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The dynamic regulation of messenger RNA translation, decay 
and sequestration is essential for growth, development 
and responses to internal and external stimuli. These pro-

cesses involve interconnected mRNA–ribonucleoprotein (mRNP) 
complexes, including poly(ribo)somes, processing bodies (PBs) 
and stress granules (SGs)1. Depending on the biological context, 
mRNAs targeted to PBs can be degraded or stabilized2,3 whereas 
those sequestered in SGs are generally stabilized4,5.

In eukaryotes, the bulk of cytoplasmic mRNAs are degraded by 
general decay pathways initiated by deadenylation of the poly(A) 
tail. This can be followed by 5′-to-3′ decay that requires mRNA 
decapping or 3′-to-5′ decay by the RNA exosome or the exoribo-
nuclease SUPPRESSOR OF VARICOSE (SOV/DIS3L2), which is 
non-functional in Arabidopsis Columbia-0 (Col-0) but controls 
mRNA abundance and homeostasis when replaced by SOV of 
Landsberg erecta6,7. The decapping pathway requires the decap-
ping enzyme DECAPPING 2 (DCP2) and core decapping factors 
DCP1 and VARICOSE (VCS/EDC4/HEDLS), and is facilitated 
by conserved decapping activators such as DCP5, PROTEIN 
ASSOCIATED WITH TOPOISOMERASE 1 (PAT1), the LSM1-7 
complex and DHH1/DDX6 (CGH-1/Me31B/Xp54)8. Decapped 
mRNAs can be hydrolysed by the 5′-to-3′ exoribonuclease XRN1/4 
(ref. 9). These 5′ and 3′ pathways have substrate specificity, yet they 
are not mutually exclusive.

Spatiotemporal regulation of mRNA decay is critical for the cel-
lular transcriptome adjustment in response to both developmen-
tal and environmental cues in plants1. Dysfunction in decapping 
due to loss of function of non-redundant components results in 
post-embryonic lethality (DCP1, DCP2, VCS and DCP5) or severe 
growth alterations (LSM1 and PAT1)10–14. The cause of the devel-
opmental defects in certain decapping mutants is associated with 
disruption of mRNA quality control and small interfering RNA 
(siRNA) production15. However, there is limited knowledge about 
the role of the decay machinery in the spatial and temporal turn-
over of specific mRNAs, and the connections between turnover and 
mRNA translation and mobilization to PBs and SGs. Mutations in 

the mRNA decay machinery have been identified in genetic screens 
for altered sensitivity to biotic and abiotic stresses14,16–19, yet there is 
poor understanding of the importance of mRNA decay in restrict-
ing accumulation of mRNAs that provide stress resilience but con-
strain growth.

The DHH1/DDX6 family of DEAD-box RNA helicases is con-
served across eukaryotes20. These proteins function at the nexus 
between mRNA translation, storage and decay, mediating transla-
tional repression and initiating mRNA degradation21–24. For exam-
ple, yeast DHH1 was shown to activate mRNA decapping25 and 
promote translational repression26, and also to associate with ribo-
somes to sense the codon-dependent rate of translational elongation 
and trigger decay27. However, the transcript-specific role of these 
helicases is generally understudied. Here we identify the Arabidopsis 
DHH1/DDX6-like proteins RNA HELICASE 6 (RH6), RH8 and 
RH12 as functionally redundant mRNA decay factors required for 
normal growth and development. Severe deficiency of RH6, RH8 
and RH12 function affects PB and SG dynamics and shifts the tran-
scriptome and translatome homeostasis so that defence- and other 
stress-responsive mRNAs accumulate despite growth under stan-
dard conditions, with simultaneous repression of mRNAs required 
for general growth. RNA decay analysis determined that these RHs 
facilitate the turnover of specific short-lived decapping substrates, 
enriched for stress and defence responses. Stabilization of these 
ephemeral mRNAs in the rh6812 mutant confers auto-immunity. 
We propose that RH-mediated decay of stress-responsive mRNAs 
under non-stress conditions is required for maintenance of the 
growth/defence balance in plants.

Results
Arabidopsis RH6, RH8 and RH12 are essential DHH1/DDX6-like 
proteins. The Viridiplantae encode DHH1/DDX6-like proteins 
with a dual RecA helicase core, including Arabidopsis thaliana RH6 
(At2g45810), RH8 (At4g00660) and RH12 (At3g61240) (Fig. 1a 
and Extended Data Fig. 1). These three RHs share 79–86% protein 
sequence identity, and their transcripts are generally co-expressed 
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Fig. 1 | Arabidopsis RH6, RH8 and RH12 overlap in their contribution to growth and development. a, Phylogenetic relationship and schematic diagram of 
DHH1/DDX6-like proteins from the yeast Saccharomyces cerevisiae (ScDHH1), roundworm (CeCGH-1), fruit fly (DmMe31B), human (HsDDX6), Arabidopsis 
(AtRH6, AtRH8 and AtRH12) and rice (OsRH6, OsRH8 and OsRH12). The tree is to scale, with branch lengths measured as the number of substitutions 
per site. Numbers on branches indicate bootstrap values. Bold text highlights the DHH1/DDX6-like proteins. b, Rosette growth phenotype of 39-day-old 
plants of Col-0 wild type in comparison to the single (rh6-1, rh8-1 and rh12-2), double (rh68, rh612 and rh812), double homozygous hemizygous (rh6(+/−)812, 
rh68(+/−)12 and rh6812 (+/−)) and triple (rh6812; inset) mutant combinations, and a transgenic line homozygous for the rh6812 triple-mutant alleles with 
an introduced genomic RH6 wild-type allele C-terminally tagged with the FLAG epitope (rh6812 gRH6-FLAG #22). Seeds were grown directly on soil; 
representative plants were selected. c, Rosette diameter (n = 28) and fresh weight (n = 30) of 39-day-old plants in b. d, 7-day-old seedlings. e, Primary 
root length (n = 15) of seedlings in d. f, Representative images of the cotyledon vasculature of 7-day-old seedlings of Col-0 wild-type, rh6812, dcp2-1 and 
vcs-7 mutants (n = 30 per genotype). Scale bars, 0.3 mm. Boxplot boundaries in c,e represent the first and third quartiles; a horizontal line divides the 
interquartile range, median; red diamonds, mean. Means significantly different between genotypes are indicated by different letters (P < 0.05, analysis of 
variance (ANOVA) with Tukey’s honest significant difference (HSD) test). See Source Data for P values.
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(Supplementary Fig. 1). Single-gene mutants rh6-1, rh8-1 and 
rh12-2, which produce little to no detectable protein, have slightly 
reduced rosette size and fresh weight relative to the wild type 
(SOV-deficient Col-0 background) (Fig. 1b,c and Extended Data 
Fig. 2). To test whether they are functionally redundant, double 
rh68 (that is, rh6-1 rh8-1), rh612 and rh812 mutants, and a triple 
rh6812 mutant, were generated and evaluated for RH protein level 
and phenotype. We found that rosette growth is generally propor-
tional to functional RH gene copies, with the triple mutant rh6812 
displaying extremely diminished rosette diameter and fresh weight 
(Fig. 1b,c and Supplementary Fig. 2). Independent hypomorphic 
amiRH6 rh812 lines with strong partial suppression of RH6 tran-
scripts displayed less evident seedling alterations but had signifi-
cantly reduced rosette growth (Extended Data Fig. 3a–h). Growth 
and reproduction of rh6812 were rescued by the introduction of 
a 3.3-kb genomic fragment of RH6 with a C-terminal FLAG epit-
ope tag (gRH6-FLAG), because the rh6812 gRH6-FLAG plants had 
rosette growth similar to the equivalent genotype rh812 (Fig. 1b,c 
and Extended Data Fig. 4a–e).

