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P L A N T  S C I E N C E S

DEAD-box helicases modulate dicing body  
formation in Arabidopsis
Qi Li1†, Ningkun Liu1,2†, Qing Liu1,2†, Xingguo Zheng3, Lu Lu1, Wenrui Gao1, Yang Liu1,2, Yan Liu1,2, 
Shicheng Zhang1, Qian Wang1,2, Jing Pan1, Chen Chen1, Yingjie Mi1,4, Meiling Yang1, 
Xiaofei Cheng5, Guodong Ren6, Yao-Wu Yuan7, Xiaoming Zhang1,2*

Eukaryotic cells contain numerous membraneless organelles that are made from liquid droplets of proteins and 
nucleic acids and that provide spatiotemporal control of various cellular processes. However, the molecular mech-
anisms underlying the formation and rapid stress-induced alterations of these organelles are relatively uncharacter-
ized. Here, we investigated the roles of DEAD-box helicases in the formation and alteration of membraneless nuclear 
dicing bodies (D-bodies) in Arabidopsis thaliana. We uncovered that RNA helicase 6 (RH6), RH8, and RH12 are previously 
unidentified D-body components. These helicases interact with and promote the phase separation of SERRATE, a key 
component of D-bodies, and drive the formation of D-bodies through liquid-liquid phase separations (LLPSs). 
The accumulation of these helicases in the nuclei decreases upon Turnip mosaic virus infections, which couples 
with the decrease of D-bodies. Our results thus reveal the key roles of RH6, RH8, and RH12 in modulating D-body 
formation via LLPSs.

INTRODUCTION
In addition to membrane-bound organelles, such as nuclei, mito-
chondria, chloroplasts, and lysosomes, eukaryotic cells contain 
numerous membraneless organelles, such as nucleoli, Cajal bodies, 
processing bodies (P-bodies), and stress granules (SGs). It has been 
proposed that the components of membraneless organelles with in-
trinsically disordered regions (IDRs) control the formation of these 
membraneless organelles through liquid-liquid phase separations 
(LLPSs) (1, 2). For example, yeast DEAD-box RNA helicases Dhh1 
and Ded1 drive the formation and turnover of P-bodies and SGs 
through LLPS in yeast (3–5). Lacking a lipid-rich barrier, membrane-
less organelles are highly dynamic macromolecular assemblages that 
can quickly form, undergo turnover, and exchange contents with the 
cellular milieu or other membraneless organelles in response to stress 
(1). However, the molecular mechanisms underlying and functional 
consequences of the rapid formation and turnover of most mem-
braneless organelles remain elusive, especially those that occur in 
response to various biotic or abiotic stresses.

Viruses are obligate intercellular pathogens that produce a mas-
sive amount of viral RNAs and proteins in a short time, which causes 
severe cellular stresses to cells that they invaded. Viral RNAs and 
proteins are targeted by host membraneless organelles to attenuate 
virus proliferation. Triggered by viral infection and other environ-
mental stresses, SG, a translationally silent membraneless organelle, 

deactivates the translation of the majority of mRNAs to conserve 
nutrients and energy for cell survival (6–9). Upon viral infection, 
SGs also sequester proteins that are critical for viral replication and 
translation (6). Likewise, P-bodies are cytosolic membraneless 
organelles that are normally required for mRNA storage and trans-
lation repression (10) and degrade viral RNAs to confer virus resist
ance upon viral infections (6–8). To achieve a robust and productive 
replication, viruses have evolved different strategies to repress the for-
mation and function of membraneless organelles (6–9, 11). For example, 
some viruses encode proteins that interact with nucleator of SGs, such 
as Ras-GAP SHB domain-binding proteins (G3BPs), through the Phe-
Gly-Asp-Phe (FGDF) motif to block SG assembly (12). Viruses can 
also inhibit P-body assembly by degrading or dispersing P-body 
components (8, 9, 11). However, for most membraneless organelles, the 
nature of their dynamics upon viral infections and the corresponding 
functions of the virus-induced alterations have not been determined.

An important nuclear membraneless organelle in plants is the 
dicing body (D-body), in which microRNAs (miRNAs) are processed 
(13). D-bodies contain at least three key components: the ribo-
nuclease (RNase) III enzyme DICER-LIKE 1 (DCL1), the double-
stranded RNA binding protein HYPONASTIC LEAVES 1 (HYL1), 
and the zinc-finger protein SERRATE (SE). Increasing amounts of 
evidence show that, in addition to their crucial roles in regulating 
plant growth and development, miRNAs are involved in plant anti-
viral defense (14). For counterdefense, viruses have evolved RNA 
silencing suppressors that inhibit host small interfering RNA and/
or miRNA biogenesis and functional machinery, including D-body 
components (14–16). The constitutive expression of some RNA 
silencing suppressors in transgenic plants leads to developmental 
aberrations resembling mutants with hypomorphic mutations in 
D-body components (17, 18). These observations indicate that 
viruses may generate phenotypes resembling D-body mutants by 
interfering with D-body accumulation. However, the molecular 
mechanism of D-body formation and the dynamics of D-body 
accumulation upon stress treatments are still poorly understood.

In this study, we explored the new components of D-bodies and 
analyzed their roles in D-body formation. We found DEAD-box 
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helicases RH6 (RNA helicase 6), RH8, and RH12 as previously un-
identified components of D-bodies that modulate the formation of 
D-bodies and demonstrated that D-body accumulation decreases 
upon viral infection. Our results reveal the key roles of DEAD-box 
RNA helicases in modulating the formation and stress-induced dy-
namics of D-bodies and potentially other membraneless organelles.

RESULTS
Plant homologs of Dhh1/DDX6 are novel components 
of D-bodies
To identify novel components controlling the assembly of D-bodies, 
we analyzed D-body–associated proteins via immunoprecipitation 
(IP) coupled with mass spectrometry (MS) (IP-MS) in transgenic 
Arabidopsis thaliana plants expressing yellow fluorescent protein 
(YFP)–tagged HYL1 (HYL1-YFP) (13). In addition to HYL1, a total 
of 81 unique proteins were detected in the IP fractions of HYL1-YFP 
samples but were absent in the fractions of green fluorescent pro-
tein (GFP)–tagged hemagglutinin (HA) controls (table S1). Among 
these proteins, RH6, RH8, and RH12 were particularly interesting, 
as they are homologs of yeast Dhh1 and human DEAD-Box Heli-
case 6 (DDX6) (fig. S1 and tables S1 and S2) and Dhh1 is known to 
control P-body assembly and turnover in yeast (3, 5).

To test whether RH6, RH8, and RH12 are novel components of 
D-bodies, we first verified the physical associations of these three 
DEAD-box helicases with D-bodies. Bimolecular fluorescence com-
plementation (BiFC) assays between RH6, RH8, or RH12 with the 
three key known D-body components HYL1, DCL1, or SE were first 
performed. Strong granular YFP signals were detected in the nuclei 
of Nicotiana benthamiana epidermal cells coexpressing RH6-cYFP, 
RH8-cYFP, or RH12-cYFP with DCL1-nYFP, HYL-nYFP, or nYFP-
SE but were absent in epidermal cells coexpressing these helicases 
together with histone 2A (H2A) control proteins (Fig. 1A and fig. S2, 
A to B). Notably, these fluorescent granules resemble D-bodies (13). 
We also analyzed the colocalization of RH6 and RH8 together with 
HYL1 in the root tip elongation cells of 1-week-old A. thaliana transgenic 
seedlings stably expressing pRH6::RH6-3FLAG/pHYL1::HYL1-YFP 
or pRH8::RH8-3FLAG/pHYL1::HYL1-YFP. Immunofluorescence as-
says with FLAG and HYL1 antibodies showed that both RH6 
and RH8 colocalized with HYL1  in the nucleus (Fig. 1B). In 
N. benthamiana epidermal cells, transiently expressed red fluorescent 
protein (RFP)–SE also colocalized with RH6-HA–cyan fluorescent 
protein (CFP), RH8-HA-CFP, and RH12-CFP as punctate structures 
in the nucleus (Fig. 1C). The interactions of RH6, RH8, and RH12 
with DCL1, SE, and HYL1 were then validated by co-IP assays in 
N. benthamiana leaves. When RH12-FLAG was coexpressed with 
DCL1-YFP or 3HA-GFP, RH12 specifically coprecipitated with DCL1-
YFP but not with 3HA-GFP (Fig. 1D). When IP with anti-FLAG 
antibodies RH12-CFP, RH6-HA-CFP, and RH8-HA-CFP was detected 
in the SE-FLAG and HYL1-FLAG fractions but not in the control 
Membrin 12 (MEMB 12)-FLAG fractions (Fig. 1, E to F, and fig. S2, 
C to F). These interactions were further validated in the leaves of 
2-week-old A. thaliana transgenic plants stably expressing pRH12::RH12-
3FLAG, which showed that RH12-3FLAG coprecipitated both SE and 
HYL1 (Fig. 1G). Direct interaction between RH12 and SE or HYL1 
was evaluated by a pull-down assay using glutathione S-transferase 
(GST)– and 6×His-tagged recombinant proteins. A strong RH12 signal 
was detected from the GST-SE beads but not from the GST control 
beads, and a weak RH12 signal was detected from the GST-HYL1 

beads (Fig. 1H). Together, these results suggest that RH6, RH8, and 
RH12 are previously unidentified components of D-bodies that 
physically associate with known D-body components.

RH6, RH8, and RH12 are required for D-body formation
Yeast Dhh1 and human DDX6, which are homologs of RH6/RH8/
RH12, drive P-body assembly via LLPS (3, 5). This prompted us to 
investigate whether RH6, RH8, and RH12 also influence D-body 
formation. To this end, we first examined D-body dynamics on the 
basis of fluorescence recovery after photobleaching (FRAP) by 
bleaching the fluorescence of a punctate structure with a laser. In 
both N. benthamiana leaves that transiently expressed DCL1-YFP or 
RFP-SE and stable transgenic A. thaliana plants expressing HYL1-
YFP, fluorescence signals of the bleached punctata rapidly recovered 
after photobleaching (Fig. 2A), suggesting that D-bodies are mem-
braneless organelles that can quickly exchange contents with their 
surrounding cellular environment.

