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Chloroplast precursor protein preClpD
overaccumulation triggers multilevel
reprogramming of gene expression and
a heat shock-like response

Zheng-Hui Hong 1, Liyu Zhu1, Lin-Lin Gao1, Zhe Zhu2, Tong Su1, Leonard Krall2,
Xu-Na Wu 2, Ralph Bock 3 & Guo-Zhang Wu 1

Thousands of nucleus-encoded chloroplast proteins are synthesized as pre-
cursors on cytosolic ribosomes and posttranslationally imported into chlor-
oplasts. Cytosolic accumulation of unfolded chloroplast precursor proteins
(e.g., under stress conditions) is hazardous to the cell. The global cellular
responses and regulatory pathways involved in triggering appropriate
responses are largely unknown. Here, by inducible and constitutive over-
expression of ClpD-GFP to result in precursor protein overaccumulation, we
present a comprehensive picture of multilevel reprogramming of gene
expression in response to chloroplast precursor overaccumulation stress
(cPOS), reveal a critical role of translational activation in the expression of
cytosolic chaperones (heat-shock proteins, HSPs), and demonstrate that
chloroplast-derived reactive oxygen species act as retrograde signal for the
transcriptional activation of small HSPs. Furthermore, we reveal an important
role of the chaperone ClpB1/HOT1 in maintaining cellular proteostasis upon
cPOS. Together, our observations uncover a cytosolic heat shock-like response
to cPOS and provide insights into the underlying molecular mechanisms.

Chloroplasts are endosymbiotic organelles that provide oxygen, which
is required bymost organismson Earth, and energy for plant growth as
well as for other living organisms. The chloroplast genome of higher
plants typically contains 80–100 protein-coding genes, whereas the
bulk of genes from the ancestral cyanobacterial genome have been
transferred to the nucleus1,2. The nucleus-encoded proteins are syn-
thesized on cytosolic ribosomes and targeted to chloroplasts to exert
their function. Consequently, both the biogenesis and operation of
chloroplasts rely heavily on the import of proteins (precursor proteins)
from the cytosol3. The majority of the nucleus-encoded chloroplast
proteins possess anN-terminal chloroplast transit peptide (cTP) which
is recognized by the receptor subunits of the translocon at the outer

envelope membrane of chloroplasts (TOC) and cleaved off upon suc-
cessful import4,5.

Owing to their posttranslational targeting mode, nascent chlor-
oplast precursor proteins are transiently exposed to the cytosol before
being imported into chloroplasts. Under environmental stresses or
genetic perturbations that reduce import capacity, precursor proteins
tend to accumulate in the cytosol6,7. The unfolded precursors are
proteotoxic to the cell and are likely eliminated by the
ubiquitin–proteasome system (UPS)6,8. For example, in the gun1 (a key
regulator of plastid retrograde signaling and protein import7,9) clpc1
(the chaperone subunit of the Clp protease, which also affects
import10) double mutant, and in the gun1 single mutant upon
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treatment with lincomycin (an inhibitor of chloroplast translation) or
norflurazon (an inhibitor of carotenoid biosynthesis), the chloroplast
precursor proteins overaccumulate, leading to the upregulation of the
UPS and cytosolic chaperones7. These findings suggest that sophisti-
cated mechanisms exist to cope with the aberrant accumulation of
chloroplast precursor proteins.

By using protein import-related mutants, the overexpression of
individual mitochondrial-targeted proteins, or the inducible expres-
sion of “clogging” proteins, multiple pathways involved in the mito-
chondrial precursor protein response in yeast andmammalshave been
identified11–13. Under nonstress conditions, the ribosome-associated
quality control pathway for mitochondrial polypeptides (mitoRQC)
governs the cytosolic synthesis of mitochondrial proteins14, and the
mitochondrial protein translocation-associated degradation (mito-
TAD) pathway and the Pth2-DSK2 pathway function as monitoring
systems that continuously clear arrested precursor proteins from the
import channel15,16. The overaccumulationofmitochondrial precursors
causes cytosolic proteostasis stress (mPOS)17 and induces a systematic
response to rebalance cellular proteostasis (known as the unfolded
protein response activated by mistargeting of proteins, UPRam)18,19.
These responses include upregulation of the UPS and chaperones, and
repression of cytosolic ribosome biogenesis and translation, which
collectively promote cell survival. Upon precursor accumulation, a
surveillance mechanism, namely the mitochondrial compromised
protein import response (mitoCPR), is activated, which induces Cis1
expression and Msp1-dependent precursor clearance from the import
channel by the proteasome20, thus releasing the import capacity and
protecting mitochondrial function. Unimported mitochondrial pro-
teins can also be translocated to the nucleus21 or engage an endo-
plasmic reticulum (ER) membrane-associated protein, Ema19, for
degradation22. In contrast to the responses tomitochondrial precursor
protein accumulation in yeast and mammals, the cellular responses to
aberrant chloroplast precursor accumulation in plants and the
underlying regulatory mechanisms are largely unknown.

Here, by constitutive or induced overexpression of ClpD/ClpD-
GFP, a chaperone subunit of the chloroplast Clp protease that we
previously identified to be prone to precursor accumulation7, we stu-
died the cellular events that set in upon chloroplast precursor over-
accumulation (cPOS). Our data unveil distinct mechanisms regulating
the expression of different classes of genes and emphasize the
important role of translational regulation on the expression of cyto-
solic chaperones (heat-shock proteins) in response to cPOS. We
revealed the retrograde signaling role of chloroplast-derived reactive
oxygen species (cpROS) and identified ClpB1/HOT1 as an important
factor in maintaining cellular proteostasis upon cPOS.

Results
Precursor granules form in close proximity to chloroplasts
Mitochondrial import stress can be triggered by overloading the
import machinery through the overexpression of individual (nucleus-
encoded) mitochondrial proteins such as Cox5a, TIM50, Psd1, or
Ccp120. In the case of chloroplast nuclear-encoded proteins, the pre-
cursor of ClpD (preClpD) can readily be detected (a larger molecular
mass band above the mature form of ClpD on immunoblots with total
cellular proteins but not with proteins from isolated chloroplasts)7,
and is a potential candidate for triggering chloroplast import stress. To
investigate the effects of chloroplast precursor accumulation in rela-
tion to the dynamics and subcellular localization of the over-
accumulatedprecursors,weconstructed inducibleClpDandClpD-GFP
overexpression lines (Supplementary Table 1). Interestingly, preClpD
accumulated highly at 12 h of induction but then quickly declined to
levels that were hardly detectable at 36h (Supplementary Fig. 1a). In
contrast, although starting to significantly accumulate only after 1 day
of induction, the ClpD-GFP fusion protein was much more stable. The
preClpD-GFP continued to accumulate until the end of the induction

experiments (4 days; Fig. 1a) and declined slowly even after the
removal of the induction reagent (Supplementary Fig. 1b). The ClpD-
GFP fluorescence signals show a diffuse distribution within chlor-
oplasts that corresponds well with chlorophyll autofluorescence after
1 day of induction (Fig. 1b–d). However, after 2 days, preClpD-GFP
significantly accumulated and formed punctate granules in close
proximity to chloroplasts (Fig. 1b, c), which was further confirmed by
visualizing the boundaries of the chloroplasts with differential inter-
ference contrast imaging (DIC; Supplementary Fig. 1g). This is very
similar to the mitochondrial precursor granules observed in yeast
(named MitoStore23) and human cells24. This phenomenon was
observed not only in the toc75III background (t-i-ClpD-GFP; Fig. 1b–d
and Supplementary Fig. 1g), which is themajor isoformof the channel-
forming subunit of the TOC apparatus25–27, but also in the wild type
(WT; C-i-ClpD-GFP) and gun1 (g-i-ClpD-GFP) backgrounds (Supple-
mentary Fig. 1c–f, h, i). Some GFP signals were overlapping with
chlorophyll autofluorescence, indicating that the import was only
partially repressed. The accumulation of precursor granules correlates
with the chloroplast import capacity in that more granules accumu-
lated in t-i-ClpD-GFP plants than in C-i-ClpD-GFP and g-i-ClpD-GFP
plants (Fig. 1e). Importantly, under abiotic stress conditions such as
heat and high light stresses, chloroplast precursors also accumulate in
untransformed plants, especially in import-relatedmutants (Fig. 1f and
Supplementary Fig. 2a). Additionally, when cpGFP (chloroplast-tar-
geted GFP by transit peptide from the small subunit of ribulose-1,5-
bisphosphate carboxylase/oxygenase, RuBisCo)28 was introduced into
the tic40-4 mutant background (cpGFP tic40-4), pre-cpGFP granules
also accumulated weakly under heat stress (Supplementary Fig. 2b).
These results indicate that the accumulation of precursors is physio-
logically relevant.