Arabidopsis decapping mutants display seedling phenotypes, 
including shortened primary roots10,12,13. The rh single and double 
mutants, as well as amiRH6 rh812 lines and rh6812 gRH6-FLAG 
homozygotes, had seedling roots of length similar or longer  
than that of Col-0, whereas rh6812 roots were significantly shorter 
(Fig. 1d,e and Extended Data Fig. 4g,h). However, rh6812 roots were 
significantly longer than those of the decapping mutants dcp2-1  
and vcs-7 (Fig. 1d,e). These three genotypes shared small cotyledons 
with disorganized veins (Fig. 1f). We conclude that RH6, RH8 and 
RH12 have highly overlapping and additive functions in regulating 
multiple aspects of growth and development.

Severe growth defects exhibited by mRNA decay mutants can be 
partly due to the accumulation of siRNA produced from aberrant 
RNAs15,28. Developmental defects of dcp2-1 and vcs-6 are partially 
rescued by mutation of RNA-DEPENDENT RNA POLYMERASE 6 
(RDR6)15. The rh6812 growth phenotype is not primarily due to 
RDR6-mediated gene silencing, as neither the quadruple rh6812 
rdr6sgs2-1 nor the rh6812 sgs3-1 (suppressor of gene silencing 3-1) gen-
otype was rescued (Extended Data Fig. 5a,b).

RH6, RH8 and RH12 are nucleocytoplasmic and associate with 
PBs and SGs. The subcellular localizations of the three RHs were 
determined with transgenic lines that individually express genomic 
RH6, RH8 or RH12 translationally fused with a C-terminal red 
fluorescent protein (gRH6-RFP, gRH8-RFP or gRH12-RFP). All 
three RH-RFPs were nucleocytoplasmic in the root meristem 
region of seedlings grown under standard conditions (Fig. 2a,b 
and Supplementary Fig. 3a–f). The RH N-terminal region contains 
glutamine- and proline-rich sequences predicted to be intrinsically 
disordered (Fig. 1a), a property that facilitates the formation of 
macromolecular condensates through liquid–liquid phase separa-
tion29. This was evaluated in the cortex cells of the root meristematic 

zone. Seedlings were bathed in water, placed under a coverslip and 
imaged within 2 min and again after 30 min. RH6-RFP was initially 
cytoplasmically dispersed and then present in large foci (Fig. 2c). 
These foci represent mRNP complexes, because the pretreatment of 
seedlings with cycloheximide inhibited the formation of RH6 foci 
altogether. Translation termination-dependent foci were similarly 
observed for RH8 and RH12 (Supplementary Fig. 3g,h). We con-
clude that these RHs form mRNP assemblies with mRNAs released 
from polysomes.

Next, we considered whether RH6, RH8 and RH12 are targeted 
to the same mRNPs. Root cortical cells co-expressing gRH6-RFP 
and gRH8-GFP co-localized both proteins in nearly all detectable 
cytoplasmic foci (Fig. 2d). The pairwise evaluation of all three RHs 
confirmed that all co-localize in foci (Supplementary Fig. 4a–c). We 
asked whether RH-containing foci are PBs or SGs. By the use of 
two GFP-tagged PB (DCP2 and VCS) markers, we resolved DCP2 
assemblies after 2 min, which enlarged after 30 min and often 
co-localized with RH6 (Fig. 2d and Supplementary Fig. 5a). The 
lack of complete overlap of the RH6 and DCP2 foci suggests hetero-
geneity in mRNP formation, functional subdomains and dynamics. 
Similar co-localization dynamics were observed for RH8 and RH12 
with DCP2 (Supplementary Fig. 5b,c) and VCS-GFP expressed 
under its native promoter (Fig. 2d and Supplementary Fig. 6a–c).

The incomplete association of RHs with DCP2 and VCS 
led us to test whether RHs overlap with the SG marker 
OLIGOURIDYLATE-BINDING PROTEIN 1 C (UBP1C), a mamma-
lian TIA-1/TIAR orthologue known to be dynamically and reversibly 
induced within 25 min by coverslip-induced hypoxia4. We confirmed 
overlap of UBP1C and RH foci within 2 min, which increased after 
30 min, in both foci size and number, in the root meristem of seed-
lings co-expressing the gRH-RFPs and pro35S:UBP1C-GFP (Fig. 2d  
and Supplementary Fig. 7a–c). Borders of the complexes were 
enriched for one or the other protein. We conclude that assemblies 
containing the three RHs dynamically associate with both PBs and 
SGs to form hybrid and heterogenous mRNP complexes.