To determine the possible functions of RH6, RH8, and RH12 in 
the formation of D-bodies, A. thaliana transferred DNA (T-DNA) 
insertion mutants of these helicases were obtained (fig. S3, A and B). 
Of the three single mutants, only rh12-1 exhibited obvious develop-
mental abnormalities, e.g., smaller plant size and rosette leaf, under 
neutral-day conditions (12-hour light and 12-hour dark photoperiod; 
Fig. 2B and fig. S3C). The rh6-1/rh8-2 double mutant exhibited no 
obvious phenotypic changes, whereas rh6-1/rh12-1 and rh8-2/rh12-1 
produced relatively small leaves. To verify that the observed pheno-
types are due to loss of function of these helicases, the rh6-1/rh12-1 
double mutant was transformed with either pRH6::RH6-3FLAG or 
pRH12::RH12-3FLAG. Both RH6 and RH12 were able to reverse the 
developmental defects of rh6-1/rh12-1 (fig. S3, D to E). Likely be-
cause of embryonic lethality, we were unable to obtain homozygous 
rh6-1/rh8-2/rh12-1 triple mutant. Therefore, we generated transgenic 
plants expressing an artificial miRNA (amiR-RH6/RH8/RH12) that 
can simultaneously knock down all three genes (fig. S3, A to B). The 
resulting transgenic lines were substantial smaller than the double 
mutants and produced severely wrinkled and downward-curling 
leaves (Fig. 2B and fig. S3C) under neutral-day conditions. Under 
long-day conditions (16-hour light and 8-hour light photoperiod), 
the amiR-RH6/RH8/RH12 transgenic plants also exhibited strong 
developmental phenotypes, but the single and double mutants ex-
hibited no obvious phenotypes (fig. S3, F to G). The accumulation 
of amiR-RH6/RH8/RH12 in 4-week-old transgenic plants under 
neutral-day conditions was higher than that under long-day condi-
tions, while the transcript levels of RH6, RH8, and RH12 and the 
protein level of RH12 are in opposite trends (fig. S3, H to J), suggest-
ing that the enhanced phenotypes of amiR-RH6/RH8/RH12 trans-
genic plants at neutral-day conditions are likely due to higher level 
of amiR-RH6/RH8/RH12 expression.

The roles of RH6, RH8, and RH12 in the formation of D-bodies 
were then determined in amiR-RH6/RH8/RH12 transgenic plants. 
Immunofluorescence assays with DCL1 antibodies showed that nu-
clear D-bodies in the inflorescence cells were less frequently formed 
in the amiR-RH6/RH8/RH12 transgenic plants compared with the 
Col-0 wild-type (WT) plants (Fig. 2C). Similarly, nuclear D-bodies 
were eliminated in the root tip elongation cells of pHYL1::HYL1-YFP 
plants transformed with the amiR-RH6/RH8/RH12 construct (Fig. 2D 
and fig. S4A). In addition, YFP-SE signals became uniformly distrib-
uted in the leaf epidermal cells of amiR-RH6/RH8/RH12/pSE::YFP-SE 
transgenic plants, whereas they were unevenly distributed in the 
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control plants (Fig. 2E and fig. S4B). These results suggest that 
the RH6/RH8/RH12 helicases are required for D-body accumula-
tion. Since the transcript and protein levels of other D-body com-
ponents (i.e., DCL1, HYL1, and SE) were not decreased in the 
amiR-RH6/RH8/RH12 plants (fig. S4, C to F), it is unlikely that 
these helicases facilitate D-body formation by regulating the abun-
dance of other D-body components. Therefore, we reasoned that 
the RH6/RH8/RH12 helicases may play a more direct role in 
D-body formation.

RH6, RH8, and RH12 promote the formation of 
D-body via LLPS
We then tried to determine the molecular mechanisms underlying 
RH6/RH8/RH12-mediated D-body formation. An in silico prediction 

using IUPred2A (19) indicates that RH6, RH8, and RH12 contain an 
IDR at their N termini (fig. S5A). FRAP assays were conducted in 
N. benthamiana plants transiently expressing RH6-HA-CFP, RH8-
HA-CFP, or RH12-CFP. Both RH6 and RH12 are conspicuously 
localized in nuclear speckles, whereas RH8 displayed less puncta 
(Fig. 3A and fig. S5B). The RH6-HA-CFP, RH8-HA-CFP, and 
RH12-CFP signals quickly recovered after photobleaching, indicat-
ing that RH6, RH8, and RH12 proteins rapidly redistribute between 
membraneless speckles and the surrounding protein pools. To fur-
ther determine the phase separation characteristics of these helicases, 
A. thaliana transgenic plants expressing RH12-eGFP under its native 
promoter (pRH12::RH12-eGFP) were generated (fig. S5C). The GFP 
signal of the RH12-eGFP (enhanced GFP) granules in the nuclei of 
root tip meristematic cells of 1-week-old pRH12::RH12-eGFP plants 

Fig. 1. Plant homologs of Dhh1/DDX6 are novel components of D-bodies. (A) BiFC analyses of N. benthamiana cells coexpressed with NLS-mCherry. YFP signals (green) 
and mCherry fluorescent signals (red) were observed at 72 hours post-inoculation (hpi). Scale bars, 10 m. (B) Immunofluorescence analyses performed in A. thaliana root 
tip cells in the elongation region of stable transgenic plants. The immunofluorescence of RH6-3FLAG/RH8-3FLAG appears green, and the immunofluorescence of HYL1-YFP 
appears red. The positive cell percentages in the RH6-3FLAG and RH8-3FLAG lines were 74% (n = 87) and 80% (n = 70), respectively. The blue signals from 4′,6-diamidino-
2-phenylindole (DAPI) represent nuclei. Scale bars, 5 m. (C) Colocalization of RFP-SE together with RNA helicases in N. benthamiana. Fluorescence was analyzed at 72 hpi. 
Scale bars, 5 m. YFP-H2A was used as nuclear marker. (D to F) Co-IP assays in N. benthamiana showing interactions between RH12 and DCL1 (D), SE (E), or HYL1 (F). 
(G) Co-IP assays in pRH12::RH12-3FLAG transgenic A. thaliana plants showing interactions between RH12 with SE and HYL1. (H) Detection of the direct interactions be-
tween RH12 with SE and HYL1 by pull-down assays. GST, GST-HYL1, and GST-SE (top) were used as matrix-bound bait, where RH12 served as prey. WT, wild type.
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also quickly recovered after photobleaching (Fig. 3A and fig. S5D). 
Like Dhh1 and DDX6 (3), the RH6, RH8, and RH12 proteins purified 
from Escherichia coli cells phase-separated into liquid-like droplets 
following the addition of single-stranded RNA (ssRNA) (polyU) 
and adenosine 5′-triphosphate (ATP) (Fig. 3B and fig. S5, E to F). In 
contrast, RH12, RH6, and RH8 remained dispersed in the absence 
of RNA or ATP, indicating that these helicases at high concentra-
tions can undergo phase separation in an RNA- and ATP-dependent 
manner in vitro.

In silico prediction via IUPred2A suggests that SE also contains 
long IDRs (fig. S5G). A recent study showed that SE contains an 
intrinsically unfolded region and undergoes degradation via the 20S 
proteasome to secure the functionality of folded and functional SE 
(20). Hence, we suspected that RH6, RH8, and RH12 may facilitate 
the phase separation of SE during D-body assembly. We purified 
prokaryotically expressed SE protein (fig. S5H) and tested its phase 
separation capacity in vitro. The SE proteins underwent phase sep-
aration in the absence of ATP and RNA (fig. S5I), and miRNA pre-
cursors (pre-miRNA) promoted their phase separation in vitro (fig. 
S5J). A study published while this study was under review also re-
ported the phase separation property of SE (21). In contrast, phase 

separation of RH12 is ATP and RNA dependent (Fig. 3B). The 
purified SE protein was then mixed with varied concentrations of 
RH12 protein in the absence of ATP. As expected, RH12 remained 
dispersed in the absence of ATP (Fig. 3C), whereas the size and 
number of SE droplets increased along with the amount of RH12, 
suggesting that RH12 promotes the phase separation of SE in the 
absence of ATP in vitro.

RH6, RH8, and RH12 promote the accumulation of miRNAs
Given the important role of RH6, RH8, and RH12 in D-body forma-
tion and that D-bodies are where miRNA processing occur (13, 22), 
we hypothesized that these helicases may contribute to miRNA 
biogenesis. Therefore, we compared small RNA (sRNA) expression 
profiles between the aerial parts of 4-week-old amiR-RH6/RH8/RH12 
plants and Col-0 WT plants with two replicates each. After removing 
adapter sequences and low-quality reads, we obtained 13.5 million 
to 18.5 million clean sRNA reads for each of the four samples (fig. 
S6A). In total, 13,155,146, 11,955,793, 13,598,138, and 15,264,650 
reads were mapped to the A. thaliana genome. After removing the 
reads that mapped to structural RNAs [ribosomal RNAs (rRNAs), 
tRNAs, small nuclear RNAs (snRNAs), and small nucleolar RNAs 

Fig. 2. RH6/RH8/RH12 is required for D-body formation. (A) Representative images and fluorescence recovery curves of D-body components. Leaf epidermal cells of 
N. benthamiana (inoculated with DCL1-YFP/RFP-SE for 72 hours) and root tip cells (elongation region) of 1-week-old A. thaliana (pHYL1::HYL1-YFP) plants were analyzed. 
The region of interest is highlighted with a red circle. Scale bars, 2 m. The intensity was normalized against the average prebleach fluorescence. n = 3 for each group. The 
green line indicates the half-recovery time. (B) Whole-plant images of 6-week-old plants. Scale bars, 0.5 cm. (C) Detection of DCL1 subcellular localization with anti-DCL1 
antibodies. Left: One set of representative images. Right: The quantification analysis. The numbers 0 to 3 represent the number of DCL1 granules in each nucleus. In total, 
150 to 200 nuclei were analyzed for each genotype. Scale bars, 1 m. (D and E) Subcellular localization of HYL-YFP (D) and YFP-SE (E) in 3-week-old A. thaliana plants. 
Fifteen root tip cells (elongation region) for HYL-YFP and 115 to 125 leaf epidermal cells for YFP-SE were analyzed for each genotype. Scale bars, 5 m. Photo credit: 
Ningkun Liu, Institute of Zoology, Chinese Academy of Sciences.
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(snoRNAs)], 8,196,598, 7,350,497, 8,146,914, and 9,117,670 perfectly 
matched reads remained, representing 1,644,096, 1,449,140, 1,488,037, 
and 1,684,795 unique sequences, respectively (fig. S6A). The accu-
mulation of sRNAs from each library was normalized to the number 
of reads per million. Both 21- and 24-nucleotide (nt) sRNAs accu-
mulated to lower levels in the amiR-RH6/RH8/RH12 plants com-
pared with the Col-0 WT plants (fig. S6B). Plant miRNAs typically 
start with a uracil (U) at their 5′ termini (23–25). sRNAs (21 nt) 
with a 5′-U were less abundant in the amiR-RH6/RH8/RH12 plants 
than in the Col-0 WT plants (fig. S6C). The results of the miRNA 
profiling analysis (fig. S6D and table S3) and Northern blot of several 
well-studied miRNAs (Fig. 3D) further confirmed that malfunction 
of RH6, RH8, and RH12 inhibit miRNA accumulation. In addition, 
compared to Col-0 WT, the tested miRNA/miRNA* (the passenger 
strand of miRNAs) levels were also lower in rh6-1/rh12-1 and 
rh8-2/rh12-1 double mutants but not in single mutants or rh6-1/rh8-2 
double mutants (fig. S6E). As expected, the transcriptional and trans-
lational levels of the miRNA target genes increased in the rh6-1/rh12-1, 
rh8-2/rh12-1, and amiR-RH6/RH8/RH12 plants (fig. S6, F to G).