The maximum quantum yield of photosystem II (PSII; Fv/Fm) of
the t-i-ClpD-GFP line was 71.2% relative to that of the untransformed
toc75IIImutant and 69.3% to that of theWT after induction (Fig. 1g and
Supplementary Fig. 2c–e). The light‒response curves of chlorophyll a
fluorescence revealed a pronounced decrease in PSII yield and elec-
tron transfer rate with increasing light intensity (Fig. 1h and Supple-
mentary Fig. 2f). These results suggest that accumulation of
chloroplast precursor proteins negatively affects photosynthetic
activity.

Accumulation of chloroplast precursor proteins impair
plant growth
To investigate the effects of precursor accumulation on plant devel-
opment, we constitutively overexpressed ClpD in the WT, gun1, and
toc75III backgrounds (Supplementary Table 1). PreClpD can be readily
detected in the transgenic lines in the gun1 (g-ClpD) and toc75III
(t-ClpD) backgrounds, but not in the WT (C-ClpD) background (Sup-
plementary Fig. 3a). Consequently, the growth of g-ClpD and t-ClpD
seedlings was significantly retarded (Supplementary Fig. 3b, c). Addi-
tionally, as previously reported, g-ClpD seedlings exhibited an albino
cotyledon phenotype7 (Supplementary Fig. 3b). Importantly, the phe-
notype is not caused by the accumulation of mature ClpD inside
chloroplasts, because the C-ClpD lines, although overaccumulating
matureClpD, do not exhibit this phenotype (Supplementary Fig. 3a, b).

The preClpD protein was not detected in the C-ClpD lines (Sup-
plementary Fig. 3a). This indicates that the import capacity cannot
easily be saturated by the overexpression of a single protein in theWT
background. Compared with preClpD, preClpD-GFP accumulates
constantly at high levels upon induction (Fig. 1a and Supplementary
Fig. 1a). To determine the impact of precursor accumulation on plant
growth and investigate the corresponding cellular responses while
excluding the effects of the gun1 (in g-ClpD) and toc75 (in t-ClpD)
mutations, we constructed ClpD-GFP overexpression lines in the WT
background and screened the transgenic lines for plants that accu-
mulate the precursor protein (Supplementary Table 1). PreClpD-GFP
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accumulated in 3-d-old seedlings of ClpD-GFP overexpressing lines #5
(to 9% of the mature ClpD) and #6 (to 8% of the mature ClpD). How-
ever, on day 6, preClpD-GFP was nearly undetectable in the weaker
overexpressor (line #6), whereas it remained highly abundant in the
stronger overexpressor (line #5; Fig. 2a). In line with this observation,
the line #5 seedlings presented a pale-green and growth-retardation
phenotype (Fig. 2b), and the chlorophyll content and fresh weight
were significantly lower than those of the WT (Supplementary
Fig. 4a, b). Similar to the inducible lines (Fig. 1b, c and Supplementary
Fig. 1c–i), preClpD-GFP granules formed around the chloroplasts, and

these chloroplasts were smaller than neighboring chloroplasts, which
are less affected and are not associated with precursor granules
(Supplementary Fig. 4c, d).

As additional controls, we overexpressed the ClpD transit peptide
alone-fused with GFP7 (ClpDTP-GFP; Supplementary Fig. 5 and Sup-
plementary Table 1) and an N-terminally truncated ClpD-GFP that
lacked the transit peptide (ΔTP-ClpD-GFP; Supplementary Fig. 6 and
Supplementary Table 1). TheClpDTP-GFP fusionproteinwasefficiently
imported into chloroplasts without the accumulation of detectable
precursors (Supplementary Fig. 5a, b) and the plants were
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indistinguishable from the WT plants (Supplementary Fig. 5c, d). The
ΔTP-ClpD-GFP protein was diffusely distributed in the cytosol and did
not form chloroplast-associated granules (Supplementary Fig. 6a, b).
Although the fresh weight of the ΔTP-ClpD-GFP transgenic seedlings
was mildly reduced (78% of that of the WT, compared with 59% of line
#5 relative to the WT), they did not exhibit a pale-green phenotype
(Supplementary Fig. 6c–e). These results indicate that the formation of
preClpD-GFP granules and their negative effects rely on the sorting of
the proteins in a cTP-dependent manner and their routing toward the
chloroplast import pathway.

Under mitochondrial import stress in yeast and human cells, the
precursors stall in the import machinery20,29. To examine whether
preClpD-GFP stalls in the TOC complex, we performed coimmuno-
precipitation (co-IP) with seedlings from the ΔTP-ClpD-GFP, ClpD-GFP
(line #5), and t-i-ClpD-GFP lines (Supplementary Fig. 7a). Although
weakly detected in the ΔTP-ClpD-GFP immunoprecipitates (possibly
because of nonspecific binding), Toc75 substantially coprecipitated
with (pre)ClpD-GFP from t-i-ClpD-GFP plants, in which a significant
amount of preClpD-GFP accumulated (Supplementary Fig. 7a). In the
ClpD-GFP line #5, the amount of copurified Toc75 was only slightly
greater than that in the ΔTP-ClpD-GFP line, possibly because the
accumulation of ClpD-GFP protein was much lower (Supplementary
Fig. 7a). These results suggest that a fraction of accumulated preClpD-
GFP stalls in the import machinery.

The abundance of all analyzed subunits of the photosynthesis-
related protein complexes was strongly reduced in the ClpD-GFP line
#5 plants, including chloroplast-encoded core subunits (PsbA, PsbC,
PsbD for PSII; PsaA for PSI; PetA for the cytochrome b6f complex; and
AtpA, AtpB for ATP synthase) and the nucleus-encoded subunits of the
light-harvesting complex (LhcB1 and LhcA4; Fig. 2c, d). As expected,
this resulted in a significant reduction in the corresponding photo-
synthetic complexes and supercomplexes (Fig. 2e). In contrast,
although decreased on day 3, the accumulation of the subunits from
theClpprotease complex (ClpC, ClpP4, andClpR3) inClpD-GFP line #5
was comparable to that in line #6 and theWTonday 6 (Supplementary
Fig. 7b, c), suggesting that the pale-greenphenotypeof line #5onday6
wasnot causedby a reductionofClp subunits. Interestingly, GUN5 (the
H subunit ofMg-chelatasewhich also acts as a regulator of tetrapyrrole
biosynthesis (TPB)-mediated plastid retrograde signaling30) and Tic40
were increased in line #5, but not in line #6. The structure of the
thylakoid membrane network was noticeably altered in the line #5
chloroplasts on day 3, and more extensive aberrations were observed
on day 6, with large empty areas being observable (Fig. 2f). Consistent
with this ultrastructural evidence of photodamage, increased amounts
of reactive oxygen species (ROS) accumulated in the line #5 seedlings
(Supplementary Fig. 4e).

Surprisingly, homozygous ClpD-GFP line #5 plants showed phe-
notypic segregation in the homozygous T4 progeny (Supplementary

Fig. 4f). The appearance of the pale-green phenotype in the offspring
correlated with preClpD-GFP accumulation (Supplementary Fig. 4f, g).
The steady-state levels of ClpD-GFP mRNA in the green segregants
were substantially lower than those in the pale-green plants (Supple-
mentary Fig. 4h), indicating that the transgenewas partially silenced in
these green plants. Taken together, these findings further support the
conclusion that the phenotype correlates with the accumulation of
preClpD-GFP protein.

