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Abstract 

RNA helicases (RHs) are a family of ubiquitous enzymes that alter RNA structures and remodel ribonucleoprotein 
complexes typically using energy from the hydrolysis of ATP. RHs are involved in various aspects of RNA processing 
and metabolism, exemplified by transcriptional regulation, pre-mRNA splicing, miRNA biogenesis, liquid–liquid phase 
separation, and rRNA biogenesis, among other molecular processes. Through these mechanisms, RHs contribute to 
vegetative and reproductive growth, as well as abiotic and biotic stress responses throughout the life cycle in plants. 
In this review, we systematically characterize RH-featured domains and signature motifs in Arabidopsis. We also sum-
marize the functions and mechanisms of RHs in various biological processes in plants with a focus on DEAD-box and 
DEAH-box RNA helicases, aiming to present the latest understanding of RHs in plant biology.

Keywords:   Abiotic stress, biotic stress, DEAD-box, DEAH-box, development, liquid–liquid phase separation, miRNA, pre-
mRNA splicing, RNA helicase, RNA processing, transcription.

Introduction

Living organisms produce numerous species of RNA, such 
as mRNA, rRNA, tRNA, non-coding RNA (ncRNA), and 
so on. RNA transcripts form complicated structures that are 
believed to serve as a new layer of genetic information in dif-
ferent biological processes (Zhu et al., 2021). Moreover, the 
dynamics of biological processes require that RNA–DNA, 
RNA–RNA, and RNA–protein must associate and dissociate 
from each other transiently and efficiently. Similar to protein 
folding, which requires protein chaperones, RNA molecules 
are prone to requiring RNA helicases (RHs) for conforma-
tional and compositional changes during various processes. 
Conventionally, RHs are a group of catalytic enzymes that can 
bind and hydrolyse NTP to unwind double-stranded RNAs. 
However, the term RNA helicase might not be accurate  

because increasing evidence shows that RHs are involved in 
disrupting or reconstituting RNA–protein interactions (Linder 
and Jankowsky, 2011; Gilman et al., 2017; De Bortoli et al., 
2021; Donsbach and Klostermeier, 2021). Furthermore, RHs 
can ambiguously target DNA substrates and vice versa, and 
DNA helicases (DHs) and RHs are often grouped and dis-
cussed together.

According to amino acid sequence homology, oligomeric 
state, and substrate preferences, DHs and RHs identified in 
living organisms can be classified into six superfamilies (SF1, 
SF2, SF3, SF4, SF5, and SF6) (Singleton et al., 2007). SF1 
and SF2 members typically function as monomers, whereas 
the SF3–SF6 families display ring-shaped hexametric to-
roid structures (Patel and Picha, 2000; Lohman et al., 2008; 
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Pyle, 2008; Dillingham, 2011) (Fig. 1A). The largest two 
superfamilies, SF1 and SF2, are further divided into var-
ious subgroups. For instance, SF1 members are sorted into 
three subgroups (Upf1-like, Pif-1-like, and UvrD-like/Rep), 
while SF2 members are grouped into nine different subfami-
lies based on their structural and mechanistic features. The 
nine subfamilies are known as DEAD-box, DEAH/RHA-
box, Superkiller 2 (Ski2)-like, NS3/NPH-II, RecG-like, 
RecQ-like, Swi2/Snf2, XPD/Rad3/DinG, T1R, and XPF/
Hef/ERCC4/RIG-I (Fairman-Williams et al., 2010; Dill-
ingham, 2011; Jankowsky et al., 2011; Raney et al., 2013). In 
eukaryotes, the majority of RHs belong to SF2 while some 
are SF1 members (Tuteja, 2018). Typically, six families of SF1 
and SF2 possess RH activity (labeled in blue in Fig. 1A) 
while the other members have DH activity. A remarkable  

example is chromatin remodeling factor 2 (CHR2), an 
ATPase subunit in the Swi2/Snf2 complex, which also acts 
as an RH in altering the secondary structures of primary 
substrates of microRNAs (pri-miRNAs) to inhibit miRNA 
production, in addition to its well-known function in chro-
matin remodeling (Wang et al., 2018).

In the past decade, RHs have been analysed and identi-
fied in several plants species including Arabidopsis, rice (Oryza 
sativa), maize (Zea mays), soybean (Glycine max), tomato (So-
lanum lycopersicum), cotton (Gossypium raimondii), wheat (Triti-
cum aestivum), longan (Dimocarpus longan), canola (Brassica 
napus), barrel clover/barrel medic (Medicago truncatula), and 
chickpea (Cicer arietinum) (Umate et al., 2010; Xu et al., 2013a, 
b; Chen et al., 2014; Tuteja, 2018; Zhang et al., 2018; Cheng 
et al., 2021; Ru et al., 2021; Xu et al, 2021; Y. L. Wang et al., 

Fig. 1.  Helicase classifications and RHs in Arabidopsis. (A) Classifications for DNA and RNA helicases. The blue regions show the canonical families with 
RH activity and the pink region shows the newly identified one. The structures of individual RHs in different families were retrieved from Protein Data Bank 
(http://www.pdb.org). (B) Pipeline for screening of RH candidates.

http://www.pdb.org
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2022b; Yadav et al., 2022 (Table 1; Supplementary Table S1). 
Recently, we performed an extensive computational analysis 
of the whole Arabidopsis genome (Fig. 1B) and identified all 
potential RH-like candidates. Briefly, we searched the ‘heli-
case’ keyword in the gene database and protein domain da-
tabase of TAIR (https://www.arabidopsis.org) and recovered 
all annotated helicase genes or proteins with helicase domains. 
All these proteins were further employed as seed sequences 
to retrieve additional potential helicase-like proteins by blastp 
(Camacho et al., 2009). Then, we used MMseqs2 (Steinegger 
and Soding, 2017) to cluster all blast-out protein sequences. 
The four most abundant clusters, which contain 177 genes 
encoding 261 proteins, were considered as the final helicase 
candidates. MEGA11 (Kumar et al., 2018) was applied to draw 
the phylogenetic tree using the largest isoform of proteins 
(177 proteins) (Fig. 2A). The phylogenetic trees show that the 
177 candidates are classified into different categories, which 
contain 56 DEAD-box RHs, 17 DEAH-box RHs, 9 Ski2-
like RHs, and 41 Swi2/Snf2 RHs, among other RHs. The 
computational analysis also identified 16 proteins as potential 
RHs. In this review, we first summarize biochemical features 
of RHs and then focus on biological functions and action 
modes of RHs in plants, aiming to appreciate the increasingly 
important roles of RHs in plant biology.