miRNA genes are typically transcribed by RNA polymerase II 
(Pol II) as hairpin-containing primary transcripts (pri-miRNAs), 

which are subsequently processed by dicing complexes into mature 
and functional forms (22). The transcription and processing of plant 
pri-miRNAs are tightly coupled (22, 26, 27). To elucidate the mecha-
nism through which RH6, RH8, and RH12 regulate miRNA biogenesis, 
the accumulation of pri-miRNAs in different genotypes was mea-
sured. The transcripts of examined pri-miRNAs were less abundant 
in rh6-1/rh12-1, rh8-2/rh12-1, and amiR-RH6/RH8/RH12 plants than 
in Col-0 WT plants but were not obviously altered in single mutants 
or rescued lines (Fig. 3E and fig. S6H). Chromatin IP (ChIP) cou-
pled with quantitative polymerase chain reaction (PCR) assays were 
then performed with Pol II–specific antibodies in 2-week-old Col-0 
WT and rh6-1/rh12-1 seedling plants. The association of Pol II with 
miRNA-encoding genes was attenuated in rh6-1/rh12-1 mutant 
plants (fig. S6I), suggesting that these helicases may facilitate the 
binding of Pol II to miRNA-encoding genes and promote the tran-
scription of pri-miRNAs.

Accumulations of D-bodies and nuclear helicases decrease 
upon Turnip mosaic virus infection
Viral infection often results in alterations of membraneless organelles, 
such as P-bodies, SGs, and small interfering RNA bodies (6–9, 11, 28). 

Fig. 3. RH6/RH8/RH12 drives D-body formation through LLPS. (A) Representative images and fluorescence recovery curves of the RNA helicase FRAP in N. benthamiana 
leaf epidemical cells or root tip meristematic cells of 1-week-old A. thaliana. Scale bars, 2 m. The fluorescence intensity was normalized against the average prebleach 
fluorescence. n = 3 for each protein. The green dashed line indicates the half-recovery time. (B) In vitro phase separation of RH12 proteins with or without polyU (300 ng/l) 
and/or 5 mM ATP. Scale bars, 20 m. (C) In vitro phase separation of SE with/without RH12 under pre-miR172a (15 ng/l). Scale bars, 20 m. (D) Northern blot (left panels) 
and small RNA (sRNA) sequencing (right) analysis of miRNAs. U6 was used as a loading control. The relative abundance (RA) of miRNAs in amiR-RH6/RH8/RH12 transgenic 
plants compared to Col-0 WT plants is indicated. The sequencing data are shown as reads per million mapped reads. (E) Quantitative reverse transcription polymerase 
chain reaction (qRT-PCR) analysis of selected pri-miRNAs in 3-week-old plants. Elongation factor 1- (EF-1) was used as an internal control. Each error bar represents 1 SD 
of three biological replicates. Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001; for the others, P ≥ 0.05. eGFP, enhanced GFP; ns, not significant.
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Therefore, viral infection provides an excellent opportunity to study 
the dynamics of D-bodies upon stress treatment. Turnip mosaic virus 
(TuMV) is one of the most extensively studied members of the family 
Potyviridae, the largest family of plant RNA viruses (29). When 
N. benthamiana leaves were coinfiltrated with pDCL1::DCL1-YFP, 
p35S::RFP-SE, p35S::RH6-HA-CFP, or p35S::RH12-CFP together with 
TuMV (30), nuclear punctate structures labeled by DCL1-YFP, 
RFP-SE, RH6-HA-CFP, or RH12-CFP were significantly decreased 
(Fig. 4, A to C, and fig. S7, A to E). We also inoculated pHYL1::HYL1-YFP 
and pRH12::RH12-eGFP transgenic A. thaliana plants with TuMV 
or buffer. Nuclear punctate structures labeled by HYL1-YFP in 
A. thaliana root tip meristematic cells also significantly decreased 
in TuMV-infected plants (Fig. 4, D to E, and fig. S7F). In contrast 
to the localization patterns of RH12-eGFP in cells of 1-week-old 
A. thaliana roots (Fig. 3A and fig. S5D), RH12-eGFP in nuclei of 
4-week-old A. thaliana roots were unevenly distributed, but punctate 
structures were rarely observed (Fig. 4D). The uneven distribution 

of RH12-eGFP in the nuclei of A. thaliana root tip meristematic cells 
decreased upon TuMV infection (Fig. 4, D and F). A time course 
further confirmed the decrease of D-bodies labeled by RFP-SE in 
epidermal cells of N. benthamiana leaves during TuMV infection 
(fig. S7, G to H). No significant alteration of the nuclear and perinuclear 
punctate structures was observed upon the infection of TuMV-GDD 
(31), a replication-defective clone of TuMV (fig. S8), suggesting that 
massive replication of TuMV per se is required for reduced D-body 
accumulation. Moreover, the infection of Cucumber mosaic virus 
(CMV; another well-studied plant virus) did not significantly alter 
the punctate structures of these D-body components in nuclei, sug-
gesting that the decrease of D-body accumulation is not an artifact 
of the viral infection process (fig. S9).

The decreased D-body accumulation upon TuMV infection in-
trigued us to study the function of TuMV on miRNA biogenesis. 
Similar to that in rh6/rh8/rh12 mutant plants (Fig. 3E and fig. S6H), 
pri-miRNA transcript levels but not control mRNA levels were 

Fig. 4. TuMV infection leads to decreased accumulation of D-bodies. (A to F) Diffusion of the punctate signals of D-body components in the nucleus. (A) N. benthamiana 
plants were coinoculated with buffer (Mock)/TuMV with DCL1-YFP/RFP-SE. Fluorescence was observed at 72 hpi. (D) Three-week-old A. thaliana transgenic plants were 
inoculated with buffer (Mock)/TuMV. Fluorescence was observed at 10 days post-inoculation (dpi). The white arrowheads represent nucleus. Scale bars, 10 m. (B, C, E, and 
F) Quantification analysis of the studies in (A) and (D). A total of 100 nuclei of root tip cells (elongation region) of five A. thaliana plants and 30 to 50 nuclei of N. benthamiana 
leaf epidermal cells of three leaves (one sample per leaf) were analyzed. (G and H) qRT-PCR analysis of selected pri-miRNAs in 6-week-old A. thaliana plants treated with 
Mock/TuMV. Systemic leaves were collected at 14 dpi. EF-1 was used as an internal control. (I and J) Quantitative detection of RH6/RH12 in nuclei after TuMV infection. 
H3 and PEPC: nuclear and cytoplasmic markers. Each error bar represents 1 SD of three biological replicates. Student’s t test, *P < 0.05, **P < 0.01, ***P < 0.001, and 
****P < 0.0001; for the others, P ≥ 0.05.
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decreased in the Col-0 WT plants after TuMV infection (Fig. 4G). 
In contrast, the transcript levels of pri-miRNAs did not further de-
crease in response to viral infection in the rh6-1/rh12-1 mutant 
plants (Fig. 4H), which indicated that these helicases play import-
ant roles in pri-miRNA decrease in Col-0 WT plants upon TuMV 
infection. The accumulation of mature miRNAs did not significant-
ly decrease during TuMV infection (fig. S10A), which is likely due 
to P1/HC-Pro, a well-studied TuMV-encoded RNA silencing sup-
pressor that promotes the accumulation of miRNAs (32).

The observations that RH6, RH8, and RH12 control the forma-
tion of D-bodies and play important roles in mediating pri-miRNA 
decrease upon TuMV infection implied that TuMV infection may 
reduce the accumulation of these helicases to a level below the 
threshold insufficient to trigger LLPS to form D-bodies. However, 
we found no significant decrease in the abundance of the three RNA 
helicases or the major D-body components DCL1, SE, and HYL1 in 
TuMV-infected plants compared to control plants (fig. S10, B to J). 
The accumulation of these helicase even increased in the TuMV-
infected N. benthamiana plants (fig. S10, H to J), likely because of 
the RNA silencing suppressor function of TuMV P1/HC-Pro pro-
teins (32). However, although the total abundance of RH6, RH8, and 
RH12 did not decrease upon TuMV infection, the accumulation of 
these proteins in the nuclei may differentially drop to a low level. 
We found that protein levels of RH6 and RH12 significantly de-
creased in nuclei and increased in the cytoplasm of TuMV-infected 
N. benthamiana plants compared to control plants (Fig. 4I and fig. 
S10K). The accumulation of RH12 protein also decreased in the nu-
clei but not in the cytoplasm of TuMV-infected A. thaliana plants 
(Fig. 4J). TuMV-induced decrease of RH6 and RH12 accumulation 
in the nucleus may lead to insufficient amount to trigger LLPS and 
formation of D-bodies. Therefore, viral infection most likely de-
creases the accumulation of D-bodies by reducing their formation 
efficiency. Moreover, under TuMV infection, punctate structures 
labeled by RFP-SE disappeared quickly compared to those inoculated 
with buffer (fig. S10L), which implies that TuMV infection may also 
promote the turnover of D-bodies.

RH6, RH8, and RH12 form virus bodies with viral 
replication proteins
Upon TuMV infection, RH6 and RH12 were enriched as punctate 
structures in perinuclear regions (figs. S7A and S8A). The 6-kDa 
viral protein (6K2), a small membrane protein encoded by poty-
viruses, induces the formation of viral vesicles where the replication 
of potyvirus takes place. These vesicles can gradually aggregate into 
large irregular inclusions in a similar perinuclear area (33–36). We 
thus hypothesized that these RH6/RH12-enriched puncta might be 
membraneless organelles containing viral proteins, and we termed 
them virus bodies (V-bodies).

To test this hypothesis, the colocalization of RH6, RH8, and RH12 
granules with 6K2-induced perinuclear inclusions was first deter-
mined. TuMV::6K2-mCherry, a TuMV infectious clone expressing 
an N-terminal mCherry-tagged 6K2 protein between the P1 and 
HC-Pro cistrons, allows the direct monitoring of virus replication 
sites (37). In TuMV::6K2-mCherry-infected N. benthamiana and 
A. thaliana cells, many punctate structures of RH6-HA-CFP, RH8-
HA-CFP, RH12-CFP, and RH12-eGFP were observed in 6K2-induced 
perinuclear inclusions and on chloroplast periphery (Fig. 5, A and B). 
In contrast, there were no perinuclear globular structures and few 
signals on the chloroplast periphery in the Mock-treated plants (fig. 