Overall, the phenomena observed here are similar to those
observed upon mitochondrial precursor overaccumulation stress
(mPOS) in yeast17. We therefore refer to them as chloroplast precursor
overaccumulation stress (cPOS).

Upregulation of cytosolic translation and PQC in response
to cPOS
To reveal the responseof plant cells to cPOS, we conducted proteomic
analyses on 3-d-old and 6-d-old ClpD-GFP line #5 seedlings, with the
WTand theΔTP-ClpD-GFP lines used as controls. Comparedwith those
in theWT seedlings, 69 increase and 17 decrease accumulated proteins
were identified in the ΔTP-ClpD-GFP seedlings on day 3, and 6 increase
and 36 decrease accumulated proteins were identified on day 6
(Supplementary Fig. 6f and Supplementary Data 1). Gene Ontology
(GO) enrichment analysis indicated that the term “oxoacid metabolic
process”was enriched for the proteins whose abundance increased on
day 3. No other GO terms were enriched in any of the other sets of
differentially accumulated proteins. Clearly distinct from the ΔTP-
ClpD-GFP line, 166 increase and 105 decrease accumulated proteins
were identified on day 3, and 217 increase and 231 decrease accumu-
lated proteins were identified on day 6 in ClpD-GFP line #5 (Fig. 3a and
Supplementary Data 1). The peptides derived from the cTP region (P-
TPs), indicating the cytosolic accumulation of chloroplast precursors
(given that cTP is cleaved off and degraded upon successful import),
accumulated to a higher level on day 6 in ClpD-GFP line #5 than in the
WT (Fig. 3b), which was proven by immunoblotting analyses of ClpD
and glutamine-tRNA reductase (GluTR; Fig. 3c). These proteins include
many photosynthesis-related proteins and metabolic enzymes (Sup-
plementary Data 2), indicating that the import of essential chloroplast
proteins was affected because the import capacity was reduced
by ClpD-GFP overexpression.

More than 82% (87 out of 105 on day 3, 195 out of 231 on day 6) of
the decreased proteins were chloroplast localized and enriched in
various processes of photosynthesis (Supplementary Figs. 8a–c and 9a).
Compared with that on day 3, the number of downregulated
photosynthesis-relatedproteinswas largely increased onday 6 (from37
to 101; Fig. 3a and Supplementary Data 1). This is consistent with the
pale-green phenotype and the reduced abundance of photosynthetic
complexes (Fig. 2b–e). Adding 1% or 2% sucrose to the growth medium
partially rescued the retarded growth phenotype of the line #5 plants,

Fig. 1 | Precursor granules form in close proximity to chloroplasts and reduce
photosynthetic performance. a Immunoblots showing preClpD-GFP accumula-
tion in the t-i-ClpD-GFP line detected by anti-GFP antibodies. The numbers below
the immunoblot represent the accumulation of preClpD-GFP relative to mature
ClpD-GFP (in %). Seven-d-old seedlings were induced for the days indicated and
whole seedlings were harvested for analyses. Actin served as loading control. pre:
preClpD-GFP, mat: mature ClpD-GFP. b Representative images showing that
preClpD-GFP granules closely associated with chloroplasts (see also Supplemen-
tary Fig. 1g). Seven-d-old t-i-ClpD-GFP seedlings were induced for 1 or 2 days, the
newly emerged true leaves were analyzed. The boxed areas in the middle panel are
magnified and shownbelow. Scalebars, 20μmfor the upper panel, and 5μmfor the
middle and bottom panels. c Fluorescence intensity plots along the magenta lines
in (b) measured by using Fiji software. d Colocalization of GFP and chlorophyll
fluorescence of the boxed area in (b) analyzed by Coloc 2 in Fiji software. PCC,
Pearson’s colocalization coefficient; MCC, Manders’ colocalization coefficient (tM1

and tM2 are the proportion of colocalized signal to GFP and chlorophyll fluores-
cence, respectively). e Proportion of cells containing preClpD-GFP granules in
different transgenic lines at 2 days of induction. Data are presented asmeans ± s.d.
(n = 10 images from 2 independent experiments). Two-tailed Student’s t-tests were
performed to determine the significance of differences. f PreClpD accumulation
after 2 days of heat stress at 37 °C. Newly emerged true leaves were harvested for
analyses. The numbers below the immunoblot represent the accumulation of
preClpD relative to the mature ClpD (in %). Pre, preClpD; mat, mature ClpD;
asterisks, nonspecific cross-reactions. Actin served as loading control. g The max-
imumphotochemical efficiency of PS II (Fv/Fm) of t-i-ClpD-GFP and untransformed
toc75III seedlings after 4 days of induction. Scale bars, 1 cm.h Light-response curves
of chlorophyll a fluorescence parameters after 2 days of induction. Y(II), quantum
yield of PSII; ETR (II), electron transfer rate of PSII. The data aremeans ± s.d. (n = 30
biological replicates). In (f–h), 6-d-old seedlings were used for induction. Source
data are provided as a Source Data file.
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thus further confirming that they suffer from reduced photosynthetic
capacity (Supplementary Fig. 9b, c).

The proteins whose abundance increased were enriched in pro-
tein quality control (PQC)-related processes such as “protein folding”,
“ribosome biogenesis”, “translation”, and “proteasomal protein cata-
bolic process” (Supplementary Fig. 8a–c). Protein interaction network
analysis (including physical and functional interactions predicted by

STRING database31) revealed pronounced overrepresentation in func-
tional categories related to cytosolic ribosomes and translation reg-
ulation, chaperones, and the proteasome (Fig. 3d). This finding was
further verified by immunoblot analyses of representative proteins or
subunits associatedwith these cellular processes (Fig. 3e, f), in contrast
to no visible changes of these proteins in ClpDTP-GFP plants (Sup-
plementary Fig. 5a).
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The numbers of differentially accumulated ribosomal proteins at
days 3 and 6 were comparable (31 vs. 32; Fig. 3a and Supplementary
Data 1). However, on day 3 most of the affected ribosomal proteins
were decreased in abundance (26 out of 31; Supplementary Fig. 8d, e),
among which 21 were chloroplast 70S ribosomal subunits (Supple-
mentary Fig. 8f), suggesting that chloroplast translation decreased in
ClpD-GFP line #5 plants on day 3. In contrast, the abundance of dif-
ferentially accumulated ribosomal proteins on day 6 were mainly
increased (20 out of 32; Supplementary Fig. 8d, e), and all of these
increased ribosomal proteins were cytosolic 80S ribosomal proteins,
with 13 belonging to the 60S subunit and 7 to the 40S subunit
(Fig. 3d–f and Supplementary Data 1). Moreover, 8 translation reg-
ulators, including eukaryotic translation initiation factor 2α (eIF2α),
elongation factor 1α (EF-1α), and factors involved in ribosome assem-
bly and aminoacyl-tRNA synthetases,were also increased (Fig. 3d). This
is consistent with the enrichment of the GO terms “ribosome biogen-
esis” and “translation” on day 6 for the increase accumulated proteins
(Supplementary Fig. 8c), reflecting an increased translation capacity in
the cytosol upon cPOS. This conclusion was further substantiated by
polysomeprofile analyses (Fig. 3g and Supplementary Fig. 10a) and the
global increase in P-site counts (representing the increase in total
cellular translation32,33) in ClpD-GFP line #5, as revealed by ribosome
profiling analysis (see below; Fig. 3h and Supplementary Fig. 10b). The
increase of cytosolic ribosomal subunits and translation capacity in
response to cPOS is in stark contrast to the repressed translation upon
mitochondrial import stress in yeast17–19.