Structural domains and signature motifs of 
RNA helicases

Detailed biochemical features of RHs have been summa-
rized in recent reviews (Tuteja, 2018; De Bortoli et al., 2021; 
Donsbach and Klostermeier, 2021). Generally speaking, SF1 
and SF2 RHs in human and yeast share a helicase core with 
a highly similar structure, consisting of two Rec A domains 
(also name helicase 1 domain and helicase 2 domain) flanked 
by variable auxiliary N- and C-terminal extensions. There are 
14 characteristic motifs located in the helicase core, which are 
sequentially termed motifs Q, I, Ia, Ib, Ic, II, III, IIIa, IV, Iva, V, 

Va, Vb, and VI (Cordin and Beggs, 2013; Jackson et al., 2014; 
Jarmoskaite and Russell, 2014; Tuteja, 2018).

To characterize structural domains and signature motifs of 
RHs in Arabidopsis, we assessed the basic characteristics of 
plant RHs. The Bioconductor package drawProteins (Brennan, 
2018) was applied to draw domain patterns based on the anno-
tations from the InterPro database (Hunter et al., 2009), and the 
motifs were identified by MEME (Bailey et al., 2009). Similar 
to its counterparts in human and yeast, the helicase core of 
RHs in Arabidopsis contains two typical helicase domains (Fig. 
2B). However, there are fewer conserved motifs located in the 
helicase core, suggesting increased diversity of RHs in plants 
compared with human and yeast. Most DEAD-box members 
in plants harbor the helicase core but lack additional domains 
in the C-terminal regions compared with DEAH-box and 
Ski2-like RHs. By contrast, almost all DEAH-box RHs are 
characterized by the oligonucleotide/oligosaccharide-binding 
fold (OB-fold) domain. The significance of the OB-fold do-
main in plant RHs remains to be explored, despite the do-
main being essential for activation of the RH PRP43 in yeast 
(Mouffok et al., 2021).

Notably, several members of the DEAD-box and DEAH-
box family RHs have a zinc finger domain, such as AT5G26742 
(RH3) and AT4G01020. In contrast, Ski2-like RHs have 
multiple additional extensions in the C-terminal regions, in-
cluding the exosome function-related Arch domain (Olsen 
and Johnson, 2021) and some unknown C-terminal domains. 
Remarkably, AT1G20960 (Brr2a), AT2G42270 (Brr2b), and 
AT5G61140 (Brr2c) are three unique RHs in Arabidopsis 
that encode proteins with extraordinary molecular mass (over 
2000 amino acids), consisting of two repeat helicase cores. 
Additionally, the Swi2/Snf2 family has a zinc finger domain 
inserted in the middle of the helicase core to link helicase 
domain 1 and helicase domain 2. Although similar and con-
served structural domains and motifs are characterized for 
the RHs from the same family, RHs beyond these four fami-
lies show manifold functional domains and fewer conserved 
motifs (Fig. 2B).

Table 1.  Number of RHs in different plant species

 RH subfamily   

Species DEAD-box DEAH-box Ski2-like Swif2/Snf2 Others Total Reference

Arabidopsis (updated) 56 17 9 41 54 177 Tuteja (2018), Umate et al. (2010)
Oryza sativa 79 41 79 — — 199 Tuteja (2018), Umate et al. (2010)
Zea mays 51 34 65 — — 150 Xu et al. (2013b)
Glycine max 101 55 92 — — 248 Xu et al. (2013b)
Solanum lycopersicum 42 36 52 — 27 157 Xu et al. (2013a)
Gossypium raimondii 51 52 58 — — 161 Chen et al. (2014)
Triticum aestivum 141 — — — — 141 Ru et al. (2021)
Dimocarpus longan 58 — — — — 58 Xu et al. (2021)
Brassica napus 134 53 84 — — 271 Zhang et al. (2018)
Medicago truncatula 52 38 80 170 Cheng et al. (2021)
Cicer arietinum 50 33 67 150 Yadav et al. (2022)

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erac462#supplementary-data
https://www.arabidopsis.org
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Fig. 2.  Phylogenetic tree, domains, and motifs of different RH families in Arabidopsis. (A) Phylogenetic tree of RHs in Arabidopsis. Different families are labeled 
with distinct colors: DEAD-box (blue), DEAH-box (red), Ski2-like (green), Swi2/Snf2 (purple), and others (orange). The phylogenetic tree of 177 amino acid 
sequences was inferred using the Maximum Parsimony method in MEGA11. The most parsimonious tree with a length of 77 977 is shown. The consistency 
index was 0.519345 (0.479863), the retention index was 0.502416 (0.502416), and the composite index was 0.260928 (0.241091) for all sites and parsimony-
informative sites (in parentheses). (B) Specific domains of all RHs in Arabidopsis are marked by distinct colors and conserved motifs are labeled in the helicase 
core. The schematic representations of the sequence features for RHs here are all proportional. The length for 100 amino acids is indicated by the scale bar.
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Molecular roles of RHs in plants

In human and yeast, RHs in the SF2 family are known to par-
ticipate in various processes of RNA metabolism such as tran-
scription, pre-mRNA splicing, mRNA export, and mRNA 
degradation (Awasthi et al., 2018; Giraud et al., 2018; Khemici 
and Linder, 2018; De Bortoli et al., 2021). Emerging evidence 
implicates RHs as RNA chaperones and ribonucleoprotein 
(RNP) remodelers (Jarmoskaite and Russell, 2014; Gilman 
et al., 2017; Fu, 2020; Tauber et al., 2020; Weis and Hondele, 
2022). In contrast, the molecular functions of RHs in plants are 
less understood, despite a few reports that plant RHs are en-
gaged in rRNA biogenesis and the nonsense-mediated mRNA 
decay (NMD) pathway (Liu and Imai, 2018; Sulkowska et al., 
2020).