S11A). Next, we determined the dynamics of these structures with 
FRAP assay. The fluorescence signals of bleached puncta quickly 
recovered after bleaching (fig. S11B), which indicates that these com-
partments are membraneless organelles.

V-bodies may contain viral proteins. A previous study showed 
that viral protein linked to the genome (VPg) of Plum pox virus 
(another virus in the family Potyviridae) interacts with RH8 for 
robust replication (38). The high sequence similarity among RH6, 
RH8, and RH12 suggests that these helicases may also interact with 
TuMV VPg. To test this possibility, RH6-HA-CFP, RH8-HA-CFP, 
or RH12-CFP was coexpressed with FLAG-VPg or MEMB12-FLAG 
in N. benthamiana plants. The HA or CFP signal was detected in the 
FLAG-VPg fraction but not in the MEMB12-FLAG fractions (Fig. 5C 
and fig. S11, C to D). Similar results were obtained in TuMV-infected 
N. benthamiana plants (fig. S11, E to G). To test for direct interaction 
between VPg and RH12, a GST pull-down assay was performed with 
purified His-RH12 and GST-VPg proteins. Strong His-RH12 signals 
were detected from GST-VPg beads but not from control GST beads 
(Fig. 5D), confirming direct interaction between RH12 and VPg.

The possible localization of the VPg-RH6/8/12 protein aggregates 
in V-bodies was then studied in TuMV-infected plants using BiFC 
assays. Besides the mature form, VPg is also present as precursors, 
such as 6K2-VPg, 6K2-VPg-Pro, and VPg-Pro, during TuMV infec-
tion (39). We therefore determined the interaction between 6K2-VPg 
and these helicases by BiFC assay. Granules with strong YFP sig-
nals were readily detected in TuMV-infected plants coexpress-
ing RH6-cYFP, RH8-cYFP, or RH12-cYFP with 6K2-VPg-nYFP 
but not in control plants (Fig. 5E and fig. S11H), which further con-
firmed the interactions between these helicases and VPg in vivo. 
Similar to the localization of RH6, RH8, and RH12  in TuMV-
infected plants (Fig. 5A), the granules predominately located near 
6K2-labeled membrane structures in TuMV-induced perinuclear 
globular structures or on the chloroplast periphery (Fig. 5E). These 
results showed that these membraneless V-bodies contain both 
viral and host proteins.

Since RH6, RH8, and RH12 play key roles in the formation of 
endogenous membraneless organelles, we speculated that they also 
contribute to the formation of V-bodies via promoting phase sepa-
ration of viral proteins. An in silico prediction suggests that VPg 
also contains IDRs (fig. S12A). Using purified VPg protein from 
E. coli (fig. S12B), we found that VPg protein undergoes LLPS in the 
absence of RNA, and ssRNA (polyU) decreases its phase separation 
(fig. S12, C to E). VPg directly interacts with RH12 in vitro (Fig. 5D). 
Although high concentration of RNA inhibits the phase separation 
of VPg, phase separation of RH12 is dependent on RNA (Fig. 3B). 
Therefore, VPg may recruit RH12 to facilitate its phase separation. 
We tested whether these helicases promote VPg phase separation 
under high concentration of RNA. As phase separations of these 
helicases are ATP dependent (Fig. 3B), these helicase proteins re-
main dispersed without ATP (Fig. 5F and fig. S12F). As expected, 
the droplet number and size of VPg proteins increased with the ad-
dition of RH8 or RH12 proteins under high concentration of RNAs 
(Fig. 5F and fig. S12F). Moreover, we measured the fluorescence 
intensity to characterize the strength of phase separation. We found 
that phase separation of VPg in reaction with RH8 was slightly 
stronger than with RH12 (fig. S12G). Together, these results indi-
cated that these helicases facilitate the formation of V-bodies via 
promoting the phase separation of VPg in the presence of RNA. To 
evaluate whether VPg directly inhibits RH12 phase separation, we 
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mixed VPg and RH12 under high concentration of RNA. VPg pro-
teins remain dispersed at polyU (300 ng/l; fig. S12H). However, 
RH12 underwent LLPS similarly when mixed with VPg, which 
argues against an inhibition effect of VPg on the phase separation of 
these helicases. Together, these results suggest that these helicases 
facilitate the formation of V-bodies via promoting the phase separa-
tion of VPg.

Because of the close localization of these V-bodies and the 6K2-
induced vesicles that conduct virus replication, we hypothesized that 
these V-bodies may facilitate virus proliferation. To evaluate this 
possibility, we compared viral accumulation in different genotypes. 
Arabidopsis plants (n = 8) were inoculated with TuMV::GFP, a TuMV 
infectious clone expressing a free GFP between P1 and HC-Pro 
cistrons for directly visualizing virus infection (30, 37). We found 
that TuMV::GFP infection was delayed in all single mutants and was 
further attenuated in double mutants. For instance, TuMV::GFP had 
invaded all rosette leaves of Col-0 WT plants but infected only half 

of rosette leaves in single mutants and was restricted to the middle 
of the rosette in double mutants at 14 days post-inoculation (dpi; 
Fig. 6A). These results were confirmed by the Plant Computer Vision 
(PlantCV) platform, a quantitative phenotyping protocol that has 
been used to analyze viral disease progress (Fig. 6, A to C) (40). The 
data suggested that mutation in these genes could significantly de-
crease the accumulation of TuMV, and the virus-resistance pheno-
type seems to be additive between these helicase genes. TuMV still 
infects amiR-RH6/RH8/RH12 transgenic plants, although the infect-
ing area was restricted to the base of the rosette leaves (Fig. 6D). In 
the later stage after viral infection (28 dpi), Col-0 WT plants infected 
by TuMV were more stunted than TuMV-infected mutants (fig. S13). 
Consistently, the accumulation of TuMV coat protein (CP), HC-Pro, 
and VPg proteins in the systemic leaves of the mutant plants 
were much lower than that in the control plants (Fig. 6E). Together, 
these results suggest that these helicases play an important role in 
TuMV proliferation.

Fig. 5. RH6/RH8/RH12 promotes the phase separation of VPg. (A) Confocal fluorescence microscopy images showing the localization change of RH6-HA-CFP, RH8-HA-CFP, 
and RH12-CFP upon viral infection. RH6-HA-CFP, RH8-HA-CFP, or RH12-CFP was coinoculated together with TuMV in N. benthamiana plants. 6K2-mCherry represents the 
localization of virus protein 6K2 in cells. Fluorescence signals were observed at 72 hpi. The white arrows indicate nuclei. Scale bars, 10 m. (B) Localization change of 
RH12-eGFP in pRH12::RH12-eGFP transgenic A. thaliana plants upon viral infection. Scale bar, 10 m. (C) Co-IP analysis of the interaction between RH12 and VPg in 
N. benthamiana leaves. (D) GST pull-down assays confirming the direct interaction between RH12 and VPg. GST and GST-VPg (top) were used as matrix-bound bait, 
whereas RH12 served as prey. (E) BiFC analysis of the interactions of RH6/RH8/RH12 with 6K2-VPg in N. benthamiana plants infected with TuMV. Reconstituted YFP fluo-
rescence (green), mCherry-tagged viral protein 6K2 (purple), and chloroplast autofluorescence (red) were observed at 72 hpi. Scale bars, 5 m. (F) In vitro phase separation 
of 8 M VPg proteins with or without RH12 under polyU (50 ng/l; without ATP). Fluorescence microscopy images present liquid droplets formed by phase-separated 
proteins. Scale bars, 20 m.
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DISCUSSION
In this study, we identified three DEAD-box helicases—RH6, RH8, 
and RH12—as previously unidentified D-body components. These 
helicases interact with SE, DCL1, and HYL1 and drive the forma-
tion of D-bodies by promoting LLPS (Fig. 7). Upon viral infection, 
these helicase proteins are decreased in nuclei and enriched near 
cytoplasmic viral replication sites as membraneless V-bodies, which 
correlate with D-body reduction and enhanced viral proliferation. 
Therefore, RH6, RH8, and RH12 play key roles in the formation of 
D-bodies and possibly other endogenous and exogenous membrane-
less organelles in plants through LLPS.

A very recent study showed that RH6, RH8, and RH12 associate 
with and contribute to the formation of P-bodies and SGs to limit 
overaccumulation and translation of stress-responsive mRNAs, and 
malfunction of these helicases leads to a constitutive immune re-
sponse in plants (41). It would be interesting to determine the dy-
namics of P-bodies and SGs upon the infections of TuMV. As VPg 
proteins do not harbor an FGDF motif (12), they may inhibit the 

assembly of SGs via their interactions with these helicases. Both SE 
and VPg contain IDRs, and their direct interaction with RH6, RH8, 
and RH12 suggests that intrinsically disordered proteins are likely 
to interact preferentially with other intrinsically disordered pro-
teins to facilitate the formation of membraneless organelles. Many 
DEAD-box helicases contain IDRs, including human DDX39B and 
yeast Ded1 and UAP56, and regulate the phase separation of nuclear 
speckles, SGs, and nuclear foci (5). Therefore, DEAD-box helicases 
may serve as a common scaffold for the assembly of many mem-
braneless organelles. While this study was under review, another 
related work revealed that SEs can undergo phase separation and 
control the assembly of D-bodies (21), which supports our conclu-
sion that scaffold RNA helicase proteins indeed interact with unique 
IDR-containing proteins of membraneless organelles and coordi-
nately drive the formation of distinct membraneless organelles.