Transcriptional and translational remodeling upon cPOS
To characterize the molecular outcome of enhanced cytosolic trans-
lation and its role in the cPOS response, we carried out unbiased
ribosome profiling analyses (Ribo-seq), combined with RNA-seq, on 6-
d-old ClpD-GFP line #5 and WT seedlings. More than 96.4% and 85.8%
of the reads from RNA-seq and Ribo-seq, respectively, were uniquely
mapped, with a total mapping ratio >98.2% in both datasets (Supple-
mentary Table 2). The high quality of the Ribo-seq data32,34 is further
evidenced by the high coding sequence (CDS) mapping ratio, the
28–36 nt fragment length distribution, the abrupt appearance of a
footprint signal 3 nt upstreamof the start codon, a rapid decline in the
signal at the stop codon, and most importantly, a strong 3-nt peri-
odicity (Supplementary Fig. 11), which represents the codon-long
stepwise movement of the ribosomes along the mRNA. None of these
features were observed in the RNA-seq data (Supplementary Fig. 11).
We thus obtained datasets for the transcriptome and translatome of
two highly reproducible biological replicates (Supplementary
Fig. 12a, b).

The global transcript abundance and translation output (repre-
sented by ribosome footprints) within the same samples were largely
correlated, with a Pearson’s correlation coefficient (r) > 0.88 in both
the WT and ClpD-GFP line #5 (Supplementary Fig. 12c). However, in
agreement with previous comparisons35–37, the correlation between
the changes in transcript accumulation and the changes in translation
output was relatively poor (r =0.195; Supplementary Fig. 12d),

suggesting the existence of a layer of regulation at the translational
level. Indeed, we identified 630 upregulated and 294 downregulated
genes at the transcript level in ClpD-GFP line #5 in comparisonwith the
WT. In contrast, 978 upregulated and 699 downregulated genes at the
translation output level (excluding the organelle genome-encoded
genes) were identified (Fig. 4a, c and Supplementary Data 3 and 4). A
direct comparison between translation output and transcript abun-
dance, referred to as translation efficiency (TE), identified 405 upre-
gulated and 298 downregulated genes (Fig. 4e and Supplementary
Data 5). These results provide further support for strong translational
regulation in response to cPOS. Interestingly, among the tran-
scriptionally downregulated genes, 59.5% (175 out of 294) were fol-
lowed by corresponding alterations at the level of translation output,
but only 31.3% (197 out of 630) of the transcriptionally upregulated
genes were also translationally upregulated (Supplementary Fig. 12e).

Consistent with the increased protein accumulation of cytosolic
ribosomal subunits and translation regulators (Fig. 3d and Supple-
mentary Data 6) and the increased translation capacity (Fig. 3g, h), GO
terms related to ribosome biogenesis and rRNA processing and/or
maturation were enriched for the transcriptionally upregulated genes
(Fig. 4b). This transcriptional upregulation was undermined by trans-
lational repression, which led to a mild increase in translation output
(Supplementary Fig. 13a, b and Supplementary Data 6), indicating a
tight control to the expression of these genes. A similar phenomenon
was also observed for the cytosolic ribosomal subunits, except for the
40S subunit Rps5 (Supplementary Fig. 13c, d), which was upregulated
through translational activation. However, the relatively minor
increase in translation output resulted in a significant increase in
protein abundance (Supplementary Fig. 13e and Supplementary
Data 6), possibly indicating a slow protein turnover rate of ribosomal
proteins, which is consistent with a previous determination of the
protein degradation rate by 15N progressive labeling of developing
Arabidopsis leaves38 (Supplementary Fig. 13f and Supplementary
Data 7). The proportion of slow-turnover chloroplast ribosomal pro-
teins was also much higher (57.6%; 19 out of 33) than that of the other
protein groups. For example, 11.5% (14 out of 122) of photosynthesis-
related proteins had a slow degradation rate, and 13.1% (161 out of
1228) of all proteins the degradation rate of which has been
determined38 (Supplementary Fig. 13f and SupplementaryData 7). This
likely explains our observation that, although 21 chloroplast ribosomal
proteins were decreased at the protein level on day 3 in ClpD-GFP line
#5, 18 of themaccumulated to comparable levels to those in theWTon
day 6 (Supplementary Fig. 8d, f).

A subset of genes related to organellar RNA metabolism were
upregulated at the transcriptional level upon cPOS. The GO terms
“plastid transcription”, “cytidine to uridine editing”, and “RNA mod-
ification” were enriched (Fig. 4b). We identified 101 transcriptionally
upregulated pentatricopeptide repeat (PPR) genes, accounting for
~22.5%of all PPRgenes inArabidopsis39.Manyof these genes havebeen
well studied for their function in plastid and/or mitochondrial RNA
editing40 (Supplementary Fig. 14a, b and Supplementary Data 8). We
then examined the editing efficiency of 6 known plastid RNA editing

Fig. 2 | Precursor accumulation leads to retarded seedling development and
results in chloroplast damage.aPreClpD-GFPaccumulation in3-d-old and6-d-old
constitutive ClpD-GFP overexpressing lines (lines #6 and #5). The numbers below
the ClpD-GFP immunoblot represent the accumulation of preClpD-GFP relative to
mature ClpD-GFP (in %). Actin served as loading control. pre, preClpD-GFP; mat,
mature ClpD-GFP. b Representative images of 3-d-old and 6-d-old WT, ClpD-GFP
line #6, and line #5 seedlings. Scale bar, 1 cm. c Immunoblots showing reduced
accumulation of photosynthesis-related proteins in ClpD-GFP line #5 compared
with the WT and line #6. LHC, light-harvesting complex; b6f, cytochrome b6f
complex; ATP, ATP synthase; Chl, enzymes involved in chlorophyll biosynthesis
pathway. Asterisks indicate nonspecific bands (cross-reactions). Actin served as

loading control. d Quantification of the immunoblots for the selected proteins
shown in (c). Data aremeans ± s.e. (n = 3 biological replicates). Two-tailed Student’s
t-tests were performed to determine the significance of differences between the
WT and the ClpD-GFP lines #5 or #6. e BN‒PAGE analysis showing the reduction of
photosynthetic complexes in ClpD-GFP line #5 on day 6. Equal amounts of thyla-
koid proteins were loaded. In (a, c–e), whole seedlings of 3 d or 6 d were harvested
for analyses. f TEM images showing the disturbed chloroplast ultrastructure in 6-d-
old seedlings of ClpD-GFP line #5. The boxed areas are magnified and shown in the
right panels of both timepoints. Scale bars, 1 μm for the left images and 0.5μm for
the right magnified images. Source data are provided as a Source Data file.
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sites, including clpP-559, rpl23-89, ndhD-2, ndhG-50, rpoA-200, and
rpoC1-497. The results revealed significantly increased editing effi-
ciencies for clpP-559 and rpoC1-497 and decreased editing efficiencies
for the other sites (Supplementary Fig. 14c). For mitochondria, we
analyzed 9 editing sites from the cox2 and orfX genes, which were
increased for cox2-138 and decreased for all orfX sites (Supplementary

Fig. 15). These results suggest that the RNAeditingwas affected in both
plastids and mitochondria upon cPOS.

Next, we investigated the regulation of photosynthesis-related
genes. Proteomic analysis identified 101 decrease accumulated
photosynthesis-relatedproteins in 6-d-oldClpD-GFP line #5 seedlings, of
which 82were nucleus-encoded (Fig. 5a and SupplementaryData 9). The
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correlation between the changes in transcript accumulation and the
changes in translation output (as determined by ribosome profiling) of
these 82 genes was relatively high (r=0.67) between ClpD-GFP line #5
and the WT (Fig. 5b, c). A similar trend was observed for other
photosynthesis-related genes, including the small subunit of RuBisCo
(RbcS2B), LhcB2.1, GOLDEN2-LIKE1 (GLK1) and GLK2, which encode key
transcriptional activators of many photosynthesis-related genes41

(Fig. 5d). In contrast, the correlation between the changes in translation
output and the changes in protein abundancewas rather poor (r=0.03),
with a large decrease at the protein levels (Fig. 5b, c). By calculating the
superfold of the change in protein abundance over the change in
translation output, 69 of the 82 downregulated photosynthesis-related
proteins (84.1%) exhibited a superfold change of more than a 1.5-fold
decrease (Fig. 5a and Supplementary Data 9), suggesting a strong
downregulation by posttranslational mechanisms. These proteins could
be degraded either by chloroplast-localized proteases (upon or after
import) or by cytosolic proteolytic systems, especially the upregulated
UPS (Fig. 3d, e), when their precursors accumulate in the cytosol.
Indeed, from 12 of these proteins, P-TPs were detected in our mass
spectrometric analyses (Fig. 5a, marked with asterisks, and Supple-
mentary Data 2), including several LhcB proteins (LhcB1.2, LhcB1.5,
LhcB5, and LhcB6), PsbP-1, RbcS3B, the B subunit of ATP synthase
(PDE334), and enzymes from the Calvin‒Benson cycle.