RH6, RH8 and RH12 contribute to the assembly of PB and SG 
complexes. To determine whether RH function influences the for-
mation of PB and SG assemblies, foci were examined in rh6812 
mutants expressing DCP2-GFP, VCS-GFP or UBP1C-GFP. In con-
trast to DCP2 and VCS assembly dynamics in the root meristem 
of Col-0, these markers were in significantly fewer foci at both 2 
and 30 min in rh6812 (Fig. 2e,f,h). The size of DCP2 foci increased 
in both Col-0 and rh6812, but VCS foci increased only in Col-0 
(Fig. 2i). The deficiency in RHs also limited the temporal increase 
in number but not the size of UBP1C-containing SGs. These data 
provide further evidence of PB heterogeneity and indicate that RHs 
contribute to the formation of large PBs and SGs.

RH6, RH8 and RH12 are required for transcriptome and trans-
latome homeostasis. Because the rh6812 genotype had dampened 

Fig. 2 | RH6, RH8 and RH12 form cytoplasmic mRNPs contributing to PB and SG formation. a, RFP fluorescence in root tissues of 4-day-old genomic(g)
RH6-RFP seedlings. Left, maximum projection of 12 z-planes evenly spread across 55 µm; right, overlay on bright field image. Scale bars, 100 µm. b, Root 
meristem of seedlings in a counterstained with 4′,6-diamidino-2-phenylindole (DAPI) for nuclear visualization. Lower panels, magnification of framed 
areas in upper panels. c, Subcellular localization of RH6-RFP in the root meristem of 4-day-old seedlings submerged in water under a coverslip for 2 min, 
and the same regions re-imaged after 30 min. Seedlings pretreated with 0.001% (v/v) dimethyl sulfoxide (DMSO) with or without cycloheximide (CHX) 
for 3 min by vacuum infiltration before imaging. Images in a–c are representative of individual genotypes from two independent experiments with similar 
results. d, Co-localization of RFP and green fluorescent protein (GFP) signals in the root meristem of 4-day-old seedlings co-expressing gRH6-RFP with 
gRH8-GFP, proDCP2:DCP2-GFP, proVCS:VCS-GFP or pro35S:UBP1C-GFP. Imaging as described for c. RFP signals, false-coloured magenta. Arrowheads denote 
examples of foci with co-localized RFP and GFP signals. e–g, GFP fluorescence of DCP2-GFP (e), VCS-GFP (f) and UBP1C-GFP (g) in the root meristem 
of Col-0 or rh6812. Developmental age-matched 4-day-old seedlings were imaged as in c. Images representative of n ≥ 6 seedlings per genotype. Scale 
bars in b–g, 10 µm. h,i, Quantification of number (h) and size (i) of DCP2-GFP (Col-0, n = 9; rh6812, n = 12), VCS-GFP (n = 10) and UBP1C-GFP (n = 8) foci. 
Boxplot boundaries represent the first and third quartiles; a horizontal line divides the interquartile range, median. Means significantly different between 
genotypes are indicated by different letters (Kruskal–Wallis test followed by two-sided Wilcoxon test). See Source Data for P values.
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PB and SG formation, we hypothesized that RHs might contri
bute to the regulation of transcript abundance and translation. 
We established the genotype rh6812 expressing an epitope-tagged 

RIBOSOMAL PROTEIN L18 that enables translating ribosome 
affinity purification (TRAP)30, to magnetically capture transcripts 
associated with ribosomes and thereby engaged in translation.  
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This enabled comparison of rh6812 and Col-0 seedling poly(A)+ 
mRNA (total mRNA; transcriptome) and ribosome-associated 
poly(A)+ mRNA (TRAP mRNA; translatome) (Fig. 3a). RNA- 
sequencing was performed on triplicate biological samples to an 
average depth of 19.4 million reads, revealing reproducible dif-
ferences between the two genotypes and two mRNA populations  
(Fig. 3b, Extended Data Fig. 6a and Supplementary Table 1). 
Alterations in the transcriptome of the rh6812 mutant were highly 
similar to alterations in its translatome (Pearson correlation = 0.94) 
(Fig. 3c), with 409 and 419 mRNAs uniquely enriched and 151 and 
666 mRNAs uniquely depleted in the total and TRAP comparisons 
(rh6812 relative to Col-0), respectively (Fig. 3d). The rh6812 tran-
scriptome and translatome were enriched in mRNAs with Gene 
Ontology (GO) functions associated with stress and innate immu-
nity, and depleted of mRNAs associated with general growth and 
primary metabolism, including polysaccharide metabolic process, 
rhythmic process, multi-dimensional cell growth and regulation of 
hormone levels (Extended Data Fig. 6b and Supplementary Table 2).

Next, we investigated the impact of RH deficiency on transla-
tional status, the proportion of individual polyA+ mRNAs associ-
ated with ribosomes. The global translation was similar in rh6812 