RNA helicases contribute to transcription regulation 
and genome integrity

While studying the genetic regulation of megasporogenesis, 
Schmidt et al. (2011) performed transcriptome analysis of 
megaspore mother cells (MMCs) in Arabidopsis and found 
significant transcript enrichment of DEAD/DEAH-box heli-
cases. This observation implies important roles for RHs in 
plant germline development. These authors characterized an 
ATP-dependent RNA helicase, MEM, which is specifically 
enriched in the MMC. Mutation in the MEM gene leads to 
defects in megasporogenesis and megagametogenesis and ar-
rest at early embryonic stages. Notably, in mem mutants com-
pared with wild-type plants, LIKE HETEROCHROMATIN 
PROTEIN1/TERMINAL FLOWER2 (LHP1/TFL2), which 
encodes a protein that binds to the H3K27me3 group as a  

repressive epigenetic mark (Exner et al., 2009), shows a distinct 
distribution. Furthermore, the distribution of the chromatin 
structure marker H2B is also changed in the gametophytic nu-
clei of the mutant. These findings imply that the RH regulates 
reproductive growth through fine-tuning epigenetic modifica-
tions. Similarly, the DEAD-box PpeIF4A (Pp3c6_1080V3.1), 
which has a canonical function in protein synthesis, has been 
newly shown to interact with LHP1-Interacting Factor2-Like1 
(LIF2L1) in Physcomitrella patens. PpeLF4A is a positive regu-
lator of salinity tolerance because deletion of the gene makes 
the plants less tolerant to salt stress (Tyagi et al., 2020). Thus, 
PpeIF4A might coordinate with LIF2L1 to regulate the tran-
scription of stress-responsive genes to confer plant adaption 
to salt stress (Table 2). This notwithstanding, the underlying 
mechanisms of how MEM and PpelF4A regulate transcription 
remain unclear.

Direct involvement of RHs in epigenetic silencing is exem-
plified by two RHs, STRESS RESPONSE SUPPRESSOR1 
(STRS1) and STRS2. Through a functional genomic 
screening, they were identified as negative regulators for salt, 
osmotic, and heat stresses (Kant et al., 2007). The STRS pro-
teins exhibit RNA-dependent ATPase and RNA-unwinding 
activities (Khan et al., 2014). Notably, the RHs are typically 
localized in the nucleolus, nucleoplasm, and chromocenters. 
However, STRS1 is mislocalized in the hd2c mutant, which is 
defective in histone deacetylase activity, whereas STRS2 shows 
mislocalization in several mutants of the RNA-directed DNA 
methylation (RdDM) pathway. Furthermore, heterochromatic 
RdDM target loci exhibit reduced DNA methylation and 
consequently increased expression in strs mutants. Thus, the 
STRS proteins contribute to epigenetic silencing, and through 
this function suppress the expression of stress-induced genes 

Table 2.  RHs function in abiotic and biotic stresses in Arabidopsis and other plants

Species RHs  Stress Reference 

Abiotic stress
 � Arabidopsis RH17 Salt stress Nguyen et al. (2018), Seok et al. (2020)

RH31 Salt stress Liu et al. (2021)
SHI2 Salt stress and cold stress Wang et al. (2020)
STRS1 and STRS2 Salt stress, osmotic stress, and heat stress Kant et al. (2007), Khan et al. (2014)
LOS4 Cold stress and heat stress Gong et al. (2005)
RH50 Cold stress Paieri et al. (2018)

 � Rice OsTCD33 Cold stress Xiaomei et al. (2020)
OsRH42 Cold stress Lu et al. (2020)
OsTOGR1 Heat stress Wang et al. (2016), Wang et al. (2020)

 � Wheat TaDEAD-box57-3B Salt stress, cold stress, and drought stress Ru et al. (2021)
 � Physcomitrella patens PpeIF4A Salt stress Tyagi et al. (2020)
 � Chrysanthemum CmRH56 Drought stress Zhang et al. (2022)
 � Canola BnRH24 Cadmium stress Zhang et al. (2018)
Biotic stress
 � Arabidopsis SMN2 Pseudomonas syringae pv. tomato DC3000 Takagi et al. (2020)

RH6, RH8, and RH12 Turnip mosaic virus Li et al. (2021)
RH11 and RH37 Botrytis cinerea He et al. (2021)
PINP1 Phytophthora sojae Gui et al. (2022)



2300  |  Li et al.

and act as attenuators of stress responses in Arabidopsis (Khan 
et al., 2014) (Table 2).

RHs exemplified by Rho-like DNA: RNA helicase 
(RHON1) can maintain genome integrity by releasing the 
R-loop triggered by transcription–replication head-on con-
flict (HO-TRC) (Yang et al., 2020). The R-loop is a special 
chromosome structure containing a DNA–RNA hybrid and a 
displaced single-strand DNA, and is widely present in the nu-
clear and chloroplast genomes of Arabidopsis (Xu et al., 2017; 
Yang et al., 2017). Yang et al. (2017) reported that the accu-
mulation of HO-TRC-formed R-loops in chloroplasts could 
result in chloroplast genome instability. The authors screened 
a loss-of-function mutant, atrnh1c, in which R-loop accumu-
lation is detected. The atrnh1c mutant also exhibits yellowish 
leaves, small plant size, and low photosystem II efficiency. Later, 
they found that the developmental defects could be rescued by 
overexpression of RHON1 (Yang et al., 2020). RHON1 shares 
sequence similarity with RNase H1-like proteins, which are 
known to be associated with R-loop resolution in eukaryotes. 
Indeed, RHON1 possesses helicase activity and can resolve 
RNA from DNA–RNA hybrids. Additionally, the Comet 
and S9.6 immunostaining assays show that genome damage is 
reduced, and the R-loop is accumulated in the rhon1 mutant 
under rifampicin treatment. The results imply that RHON1 is 
required for releasing RNA from HO-TRC to maintain chlo-
roplast genome stability.

RNA helicases in pre-mRNA splicing

Removal of intronic regions converts pre-mRNA into ma-
ture mRNA to finally encode proteins, and this process is 
conducted through the spliceosome (Wilkinson et al., 2020). 
The spliceosome consists of five small nuclear ribonucleopro-
teins (snRNPs: U1, U2, U4, U5, and U6) that undergo a se-
ries of dynamic transitions from a pre-assembled complex. In 
yeast, the compositional rearrangement of snRNPs is driven 
by eight SF2 RH members: DEAD-box PRP5, DEAD-box 
Sub2, Ski2-like Brr2a, DEAH-box PRP2, DEAH-box PRP16, 
DEAH-box PRP22, and DEAH-box PRP43 (De Bortoli 
et al., 2021). Notably, alternative splicing events contribute to 
the diversity and complexity of spliced transcripts, and include 
exon skipping, intron retention (IR), mutually exclusive exons, 
alternative 5ʹ splice sites, and alternative 3ʹ splice sites. In plants, 
alternative splicing events are present in more than half of the 
coding genes (Reddy et al., 2013).