Interestingly, when the changes in protein accumulation were
compared with the changes in translation output for the chloroplast-
encoded genes (Supplementary Fig. 16), the translation output change
was more pronounced than the protein abundance change (44 out of
56 proteins that we quantified via mass spectrometry). Among these
proteins, 36 (64.3%) exhibited a superfold change of more than 1.5-
fold, and for 30 of the 36 proteins, the decrease in protein abundance
was smaller than the decrease in translation output. Thiswas especially
the case for ribosomal protein-coding genes (Supplementary Fig. 16),
which is consistent with the slow turnover rate of ribosomal proteins
(Supplementary Fig. 13f).

Precursors are usually unfolded proteins that are proteotoxic to
the cell and induce an upregulation of cytosolic chaperones in the
yeastmPOS17,19. The GO terms related to “chaperone-mediated protein
complex assembly”, “protein folding/refolding”, and “response to
heat” were enriched at the footprint and TE levels but were less pro-
nounced at the transcript level (Fig. 4b, d, f), indicating a strong con-
trol by translational activation. The genes in these GO terms were
mostly molecular chaperones, including the genes encoding HEAT
SHOCK PROTEIN 70 (HSP70), HSP90, the HSP100/ClpB family of
chaperones, andmany small HSPs (sHSPs; Supplementary Data 10 and
Supplementary Fig. 17). These results suggest that, compared with
relatively mild upregulation at the transcript level (cf.
Figs. 6a and 7a)19, translational regulation plays a major role in cha-
perone induction in response to cPOS. Importantly, this translational

activation of HSPs was not observed in the high-light treated virilizer1
(vir1) mutant (encoding a N6-methyladenosine writer of mRNA),
which exhibited similar reductions in chlorophyll content and pho-
tosynthetic complex abundance35 (Supplementary Data 11), indicat-
ing that it represents a specific cellular response to overaccumulated
chloroplast precursors.

Chloroplast ROS are required for the transcriptional activation
of sHSPs
The reduced import of essential nucleus-encoded subunits inhibited
photosystem biogenesis in ClpD-GFP line #5 seedlings (Fig. 2c–e) and
caused hydrogen peroxide (H2O2) accumulation (Supplementary
Fig. 4e). The GO term “response to hydrogen peroxide” was highly
enriched at the footprint andTE levels (Fig. 4d, f), includingmany sHSP
genes, the H2O2 scavenging enzymes catalase 1 (CAT1) and CAT3, and
HEAT SHOCK FACTOR A2 (HSFA2, a key transcription activator of HSPs
upon heat stress42,43; Fig. 6a and Supplementary Data 10). While high
levels of ROS are detrimental, ROS also act as important signaling
molecules for chloroplasts to communicate with the nucleus and
mitochondria44,45. In addition to the strong translational activation of
sHSPs (Fig. 6a and Supplementary Fig. 17), many sHSPs, including
cytosolic HSP17.4, HSP17.6A, HSP17.6C, plastid HSP21, and mitochon-
drial HSP23.5 and HSP23.6, were also transcriptionally upregulated
(Fig. 6a). The transcriptional induction of these sHSPswas significantly
inhibited by treatment with the antioxidant reduced glutathione
(GSH), indicating that ROS are necessary for their induction (Fig. 6b).
In contrast, the upregulation of plastid HSP90C and mitochondrial
HSC70-1 (mtHSC70-1) was not affected by GSH treatment (Fig. 6b),
suggesting a specific role of ROS in the transcriptional induction of
these sHSPs.

Importantly, these ROS are chloroplast-derived (cpROS) and can
be readily detected in the chloroplasts of inducible ClpD-expressing
lines after 12 h of induction (Fig. 6c and Supplementary Fig. 18), the
time point at which preClpD accumulates at high levels (Supplemen-
tary Fig. 1a). Consistent with the observations made in the constitutive
ClpD-GFP line #5, sHSP genes were highly upregulated in the inducible
lines at 12 h of induction (Fig. 6d). Together, our findings suggest that
cpROS serves as a retrograde signal for the transcriptional induction of
sHSPs upon cPOS.

ClpB1/HOT1 plays a crucial role in maintaining cellular pro-
teostasis in cPOS
In addition to sHSPs, large HSP family proteins, including HSP70s,
HSP90s, and HSP100s/ClpBs, are constitutively expressed and play
essential roles during development and under stress46–48. Cytosolic
HSP70-5, HSP70-8, HSP90.1, HSP70/90 cochaperones (including
HSP40/DnaJ proteins), and HSP101/ClpB1 (also known as HOT1)49 were
largely upregulated at the translation output and TE levels, suggesting

Fig. 3 | Proteomic analyses demonstrating the increased abundance of com-
ponents of the cytosolic ribosome and the PQC in response to cPOS. a Volcano
plot illustrating thedifferentially expressedproteins between theWTandClpD-GFP
line #5 on day 3 (left) or day 6 (right) of seedling development. Proteins with a
Student’s t-test (two-tailed) p <0.01 and fold change >1.5 between genotypes were
identified as differentially accumulated proteins. PS photosynthesis, Ribo ribo-
some, 26S 26S proteasome. b Histogram showing intensity-based fractions of
peptides mapped to transit peptide regions (P-TPs, indicating precursor accumu-
lation in the cytosol) relative to the total peptide intensities of the proteins from
which the P-TP was derived. Data are means ± s.e. (n = 3 biologically independent
samples). c Immunoblot analyses showing the preClpD-GFP and preGluTR accu-
mulated in 6-d-old ClpD-GFP #5 seedlings. The whole seedlings were harvested for
analyses. The numbers below the immunoblots represent the accumulation of
precursors relative to mature proteins (in %). d Interaction network of increase
accumulated proteins in ClpD-GFP line #5 on day 6 showing proteins related to the

proteasome, ribosome, translation regulation, and chaperone system. The inter-
action network was generated by STRING31 (including physical and functional
interactions) and visualized by Cytoscape87. e Immunoblot analyses showing the
increased abundance of 26S proteasomal subunits (RPT2a and RPT5a), the cyto-
solic chaperones HSP70 (cy70) and HSP90.1 (cy90.1), a 40S ribosomal subunit
(US3Z), andpolyubiquitinatedproteins in 6-d-oldClpD-GFP line #5 seedlings. cp70,
chloroplast HSC70. Actin served as loading control. f Quantification of selected
proteins from the immunoblots shown in (e). Data aremeans ± s.e. (n = 3 biological
replicates). In (b, f), two-tailed Student’s t-tests were performed to determine the
significance of differences between the WT and ClpD-GFP lines #5 or #6.
g Polysome profiles of 6-d-old WT and ClpD-GFP line #5 seedlings. hGenome-wide
aggregated normalized P-site counts in theWT andClpD-GFP line #5 fromRibo-seq
data. The regions 9 nt upstream and 18 nt downstream of the start codon, and 9 nt
downstream and 18 nt upstream of the stop codon are shown. Source data are
provided as a Source Data file.
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that they are activatedmainly by translationalupregulation (Fig. 7a and
Supplementary Fig. 17). In contrast, the levels of HSP70/90/100 from
other cellular compartments are either unchanged or decreased
(plastid, ER), or onlymildly increased (mitochondria). In particular, the
ClpD-GFP line #5 seedlings are hypersensitive to the cytosolic HSP70
inhibitor VER155008 (VER) and the HSP90 inhibitor geldanamycin