and Col-0 seedlings based on the quantitation of ribosomal sub-
units and polysome complexes by sucrose density gradient fraction-
ation analyses (Supplementary Fig. 8). Nevertheless, the translation 
status of individual mRNAs varied in both Col-0 and rh6812 seed-
lings (Extended Data Fig. 6c and Supplementary Table 1). Focusing 
on the 2,604 mRNAs with optimal and suboptimal translation sta-
tus in at least one genotype (|log2[FC]| ≥ 1 where FC is fold change, 
false discovery rate (FDR) < 0.01), we resolved groups with similar 
(groups 1 and 6) or distinct (groups 2–5) translational status in the 
two genotypes (Fig. 3e and Supplementary Table 3). mRNAs with 
higher translation status in Col-0 than in rh6812 were associated 
with primary metabolism, protein localization and ribosome bio-
genesis in group 2, and brassinosteroid metabolic process, polysac-
charide metabolic process and cell wall organization or biogenesis 
in group 4. Conversely, higher translational status was evident in 
rh6812 for mRNAs associated with the defence response and sys-
temic acquired resistance in group 3, and with responses to different 
stimuli in group 5 (Fig. 3e). This demonstrates that RHs contribute 
to transcriptome and translatome homeostasis under non-stress 
conditions by directly or indirectly promoting the ribosome asso-
ciation of mRNAs associated with growth and development, while 
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Fig. 3 | Attenuation of RH6, RH8 and RH12 function shifts the seedling steady-state transcriptome and translatome from a general growth to 
stress-responsive state. a, Schematic representation of experimental set-up for transcriptome and translatome analyses. Ribosome-associated RNAs 
were isolated from developmental age-matched 5-day-old seedlings of Col-0 and rh6812, both expressing His-FLAG-GFP-tagged RIBOSOMAL PROTEIN 
L18 (pro35S:HF-GFP-RPL18) using TRAP. PolyA+ RNA (total) was isolated from the same tissue. b, Principal component (PC) analysis of edgeR-normalized 
read counts of total and TRAP mRNAs from Col-0 and rh6812 (n = 3 biologically independent samples per genotype). c, Scatter plot comparison of 
log2[FC] between total and TRAP mRNAs in rh6812 relative to Col-0 (n = 14,391 genes). R represents Pearson correlation coefficient of significantly 
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Bonferroni-adjusted P values given.
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limiting that of mRNAs involved in the cellular response to stress 
and external stimuli.

RH6, RH8 and RH12 facilitate decay of select short-lived 
mRNAs. Co-localization of RHs with the decapping proteins 
DCP2 and VCS prompted an evaluation of their role in the decay 
of stress/stimuli-responsive and other mRNAs. This commenced 
with infiltration of rh6812 and Col-0 seedlings with the transcrip-
tion inhibitor cordycepin, sampling after 0, 15, 30, 60 and 120 min, 
and RNA-sequencing (RNA-seq) of ribosomal RNA-depleted total 

RNA (Fig. 4a). Triplicate biological samples were sequenced to an 
average depth of 22.7 million reads. After data normalization and 
exclusion of low-abundance mRNAs, transcript abundances were 
used to model decay rates for each gene and genotype7.

We found that loss of RHs increased the stability of otherwise 
rapidly degraded transcripts, with the minimum and median 
mRNA half-life (t1/2) increased from 3.8 and 160.9 min in Col-0 to 
5.2 and 314.1 min in rh6812, respectively (Supplementary Fig. 9). 
This was also evident when the mRNAs were classified into three 
groups by the relative effect of RH deficiency on t1/2 (Fig. 4b and 
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Supplementary Table 4). Group 1 (n = 7,277) mRNAs decayed more 
slowly in rh6812 (rh6812 t1/2 > Col-0 t1/2). These are termed RH 
substrates, because the presence of RHs in Col-0 is associated with 
their rapid turnover. This mRNA cohort can include both direct and 
indirect targets of RHs. Group 2 (n = 487) mRNAs decayed more 
rapidly in the triple mutant (rh6812 t1/2 < Col-0 t1/2), while group 3 
mRNAs were unaffected (n = 8,261; rh6812 t1/2 ≃ Col-0 t1/2).

The RH substrates (group 1) had characteristics that provide 
insights into RH function and biological relevance. First, these  
collectively had the shortest half-lives in Col-0 of the three groups 
(Fig. 4c). The median Col-0 t1/2 of group 1 mRNAs was 108 min 
whereas that of groups 2 and 3 was 263 and 299 min, respectively. 
Second, the RH substrates had fewer codons, typically fewer introns 
and were shorter than non-substrate mRNAs, whereas their 5′ 
and 3′ untranslated region lengths showed no overall difference 

(Supplementary Fig. 10a,b). Third, the RH substrate GO functions 
encompassed a wide range of biological processes (Supplementary 
Table 5). Of these, 1,294 (17.8%) are involved in stress and immune 
responses (Fig. 4d). These stress-response mRNAs include 
disease-resistance proteins, transcription factors and signalling pro-
teins such as kinases (Supplementary Table 6).

Since all three RHs co-localize with DCP2 and VCS, we hypoth-
esized that their substrates are degraded in a decapping-dependent 
manner. A parallel decay experiment was performed in the decap-
ping mutant vcs-7 (ref. 7), and co-analysis of rh6812 and vcs-7 
effects on decay identified 5,832 out of 6,941 RH substrates (84%) 
as VCS substrates (Fig. 4e). The analysis also identified RH- and 
VCS-specific substrates. Comparison of 1,247 stress-response RH 
substrates to those dependent on VCS revealed that the major-
ity (1,027, 82.4%) require VCS and are therefore degraded by the 
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decapping pathway (Fig. 4f). The RH substrates had a shorter t1/2, 
whether or not they require VCS, as compared to those requiring 
only VCS, or neither RHs nor VCS, for decay (Fig. 4g). These results 

verify that the majority of mRNAs targeted by RHs are ephemeral 
targets of 5′-to-3′ turnover, and provide further evidence that RHs 
accelerate the decay of these mRNAs.
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Stress-related mRNAs are stabilized and preferentially 
ribosome-loaded in the rh6812 genotype. We also considered 
whether steady-state abundance and translation of RH substrates 
were altered in rh6812 seedlings relative to Col-0. A meta-analysis of 
the combined mRNA decay, transcriptome and translatome datas-
ets revealed that of all mRNAs with higher levels in rh6812 total and 
TRAP mRNA populations, 42% (383) were RH substrates (Fig. 5a). 
A homodirectional increase in steady-state and polysomal mRNA 
abundance was expected, but the 383 RH substrates also had a sig-
nificantly higher translational status than the 522 RH-independent 
mRNAs from this group (Fig. 5b). This indicates that increased sta-
bility and abundance of these RH substrates are coupled with their 
preferential ribosome association in the rh6812 genotype, which 
was not evident for the full cohort of RH substrates. GO enrichment 
analysis revealed that the 383-mRNA cohort is enriched for tran-
scripts encoding stress/defence-response proteins (Supplementary 
Table 7). The decay kinetics for eight representative defence genes 
(Fig. 5c) support the conclusion that these RH substrates are syn-
thesized at a basal level but are rapidly degraded under standard 
growth conditions.

