E12-010, di-
lution: 1/2,000).

Co-IP analysis
For in vivo Co-IP assays, the proSSF:SSF–GFP transgenic line was 
crossed to the proDCP5:DCP5–FLAG transgenic line to obtain 
the SSF–GFP DCP5–FLAG line. F3 generation seeds were sown 
on MS medium and seedlings were collected after 2 weeks of 
growth at 22 °C under long-day conditions. Total proteins 
were extracted from whole Arabidopsis seedlings at 4 °C in ex-
traction buffer (50 mM Tris–HCl pH 8.0, 150 mM NaCl, 0.1% [v/ 
v] IGEPAL, 2.5 mM EDTA pH 8.0, 10% [v/v] glycerol, 10 mM 

β-mercaptoethanol, 1 mM PMSF, 10 μM leupeptin, and 
1×Roche protease inhibitor cocktail [Roche, Basel, Swiss]). 
The extracts were centrifuged at 13,523 × g at 4 °C for 
10 min several times until the supernatant was clear. Trap 
beads were prepared, added to the protein extracts and incu-
bated at 4 °C for at least 4 h. After three washes with TBT buffer 
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(0.02 M Tris–HCl pH8.0, 150 mM NaCl, 0.1% [v/v] Triton X-100, 
0.1% [v/v] Tween 20), the beads were boiled in SDS loading buf-
fer and separated by SDS-PAGE for immunoblot analysis. The 
target proteins were detected with anti-GFP (Roche, Basel, 
Swiss, cat: 11414460001, dilution: 1/1,000) or anti-FLAG (MBL, 
Sapporo, Hokkaido, Japan, M185, dilution: 1/10,000) antibodies.

Nucleo-cytoplasmic separation and immunoblot 
analysis
Cytoplasmic and nuclear proteins were sequentially isolated 
from 1 g of proDCP5:DCP5–FLAG transgenic seedlings using a 
sucrose gradient protocol as previously described (Zavaliev 
et al. 2020). Two-week-old Arabidopsis seedlings were 
ground to a fine powder in liquid nitrogen. The powder 
was resuspended in lysis buffer (20 mM Tris–HCl, pH 7.5, 
20 mM KCl, 2 mM EDTA, 2.5 mM MgCl2, 25% [v/v] glycerol, 
0.25 M sucrose, 5 mM DTT, 1 mM PMSF, 1×protein inhibitor 
cocktail) and incubated at 4 °C for 10 min. The samples 
were filtered through Miracloth (Millipore, Darmstadt, 
Germany, cat: 475855-1R) to remove cell debris, and the 
cleared supernatant was centrifuged at 1,500 × g at 4 °C 
for 20 min. The supernatant was collected as the cytosolic ex-
tract. The remaining supernatant was collected again by cen-
trifugation at 10,000 × g at 4 °C for 15 min and transferred to 
the cytosolic extract tube. The pellet was washed 4 times 
with 5 mL of NRBT buffer (20 mM Tris–HCl, pH 7.4, 25% 
[v/v] glycerol, 2.5 mM MgCl2, and 0.2% [v/v] Triton X-100). 
After the last wash, the pellet was resuspended with 
500 μL of NRB2 buffer (20 mM Tris–HCl, pH 7.5, 0.25 M su-
crose, 10 mM MgCl2, 0.5% [v/v] Triton X-100, 1×protein in-
hibitor cocktail and 5 mM β-mercaptoethanol). The 
resulting suspension was layered at 1:1 on top of NRB3 buffer 
(20 mM Tris–HCl, pH 7.5, 1.7 M sucrose, 10 mM MgCl2, 0.5% 
[v/v] Triton X-100, 1×protein inhibitor cocktail and 5 mM 

β-mercaptoethanol) and centrifuged at 16,000 × g for 1 h 
at 4 °C. The top layer was removed and the pellet was resus-
pended with 600 μL of plant extraction buffer containing 1% 
(v/v) Triton X-100, 1×protease inhibitor cocktail and 5 mM 

β-mercaptoethanol to collect the nuclear fraction. The nu-
clear and cytoplasmic fractions were then separated by 
SDS-PAGE for immunoblot analysis with anti-FLAG (MBL, 
Sapporo, Hokkaido, Japan, cat: M185, dilution: 1/10,000), 
anti-Actin (EnoGene, Nanjing, Jiangsu, China, cat: 
E20-53034, dilution: 1/3,000), or anti-Histone H3 antibodies 
(Abcam, Cambridge, UK, cat: ab1791, dilution: 1/2,000).

mRNA decay analysis
mRNA decay analysis was performed as previously described 
(Tong et al. 2022). Briefly, 14-day-old Col-0, dcp5-1 and ssf-2 
seedlings were incubated in 3 mL of incubation buffer (1 mM 

Tris–HCl pH 7.5, 1 mM NaCl, 1 mM KCl, 15 mM sucrose) with 
rotation at 75 rpm in 12-well plates for 15 min. The incubation 
solution was then replaced with 3 mL of fresh buffer containing 
1 mM cordycepin (Solarbio, Beijing, China, cat: 70-03-0). 
Samples incubated at 22 °C were harvested at different time 

points (0.5, 1, 2, 4, 6, and 12 h), frozen in liquid nitrogen, and 
subjected to total RNA isolation and RT-qPCR analysis as de-
scribed above. Each RT-qPCR was performed independently 
for three biological replicates with approximately 50 seedlings 
per sample in each biological replicate. Data are shown as 
means ± SEM of three replicate plates with seedlings.