All DEAD-box helicases contain a highly conserved core struc-
ture responsible for RNA binding, ATP binding, and hydrolysis. The 
phase separations of Dhh1, Ded1 (3, 5), RH6, RH8, and RH12 are 

Fig. 6. RH6/RH8/RH12 facilitates viral proliferation. (A) Visualization of rosette leaves of plants inoculated with TuMV::GFP or buffer (Mock). Images were taken at 14 dpi. 
In the pseudocolor images, green color refers to infected plant pixels, while red color refers to noninfected plant pixels. Scale bars, 0.5 cm. (B) Bar plot showing the ratio 
of infected area to the total area of Col-0 WT and mutant plants at 14 dpi. (C) Bar plot showing the rosette size at 14 dpi. Statistical analysis was performed between treat-
ments in each genotype. The boxes with different letters are significantly different (n = 8, Tukey post hoc test, with  = 0.05). (D) TuMV-infected amiR-RH6/RH8/RH12 plants. 
Four-week-old A. thaliana plants with TuMV::GFP were examined, and the plants were imaged under ultraviolet (UV) light at 14 and 22 dpi. Scale bars, 0.5 cm. (E) Western 
blot analysis of the accumulation of CP, VPg, and HC-Pro proteins. Representative images and quantitative analysis are shown on the left and right, respectively. 
Photo credit: Ningkun Liu, Institute of Zoology, Chinese Academy of Sciences.
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both RNA and ATP dependent (Fig. 3B and fig. S5F). Moreover, the 
RNA-binding core of Dhh1 is required for LLPS and P-body assem-
bly (5), and the adenosine triphosphatase activity of Dhh1 controls 
RNA partitioning from P-bodies to SGs. Chromatin remodelling 
factors 2 (CHR2), a core component of the switch/sucrose nonfer-
menting (SWI/SNF) chromatin-remodeling complex, also directly 
interacts with SE (42). CHR2 binds pri-miRNAs through SE and 
remodels the folding of pri-miRNAs, which prevents the processing 
of DCL1 and HYL1. As RH6, RH8, and RH12 also bind SE, these 
helicases may remodel the secondary structure of pri-miRNAs. All 
these observations point to a key role of RNAs in membraneless 
organelle assembly controlled by DEAD-box helicases. However, 
these RNA helicases interact primarily with the sugar-phosphate 
backbone of RNAs, but they lack the ability to recognize specific 
RNAs and require specific cofactors to help them perform spatial 
and temporal activities (43). The central core of many DEAD-box 
helicases is surrounded by a variable tail at one or both ends; this tail 
provides a platform for a variety of protein-protein interactions and 

is critical for the diverse functions of different helicases (43–46). 
RH6, RH8, and RH12 also contain a tail at their N termini and can 
directly interact with the D-body component SE and the viral pro-
tein VPg (Figs. 1H and 5D). In yeast, only DEAD-box helicases with 
IDRs at their tails, not those without IDRs, can undergo phase sep-
arations (5). Therefore, these helicases may target both RNAs and 
proteins, and this characteristic makes them key regulators of the 
formation of membraneless organelles. A recent study showed that 
RH27 associates with both major D-body proteins and pri-miRNA 
components and facilitates the processing of pri-miRNAs (47), which 
supports our conclusion.

Because of the important roles of RNA membraneless organelles 
in host resistance to viruses, viruses have evolved various strategies 
to interfere with these organelles and even explore key components for 
their own benefit (6–9, 11). For instance, the translation-to-replication 
transition of Brome mosaic virus occurs in P-bodies (48, 49); the BV1 
protein of Cabbage leaf curl virus recruits ASYMMETRIC LEAVES 2 
to P-bodies for reducing RNA interference (RNAi) and promoting 
virus infection through asymmetric  leaves 2 (AS2)–activated, decap-
ping 2 (DCP2)–mediated mRNA decapping (50). Some viruses also 
antagonize the formation/accumulation or functions of these im-
mune organelles (6, 7). miRNAs regulate plant resistance to viruses 
by finely tuning the activation of plant resistance genes (R genes), 
RNA silencing components, hormone signaling pathways, and other 
resistance mechanisms (51). Our results showed that RH6, RH8, 
and RH12 were retained in cytoplasm and formed V-bodies during 
TuMV infection (Figs. 4, I and J, and 5, A and E, and figs. S7A and 
S10K), which correlates with the reduction of nuclear D-bodies 
and enhanced virus proliferation. Therefore, the enhanced virus 
replication may be associated with the decrease of D-bodies. Emerg-
ing evidence has shown that the infection of some animal viruses 
also modulates P-bodies and SGs by redistributing P-body and SG 
components (9). The DEAD-box RNA helicase components may play 
important roles in these processes. For example, DDX6 and DDX3 
are recruited from P-bodies and SGs by Flaviviridae West Nile virus 
(52) and Hepatitis C virus (53–56) to viral replication factories, re-
sulting in the disassembly of P-bodies and SGs. Dengue virus re-
cruits DDX6 to the 3′ untranslated region of viral genomic RNAs, 
resulting in compromised P-body formation (57). Considering the 
regulatory roles of Dhh1 and Ded1 in yeast P-body and SG dynamics, 
the turnover of these membraneless organelles may also be due to 
the redistribution of DDX6 and DDX3 upon viral infection.

Although our results indicate that TuMV may target RH6, RH8, 
and RH12 to regulate D-body alteration, TuMV may also target other 
D-body components for function. TuMV may inhibit the phase sepa-
ration and alter the localization or modification of other D-body 
components, leading to decrease in D-body accumulation. However, 
the accumulation of pri-miRNAs decreased in TuMV-infected Col-0 
WT plants but not in TuMV-infected rh6-1/rh12-1 mutant plants, 
supporting the role of these helicases instead of other D-body com-
ponents in D-body decrease upon TuMV infections. At the same 
time, although our results indicate that the localization change of 
RH6, RH8, and RH12 may trigger the decreased accumulation of 
D-bodies in the nucleus, TuMV may also inhibit the phase separa-
tion or cause posttranslational modification of these DEAD-box 
helicases. However, these hypotheses are inconsistent with the ob-
servation that these helicases can still undergo phase separation in 
perinuclear punctate structures (figs. S7A and S8A). Alternatively, 
RH6, RH8, and RH12 proteins may be protected by viruses from 

Fig. 7. Model of the formation of D-bodies driven by RH6/RH8/RH12. RH6, RH8, 
and RH12 interact with SE, the key D-body component, and drive the formation of 
D-bodies (left) under normal conditions. Upon infection with TuMV, RH6, RH8, and 
RH12 may be retained or translocated to the perinuclear globular structure and on 
chloroplast periphery, coupling with the formation of V-bodies and decreased ac-
cumulation of D-bodies (right).
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being posttranslationally modified in virus factories, which leads to 
the phase separation of them at viral replication sites but not in 
D-bodies. VPg interacts with RH6, RH8, and RH12 (Fig. 5, C to E, 
and fig. S11, C to G) (38), suggesting that VPg proteins may sequester 
these helicases into V-bodies. However, other TuMV proteins may 
interact with RH6, RH8, and RH12, and TuMV may indirectly alter 
the localization of these helicases. How TuMV targets RH6, RH8, 
and RH12 and alters their localization and whether TuMV alters 
their modifications need to be further investigated.

Viruses also organize viral and host proteins and nucleic acids 
into exogenous compartments in host cells. These virus-induced 
membranous and membraneless compartments not only concentrate 
molecules for their rapid proliferation but also shield viruses from 
host surveillance systems, such as RNA silencing and innate defenses 
(36, 58, 59). For example, the replication of negative-sense ssRNA 
viruses takes place in membraneless inclusion bodies that are recog-
nized as exogenous membraneless organelles formed through phase 
separation (60–62). The HC-Pro encoded by Potato virus A and 
Potato virus Y, two other potyviruses, also induces the assembly of 
viral RNA granules that contain host varicose and viral VPg (63, 64). 
Although these viral RNA granules induced by HC-Pro are not en-
riched in the perinuclear area, it has been reported that these RNA 
granules may overcome the RNAi and stimulate the viral protein 
translation to achieve optimal viral gene expression and virus accu-
mulation (63, 65). Our results indicate that TuMV generates 
membraneless V-bodies adjacent to virus factories in the perinuclear 
area to facilitate viral proliferation (Fig. 5E). V-bodies may also 
facilitate viral proliferation by stimulating viral protein translation 
or releasing viral RNA from host translational repression. Whether 
V-bodies and the viral RNA granules induced by HC-Pro share 
similar components and are functionally related are interesting 
questions for further investigation.

In summary, the membraneless characteristic enables membrane-
less organelles to respond quickly to stress by altering components 
or assembly/disassembly. It would be interesting to investigate the 
general roles of DEAD-box RNA helicases in the dynamics of other 
endogenous and exogenous membraneless organelles. Because of the 
key role of DEAD-box RNA helicases in the formation of different 
stress-related membraneless organelles, DEAD-box RNA helicases 
may be one of the key regulators of host-virus/pathogen interactions 
in both plants and animals.

MATERIALS AND METHODS
Plant materials and growth conditions
N. benthamiana and A. thaliana plants were grown in a green house 
at 22°C under 12-hour light/12-hour dark photoperiod (neutral days) 
or 16-hour light/8-hour dark photoperiod (long days). A. thaliana 
T-DNA insertion lines rh6-1 (Sail_111_H08), rh8-2 (GK_447_H07), 
and rh12-1 (Salk_016921) were obtained from the Nottingham 
Arabidopsis Stock Centre. Primers for genotyping analyses are listed 
in table S4. rh6-1/rh8-2, rh6-1/rh12-1, and rh8-2/rh12-1 double mu-
tants were generated by crossing. Rescue lines pRH6::RH6-3FLAG/
rh6-1, pRH8::RH8-3FLAG/rh8-2, pRH12::RH12-3FLAG/rh12-1, 
pRH6::RH6-3FLAG/rh6-1/rh12-1, and pRH12::RH12-3FLAG/rh6-1/ 
rh12-1 were obtained by floral dip transformation using rh6-1, rh8-2, 
and rh12-1 single mutants and rh6-1/rh12-1 double mutants. 
p35S::amiR-RH6/RH8/RH12 was transformed into Col-0 WT to ob-
tain amiR-RH6/RH8/RH12 transgenic plants. pRH12::RH12-eGFP/ 

rh12-1 were generated by transformation pRH12::RH12-eGFP into 
rh12-1 mutant plants.

Transgenic plants pHYL1::HYL1-YFP and pSE::YFP-SE were de-
scribed previously (13). p35S::amiR-RH6/RH8/RH12 were transformed 
into pHYL1::HYL1-YFP transgenic plants and pSE::YFP-SE transgenic 
plants to obtain amiR-RH6/RH8/RH12/pHYL1::HYL1-YFP and 
amiR-RH6/RH8/RH12/pSE::YFP-SE transgenic plants, respectively. 
pEarleyGate201-3HA-GFP was transformed into Col-0 WT to gen-
erate p35S::3HA-GFP transgenic plants.

Viral infection
The inoculations of TuMV, TuMV::GFP (TuMV-P1-GFP), 
TuMV::GFP-GDD, and TuMV::6K2-mCherry, were performed as 
described (30, 37, 66). Briefly, Agrobacterium tumefaciens GV3101 
carrying TuMV constructs were resuspended with buffer (10 mM 
MgCl2, 0.15 mM AS, and 10 mM MES) to a final concentration 
of OD600 (optical density at 600 nm) = 0.5. Three- to 4-week-old 
A. thaliana plants were infiltrated with the agrobacterial solution. 
Fluorescence images of plants were taken at 14 or 22 dpi under 
an ultraviolet (UV) lamp or white light. Systemic tissues were 
harvested at 14 dpi for protein and RNA analyses. Four-week-old 
N. benthamiana leaves were infiltrated with the agrobacterial solution. 
Fluorescence microscopy analysis was performed at 3 dpi.