(GDA; Fig. 7b–d), suggesting a potential role for HSP70/90 in the cPOS
response. To verify the physiological relevance of the phenomena
observed in ClpD-GFP overexpressing lines, we analyzed several pro-
tein import-related mutants, including ppi1, toc75III, and tic40-4
(Supplementary Fig. 19). Precursors of ClpD and GluTR were detec-
ted in these mutants, and increased accumulation of 26S proteasome
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Fig. 5 | Comparison of the transcriptional and translational changes of the 82
nucleus-encoded photosynthesis-related proteins whose protein abundance
decreased in 6-d-old ClpD-GFP line #5 seedlings. a Hierarchical clustering heat-
map showing the log2 FC (line #5/WT) of the transcripts, footprints, and TEs of the
82 significantly decreased nucleus-encoded photosynthesis-related proteins iden-
tified by comparative proteomic analyses. Genes with a protein FC (line #5/WT)
over translation output (represented by footprints) FC (line #5/WT) of less than 1.5-
fold are marked in green. Proteins whose P-TPs were detected (cf. Supplementary

Data 2) aremarkedwith asterisks.b, c Scatter plot showing the correlationbetween
the FC of transcripts and the FC of footprints (b), and between the FC of footprints
and the FC of proteins (c) for these 82 genes (cf. Supplementary Data 9). Pearson’s
correlation coefficients (r) are indicated.dNormalized distribution of RNA-seq and
Ribo-seq reads over representative photosynthesis-related genes in the WT and
ClpD-GFP line #5 plants. The fold change and the associated FDR at the transcript,
footprint, and TE levels are shown.
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subunits (RPT2a and RPT5a) and cytosolic HSP70 and HSP90 was also
observed (Supplementary Fig. 19).

Having shown that precursor-containing granules accumulate in
the cytosol (Fig. 1b, Supplementary Figs. 1c, d and 4c), we next wanted
to dissect the composition and cellular regulation of the granules. To
this end, we conducted co-IP analyses with cytosolic fractions from the
ClpD-GFP #5 and ΔTP-ClpD-GFP lines (Supplementary Fig. 20a). In

addition to highly enriched ClpD-GFP precursors (represented by the
identification of P-TPs), the precursors of several other chloroplast
proteins were also identified (Supplementary Fig. 20b). Interestingly,
many translation-related proteins have been identified, including
eIF4G1, eIF2α, several 80S ribosomal subunits, RACK1C, a highly con-
servedWD40domain protein found in all eukaryotes that is associated
with the headof the 40S ribosomewhich controls translation initiation
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in an mRNA specific manner50–53, and LOS4, an RNA helicase that is
essential for mRNA export from the nucleus under both normal tem-
perature and heat stress54 (Fig. 7e). Νοtably, eIF2α and RACK1C were
also increased at the protein level in ClpD-GFP line #5 (Fig. 3d), raising
the possibility that they play a role in gene-specific localized transla-
tion at the precursor granules. Importantly, the identification of
translation-related components does not come from the co-IP of these
proteins with nascent ClpD polypeptide chains that stalled on the
ribosomes because of ClpD overexpression. This is evidenced by no
ribosome stalls being observed on ClpD transcripts (Supplementary
Fig. 21a) andby control experimentswith theΔTP-ClpD-GFP line,which
accumulates comparable levels of ClpD proteins to those of the ClpD-
GFP line #5 plants (Supplementary Figs. 6a and 21b).

Notably, the HSP100 family chaperone ClpB1/HOT1 (hereafter
HOT1) was identified to associate with preClpD-GFP (Fig. 7e). HOT1 is a
key molecular chaperone involved in plant thermotolerance and par-
ticipates in plant development under nonstress conditions55–57.
Expression of HOT1-mCherry in ClpD-GFP line #5 (#5/HOT1-mCherry;
Supplementary Table 1) indicated that HOT1 partially colocalized with
preClpD-GFP in preClpD-GFP granule-containing cells (Fig. 7f and
Supplementary Fig. 22a). Introduction of the hot1-3 allele58 into the
ClpD-GFP line #5 significantly aggravated the phenotype of the line #5
plants (Fig. 7g–i and Supplementary Fig. 22b, c). The preClpD-GFP
levels did not show a visible difference between lines #5 and hot1 #5,
but polyubiquitinated proteins accumulated to higher levels in hot1 #5
(Fig. 7j). These results are consistent with the function of HOT1 dis-
aggregase, whichdoes not participate in preClpD-GFP degradation but
is important for maintaining cytosolic proteostasis upon cPOS.

Taken together, our results reported here suggest that cPOS
induces a heat shock-like response that strongly upregulates the
translation of HSPs to maintain cellular proteostasis.

Discussion
Owing to the high proteotoxicity of unfolded proteins, the precursors
of both mitochondrial and chloroplast proteins are restricted to very
low levels. The resulting poor detectability has hampered the dissec-
tion of cellular quality control and clearance pathways. Low precursor
accumulation is achieved by transcriptional repression via retrograde
signaling, as observed in the import-defective ppi2 mutant59, and
through efficient degradation of precursors by the UPS, as observed
for both chloroplasts and mitochondria6,15,18,20. Multiple surveillance
and response pathways have been identified for the mitochondrial
precursor accumulation response in yeast14–16,18,20. In this work, by
designing different ClpD-GFP/ClpD overexpression systems, we elu-
cidated the cellular responses to chloroplast precursor accumulation
(Fig. 8). Overaccumulation of preClpD-GFP/preClpD resulted in a pale-
green and growth-retarding phenotype (Fig. 2b and Supplementary
Fig. 3b, c) and decreased in size and disrupted ultrastructure of the
chloroplasts (Supplementary Fig. 4c and Fig. 2f). Thesephenotypes are
likely caused by impaired import of essential proteins for chloroplast
biogenesis (Figs. 2c–e, 3b, c and Supplementary Fig. 9a). Possibly the
ClpD-GFP is a slow-translocating protein, similar to the proteins used
in yeast mitochondrial import stress studies19,20. In yeast and human
cells, the precursors were shown to stall in the import machinery and
clog the import channel20,29. ThepreClpD-GFPpossibly also stalls in the

TOC complex, as revealed by the strong coprecipitation of Toc75 with
(pre)ClpD-GFP in the t-i-ClpD-GFP line in which a large amount of
preClpD-GFP accumulated after induction (Supplementary Fig. 7a).
The overloading of relative import machinery by ClpD-GFP over-
expression, consequently, represses the translocation of other chlor-
oplast proteins (Fig. 3b, c and Supplementary Data 2).

The accumulation of chloroplast ribosomal proteins decreased
(Fig. 3a and Supplementary Fig. 8d, f), which in turn caused a reduced
translation output in the chloroplasts of ClpD-GFP line #5 (Supple-
mentary Fig. 16), a phenomenon that was also observed upon mito-
chondrial import defects in mammals60. While the P-TPs accumulated
to comparable levels in 3-d-old WT and ClpD-GFP line #5 seedlings,
they significantly decreased in the WT but not in the line #5 on day 6
(Fig. 3b). Chloroplast biogenesis is actively ongoing from day 3
onward, and the highly abundant proteins of the photosynthetic
apparatus start to accumulate28. Consequently, the import load on day
3 of seedling development is also high in the WT. While the limiting
import capacity can be resolved as seedling development proceeds in
the WT, as evidenced by decreased P-TP accumulation on day 6, the
import capacity remains limited in line #5 plants. Precursor accumu-
lation is indeed correlated with import capacity. PreClpD can be
readily detected in the transgenic lines in the gun1 (g-ClpD) and toc75III
(t-ClpD) backgrounds but not in the WT (C-ClpD) background (Sup-
plementary Fig. 3a). In addition, the precursors of ClpD and GluTR
accumulated in the untransformed import-related mutants but not in
the WT under both unstressed and abiotic stress conditions (Supple-
mentary Figs. 2a and 19).