In yeast, Brr2 activates spliceosomes by releasing U4 small 
nuclear RNA (snRNA) from U4/U5/U6 tri-snRNPs. In Ara-
bidopsis, genetic screening of early flowering mutant recovers 
a hypomorphic allele of Brr2a. RNA-seq analysis indicates that 
only a small set of introns is mis-spliced in the brr2a mutant, and 
among the most sensitive transcripts is FLC. Thus, the defects 
in FLC splicing and greatly reduced FLC transcript levels are 
responsible for the early flowering phenotype in the brr2a mu-
tant (Mahrez et al., 2016). By analogy, the Arabidopsis homolog 

of DEAH-box PRP22, Root-initiation defective1 (RID1), 
interacts with AtGFA1, a component of U5 snRNP, to control 
the splicing of several essential pre-mRNAs. Through main-
taining proper splicing of reproductive development-related 
transcripts, RID1 contributes to female gametophyte develop-
ment (Zhu et al., 2016).

Numerous RHs regulate alternative splicing events of in-
volved transcripts to fine-tune plant responses to different 
biotic and abiotic stresses (Nidumukkala et al., 2019; Pandey 
et al., 2019, 2020). DEAD-box SHI2 and OsRH42, two plant 
homologs of yeast PRP5, were reported to promote gene ex-
pression through fulfilling proper splicing of cold response-
related pre-mRNA under cold stress (Lu et al., 2020; Wang 
et al., 2020). Briefly, Wang et al. (2020) observed that IR iso-
forms of several cold-inducible transcripts including COR15A, 
COR6.6/KIN2, and EDR10 are accumulated in the shi2 mu-
tant at low temperatures. This molecular phenotype implies 
that SHI2 might act as a component of the spliceosome and 
promote proper mRNA splicing of cold-response genes to 
confer plant resistance against cold stress. SHI2 also is asso-
ciated with salinity stress (Table 2). shi2 is more hyposensitive 
than the wild-type under salt stress, despite the transcripts of 
many salt-induced genes accumulating in the mutant. Further 
mechanistic studies suggest that SHI2 might repress the ex-
pression of salt-responsive genes by governing mRNA capping 
and polyadenylation site selection (Wang et al., 2020). Lu et al. 
(2020) reported that OsRH42 directly binds with U2 snRNA 
and localizes in the splicing speckles. OsRH42-knockdown 
lines contain increased IR cases of cold-induced transcripts 
and show a reduced survival rate under cold stress. Surprisingly, 
OsRH42-overexpressed lines also display a disrupted splicing 
profile of the cold response-related transcripts at low tempera-
tures, causing weaker cold tolerance. This finding means that 
the homeostasis of OsRH42 is critical to governing the splic-
ing of cold response transcripts to gain adaption to cold stress 
in rice (Lu et al., 2020) (Table 2).

RNA helicases participate in miRNA production

miRNAs are a group of small non-coding RNA that regulate 
numerous developmental processes and plant responses to abi-
otic and biotic stresses (Li et al., 2017). miRNAs are processed 
from primary miRNAs (pri-miRNAs) through microproc-
essor that consists of Dicer-like protein 1 (DCL1), HYPO-
NASTIC LEAVES 1 (HYL1), and SERRATE (SE). Since 
precise processing and homeostasis of accumulating miRNAs 
are critical for their proper functionality in biology, the bio-
genesis and metabolism of miRNAs are fine-tuned through 
multiple regulatory layers. Multiple genetic pathways to con-
trol miRNA homeostasis converge on the multifunctional 
protein SE in Arabidopsis (Wang et al., 2018; Li et al., 2020; 
L. Wang et al., 2022a). SE recruits Swi2/Snf2 ATPase subunit 
CHR2 to remodel the secondary structure of pri-miRNAs to 
inhibit miRNA production (Wang et al., 2018).



RNA helicases in plants  |  2301

A recent study of zygote division implicated another RH 
in miRNA production. Briefly, Hou et al. (2021) conducted 
a genetic screening of ethyl methane sulfonate mutagenesis 
and recovered a mutant in DEAD-box RH27 with clear de-
velopmental defect. Whereas the strong mutant allele rh27-1 
displays a zygote-lethal phenotype, the weak mutant allele 
rh27-2 has minor defects in embryogenesis and severely com-
promised stem cell homeostasis in shoot apical meristem and 
root apical meristem. Notably, the expression of several genes 
related to cell homeostasis increases alongside the down-regu-
lation of their regulatory miRNAs in rh27 mutants. Mechanis-
tically, RH27 binds to pri-miRNAs and interacts with the key 
microprocessor components HYL1 and SE and an auxiliary 
component named DAWDLE (DDL). Thus, RH27 appears to 
affect zygote division and cell homeostasis through fine-tuning 
miRNA production.

Recently, Li et al. (2021) conducted a proteomics analysis 
of HYL1 protein to decode new components of micropro-
cessors. RH6, RH8, and RH12 were uncovered as the new 
component of the HYL1-centered D-bodies in the nucleus. 
The term D-bodies was coined because the core components 
of the microprocessor, DCL1, HYL1, and possibly SE pro-
tein, are initially detected in discrete nuclear speckles (Fang 
and Spector, 2007). Supporting this proposal is a recent dis-
covery that SE possesses a liquid-droplet feature and can drive 
D-body assembly and promote pri-miRNA processing (Xie 
et al., 2021). Li et al. (2021) found that the three helicases also 
interact with and promote the phase separation of SE and drive 
the formation of D-bodies. In line with these observations, 
the knockdown mutants of the three helicases display reduced 
miRNA production (Li et al., 2021). Intriguingly, the accumu-
lation of these helicases in the nuclei decreases upon turnip 
mosaic virus infections (Table 2), which couples with the de-
crease of D-bodies. Instead, RH6, RH8, and RH12 appear 
to be hijacked or translocated by viral proteins to the peri-
nuclear globular structure and on the chloroplast periphery, 
coupling with the formation of virus bodies where virus repli-
cation actively takes place (Li et al., 2021). Thus, three helicases 
seem to concurrently regulate the assembly and disassembly 
of two macromolecular complexes in both nuclei and cyto-
plasm to adapt to physiological changes in the host–virus in-
teraction. However, in a paradigm-shifting model, pri-miRNA 
processing can take place co-transcriptionally in plants, and 
D-bodies might not necessarily be the sole birthplace for 
miRNAs; rather, they might function as the reservoir for in-
active microprocessor components, or partially participate in 
the miRNA production (Gonzalo, 2022; Zhu et al., 2022). 
Thus, RH6/RH8/RH12 regulation of D-bodies might have 
new but yet to be understood roles in regulating plant defense 
against turnip mosaic virus.