Plasmid constructions
To generate pENTR constructs, the full-length CDS (coding sequence) 
of RH6, RH8, RH12, and H2A (AT5G27670) and 4.2-kb genomic 
DNA fragment containing RH12 promoter and gene were amplified 
from Col-0 WT cDNA and genomic DNA. The TuMV VPg fragment 
was amplified from TuMV infectious clone. 2HA-GFP fragment 
was amplified from pEarleyGate103 with PrimeSTAR HS DNA 
Polymerase (Takara) and subsequently cloned into pENTR vector 
with a pENTR/SD/D-TOPO cloning kit (Invitrogen), which was 
cloned into pEarleyGate201 with Gateway LR Clonase II Enzyme 
Mix (Invitrogen) to form pEarleyGate201-3HA-GFP plasmid. BiFC 
vectors DCL1-nYFP, HYL1-nYFP, and nYFP-SE were constructed as 
described previously (26). After amplification, fragments containing 
CDS of RH6, RH8, RH12, and H2A were digested with Sal I and Spe I 
and then cloned into pCAMBIA1300-cYFP or pCAMBIA1300-nYFP 
to generate RH6-cYFP, RH8-cYFP, RH12-cYFP, and H2A-nYFP. 6K2-
VPg fragment was amplified from TuMV infectious clone and cloned 
into pCAMBIA1300-nYFP to generate 6K2-VPg-nYFP. GUS-cYFP 
and GUS-nYFP were described previously (26).

For co-IP assays and transient expression assay, RH12 gene 
fragment was inserted into pCAMBIA1300-CFP by using the 
ClonExpress II One Step Cloning Kit (Vazyme, C112) to generate 
pCAMBIA1300-RH12-CFP. pEarleyGate102-RH6-HA-CFP, 
pEarleyGate102-RH8-HA-CFP, pEarleyGate102-FLAG-VPg, and 
pFH-RH12 were generated by the Gateway LR Clonase II Enzyme 
Mix (Invitrogen) with corresponding pENTR constructs and 
pEarleyGate102 or p35S:RP-FH (23). p35S::HYL1-FLAG, p35S::SE-FLAG, 
pDCL1::DCL1-YFP, and p35S::MEMB12-FLAG were described 
previously (13, 23, 67).

For transient expression assay, SE CDS fragment was amplified 
and digested with Sal I and Bam HI and inserted into pGD-dsRed2 
though T4 ligation to generate pGD-dsRed2-SE. To generate the 
nuclear marker vector for colocalization, pEarleyGate104-YFP-H2A 
was generated by the Gateway LR Clonase II Enzyme Mix (Invitrogen) 
with pENTR-H2A.
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To generate the pRH6::RH6-3FLAG, pRH8::RH8-3FLAG, and 
pRH12::RH12-3FLAG rescue plasmid, the 4.3-, 5.9-, and 4.2-kb 
genomic DNA fragments containing promoters and genes of RH6, 
RH8, and RH12, respectively, were amplified from Col-0 WT 
genomic DNA and cloned into pCAMBIA1305-3FLAG binary vec-
tor (68) by using the ClonExpress II One Step Cloning Kit (Vazyme, 
C112). To generate p35S::amiR-RH6/RH8/RH12 vector, the amiR-
RH6/RH8/RH12 precursor was generated by overlapping PCR using 
pre-miR319a backbone and cloned into pEarleyGate100 as described 
previously (23). For IP-MS assay, p35S::3HA-GFP was generated with 
pENTR-2HA-GFP and pEarleyGate201 by recombination reactions 
using a Gateway LR Clonase II Enzyme Mix (Invitrogen). For obser-
vation of the localization of RH12 in Arabidopsis, pRH12::RH12-eGFP 
rescue plasmid was generated with pENTR-RH12 and pK7FWG0 by 
recombination LR reactions using Gateway LR Clonase II Enzyme 
Mix (Invitrogen).

For prokaryotic expression, pET-28a-6×His-RH6, pET-28a-
6×His-RH8, and pET-28a-6×His-RH12 were constructed by insert-
ing RH6 CDS, RH8 CDS, or RH12 CDS into pET-28a digested with 
Nde I and Sal I. Codon-optimized SE was synthesized (GenScript) 
and inserted into pET-28a that digested with Bam HI and Xho I.  
PreScission Protease (PSP) recognition sequences were added to the 
5′ terminal of VPg by PCR; then, pGEX4T-1-GST-VPg was gener-
ated by inserting PSP-VPg into pGEX4T-1 that digested with Eco 
RI and Xho I. Prokaryotic expression vectors GST-SE and GST-
HYL1 were constructed as described previously (69). All primers 
used were listed in table S4.

RNA extraction
Total RNA was extracted with TRIzol reagent (Thermo Fisher 
Scientific) according to the manufacturer’s instructions and a pre-
vious study (70).

Northern blot analysis
A total of 15 to 120 g of total RNAs isolated by TRIzol reagent 
(Thermo Fisher Scientific) was separated on 14% polyacrylamide-
denaturing gel. RNA was cross-linked to membrane by chemical 
as described previously (70). Oligo was labeled with -32P ATP for 
probing. U6 was probed as internal control. The sRNA probes were 
listed in table S4. Image quantification was performed with ImageJ.

Reverse transcription PCR analysis
To perform mRNA reverse transcription PCR (RT-PCR), 10 g of 
total RNA isolated by TRIzol reagent (Thermo Fisher Scientific) was 
firstly treated with deoxyribonuclease I (DNase I) [New England 
Biolabs (NEB)]. After reextraction, 1 g of total RNA was converted 
to cDNA with the PrimeScript RT Reagent Kit (Takara). Semiquan-
titative RT-PCR was performed with Taq enzyme, and quantitative 
RT-PCR (qRT-PCR) was performed with a TB Green Premix Ex 
Taq kit (Tli RNase H Plus) (Takara). Elongation factor 1- (EF-1) 
or ACTIN2 was used as internal control, and primers used were 
listed in table S4.

To perform sRNA qRT-PCR analysis, 1 g of total RNA isolated 
by TRIzol reagent was treated with DNase I (NEB). cDNA was syn-
thesized using Moloney murine leukemia virus reverse transcriptase 
(NEB) primed by miRNA/U6-specific primers. qRT-PCR was per-
formed with a TB Green Premix Ex Taq kit (Tli RNase H Plus) 
(Takara). U6 was used as internal control, and primers used were 
listed in table S4.

sRNA sequencing and analysis
sRNA sequencing and analysis were performed as described before 
(70). Briefly, 20 g of total RNA isolated from 4-week-old plants by 
TRIzol reagent was used for sRNA library construction. sRNA 
libraries were constructed with the Illumina TruSeq sRNA Library 
Preparation Kit (Illumina) according to the manufacturer’s instruc-
tions. Two libraries for each sample were sequenced on Illumina 
HiSeq 2500 platform. The adaptors of sequencing reads were removed 
using cutadapt version 2.8. Reads that aligned to rRNAs/tRNAs/
snoRNAs/snRNAs were removed using bowtie. The rest of the 18- to 
30-nt reads that perfectly matchs the A. thaliana genome (TAIR10 
version) were used for further analysis. For miRNA profiling, known 
mature miRNA sequences were downloaded from miRBase release 
22.1. Reads with multiple matches were weighted by dividing the 
read count and equally assigning to each miRNA. For each sample, 
reads were normalized to per million mapped reads (RPM). miRNAs 
with average RPM ≥ 1 were used for differential analysis.

ChIP analysis
ChIP assay was performed as described previously (68). Briefly, nuclei 
were purified from 2 g of 14-day-old (neutral days) seedlings of 
Col-0 WT and rh6-1/rh12-1 plants. The Pol II antibody (Abcam, ab817) 
was used for ChIP assays, and rabbit immunoglobulin G (IgG) was 
used as negative control. The genomic fragments were enriched and 
eluted into 100 l of TE (tris-EDTA) buffer. A total of 0.5 l of sam-
ple was used for each qPCR reaction. Primers used were listed 
in table S4.

IP and MS
The IP was performed as described previously (23). Briefly, 8 g of 
3-week-old seedlings of p35S::3HA-GFP and pHYL1::HYL1-YFP 
transgenic plants was collected and ground in liquid nitrogen. The 
plant powder was suspended in 40 ml of lysis buffer [50 mM tris-
HCl (pH 8.0), 200 mM NaCl, 5% glycerol, 0.12% NP-40, 2 mM 
dithiothreitol (DTT), 1 mM phenylmethylsulfonyl fluoride (PMSF), 
and 1 protease inhibitor cocktail tablet (Roche)] and incubated for 
10 min at 4°C. After 15 min of 18,300g centrifugation at 4°C, the 
supernatant was incubated with 80 l of GFP-Trap beads (ChromoTek) 
overnight at 4°C. Followed by five times washing with lysis buffer, 
proteins copurified with 3HA-GFP or HYL1-YFP were extracted by 
boiling the beads in 1× SDS sample buffer. After electrophoresis 
and staining, each sample was cut from gel into five portions for 
further study.

The MS was done as described previously (68). For protein identi-
fication in A. thaliana, Proteome Discoverer (Thermo Fisher Scientific) 
and UniProt were used. The proteins with score >0 and normal-
ized spectral abundance factor (NSAF) > 0.0007 and that are ab-
sent in negative control were considered as positive candidates.

Co-IP in N. benthamiana
For the co-IP between SE and HYL1 with RH12, RH6, or RH8, 
A. tumefaciens expressing p35S::SE-FLAG or p35S::HYL1-FLAG was 
coinoculated with A. tumefaciens containing pCAMBIA1300-RH12-
CFP, pEarleyGate102-RH6-HA-CFP, or pEarleyGate102-RH8-HA-
CFP in N. benthamiana, respectively. A. tumefaciens containing 
p35S::MEMB12-FLAG was coinoculated with A. tumefaciens contain-
ing pCAMBIA1300-RH12-CFP, pEarleyGate102-RH6-HA-CFP, or 
pEarleyGate102-RH8-HA-CFP as negative controls. A total of 2 g of 
leaves was collected and grounded in liquid nitrogen. The procedure 
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of IP was the same as described above, and copurified proteins were 
immunoprecipitated by using 20 l of anti-FLAG beads (Sig-
ma-Aldrich, A2220).

For the co-IP assay between DCL1 with RH12, A. tumefaciens con-
taining pDCL1::DCL1-YFP (13) was coinoculated with A. tumefaciens 
containing pFH-RH12 in N. benthamiana. A. tumefaciens containing 
p35S::3HA-GFP was coinoculated with A. tumefaciens containing 
pFH-RH12 as negative control. After grounding in liquid nitrogen, 
3 g of plant power was suspended in 15 ml of lysis buffer [50 mM 
tris-HCl (pH 8.0), 250 mM NaCl, 5% glycerol, 0.1% NP-40, 2 mM 
DTT, 1 mM PMSF, and 1 protease inhibitor cocktail tablet (Roche)]. 
After centrifugation, protein extract was incubated with 45 l of 
GFP-Trap beads (ChromoTek) overnight.