Similar tomPOS19, the UPS components and cytosolic chaperones
were significantly upregulated in ClpD-GFP line #5 seedlings (Fig. 3d–f
and Supplementary Data 1). Increased accumulation of cytosolic
HSP70/90 and proteasomal subunits was also observed in the gun1
clpc1 double mutant7 and other import-related mutants in which
chloroplast precursor proteins overaccumulated (Supplementary
Fig. 19), indicating that this phenomenon occurred rather than under
ClpD-GFP overexpression but represents a common cellular response
to chloroplast precursor accumulation stress. Our present study
revealed a critical role for the HSP100/ClpB family chaperone HOT1, a
key molecular chaperone involves in plant thermotolerance and par-
ticipates in plant development under nonstress conditions55–57, in the
cPOS response. Interestingly, the HSP100 family chaperones HSP104
in yeast23 and HSPH1 (HSP105) in human cells24 also participate in the
formation of precursor granules of mitochondria. Disruption of HOT1
significantly aggravated thephenotypeofClpD-GFP line#5 (Fig. 7g and
Supplementary Fig. 22b, c) and caused increased accumulation of
polyubiquitinated proteins (Fig. 7j). However, the accumulation of
preClpD-GFP did not differ between lines #5 and hot1 #5, indicating
that, as a disaggregase, HOT1 does not participate in the turnover of
preClpD-GFP, but rather functions in the maintenance of cellular
proteostasis by affecting the homeostasis of other proteins.

In contrast to theobservations of the yeastmPOS response18,19, the
protein abundance of a number of cytosolic ribosomal proteins and
translation regulators significantly increased in cPOS (Fig. 3d and
Supplementary Data 1). This phenomenon was accompanied by tran-
scriptional upregulation of genes related to ribosome biogenesis
(Fig. 4b), increased polysome profiles (Fig. 3f), and enhanced global

Fig. 6 | The transcriptional activation of sHSP genes is dependent on cpROS
signaling. a Heatmap illustrating the differentially expressed sHSP genes at the
transcriptional or translational level that belong to the GO terms “response to
oxidative stress” or “response to hydrogen peroxide”. The ROS-scavenging
enzymes in different subcellular compartments are also shown. b RT‒qPCR ana-
lyses demonstrating that the transcriptional upregulation of sHSP genes (17.4,
17.6A, 17.6C, 21, 23.5, 23.6) in ClpD-GFP line #5 is suppressed by the ROS scavenging
reagent GSH. HSP18.5 and the transcripts encoding two large HSPs (HSP90C and
mtHSC70-1) were used as negative controls. c Representative images showing ROS

burst in the chloroplasts of the inducible ClpD overexpressing line C-i-ClpD-10 at
12 h of induction. Newly emerged true leaves from 6-d-old seedlings were stained
with the H2DCFDA fluorescent dye for ROS visualization. Scale bar, 20μm. d RT‒
qPCR analyses showing the transcriptional upregulation of HSP17.4, HSP17.6A, and
HSP17.6C from the samples in (c) (C-i-ClpD-10) and an additional line (C-i-ClpD−2).
In (b, d), data are mean± s.d. (n = 3 biological replicates). Two-tailed Student’s t-
tests were performed to determine the significance of differences. Source data are
provided as a Source Data file.
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translation (as revealed by global increases in P-site counts; Fig. 3h and
Supplementary Fig. 10b) upon cPOS. Our data revealed that the
upregulated expression ofHSPs occurredmainly through translational
activation, suggesting amechanism that is distinct from that operating
in mPOS in yeast. The enriched GO terms for upregulated genes at the
TE level were relatedmainly to the cellular response to various stresses
(Fig. 4f), suggesting that increased translation capacity promotes
protein synthesis with some selectivity. This conclusion is in line with

the increased abundance of eIF2α and RACK1 (Fig. 3d), which partici-
pate in mRNA-specific translation under mitochondrial stress and
various other environmental stress conditions51,53,61,62. Notably, eIF2α
also participates in the integrated stress response (ISR) triggered by
mitochondrial dysfunction in mammalian cells62.

MitoStores provide deposits for mitochondrial precursors and
suppress the toxic potential of aberrantly accumulated precursors,
especially when the upregulation of the UPS is interrupted23. These
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deposited precursors can be released and imported into the mito-
chondria after the import clogger is removed. HSP104 andHSP42were
shown to be essential for MitoStore formation. In addition, HSP26 and
HSP110 (Sse1) have been shown to associatewithHSP104under import
stress23. The precursors (represented by P-TP identification) of other
chloroplast proteins were identified in the ClpD-GFP precursor gran-
ules (Supplementary Fig. 20b). Notably, HOT1 (and BOB1/HSP20) were
copurifiedwith preClpD-GFP (Fig. 7e), suggesting a possibly conserved
role to yeast HSP104 in the formation of precursor granules. The
HSP100 and HSP20 family chaperones HSPH1/HSP105 and HSPB1/
HSP27 have also been shown to associate with mitochondrial pre-
cursor granules in human cells24. Considering the similarities to
MitoStore, we named the chloroplast precursor granules as Chlor-
oStore. Importantly, the chloroplast precursor granuleswere observed
not only in ClpD-GFP line #5 but also in cpGFP tic40-4 (Supplementary
Fig. 2b), cpGFP gun1-101, and ClpDTP-GFP gun1-101 lines7 under

different abiotic stress conditions, such asunder lincomycin treatment
which represses chloroplast biogenesis by inhibiting chloroplast
translation. In addition to HOT1, many translation-related proteins
were copurified with preClpD-GFP (Fig. 7e), including eIF2α, RACK1,
and LOS4, and several 80S ribosomal subunits, suggesting that loca-
lized translation may occur near the precursor granules. Whether this
local translation mainly involves in the synthesis of HSPs needs to be
elucidated. Notably, these translation-related proteins were not
detected in MitoStores23, indicating that different regulatory
mechanisms in chloroplast precursor homeostasis.

sHSPs function independently of ATP and provide immediate
protection by selectively binding to unfolded proteins, thus prevent-
ing aggregation and facilitating subsequent refolding by other (ATP-
dependent) chaperones63,64. In addition to translational induction, the
activation of sHSPs is also dependent on transcriptional upregulation,
given their very low transcript levels under nonstress conditions

Fig. 7 | HOT1 plays a crucial role in the cPOS response in plants. a Heatmap
showing the translational upregulation of cytosolic large HSPs in response to
precursor accumulation. b–d ClpD-GFP line #5 is sensitive to the HSP90 inhibitor
GDA and the HSP70 inhibitor VER. Representative images (b), chlorophyll contents
(c), and freshweights (d) of 6-d-old seedlings are shown. Data aremean ± s.d. (n = 3
and n = 17 biological replicates in (c, d), respectively). For fresh weight quantifica-
tion, each replicate was an average of 10 seedlings. In (c, d), the percentage of line
#5 relative to that of theWT is indicated. Scale bar in (b), 1 cm. eCandidate proteins
associated with preClpD-GFP identified by co-IP-MS using cytosolic fractions from
ClpD-GFP line #5 or ΔTP-ClpD-GFP seedlings. f Colocalization assay of HOT1-
mCherry with preClpD-GFP. The preClpD-GFP and HOT1-mCherry colocalized
granules were indicated with arrows. The purple arrow-marked granules were