PSR1-interacting protein 1 (PINP1) is another RH that 
contributes to miRNA production. Phytophthora-encoded 
Suppressor of RNA Silencing 1 (PSR1) is essential for the 
pathogen infection of the host. Qiao et al. (2015), found that 

PSR1 directly targets an evolutionarily conserved nuclear 
DEAH-box RH, PINP1. This protein, also known as PRP16, 
is a core pre-mRNA splicing factor. Silencing of PINP1 
impairs the assembly of miRNA-processing complexes in 
the nucleus, leading to developmental defects of plants and 
hypersusceptibility of the host to Phytophthora infection. In a 
follow-up study, Gui et al. (2022) showed that PINP1 could 
unwind RNA duplexes and bind to pri-miRNAs and general 
RNAs. The silencing of PINP1 also results in genome-wide 
alternative splicing events, indicative of its dual functions in 
miRNA biogenesis and pre-mRNA processing. Interestingly, 
the genes showing alternative splicing in the PINP1-silenc-
ing line are closely related to a defense response and to small 
RNA (sRNA) biogenesis (Table 2). Although it is still unclear 
whether the RNA helicase activity of PINP1/PRP6 contrib-
utes to the defense response, these results indicate that RHs can 
regulate plant immunity through concordantly participating in 
two key RNA metabolic processes, pre-mRNA splicing and 
RNA silencing. Interestingly, PINP1 is reminiscent of DEAD-
box RH DDX17 and SDE3 in animals and plants, which are 
involved in the sRNA biogenesis pathway and antiviral immu-
nity (Garcia et al., 2012; Moy et al., 2014). Also, PINP1 mech-
anistically resembles the RH SMALL1 (SMA1), a homolog of 
the DEAD box pre-mRNA splicing factor PRP28 (Li et al., 
2018). SMA1 enhances the accumulation of DCL1 protein by 
promoting the splicing of the DCL1 pre-mRNAs. Further-
more, SMA1 interacts with the DCL1 complex and positively 
influences pri-miRNA processing. Thus, SMA1 seems to have 
dual roles in promoting miRNA biogenesis in Arabidopsis (Li 
et al., 2018).

RHs are not only regulators of miRNA production, but 
also can be the targets of miRNAs. In canola, BnRH24 is a 
negative regulator in the phytoremediation of the heavy metal 
cadmium (Cd) (Zhang et al., 2018). High throughput degra-
dome analysis revealed that BnRH24 mRNA is a target of 
miR158. A Cd treatment assay in B. napus showed that ex-
pression of mature miR158 is induced whereas the BnRH24 
transcript is repressed. The inverse relationship of miR158 and 
BnRH24 levels suggests Cd stress would trigger the repression 
of BnRH24 through miR158-mediated cleavage of its target. 
Interestingly, transgenic Arabidopsis with ectopic expression of 
BnRH24 displays defective root elongation, reduced mass pro-
duction, and decreased chlorophyll content. Furthermore, the 
transgenic plants also have accumulated oxidative products and 
thiobarbituric acid reactive substances, indicative of weak stress 
tolerance under Cd-treated conditions. Taken together, these 
results suggest that the controlling of BnRH24 by Cd-induced 
miR158 is crucial for Cd tolerance (Table 2).

RNA helicases and RNA trafficking

Besides being engaged in pre-mRNA splicing and sRNA pro-
duction, RHs are also implicated in RNA trafficking. Earlier, 
Gong et al. (2005) discovered that a DEAD-box RNA helicase, 
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CRYOPHYTE/LOS4, is essential for the export of mRNA 
from nucleus to cytoplasm, and that through this the RH reg-
ulates plant development and stress responses in Arabidopsis 
(Table 2). The DEAD-box protein U2AF65-associated protein 
(UAP56), an RNA helicase in yeast and metazoans, is critically 
involved in mRNA splicing and export. Similarly, Arabidop-
sis UAP56 directly interacts with the mRNA export factors 
ALY2 and MOS11, suggestive of its critical role in mRNA 
export from plant cell nuclei (Kammel et al., 2013).

RHs also contribute to the long-distance trafficking of 
RNA. Upon being infected by a pathogen, plants use extra-
cellular vesicles (EVs) to deliver sRNAs into the pathogen 
and silence the virulence genes through a mechanism called 
‘cross-kingdom RNAi’ (Cai et al., 2018; Castillo-Gonzalez and 
Zhang, 2018). He et al. (2021) found that AGO1, RH11, and 
RH37 selectively bind to EV-enriched sRNAs, indicating their 
role in the critical loading of sRNA into EVs. Consistent with 
this, rh11;rh37 shows increased susceptibility to Botrytis cinerea 
(Table 2). Thus, RHs can regulate plant immune response by 
controlling sRNA movement.

RNA helicases in liquid–liquid phase separation in 
P-bodies and stress granules

Liquid–liquid phase separation (LLPS), also called biomo-
lecular condensation, is a feature of numerous membrane-less 
organelles in eukaryotic cells (Banani et al., 2017; Shin and 
Brangwynne, 2017; Alberti, 2019; Xie et al., 2021). LLPS allows 
the compartmentalization and organization of RNP macro-
molecules and specific cellular activities (Banani et al., 2017; 
Shin and Brangwynne, 2017; Alberti, 2019). It is driven by 
multivalent protein–protein or protein–RNA interactions that 
often involve intrinsically disordered regions (IDRs) and/or 
low-complexity sequences in proteins. Among the membrane-
less organelles are cytosolic P-bodies and related stress granules 
(SGs). P-bodies and SGs participate in translational control in 
cells (Corbet and Parker, 2019; Youn et al., 2019). In P-bodies, 
mRNAs are devoid of translation initiation factors and thus are 
translationally stalled. These mRNAs can be further de-capped 
and degraded. Similarly, upon stress, mRNAs bind to the trans-
lational machinery and other proteins coalesce to form SGs, 
and global translation is paused. Both the assembly and disas-
sembly of P-bodies or SGs are dynamic, and mRNAs in the 
organelles can be rescued in response to changes in physiolog-
ical conditions.