SDD-AGE assay
The assay was performed as described by Ji et al. (2019). Briefly, 
after production and purification of recombinant proteins in E. 
coli (DE3), loading buffer (0.5× Tris borate EDTA [TBE] pH 8.0, 
10% [v/v] glycerol, 2% [w/v] SDS, 0.0025% [w/v] bromophenol 
blue) was added to the protein solution and incubated at room 
temperature for 15 min. A freshly prepared 1.5% (w/v) agarose 
gel in 1× TBE containing 0.1% (w/v) SDS was prerun in running 
buffer (1× TBE containing 0.1% [w/v] SDS) at 4 °C with an elec-
trophoresis voltage of 100 V for 1 h, before loading and separ-
ating the protein samples under the same conditions for 1 h. 
Finally, the separated proteins were transferred to a PVDF 
membrane (Millipore, Darmstadt, Germany) for immunoblot 
analysis using anti-GFP (Roche, Basel, Swiss, cat: 11414460001, 
dilution: 1/1,000), or anti-mCherry (EnoGene, Nanjing, 
Jiangsu, China, cat: E12-010, dilution: 1/2,000) antibodies. This 
method was used to detect proteins containing prion-like do-
mains. The ability of the protein to form droplets is judged by 
its migration distance in the gel. The longer the migration dis-
tance, the weaker the ability to form droplets, and vice versa.

ChIP assays
ChIP assays for RNA Pol II, SSF–GFP and DCP5–GFP at the 
FLC locus were conducted as detailed in the previous publi-
cations (Li et al. 2015; Wang et al. 2020). First, 3 g of seedlings 
grown under long-day conditions for 2 weeks were cross-
linked with 1% (w/v) formaldehyde, and the nuclei were ex-
tracted in Honda Buffer (0.44 M sucrose, 1.25% [w/v] Ficoll, 
2.5% [w/v] Dextran T40, 20 mM HEPES KOH pH 7.4, 0.5% 
[v/v] Triton X-100, 10 mM MgCl2, 5 mM DTT, protease inhibi-
tor cocktail [cOmplete, Roche, Basel, Swiss]) and sonicated. 
After chromatin was prewashed with protein A/G magnetic 
beads, the protein–DNA complex was precipitated with 
anti-GFP (Abcam, Cambridge, UK, cat: ab290), anti-FLAG 
(SIGMA, Darmstadt, Germany, SAB4301135), or anti-Pol II 
(Abcam, Cambridge, UK, 8WG16 cat: ab817) antibodies. 
The protein–DNA complex was reverse crosslinked over-
night with 0.2 M NaCl at 65 °C. DNA was extracted, purified, 
and amplified by qPCR. For the Pol II ChIP, Col-0, dcp5-1, and 
dcp5-1 proDCP5:DCP5–GFP transgenic plants were used. For 
the SSF–GFP ChIP, Col-0, ssf-2 proSSF:SSF–GFP, DCP5-OE 
proSSF:SSF–GFP, and ssf-2 proSSF:SSFΔPrD–GFP plants were 
used. For the DCP5–GFP ChIP, Col-0 and dcp5-1 proDCP5: 
DCP5–GFP transgenic plants, as well as ssf-2 proDCP5: 
DCP5–GFP plants, were used. For the DCP5–FLAG ChIP, 
Col-0 and dcp5-1 proDCP5:DCP5–FLAG transgenic plants, as 
well as proSSF:SSFΔPrD proDCP5:DCP5–GFP plants were 
used. P5SC1-II was used as the positive control (Zhang 
et al. 2022). Gene-specific ChIP primers are shown in 
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Supplemental Table S1. Each qPCR was performed independ-
ently for three biological replicates. Three independent bio-
logical replicates from different plates of Arabidopsis 
seedlings were performed with approximately 3 g of seed-
lings per sample in each biological replicate. Data are shown 
as means ± SEM of three replicate plates.

Statistical analysis
All statistical tests analyses were conducted in GraphPad Prism 
version 8 (GraphPad Software, http://www.graphpad.com) and 
SPSS. A two-tailed Student’s t-test was performed. The detailed 
statistical results are shown in Supplemental Data Set 2.

Accession numbers
Accession numbers based on The Arabidopsis Information 
Resource (https://www.arabidopsis.org) for all genes exam-
ined in this study are SSF (AT2G47310), DCP5 
(AT1G26110), FCA (AT4G16280), DCP1 (AT1G08370), 
DCP2 (AT5G13570), and UBC (At1g50490).
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