For co-IP between VPg and RH6, RH8, or RH12, A. tumefaciens 
containing pEarleyGate102-FLAG-VPg and pEarleyGate102-RH6-
HA-CFP, pEarleyGate102-RH8-HA-CFP, or pCAMBIA1300-RH12-
CFP was coinoculated in N. benthamiana leaves. A. tumefaciens 
containing p35S::MEMB12-FLAG was used as negative control. Leaves 
(2 g) were grounded in liquid nitrogen and suspended in 10 ml of 
lysis buffer [50 mM tris-HCl (pH 8.0), 200 mM NaCl, 5 mM MgCl2, 
10% glycerol, 0.2% NP-40, 0.5 mM DTT, 1 mM PMSF, and 1 protease 
inhibitor cocktail]. IP was performed by using 15 l of anti-FLAG 
beads (Sigma-Aldrich, A2220). All the beads for Co-IP were sus-
pended and boiled in 50 l of SDS loading buffer and then resolved 
with 10% SDS–polyacrylamide gel electrophoresis (SDS-PAGE) gel.

Co-IP in A. thaliana
Two-week-old seedlings of pRH12::RH12-3FLAG/rh12-1 transgenic 
plants (3 g) were collected and grounded in liquid nitrogen. The 
samples were then suspended in 15 ml of lysis buffer [50 mM tris-
HCl (pH 8.0), 250 mM NaCl, 5% glycerol, 0.1% NP-40, 0.2 mM 
DTT, 1 mM PMSF, and 1 protease inhibitor cocktail]. Anti-FLAG 
beads (20 l; Sigma-Aldrich, A2220) were used to immunoprecipitate 
RH12-3FLAG overnight at 4°C. Col-0 WT was used as negative 
control. The beads were boiled in 50 l of SDS loading buffer and 
then resolved with 10% SDS-PAGE gel.

Immunofluorescence
Immunofluorescence was performed as described previously (71). 
For DCL1 immunofluorescence, inflorescence tissue of Col-0 WT 
and amiR-RH6/RH8/RH12 were fixed in 3% paraformaldehyde under 
vacuum for 15 min at room temperature. DCL1 antibody (72) was 
used as the primary antibody (1:150 dilution). Goat anti-rabbit 
antibody labeled with Dylight 594 (Abbkine, A23420) was used 
as secondary antibody (1:300 dilution). Nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI) at 1 g/ml. Col-0 WT inflo-
rescence was used as negative control.

Protein extraction and Western blot
Plant samples were ground in liquid nitrogen, and total proteins 
were isolated by extraction buffer [0.2 M NaCl, 5 mM MgCl2, 5 mM 
DTT, 20 mM tris-HCl (pH 7.5), 0.03% Tween 20 (Ameresco), and 
0.5 tablets of protease inhibitor (Roche)]. The supernatant was 
collected by centrifuging at 12,000 rpm for 15 min. Total proteins 
were examined by Western blot analysis using -tubulin (1:5000; 
EASYBIO, BE0031) as a loading control.

Proteins in the study were also probed with -RH12 (1:2000; 
GenScript, GTGRGAPPNPDYHQC), -SE (1:2000; Agrisera, AS09532A), 
-HYL1 (1:2000; Agrisera, AS06136), -GFP (1:2000; EASYBIO, 

BE2001), -FLAG (1:2000; Sigma-Aldrich, F7425), -HA (1:2000; 
EASYBIO, BE7002), -TuMV-VPg (1:200; GenScript, KGKSKGR-
TRGIGHKC), -TuMV-CP (1:5000; GenScript, AGETLDAGLTD-
EQKC), -TuMV-HC-Pro (1:2000), -CMV-CP (1:3000), and 
-MEMB12 (1:2000) (23). Secondary antibodies were goat anti-rabbit 
IgG (1:5000; EASYBIO, BE0101) and goat anti-mouse IgG (1:5000; 
EASYBIO, BE0102).

Phylogenetic analysis and sequence alignment
The DEAD-box RNA helicases from A. thaliana (73) and Homo sapiens 
(74) as well as the DDX6 ortholog in Saccharomyces cerevisiae, Xenopus 
laevis, Mus musculus, Caenorhabditis elegans, and Drosophila 
melanogaster were included in the phylogenetic analysis. Multiple 
sequence alignment was performed using MUSCLE (www.ebi.ac.uk/
Tools/msa/muscle/). Conserved regions of the alignment were se-
lected for subsequent phylogenetic analysis. A neighbor-joining tree 
was constructed using PAUP_dev_icc (http://phylosolutions.com/
paup-test/). Clade support was estimated by 500 bootstrap replicates. 
The tree was rooted by midpoint rooting.

Transient expression in N. benthamiana
A. tumefaciens GV3101 containing overexpression vector was culti-
vated overnight and then suspended in inoculation buffer [150 M 
acetosyringone, 10 mM MgCl2, and 10 mM MES (pH 5.7)] at an 
OD600 of 0.5. A. tumefaciens was injected into 4-week-old N. benthamiana 
plants with a needleless syringe, and further studies were performed 
at 3 dpi. For BiFC and co-IP assays, A. tumefaciens GV3101 was 
suspended in inoculation buffer at OD600 of 1.2.

Bimolecular fluorescence complementation
To determine the associations of helicases with DCL1, SE, and HYL1, 
A. tumefaciens containing DCL1-nYFP, HYL1-nYFP, or nYFP-SE 
was coinoculated with RH6-cYFP, RH8-cYFP, or RH12-cYFP in 
N. benthamiana (26). A. tumefaciens containing GUS-cYFP or 
H2A-nYFP was used as negative control. NLS-mCherry was coin-
oculated as nuclear marker (75).

To study the association of these helicases with 6K2-VPg, 
A. tumefaciens containing TuMV::6K2-mCherry or 6K2-VPg-nYFP 
was coinoculated with A. tumefaciens containing RH6-cYFP, 
RH8-cYFP, or RH12-cYFP in N. benthamiana. A. tumefaciens con-
taining GUS-nYFP and GUS-cYFP was used as the negative controls. 
The fluorescence was determined at 3 dpi.

Protein colocalization in plants
To determine the colocalization of SE with RH6, RH8, and RH12, 
A. tumefaciens containing pGD-dsRed2-SE was coinoculated 
with A. tumefaciens containing pEarleyGate102-RH6-HA-CFP, 
pEarleyGate102-RH8-HA-CFP, or pCAMBIA1300-RH12-CFP in 
N. benthamiana, respectively. The fluorescence was determined at 
3 dpi. The images were taken under confocal fluorescence micros-
copy with the same snap parameters.

Dual immunolocalization of RH6 or RH8 with HYL1  in 
A. thaliana was performed to detect their colocalization. Root tissue 
of F1 hybrids of pRH6::RH6-3FLAG, pRH8::RH8-3FLAG, and 
pHYL1::HYL1-YFP was fixed in 3% paraformaldehyde for 15 min. 
FLAG antibody (Sigma-Aldrich, F3165) and GFP antibody (Invitro-
gen, A-11122) were used as primary antibody (1:100 dilution) and 
incubated 3 hours in room temperature. Goat anti-mouse coupled 
with Dylight 488 (Abbkine, A23210) and goat anti-rabbit coupled 

http://www.ebi.ac.uk/Tools/msa/muscle/
http://www.ebi.ac.uk/Tools/msa/muscle/
http://phylosolutions.com/paup-test/
http://phylosolutions.com/paup-test/
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with Dylight 594 (Abbkine, A23420) were used as secondary anti-
body (1:300 dilution). Nuclei were stained with DAPI at 1 g/ml. 
The Col-0 WT root tissue was as negative control.

To determine the localization of RH6, RH8, and RH12  in 
TuMV-induced perinuclear globular structures in N. benthamiana, 
A. tumefaciens containing TuMV::6K2-mCherry was coinoculated 
with A. tumefaciens containing pEarleyGate102-RH6-HA-CFP, 
pEarleyGate102-RH8-HA-CFP, or pCAMBIA1300-RH12-CFP, re-
spectively. The fluorescence was determined at 3 dpi.

To determine the localization of RH12 in TuMV-induced perinu-
clear globular structures in A. thaliana, 3-week-old pRH12::RH12-eGFP/ 
rh12-1 transgenic plants were infiltrated with TuMV::6K2-mCherry. 
The fluorescence was determined in infiltrated leaf at 10 dpi.

Prediction of IDRs
The IDRs were predicted with the online tool IUPred2A (https://
iupred2a.elte.hu) with default parameters.

Protein expression and purification
Recombinant proteins were expressed in E. coli BL21 (DE3) cells. 
Transformed cells were grown in LB at 37°C until OD600 of 0.6. 
E. coli strain expressing GST-SE, GST-HYL1, 6×His-RH6, 6×His-RH8, 
6×His-RH12, or 6×His-SE protein was induced with 0.5 mM 
isopropyl--d-thiogalactopyranoside (IPTG) at 16°C overnight. 
E. coli strain expressing GST or GST-VPg protein was induced with 
0.2 mM IPTG at 37°C for 3 hours. Protein purification was per-
formed at 4°C.

For 6×His-RH12 and 6×His-SE purifications, bacterial cells col-
lected were resuspended in lysis buffer [50 mM phosphate buffer 
(pH 8.0), 300 mM NaCl, 1% Triton X-100, and 1 pellet per 50 ml of 
cOmplete EDTA-free protease inhibitor (Roche)] and lysis by soni-
cation. After centrifugation, the supernatants were affinity-extracted 
with Ni–nitrilotriacetic acid (NTA) resin and dialyzed into protein 
storage buffer [20 mM Hepes (pH 7.5), 200 mM NaCl, and 1 mM 
DTT]. After that, proteins were further purified by size exclusion 
with a Superdex 200 column (GE Healthcare) in protein storage 
buffer. The peak fractions containing the proteins were collected 
and concentrated by 10-kDa molecular weight cutoff (MWCO) 
Centricon (Millipore).

For 6×His-RH6 and 6×His-RH8 purifications, bacterial cells col-
lected were resuspended in lysis buffer [50 mM phosphate buffer 
(pH 7.5), 300 mM NaCl, 1% Triton X-100, and 1 pellet per 50 ml of 
cOmplete EDTA-free protease inhibitor (Roche)] and lysis by soni-
cation. After centrifugation, the supernatants were affinity-extracted 
with Ni-NTA resin and dialyzed into protein storage buffer 2 
[20 mM Hepes (pH 7.5), 200 mM NaCl, 5% glycerol, and 2 mM DTT]. 
After that, proteins were further purified by size exclusion with a 
Superdex 200 column (GE Healthcare) in protein storage buffer 2. 
The peak fractions containing the proteins were collected and con-
centrated by 10-kDa MWCO Centricon (Millipore).