It has been reported that the formation and turnover of 
P-bodies and SGs are driven by the DEAD-box RHs DHH1 
and DED1 through LLPS in yeast (Mugler et al., 2016; Hon-
dele et al., 2019). Similarly, Arabidopsis homologs of the yeast 
DHH1/DDX6, namely RH6, RH8, and RH12, which reg-
ulate the formation of D-bodies and virus bodies mentioned 
above, also contribute to the assembly and subcellular dy-
namics configurations of the P-bodies and SGs in vivo (Chan-
tarachot et al., 2020). In response to severe deficiency of RH6, 

RH8, and RH12 functions, the expression of defense and 
other stress-responsive mRNAs is up-regulated despite growth 
under standard conditions, with simultaneous repression of 
mRNAs required for general growth. It is noted that the three 
RHs facilitate the turnover of specific short-lived de-capping 
substrates that are enriched for stress and defense responses. 
They also act to restrict the precocious accumulation and ribo-
some association of stress-responsive mRNAs that are engaged 
in autoimmunity and growth inhibition under non-stress con-
ditions. Otherwise, the stress-related mRNAs are stabilized and 
preferentially loaded into ribosomes in the rh6;rh8;rh12 mutant, 
conferring auto-immunity. In summary, the three helicases act 
as redundant mRNA decay factors required for normal growth 
and development, and the decay of stress-responsive mRNAs 
under non-stress conditions is required for the maintenance 
of the growth/defense balance in plants (Chantarachot et al., 
2020). Altogether, RH6, RH8, and RH12 not only participate 
in plant defense against virus infection through regulating the 
formation and dynamics of D-bodies and virus bodies, but also 
regulates plant growth and development by controlling LLPS 
of two RNP complexes, the P-bodies and SGs.

Like RH6, RH8, and RH12, other RHs could also fine-
tune the expression of stress-responsive genes by regulating SG 
dynamics (Jang et al., 2020; Maruri-Lopez et al., 2021). DEAD-
box RH31 is identified as a component of SGs because the 
protein is co-localized with the SG marker RBP47. It has 
been found that the RH31 knockout mutant is hypersensitive, 
whereas the overexpression line is hyposensitive to salt treat-
ment. Liu et al. (2021) noticed that salinity stress could result in 
translocation of the RH31 from the nucleus to the cytoplasm, 
and the accumulated RH31 forms the SGs. Conversely, these 
condensates disappear when RH31–GFP seedlings are treated 
with cycloheximide, which blocks SG formation by disturbing 
mRNP homeostasis. Thus, RH31 is proposed to confer salt 
tolerance on Arabidopsis by participating in the formation of 
SGs, despite the fact that the deregulated mRNA targets re-
main to be identified (Liu et al., 2021) (Table 2).

RNA helicases involved in RNA decay in exosomes

RHs can be constitutive components of RNA exosomes that 
account for the processing, surveillance, and turnover of both 
nuclear and cytoplasmic RNA (Lange et al., 2014). Two well-
known RHs in the exosome are HUA enhancer 2 (HEN2) 
and mRNA transport 4 (MTR4, see below). HEN2 is accu-
mulated in the nucleoplasm and participates in the degrada-
tion of a large number of polyadenylated nuclear exosome 
substrates such as small nucleolar RNA and miRNA precur-
sors, incompletely spliced mRNAs, and spurious transcripts 
produced from pseudogenes and intergenic regions (Lange 
et al., 2014). In line with this observation is the recent dis-
covery that increased accumulation of pri-miRNAs is detected 
in se-2;hen2-2 double mutants compared with the single se-2 
mutant (Bajczyk et al., 2020). Interestingly, HEN2 has been 
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recently reported to regulate pathogen resistance and innate 
immunity by governing the integrity of defense-related tran-
scripts (Takagi et al., 2020) (Table 2).

SUPERKILLER (SKI) complexes degrade aberrant cyto-
plasmic RNAs that are derived from RNA silencing processes 
or from the NMD surveillance system (Linder and Owttrim, 
2009). The RH SKI2 is a critical component of the SKI com-
plex and contributes to the decay of 5ʹ cleavage fragments of 
miRNA targets in Arabidopsis (Branscheid et al., 2015). By 
contrast, the SF1 member RH Up Frameshift1 (UPF1) is en-
gaged in the NMD pathway and targets the transcripts with 
premature termination codons (Arciga-Reyes et al., 2006). Of 
note, UPF1 loss-of-function mutants display a range of defec-
tive-growth phenotypes, including jagged leaves, fused flowers, 
larger-size seeds, seedling lethality, and stunted growth (Arciga-
Reyes et al., 2006; Yoine et al., 2006). Interestingly, UPF1 has 
been recently reported to play important roles in alternative 
splicing and translation regulation (Raxwal et al., 2020).

RNA helicases involved in the biogenesis of nuclear 
rRNA and ribosome

Many RHs contribute to ribosome biogenesis, and through 
this function regulate plant reproductive growth. One example 
is DEAD-box RH36/SLOWWALKER3 (SWA3), which is es-
sential for female gametogenesis (Huang et al., 2010; Liu et al., 
2010). The swa3 mutant generated by the Ds transposon in-
sertion system shows postponed megagametogenesis develop-
ment at four- or eight-nucleate stages and abnormal polarity of 
synergids. Sequence analysis indicates that SWA3 is a homolog 
of Dbp8 in yeast, which is essential for the biogenesis of yeast 
18S rRNA by interacting with the protein Esf2 (Liu et al., 
2010). At the same time, Huang et al. (2010) also reported an 
allele of rh36-1 and found that female gametogenesis is delayed 
in the mutant. Furthermore, asynchronous development of 
the female gametophytes was found within a single pistil. No-
tably, the pleiotropic phenotype is correlated to defective pro-
cessing of rRNA such as 18S pre-rRNA. DEAD-box RH29 
was identified through genetic screening and characterized 
to function in development and maturation of gametophytes 
(Chen et al., 2020). RH29 is highly and specifically expressed 
in gametophytic cells and is required for functional matura-
tion of male and female gametophytes. It is of note that RH29 
shares a high amino acid sequence identity with Dbp10p in 
yeast, which is involved in ribosome biogenesis, suggesting that 
RH29 may modulate male/female gametophyte development 
through regulating protein synthesis.