The rh6812 mutant phenotype is associated with auto-immunity. 
The observation that aseptically grown rh6812 seedlings stabi-
lize and over-acumulate mRNAs involved in defence response led 
us to hypothesize that the diminutive mutant phenotype results 
from a constitutive immune response. The most ectopically ele-
vated mRNAs in rh6812 included those of many well-known 
defence-response genes (Fig. 6a). Moreover, levels of the defence 
phytohormone salicylic acid (SA) were significantly elevated 
in rh6812 relative to Col-0 seedlings (Fig. 6b), consistent with 
increased levels of ISOCHORISMATE SYNTHASE 1 (ICS1) 
mRNA encoding a key enzyme in SA biosynthesis (Fig. 6a). 
Transcript levels of the SA-responsive, defence-response marker 
PATHOGENESIS-RELATED 1 (PR1) were also significantly ele-
vated in amiRH6 rh812 lines, but to lower levels than in rh6812 
seedlings (Fig. 6c). Both amiRH6 rh812 and rh6812 seedlings were 
more resistant to the pathogenic Noco2 isolate of the oomycete 
Hyaloperonospora arabidopsidis than Col-0, with the rh6812 geno-
type showing the highest level of resistance (Fig. 6d,e).

Auto-immunity was demonstrated in the mRNA decay mutants 
up-frameshift 1 (upf1)31 and pat1 (ref. 14). Their auto-immune phe-
notypes can be uncoupled by inactivation of the immune regula-
tor ENHANCED DISEASE SUSCEPTIBILITY 1 (EDS1) and/or 
PHYTOALEXIN DEFICIENT 4 (PAD4)14,19. These lipase-like pro-
teins constitute key signalling components in effector‐triggered 
immunity and basal disease resistance32,33. We found that PAD4 
transcripts were stabilized with concomitant elevation in total and 
TRAP mRNA abundance, as well as translation status in rh6812 
seedlings (Figs. 5d and 6a). This coincided with the elevation of 
known EDS1/PAD4-inducible mRNAs33 in the transcriptome and 
translatome of rh6812 (Extended Data Fig. 7a). However, based on 
phenotypic analyses and quantification of PR1 transcripts and SA 
levels in the quadruple mutants rh6812 eds1-2 and rh6812 pad4-1 
(Extended Data Fig. 7b–e), the constitutive immunity exhibited by 
rh6812 is partially dependent on PAD4 but not EDS1 function.

Because rh6812 seedlings over-acumulate SA, we tested whether 
manipulation of SA synthesis, perception or catabolism would res-
cue the rh6812 phenotypes. This included combining rh6812 with 
mutations of ICS1 and NONEXPRESSER OF PR GENES 1 (NPR1) 
that encodes a SA receptor, and with ectopic expression of the bac-
terial salicylate hydroxylase NahG that converts SA into catechol 
(Fig. 6f). Although the homozygous rh6812 ics1 and rh6812 npr1-3 
genotypes were as diminutive as the triple mutant, NahG partially 
rescued rh6812 rosette growth (Fig. 6g,h). This rescue was accom-
panied by a significant reduction in PR1 transcripts in rh6812 NahG 
seedlings, to levels indistinguishable from control genotypes Col-0, 

ics1, npr1-3 and NahG (Fig. 6i). PR1 transcript levels were reduced 
in rh6812 ics1 and rh6812 npr1-3 relative to rh6812 seedlings, 
but remained significantly higher than in the control genotypes. 
We conclude that severe RH deficiency promotes a SA-mediated 
immune response that contributes to the dampening of growth in 
rh6812. Collectively, these data uncover a functional role of RHs 
in limiting the basal accumulation of transcripts associated with 
innate immunity.

Discussion
The Arabidopsis DHH1/DDX6-like proteins RH6, RH8 and RH12 
are integral to growth and development, with the triple rh6812 
mutant showing pleiotropic phenotypes with some overlap with 
other mRNA decapping mutants. When expressed under the con-
trol of their native promoters, all three RHs localize to the nucleus 
and cytoplasm, consistent with previous analyses using ectopic 
expression34–36. SGs and PBs are the two major conserved transla-
tionally repressed mRNP complexes in the cytoplasm of eukaryotic 
cells, with PBs typically associated with translational repression and 
5′ decapping-dependent decay37,38. In the root meristematic region 
of seedlings, RHs form inducible mRNP complexes that overlap 
with one another and with the PB markers DCP2 and VCS and the 
SG marker UBP1C. Consistent with this finding, RH6 interacts with 
the translational repressor and decapping activator DCP5, while 
all three RHs co-immunoprecipitate with the nonsense-mediated 
decay factor UPF1, along with the core decapping activators DCP1 
and VCS, the eukaryotic translation initiation factor eIF4G and sev-
eral poly(A)-binding proteins35.

We found that RHs and PB and SG markers are not uniformly 
overlapping, strengthening the notion that these complexes are 
heterogeneous. Our demonstration that RHs are required for the 
formation of visible DCP2 and VCS foci suggests that these heli-
cases contribute to PB assembly and dynamics, as demonstrated for 
DHH1/DDX6 proteins in other organisms23,39–41. It remains elusive 
as to how RHs contribute to the formation of DCP2 and VCS assem-
blies, while only a subset of them overlap with RHs. In addition to 
PBs, RHs may contribute to the formation of stress-induced UBP1C 
SGs, as observed in yeast DHH1 (ref. 29), although this might be lin-
eage specific because depletion of DDX6 in human HeLa cells does 
not affect SG formation39.