To purify the GST-VPg protein, bacterial cells collected were re-
suspended in lysis buffer [50 mM tris-HCl (pH 8.0), 200 mM NaCl, 
1% Triton X-100, and 1 pellet per 50 ml of cOmplete EDTA-free 
protease inhibitor] and lysis by sonication. After centrifugation, the 
supernatants were affinity-extracted with Glutathione Sepharose 4B.  
For phase separation assay, VPg was cleaved with PSP from the beads 
at 4°C overnight. For pull-down assay, GST-VPg was eluted by gluta-
thione. Then, proteins were dialyzed into storage buffer [20 mM Hepes 
(pH 7.5), 200 mM NaCl, and 1 mM DTT]. After that, proteins were 

further purified by size exclusion with a Superdex 75 column (GE 
Healthcare) in storage buffer. The peak fractions containing VPg were 
collected and concentrated by 10-kDa MWCO Centricon (Millipore).

For GST, GST-HYL1, and GST-SE protein purifications, bacterial 
cells collected were resuspended in lysis buffer [50 mM tris-HCl 
(pH 8.0), 200 mM NaCl, 1% Triton X-100, and 1 pellet per 50 ml of 
cOmplete EDTA-free protease inhibitor] and lysis by sonication. 
After centrifugation, the supernatants were affinity-extracted with 
Glutathione Sepharose 4B and dialyzed into protein storage buffer 
[20 mM Hepes (pH 7.5), 200 mM NaCl, and 1 mM DTT]. After that, 
the supernatants were concentrated by 10-kDa MWCO Centricon 
(Millipore). The final purified protein was quantified by Bradford 
assay and SDS-PAGE, then snap-frozen in small aliquots by liquid ni-
trogen, and stored at −80°C.

GST pull-down assay
Recombinant GST, GST-HYL1, GST-SE, or GST-VPg protein (10 g) 
was incubated with 30 g of 6×His-RH12 and GST beads, respec-
tively. Mixer were rotated at 4°C for 2 hours, and GST beads were 
washed six times with wash buffer [100 mM NaCl, 20 mM tris-HCl 
(pH 7.5), and 0.05% NP-40]. Proteins were eluted by boiling in 5× 
SDS sample buffer for 5 min. After that, proteins were separated on 
a 10% acrylamide gel and stained with Coomassie brilliant blue 
R-250. The RH12 prey protein was determined by Western blot with 
-RH12 antibody.

Protein labeling
6×His-RH6, 6×His-RH8, and 6×His-RH12 proteins were added to 
Alexa Fluor 488 NHS Ester (succinimidyl ester) (Thermo Fisher 
Scientific, A20000) solution at a 1:1 molar ratio and rotated at room 
temperature for 1 hour. 6×His-SE and VPg proteins were added to 
Alexa Fluor 594 NHS Ester (succinimidyl ester) (Thermo Fisher 
Scientific, A37572) solution at a 1:1 molar ratio and rotated at room 
temperature for 1 hour. After incubation, free dyes were removed 
with Sephadex G-25 column (GE Healthcare). The labeled pro-
teins were snap-frozen in liquid nitrogen and stored at −80°C for 
further study.

In vitro liquid droplet reconstitution assay
Proteins were diluted to required concentration using storage buffer 
and added into a 20-l reaction. ATP [from a 100 mM stock in 
0.5 M Hepes-KOH (pH 7.5)], ssRNA (polyU; Sigma-Aldrich), or 
pre-miR172a was added to reactions. With 1 M KCl and 1 M 
Hepes-KOH with different pH, reaction mixers were adjusted to 
appropriate salt concentration and pH.

For the phase separation of RH6, RH8, or RH12, a master mix was 
prepared with 1 l of Hepes-KOH (pH 6.6); 3 l of polyU (2 mg/ml); 
1 l of ATP (100 mM ATP together with 200 mM MgCl2); 5 l of 
RH6, RH8 (diluted to appropriate concentration with protein storage 
buffer 2), or RH12 (diluted to appropriate concentration with pro-
tein storage buffer); and 2 l of 50% PEG8000 (polyethylene glycol, 
molecular weight 800) and added up to 20 l with nuclease-free water 
and mixed by pipetting. For the phase separation of SE, a master 
mix was prepared with 1 l of Hepes-KOH (pH 7.0), 2 l of 1 M KCl, 
and 5 l of SE (diluted to appropriate concentration with protein 
storage buffer) and added up to 20 l with nuclease-free water; ad-
ditional RNA and KCl were added as described. For the phase sep-
aration of VPg, a master mix was prepared with 1 l of Hepes-KOH 
(pH 6.6), 1 l of 200 mM MgCl2, and 5 l of VPg (diluted to 
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appropriate concentration with protein storage buffer) and added 
up to 20 l with nuclease-free water; additional RNA and KCl were 
added as described.

For the phase separation of SE with RH12, a master mix was 
prepared with 1 l of Hepes-KOH (pH 6.6), 2 l of 1 M KCl, 1 l of 
pre-miR172a (0.3 mg/ml), 7 l of SE and/or RH12 (diluted to ap-
propriate concentration with protein storage buffer) and added up 
to 20 l with nuclease-free water. For the phase separation of VPg 
with RH12 in Fig. 5F, a master mix was prepared with 1 l of Hepes-
KOH (pH 6.6), 1 l of 200 mM MgCl2, 1 l of polyU (1 mg/ml), 8 l 
of VPg, and/or RH12 (diluted to appropriate concentration with 
protein storage buffer) and added up to 20 l with nuclease-free 
water. For the phase separation of VPg with RH8/RH12 in fig. S12F, 
a master mix was prepared with 1 l of Hepes-KOH (pH 6.6), 1 l of 
200 mM MgCl2, 1 l of polyU (1 mg/ml), 8 l of VPg, and/or RH8/
RH12 (diluted to appropriate concentration with protein storage 
buffer 2) and added up to 20 l with nuclease-free water. For the 
phase separation of RH12 with VPg in fig. S12H, 1 l of Hepes-KOH 
(pH 6.6), 3 l of polyU (2 mg/ml), 1 l of ATP (100 mM ATP together 
with 200 mM MgCl2), 8 l of RH12 and/or VPg (diluted to appropriate 
concentration with protein storage buffer), and 2 l of 50% PEG8000 
and added up to 20 l with nuclease-free water. Microscopy was per-
formed with a Zeiss LSM 710 laser scanning confocal microscope, 
and the Zen Black software was used to collect and process data.

Microscopy
Fluorescence microscopy pictures were taken under Zeiss LSM 710 
confocal microscope with Zeiss Zen 2010 software. CFP, YFP or 
eGFP, RFP/mCherry fluorescence, and chlorophyll autofluorescence 
were excited/visualized under 405 nm/470 to 530 nm, 514 nm/510 
to 520 nm, 543 nm/620 to 630 nm, and 633 nm/633 to 645 nm, 
respectively. The fluorescence of Dylight 488 and Dylight 594 that 
were used in colocalization experiments were excited under 488 and 
594 nm, respectively. Alexa Fluor 488 and Alexa Fluor 594 used in 
protein labeling experiments were excited under 488 and 594 nm, 
respectively. Sequential model was used when more than one fluo-
rescent signals were recorded.

Fluorescence recovery after photobleaching
To bleach the fluorescence of RH6-HA-CFP, RH8-HA-CFP, or 
RH12-CFP, a punctate structure was selected by a red circle with 
Zeiss Zen 2010 software and photobleached with a 405-nm laser at 
speed of 10. The recovery images were taken at equal time intervals 
(about 1 to 2 s) under 470- to 530-nm absorption spectrum, and the 
signal intensity was calculated by Zeiss Zen 2010 software. DCL1-
YFP, HYL1-YFP, and RH12-eGFP signals were bleached with a 
488-nm laser. The recovery images were taken at equal time intervals 
(about 1 to 2 s) under 510- to 520-nm absorption spectrum. RFP-SE 
signal was bleached under a 543-nm laser. The recovery images were 
taken at equal time intervals (about 1 to 2 s) under 620- to 630-nm 
absorption spectrum. Number of each sample ≥ 3. The intensity of 
photobleaching is about 70 to 80% for each region of interest.

Statistical analysis of microscopy
A. tumefaciens containing pEarleyGate102-RH6-HA-CFP, pCAMBIA1300-
RH12-CFP, pDCL1::DCL1-YFP, or pGD-dsRed2-SE was inoculated in 
N. benthamiana with or without A. tumefaciens containing TuMV. The 
number of punctate structures of CFP, YFP, or RFP in the nucleus was 
calculated under fluorescence microscope with the same settings. 

The signals close to perinuclear membranes were excluded. Three-
week-old pHYL1::HYL1-YFP and pRH12::RH12-eGFP Arabidopsis 
plants were inoculated with or without A. tumefaciens containing 
TuMV. The root cells of these infected plants were observed at 
10 dpi, and the punctate structures of YFP and eGFP in the nucleus 
were calculated.

Nuclear-cytoplasmic fractionation
The aerial part of 4-week-old A. thaliana under neutral days was col-
lected. Nuclear-cytoplasmic separation was performed as described 
previously (76). -H3 (EASYBIO, BE7004) and -PEPC phospho
enolpyruvate carboxylase (Agrisera, AS09458) were used as nuclear 
and cytoplasmic controls, respectively.

PlantCV image analysis
Color images of individual Arabidopsis plants infected with virus or 
mock solution under UV light were processed using the PlantCV 
package to quantify the severity of disease symptoms (77, 78). 
PlantCV version 3.9 was used (https://plantcv.danforthcenter.org). 
Briefly, the naïve Bayes approach was applied to segment image pix-
els into three classes: (i) green plant pixels (“infected”), (ii) red plant 
pixels (“noninfected”), (iii) and background pixels (40). By using 
these three classifiers, plant tissues with GFP signals and other part 
of the rosette were highlighted in green and red. Then, the number 
of infected and noninfected plant pixels was summed and used to 
calculate the total area of rosette and the percentage of infection, as 
an indicator for disease severity. The raw input images, the analyzed 
output images, and analysis results are available at Figshare (https://
doi.org/10.6084/m9.figshare.12923981.v1). The Tukey post hoc test 
in one-way analysis of variance (ANOVA) was applied to determine 
whether any statistically significant difference exist between the 
group means under different treatment in one genotype. As men-
tioned in the figure legends, boxes with different letters are statisti-
cally different (at  = 0.05). The statistical analysis was performed in 
R version 3.4.4.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/18/eabc6266/DC1

View/request a protocol for this paper from Bio-protocol.
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