The DEAD-box helicase eIF4A-1 is best known for being 
involved in translation initiation, and its loss leads to a defect in 
ovule development (Bush et al., 2015). RH17 was also found 
to function in ovule development (Stein et al., 2021). It has 
been shown that the rh17 mutant displays supernumerary re-
productive cell lineages in the female flower tissues (ovules), 
causing the formation of two embryos per seed from time to 

time. Furthermore, seed coat and putative endosperm devel-
opment are frequently initiated autonomously in the mutant. 
These observations indicate that RH17 is involved in the re-
pression of reproductive fate and of elements of seed develop-
ment in the absence of fertilization. Additional transcriptome 
analysis implies that RH17 regulates the process by controlling 
the genetic pathways of ribosome biosynthesis, stress response, 
hormones, and seed coat development (Table 2).

Similarly, several RHs also regulate vegetative growth by 
controlling rRNA biogenesis in Arabidopsis. Lange et al. 
(2011) reported that mtr4 has phenotypes of aberrant vein 
patterning and pointed true leaves, reminiscent of ribosome 
biogenesis mutants. Indeed, some mature rRNA by-products 
are accumulated, while mature 5.8S rRNA is down-regulated 
in mtr4. In a subsequent study, Lange et al. (2014) found that 
MTR4 is a component of nuclear exosomes and plays a major 
role in the degradation of rRNA precursors and rRNA mat-
uration by-products. Thus, MTR4 controls vegetative growth 
by regulating the rRNA biogenesis pathway.

Like MTR4, RH7 and RH57 also regulate plant growth and 
development by participating in rRNA biogenesis, whereas 
the knockout mutants of DEAD-box RH7 (rh7-2 and rh7-
3) show delayed seed germination, narrow points on the first 
leaves, shoot roots, aberrant floral development, and reduced 
plant status (Huang et al., 2016). The deficiency of RH57 leads 
to enhanced sensitivity to glucose and abscisic acid (Hsu et al., 
2014). Taken together, RH36/SWA3, RH29, RH17, eIF4A-1, 
MTR4, RH7, and RH57 are all engaged in different aspects 
of rRNA biogenesis or translation regulation. The coincidental 
findings highlight the significant regulatory roles of RHs in the 
reproductive and vegetative processes at the protein synthesis 
level in Arabidopsis.

RHs related to rRNA biogenesis also play important roles 
in the growth and development of other plants. A recent study 
in Medicago truncatula revealed that silencing of DEAD-box 
MtRH10 represses the development of roots accompanied by 
a smaller number of roots and reduced primary root length. 
It has been noted that all ribosome-associated genes of roots 
decreased in silenced plants, suggesting that MtRH10 posi-
tively regulates root development by involving the ribosome 
biogenesis pathway (Camborde et al., 2022). In rice, DEAD-
box Thermotolerant Growth Required1 (OsTOGR1) has 
been also identified to improve thermotolerance by posi-
tively regulating mature rRNA production. OsTOGR1 is a 
pre-rRNA chaperone as a partner of the small subunit (SSU) 
complex. The togr1-1 mutant exhibits a stunted pre-rRNA 
maturation process with highly abundant intermediates accu-
mulating during pre-rRNA processing at high temperatures, 
indicating that OsTOGR1 promotes rRNA maturation under 
heat stress (Wang et al., 2016) (Table 2). Later, OsTOGR1 was 
also found to enhance resistance to heat stress when it was ex-
ogenously expressed in Chinese cabbage (Brassica rapa L. ssp. 
Chinensis). The study showed that transgenic cabbage seedlings 
grow and develop better at high temperatures as evidenced by 
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longer hypocotyl, higher chlorophyll content, and better ger-
mination (Yarra and Xue, 2020).

RNA helicases function in organelles

RHs can be trafficked into different organelles to fulfill their 
regulatory functions. The null mutation of three chloroplast-
localized DEAD-box members, RH3, Increased Size Exclu-
sion limit2 (ISE2), and RH22, are embryo lethal or defective, 
but their regulatory mechanisms of embryo development are 
distinct (Asakura et al., 2012; Hou et al., 2021). It was found 
that RH3 regulates the splicing of several genes with group 
II introns (Asakura et al., 2012). Group II introns are a large 
class of self-catalytic ribozymes that can fold into a conserved 
secondary structure of six domains (DI–DVI) extending from 
a central hub. The conserved secondary structure of group 
II introns and defective splicing in rh3 strongly suggest that 
RH3 might participate in the folding or unfolding of RNA 
secondary structure of the targeted transcripts. Through this 
regulation, RH3 contributes to embryogenesis, chloroplast de-
velopment, and photosynthesis. Similarly, ISE2 is required for 
the splicing of group II introns from chloroplast transcripts. 
In addition, ISE2 is also engaged in other aspects of chloro-
plast RNA metabolism because the loss of ISE2 can cause 
defects in C-to-U RNA editing and defective processing of 
chloroplast ribosomal RNAs. These results suggest that ISE2 
is different from the canonical Ski2-like RNA helicases that 
typically function in degrading RNA in cytoplasm, despite the 
high sequence similarity between ISE2 and the Ski2-helicases 
(Carlotto et al., 2016; Bobik et al., 2017).

Chi et al. (2012) found that the DEAD-box RH22 knock-
down mutant has virescent seedlings. Importantly, the mutant 
also contains accumulated precursors of 23S and 4.5S rRNA. 
Chi et al. experimentally validated that RH22 interacts with 
50S ribosomal subunits like RPL24, suggesting RH22 takes 
part in chloroplast ribosome assembly to regulate plant devel-
opment. Like RH22, DEAD-box RH50 has been identified as 
a chloroplast rRNA maturation factor that is required for the 
maturation of the 23S and 4.5S rRNAs (Paieri et al., 2018). 
In that study, RNA-immunoprecipitation showed that the 
transcripts from the 23S–4.5S intergenic region accumulate 
in rh50-1. Furthermore, the abundance of intermediate tran-
scripts located in 23S–4.5S intergenic regions increases signifi-
cantly, while the levels of mature 23S and 4.5S rRNAs decrease 
in the cold-sensitive mutant rh50-1. Since RH50 is character-
ized as an RH, it is speculated that the enzyme might act in 
unwinding paired rRNA of the 23S–4.5S intergenic region to 
facilitate rRNA cleavage processing during biogenesis. Due to 
its critical role in rRNA maturation in the chloroplast, defi-
ciency of the gene confers cold sensitivity in plants (Table 2).