In Arabidopsis, the depletion of PBs in the dcp5-1 mutant results 
in precocious translation of specific mRNAs in etiolated seed-
lings42. Here we found that reduction of PBs in light-grown rh6812 
seedlings is associated with ectopic elevation of the steady-state 
abundance and coincident ribosome association of stress- and 
defence-response mRNAs. This suggests that the role of PBs in 
translational repression may include the control of stress-related 
mRNAs under non-stress conditions. Furthermore, our global RNA 
decay analysis showed that the turnover of thousands of short-lived 
mRNAs is compromised in rh6812 seedlings. The co-localization 
and 84% overlap of RH and VCS substrates strongly support the 
conclusion that RHs are components of the decapping-dependent, 
5′-to-3′ decay machinery. Comparison of RH and VCS substrates 
also supports the notion that mRNA decay does not necessarily 
occur in visible PBs, as their formation was impaired in rh6812,  
but the degradation of >3,800 VCS-specific substrates was unaf-
fected. It is yet to be determined whether RH-assisted decay occurs 
in PBs of smaller than detectable size, or co-translationally on elon-
gating ribosomes.

Plants have evolved diverse and intricate systems to rapidly sense 
and respond to environmental insults, including pathogens. While 
lacking adaptive immunity, plants have a battalion of immune recep-
tors, including R genes that encode nucleotide-binding leucine-rich 
repeat (NLR) proteins to recognize different pathogen-derived effec-
tor proteins and trigger a robust defence response43. Since defence 
occurs at the expense of cellular energy reserves, immune-response 
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gene and protein activation must be tightly regulated to avoid 
auto-immunity and maintain plant growth. This includes NLR reg-
ulation that operates from epigenetic to post-translational levels43,44. 
Post-transcriptional control of R gene transcripts is multifaceted, 
including regulation of alternative splicing45, alternative polyad-
enylation46, small RNA-mediated silencing47, nonsense-mediated 
decay19 and translation48. The dysregulation of any of these pro-
cesses often causes a sensitized or constitutive immune response.

There is compelling evidence that general cytoplasmic mRNA  
decay contributes to the control of the defence response in  
Arabidopsis. Pattern-triggered immunity activates decapping- 
dependent turnover of transcripts known to decline in response 
to the elicitor flg22 (ref. 49), although the effect on global decay 
is unknown. Moreover, the decapping mutant pat1 exhibits an 
auto-immune phenotype that is suppressed by mutations of the 
NLR SUPPRESSOR OF MKK1 MKK2 2 (SUMM2) and the defence 
regulator EDS1 (ref. 14). In yeast, PAT1 interacts with DHH1 to 
repress translation and activate mRNA decapping26,50. Similar to 
pat1, the triple rh6812 mutant exhibits auto-immunity, albeit in an 
EDS1-independent manner. Our mRNA decay analysis identified 
44 annotated R gene transcripts along with 1,250 other stress- and 
defence-response mRNAs, including those encoding plant-specific 
transcription factors that are stabilized in the rh6812 genotype. 
Many of these mRNAs increase in translational status in concert 
with elevated stability and abundance. This indicates that RHs 
actively repress basal or aberrant activation of the plant immune 
response. We hypothesize that the DHH1/DDX6-like protein family 
plays a conserved role as a negative regulator of innate immunity in 
eukaryotes, because the depletion of human DDX6 induces global 
upregulation of interferon-stimulated and other immune genes in 
the absence of infection51. The deficiency in RH activity is accom-
panied by a reduction in plant growth, reminiscent of genotypes 
with constitutive innate immunity52. While the rh6812 phenotype is 
partially rescued when the ectopic accumulation of the key defence 
metabolite SA is controlled, we cannot exclude the role of stabilized 
mRNAs unrelated to SA production in the reduction of rosette 
growth, given that RH substrates encompass diverse stress-response 
mRNAs and that RH deficiency shifts the balance of stress- and 
growth-related transcripts.

In summary, a severe deficiency of RH function results in 
catastrophic alteration of seedling mRNA homeostasis, allowing 
the accumulation and translation of stress- and defence-response 
transcripts while dampening mRNAs important for growth and 
development. The regulation of mRNA turnover is integral to rapid 
changes in gene expression in response to stress53. This study illu-
minates the substantial contribution of mRNA decay in shaping the 
cellular transcriptome and translatome under optimal conditions. 
The findings raise the notion that stress-responsive transcripts are 
constitutively synthesized at a basal level, but that their accumula-
tion and translation are limited by degradation. Inhibition of the 
decay machinery, in conjunction with activation of their transcrip-
tion above the basal level, would allow a rapid and robust response 
to stress. This raises new questions as to whether RH function is 
dynamically modulated to allow stress-response transcripts to 
escape destabilization in response to cues that activate their tran-
scription to provide pathogen resistance or stress resilience.

Methods
Further details are provided in the Supplementary Information.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Sequence data are deposited in GEO accession no. GSE136713. All other data 
needed to evaluate the conclusions are in the Supplementary Information. Source 
Data for Figs. 1, 2 and 6, and Extended Data Figs. 2–5 and 7 are provided with 