RHs have been reported to regulate the functions of the 
chloroplast in other plants. In tomato, a T-DNA insertion mu-
tant in SlDEAD39, named restored cell structure by salinity (res), 
displays obvious growth inhibition with damaged cell structure 

(Garcia-Abellan et al., 2015; Capel et al., 2020). In the res mu-
tant, immature fragments of unprocessed or partially processed 
23S are abnormally enriched; in contrast, the fully processed 
mature fragments are barely detectable. The results imply that 
SlDEAD39 is engaged in the proper processing of premature 
23S rRNA. Indeed, the authors further determined that the 
defective cleavage site in res is located on the hidden break site 
B, one of two critical sites to process premature 23S rRNA 
into the mature fragments. Together, these studies indicate that 
DEAD-box SlDEAD39 acts in tomato vegetative development 
by regulation of 23S rRNA maturation (Capel et al., 2020).

RNA helicases function in metabolism

As discussed in the above section, plant RHs play diverse roles 
in all aspects of RNA metabolism as catalytic enzymes by 
acting on different substrates (Fig. 3). RHs are also engaged in 
various metabolic pathways but with yet unknown targets. In 
chrysanthemum, a DEAD-box member, CmRH56, regulates 
negatively rhizome outgrowth under water deficiency (Zhang 
et al., 2022). CmRH56 is expressed specifically in the rhizome 
shoot apex, and lack of CmRH56 causes fewer rhizomes under 
drought conditions. In contrast, CmRH56-overexpressed plants 
show increased survival through induced rhizomes under water 
deficiency. Mechanistically, CmRH56 might contribute to rhi-
zomes growth with drought stress through inhibiting gibber-
ellin biosynthesis.

In rice, DEAD-box chloroplast-located OsTCD33 regulates 
resistance to cold stress by controlling the chlorophyll biosyn-
thesis pathway (Xiaomei et al., 2020). TaDEAD-box57-3B is 
associated with cold stress in rice (Ru et al., 2021). TaDEAD-
box57-3B is proposed to contribute to drought, salt, and cold 
stress by regulating membrane lipid peroxidation (Maruri-
Lopez et al., 2021). In Physcomitrium patens, Perroud et al. (2021) 
found that deletions of individual DEAD-box PpRH1 and 
PpRH2 cause visible defective development in protonemata 
and gametophores. The double mutant displays significantly 
increased starch granules, indicative of changes in photosyn-
thetic activity.

Conclusion and future perspectives

Accumulating evidence has revealed the significance of plant 
RHs in all aspects of RNA metabolism, including transcription, 
pre-mRNA splicing, miRNA production, RNP dynamics, 
RNA export, RNA stability, and protein translation. Through 
these mechanisms, RHs participate in almost every biological 
process in plants (Fig. 4). From the perspective of biological 
functions, there are lots of exciting studies ahead. One critical 
question is whether all or most of the RHs modulate molecular 
and biological processes by altering RNA secondary structure. 
Despite the important roles of RHs in biology, the significance 
of helicase activity is still unclear. For example, a recent study by 
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Fig. 3.  RHs are engaged in multiple molecular processes in Arabidopsis. Individual RHs involved in diverse kinds of RNA metabolism are labeled with 
distinct colors and include those involved in transcription, pre-mRNA splicing, formation of LLPS (D-bodies, P-bodies, and stress granules), miRNA 
processing, mRNA export, RNA degradation, protein translation, and organelle-related functions.
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Chantarachot et al. (2020) suggested that plant RH6, RH8, and 
RH12 facilitate the decay of short-lived RNAs, and it is worth 
exploring whether the helicase activity of the RHs is required 
for this process and what the structural features are of short-live 
RNAs in the rh6;rh8;rh12 mutant. What is more, most cur-
rent studies have focused on the roles of RHs in RNA and 
RNA–proteins, while only limited studies have demonstrated 
that RHs regulate RNA–DNA hybrids, in terms of R-loops, 
which have increasingly been shown to have important roles 
in eukaryotes. Furthermore, it has not been reported whether 
plant RHs function independently from their unwinding ac-
tivity. Last but not the least, understanding the functions of RHs 
entails the decoding of RH-bound substrates. Excitingly, the ad-
vancement of cutting-edge next-generation sequencing-based 
methods provides a gateway to this goal. RNA-immunoprecip-
itation combined with sequencing (RIP-seq) or crosslinking, 
and immunoprecipitation combined with sequencing (CLIP-
seq) (Zambelli and Pavesi, 2015; Hafner et al., 2021) would 

be powerful approaches. The advantages of these approaches 
are that they could capture the transient interaction of RHs 
with their substrates. In addition, spatial–temporal techniques 
can be explored to study functions and mechanisms of RHs. 
Single-molecule techniques, such as single-molecule RNA-seq 
(smRNA-seq) (Bayega et al., 2018), individual nucleotide CLIP-
seq (iCLIP-seq) (Huppertz et al., 2014), and single-molecule 
fluorescence resonance energy transfer (SM-FRET) (Lerner 
et al., 2018), would facilitate the study of RHs. For example, 
smRNA-seq provides more detailed information on RH tar-
gets, including regulation of isoform production and different 
preferences for different RNA isoforms. iCLIP would allow 
precisely pinpointing of the binding sites of RHs at individual 
nucleotide resolution. SM-FRET facilitates the understanding 
of interacting cofactors and specific targets. In summary, mo-
lecular mechanisms of RHs in biological processes have been 
characterized well in mammals and yeast, while mechanistic 
studies in plant RHs are still in their infancy.

Fig. 4.  RHs take participate in the whole life cycle of Arabidopsis plants. RHs are involved in every stage of plant growth and development in 
Arabidopsis, including gametogenesis (green), fertilization (blue), germination (orange), and development (purple).
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