the paper. Sequence Read Archive, http://www.ncbi.nlm.nih.gov/sra; NCBI Gene 
Expression Omnibus, https://www.ncbi.nlm.nih.gov/geo/.
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Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Phylogenetic relationship and schematic representation of the primary sequence structure of eukaryotic DHH1/DDX6-like 
DEAD-box RNA helicases. The evolutionary history was inferred from 58 representative DHH1/DDX6-like helicases across different eukaryotic lineages. 
The sequences were aligned using the Muscle algorithm, and the phylogenetic tree was generated with the Maximum Likelihood method with 1000 
bootstrap replicates. Evolutionary rate differences among sites were modeled with a discrete Gamma distribution. The tree is shown to scale, with branch 
lengths measured as the number of substitutions per site. Black rectangular boxes on the tree branches depict bootstrap values greater than 50%, with 
the size of the boxes proportional to the bootstrap values. Grey boxes represent the N- and C-terminal extensions; blue boxes, RecA-like domains; yellow 
boxes, linker regions.
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Extended Data Fig. 2 | Characterization of Arabidopsis rh6-1, rh8-1 and rh12-2 mutants and their higher-order mutant combinations. a, Schematic 
representation of the RH6, RH8 and RH12 loci and their associated T-DNA insertion alleles. Untranslated and coding regions are depicted as white 
and black boxes, respectively. Introns are depicted as lines. ‘ATG’ and ‘TAA’ indicate the translational initiation and stop codon, respectively. Inverted 
white triangles refer to the positions of T-DNA insertions in the rh6-1, rh8-1 and rh12-2 alleles. Arrows indicate the orientation and approximate position 
of primers used for molecular genotyping of the genes or the T-DNAs: blue, forward primers; red, reverse primers. b, PCR-based genotyping of the 
homozygous rh6-1, rh8-1 and rh12-2 alleles. Gene and T-DNA-specific primers represented in a were used for PCR amplification of genomic DNA from 
Col-0 and homozygous rh6-1, rh8-1 and rh12-2 insertion alleles. Results validated with other primers. c, Reverse transcriptase (RT)-PCR analysis of RH6, 
RH8 and RH12 transcripts. Primers flanking the T-DNAs as indicated in a were used for PCR-based specific detection of RH6, RH8 and RH12 transcripts 
from the homozygous rh6-1, rh8-1 and rh12-2 alleles in comparison to Col-0. UBQ10 was used as an internal control. d, RT-qPCR analysis of RH6, RH8 and 
RH12 transcript levels in 7-day-old seedlings of the homozygous rh6-1, rh8-1 and rh12-2 mutants. Gene-specific primers located downstream of the T-DNA 
as indicated in a were used. Relative transcript fold-change was calculated using PP2AA2 as a reference. Error bars, s.d. (n = 3). Statistical significance was 
determined by ANOVA, followed by Tukey’s HSD test. Means that are significantly different from each other (P < 0.05) are denoted by different letters. 
See Source Data for fold change and P values. e, Western blot analysis of RH6, RH8 and RH12 protein levels in 5-day-old seedlings of the homozygous 
rh6-1, rh8-1 and rh12-2 mutants. f, Western blot analysis of RH6, RH8 and RH12 protein levels in rosette leaves of 32-day-old plants in the double (rh68, 
rh612 and rh812), double homozygous hemizygous (rh6+/−812, rh68+/−12 and rh6812+/−) and triple (rh6812) mutants. For e,f, each lane was loaded with an 
equal quantity of protein from a crude homogenate, RH specific antisera were used20. The molecular weight marker (M) ladder and Ponceau S staining as 
loading control were imaged in visible light. Data are representative of two experiments.

Nature Plants | www.nature.com/natureplants

http://www.nature.com/natureplants


ArticlesNATuRE PlAnTs ArticlesNATuRE PlAnTs

Extended Data Fig. 3 | Reduced expression of RH6, RH8 and RH12 affects plant growth. a, Schematic diagram and sequences of a 21-nucleotide 
artificial miRNA and its target site on RH6 expressed in the Arabidopsis MIR319a backbone under the 35S promoter. b, Levels of the artificial amiRH6 in 
7-day-old seedlings of three independent amiRH6 lines generated in rh812 background (amiRH6 rh812) determined by pulsed stem-loop RT-qPCR. miRNA 
fold-change was calculated relative to line #21 using U6 RNA as a reference. Error bars, s.d. (n = 3); n.d., not detectable. c, RT-qPCR analysis of RH6, 
RH8 and RH12 transcript levels in 7-day-old seedlings of Col-0, rh812 and three amiRH6 rh812 lines. Relative transcript fold-change was calculated using 
PP2AA2 as a reference. Error bars, s.d. (n = 3). d, Representative rosette growth phenotype of 28-day-old plants of Col-0, rh812 and the amiRH6 rh812 
lines. e,, f, Rosette diameters (n = 24) and fresh weights (n = 18-24) of 28-day-old plants of the genotypes presented in d. g, h, Phenotype (g) and primary 
root lengths (h, n = 27) of 7-day-old seedlings of the wild-type Col-0, the double rh812 mutant and the amiRH6 rh812 lines. Statistical significance was 
determined by ANOVA, followed by Tukey’s HSD test. Means that are significantly different from each other (P < 0.05) are denoted by different letters. 
For e, f and h, boxplot boundaries represent the first and third quartiles; a horizontal line divides the interquartile range, median; red diamond, mean.  
See Source Data for exact sample sizes, fold change or P values for b, c, e, f and h.
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Extended Data Fig. 4 | Complementation of the rh6812 phenotype by a genomic fragment of RH6 with a C-terminal FLAG epitope tag (gRH6-FLAG). 
a, Rosette growth phenotype of three independent rh6812 gRH6-FLAG lines in the T2 population. 28-day-old plants are shown in comparison to the triple 
rh6812 mutant and the wild-type Col-0. The rh6812 genotype does not flower (0/36 plants), whereas rh6812 gRH6-FLAG plants are fertile (36/36 plants). 
Lower panels are magnified images of framed areas in the upper panels. b, Western blot analysis of the RH6-FLAG protein in three independent rh6812 
gRH6-FLAG lines presented in a using anti-FLAG M2 antibody. Numbers represent individual plants in the T2 population. c-e, RH6, RH8 and RH12 protein 
abundance in the rh6812 and rh6812 gRH6-FLAG-22 genotypes. Western blot analysis of RH6 (c, upper panel), RH8 (d, upper panel), RH12 (c, upper panel) 
and RPS6 (a, b and c, lower panel). Protein levels were determined in triplicate (n = 3) in 5-day-old seedling tissues of Col-0 pro35S:HF-GFP-RPL18 and 
rh6812 pro35S:HF-GFP-RPL18 and 7-day-old seedling tissues of rh6812 gRH6-FLAG-22 homozygotes. RH specific antisera were used. Data are representative 
of two experiments.
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Extended Data Fig. 5 | The triple rh6812 mutant phenotype is RNA-DEPENDENT RNA POLYMERASE 6 and SUPPRESSOR OF GENE SILENCING 3 
independent. a, Representative rosette growth phenotype of 28-day-old plants of Col-0, single rdr6sgs2-1 and sgs3-1 mutants, triple rh6812 mutant, and 
quadruple rh6812 rdr6sgs2-1 and rh6812 sgs3-1 mutants. b, Rosette diameter and fresh weight of 28-day-old plants of the genotypes presented in a. Boxplot 
boundaries represent the first and third quartiles; a horizontal line divides the interquartile range, median; red diamond, mean. Statistical significance was 
determined by ANOVA (n = 30), followed by Tukey’s HSD test. Data were log-transformed. Means that are significantly different from one another  
(P < 0.05) are denoted by different letters. Data are representative of two experiments. See Source Data for P values.
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Extended Data Fig. 6 | The triple rh6812 mutant transcriptome and translatome are enriched with stress/defense-responsive mRNAs but depleted 
of those required for growth and development. a, Volcano plots of change in Total and TRAP mRNA abundance of rh6812 relative to Col-0 based on 
differential abundance analysis by edgeR. The log2 fold-change (FC) is shown on the x-axis, and the negative log10 of the false-discovery rate (FDR) is 
shown on the y-axis. Genes with |log2 FC| ≥ 1 and FDR < 0.01 were considered differentially expressed. The total number of genes in the analysis is given 
in parentheses. b, GO functional categories (biological process) of gene transcripts enriched or depleted in rh6812 relative to Col-0 as identified in a. 
Twenty non-redundant terms determined by a hypergeometric test with the lowest Bonferroni-adjusted P values presented. Fold enrichment (fold enrich.) 
represents the number of genes observed relative to the expected number in each category. c, Volcano plots of change in translational status calculated 
by comparison of steady-state Total and TRAP mRNA abundance in Col-0 and rh6812 based on differential abundance analysis by edgeR. The log2 FC is 
shown on the x-axis, and the negative log10 of the FDR is shown on the y-axis. Genes with |log2 FC| ≥ 1, FDR < 0.01 were considered enhanced or repressed 
ribosome-association. The total number of genes used in the analysis is presented in parentheses.
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Extended Data Fig. 7 | The rh6812 mutant exhibits autoimmunity in a PAD4-partially dependent but EDS1-independent manner. a, Heatmap 
representing relative fold change in Total and TRAP mRNA abundance for 104 ‘core’ EDS1/PAD-induced genes33 in rh6812 relative to Col-0. Individual 
genes are presented as a column with the upper two rows showing their log2 FC following 12 and 24 hours of EDS1 and PAD4 overexpression33, whereas 
the lower two rows representing their log2 FC in Total and TRAP populations of rh6812 relative to Col-0. b, Representative rosette growth phenotype of 
28-day-old plants of Col-0, eds1-2, pad4-1, rh6812, rh6812 eds1-2, rh6812 pad4-1, rh6(+/−)812, rh6(+/−)812 eds1-2 and rh6(+/−)812 pad4-1 genotypes. c, Rosette 
diameter and fresh weight of 28-day-old plants (n = 12 or 30) of the genotypes presented in b. Boxplot boundaries represent the first and third quartiles; a 
horizontal line divides the interquartile range, median; red diamond, mean. d, RT-qPCR analysis of PR1 transcripts in 7-day-old seedlings of the rh6812 eds1-
2 and rh6812 pad4-1 genotypes relative to rh6812 and the control genotypes Col-0, eds1-2, and pad4-1. Relative transcript fold-change was calculated using 
ACT1 as a reference. Error bars, s.d. (n = 3). e, Comparison of SA levels in 7-day-old seedlings of the genotypes as in d. Error bars, s.d. (n = 3). Statistical 
significance in c-e was determined by ANOVA, followed by Tukey’s HSD test. Data in c-e were log-transformed. Significantly differences of means  
(P < 0.05) are represented by different letters. See Source Data for P values for c, d and e.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Uncropped western blots are provided as Source Data Extended Data Figs 2,4. 
Raw and processed data associated with Figs 3-5 were deposited into the NCBI GEO database as accession GSE136713

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size No sample size-calculation was performed. The sample size was considered based on the feasibility of data collection and data variation within 
the genotype. We followed standard practice for data replication and statistical analyses. Total RNA- and TRAP-seq samples were prepared 
from pooled whole plant tissues of over 300 plants per samples. The numbers of plants for each genotype in RNA decay experiment were 
provided in the Method section.

Data exclusions No data were excluded from the analyses, with the exception that lowly expressed genes were excluded from the analysis as described in the 
Methods.

Replication RNA-seq analysis and RNA half-life determination was performed in three independent biological replicates, with data reproducibility 
confirmed by PCA and through calculation of p-value and other statistics. Sequencing depth was beyond necessary for detection of low 
abundance transcripts by RNA-seq. Phenotypic analyses were not repeated as the phenotypes are reproducibly and visually apparent. Protein 
subcellular localization data were collected from at least three independent experiments with the total number of plants used for each 
genotype specified in the figure legends. Pathogen infection assay was repeated twice with similar results. Western blots were performed in 
biological triplicate. Data were reproducible; no datasets were discarded.

Randomization Samples were grown in the same condition and sorted based on their genotype. The positions of individual plants/plates grown in growth 
chamber/room were randomized between genotypes.

Blinding Investigators were not blinded in during data collection; this was not a routine practice during the collection of these data.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology

Animals and other organisms

Human research participants

Clinical data

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used Monoclonal ANTI-FLAG M2 antibody (Sigma F1804); Polyclonal antibodies recognizing specific peptides of RH6, RH8 or RH12 

were a gift from Cécile Bousquet-Antonelli. We cited the paper where the preparation of these was described and dilutions used.

Validation According to the manufacturer, the ANTI-FLAG M2 mouse affinity purified monoclonal antibody binds to fusion proteins 
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containing a FLAG peptide sequence, with the binding site:N-Asp-Tyr-Lys-Asp-Asp-Asp-Asp-Lys-C. Our results with mutants 
confirmed the specificity of the antibodies prepared against the three RHs.

Animals and other organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals Hyaloperonospora arabidopsidis Noco2

Wild animals The study did not involve wild animals.

Field-collected samples The study did not include field-collected samples.

Ethics oversight No ethical approval or guidance was needed for this study on plants and with bacteria.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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