enlarged on the right. Five-d-old #5/HOT1-mCherry seedlings were used for ana-
lyses. Scale bar, 5μm, and 1μm for the bottom-right enlarged panel. Chl, chlor-
ophyll. gRepresentative images of 6-d-oldWT,hot1-3, ClpD-GFP line #5, and hot1−3
#5 (hot1 #5) seedlings. Scale bar, 0.5 cm. h, i Chlorophyll (Chl) contents (h) and
chlorophyll a/b ratios (i) of the seedlings shown in (g). Data are means ± s.d. (n = 3
biological replicates). Two-tailed Student’s t-testswereperformed todetermine the
significance of difference between line #5 and hot1 #5. j Polyubiquitinated proteins
accumulate to higher levels in hot1 #5 than in line #5. Whole seedlings of 6-d-old
were harvested for analyses. The numbers below the ClpD-GFP immunoblot
represent the accumulation of preClpD-GFP relative to mature ClpD-GFP (in %).
Actin served as loading control. Source data are provided as a Source Data file.
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Fig. 8 | Cellular response to cPOS. Limiting the chloroplast import capacity by
ClpD-GFP overexpression reduces the translocation of essential chloroplast pro-
teins, thus inhibiting chloroplast development (e.g., repressing photosystem and
ribosome biogenesis, altering RNA editing, and inducing cpROS production).
Chloroplast-derived ROS act as retrograde signal to transcriptionally activate sHSP
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translation capacity; (ii) activates sHSPs and large HSPs mainly by translational
upregulation; (iii) HOT1 and sHSPs bind to precursors and form precursor granules
close to chloroplasts, and also facilitating the refoldingof othermisfoldedcytosolic
proteins; and (iv) upregulates the UPS to degrade faulty proteins. cPOS likely also
affects the homeostasis of mitochondria, as evidenced by mitochondrial HSPs
becoming significantly upregulated and RNA editing being altered.
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(Supplementary Data 3). Similar to the UPRmt (ref. 65), this transcrip-
tional upregulation of sHSPs is dependent on cpROS retrograde sig-
naling from chloroplasts. cpROS were readily detected in chloroplasts
after 12 h induction of ClpD overexpression (Fig. 6c and Supplemen-
tary Fig. 18b), the time point at which preClpD highly accumulated
(Supplementary Fig. 1a). Our results suggest a crucial function of
cpROS-mediated retrograde signaling in cPOS. However, compared
with transcriptional upregulation, translational activation is much
stronger not only for sHSPs but also for large HSPs and their cocha-
perones (including DnaJ proteins; Figs. 6a and 7a). A previous study
showed that cpROS repress cytosolic translation via eIF2α phosphor-
ylation by the GCN2 kinase upon a dark-to-light shift66. However, heat
stress, which also triggers plastid ROS production67, represses eIF2α
phosphorylation66, indicating that the cpROS generated under differ-
ent stress conditions may function differently. Whether the cpROS
generated in cPOS (which, as shown in this work, triggers a heat shock-
like response) directly participate in translational activation remains to
be investigated.

The mitoTAD pathway monitors the translocase of the outer
membrane of the mitochondria (TOM) complex under nonstress
conditions15. The AAA+ ATPase CDC48 associates with the TOM com-
plex through Tom70 via the Ubx2 interaction and mediates the
extraction of precursors from the TOM complex for proteasomal
degradation15. The CDC48 complex works together with SP2 to extract
TOC subunits from the outer envelope membrane for SP1-mediated
proteasomal degradation in the chloroplast-associated protein
degradation (CHLORAD) pathway68,69. However, compared with the
increased accumulation of TOC components, the accumulation of
LhcB4.1 does not increase in the sp1 ppi2doublemutant in comparison
to the ppi2 single mutant70. Therefore, more detailed analyses are
needed todeterminewhether theCHLORADpathway is involved in the
degradation of precursors clogging in the TOC complex.

In summary, our findings reported here elucidate the systematic
cellular responses to chloroplast precursor protein accumulation. We
have shown that precursor accumulation triggers a heat shock-like
response that helps to rebalance cytosolic proteostasis. Our results
also uncover a crucial role of translational regulation in cPOS (Fig. 8).
Recent reports have shown that a mild increase in chloroplast pre-
cursor proteins caused by the introduction of an RPN8a (encoding a
19S proteasomal subunit) mutation into the ppi2mutant increases the
accumulation of functional photosynthetic complexes70. Moreover,
the efficient degradation of the precursors of the harmful chloroplast
protein TT3.2 confers heat stress tolerance in rice71. These findings,
together with our data reported here, suggest potential strategies for
crop improvement by manipulating the homeostasis of chloroplast
precursor proteins.

Methods
Plant material and growth conditions
All Arabidopsis (Arabidopsis thaliana) lines used in this study were of
the Columbia-0 (Col-0) background. The gun1-101, toc75III-3, hot1-3,
tic40-4, ppi1, ClpDTP-GFP, C-ClpD, and g-ClpD lines have been pre-
viously described7,58,72,73. The cpGFP line28 was crossed into the tic40-4
mutant to generate the cpGFP tic40-4 line. For plant growth under
aseptic conditions, the seeds were surface-sterilized with 1.2% NaClO
for 10min, washed five times with sterile water, sown on half-strength
Murashige & Skoog (MS)medium74 containing 1% (w/v) of sucrose, and
stratified at 4 °C for 48 h in the dark prior to germination. For plant
growth conditions, unless specified otherwise, the seeds were germi-
nated and grown under long-day conditions of 16 h light (120 µmol
photosm−2 s−1)/8 h dark at 22 °C. For the heat stress treatment, 6-d-old
seedlings were incubated at 37 °C for the time indicated. For the
induction of ClpD or ClpD-GFP in the inducible lines (i-ClpD or i-ClpD-
GFP), a beaker containing ethanol (absolute) was put into the growth
chamber next to the plant materials for evaporated ethanol induction

for the time indicated. ForGSH treatment, 4-d-oldWT and constitutive
ClpD-GFP expression line #5 seedlings were transferred to half-
strength MS medium supplemented with DMSO or 500 µM GSH
(MedChemExpress, HY-D0187) and cultivated for 2 days. For the
cytosolic HSP90 inhibitor geldanamycin (GDA) and HSP70 inhibitor
VER155008 (VER) treatments, theWTandClpD-GFP line#5were grown
at half-strength MS medium supplemented with 40 µM GDA (Med-
ChemExpress, HY-15230), 40 µM VER (MedChemExpress, HY-10941),
or corresponding amount of DMSO for 6 days.

Construction of transgenic vectors and generation of
transgenic plants
To produce inducible ClpD or ClpD-GFP transgenic lines in the WT
(Col-0), gun1, and toc75III backgrounds, the complete CDS of ClpDwas
amplified from the pEZR(H)-LN-ClpD-GFP vector7 either unfused (with
stop codon) or fused (without stop codon) with GFP. The obtained
PCR products were subsequently cloned into the intermediate vector
pUC-del-alcAN by using NovoRec® plus One step PCR Cloning Kit
(Novoprotein, NR005). Then the expression cassette containing the
alcA promoter and ClpD or ClpD-GFP CDS was cleaved using the AscI
restriction enzyme andclosed into thebinary pBin-ΔalcRvector for the
ethanol-induced expression of ClpD or ClpD-GFP. To produce con-
stitutive (CaMV 35S promoter) ClpD-GFP expression lines in the WT
background, the pEZR(H)-LN-ClpD-GFP vector7 was used for the
transformation of Col-0 plants. To constitutively express (CaMV 35S
promoter) HOT1-mCherry in ClpD-GFP line #5, the complete CDS
(without stop codon) of HOT1 was amplified from the cDNA of Col-0
seedlings and cloned into pC231-N1-35S binery vector fused with
mCherry by using NovoRec® plus One step PCR Cloning Kit (Novo-
protein, NR005). The generated pC231-N1-35S-HOT1-mCherry con-
struct was used for the transformation of ClpD-GFP line #5 plants. The
constructs were transformed into Agrobacterium tumefaciens strain
GV3101 and introduced into Arabidopsis by using the floral dip
method75. The constitutive ClpD-GFP expression line #5 was crossed
with the hot1-3mutant to produce the ClpD-GFP expression line under
the hot1-3 background (hot1 #5). All primers used for cloning are listed
in Supplementary Table 3.

RNA extraction and RT‒qPCR analyses
Total RNA was extracted by using an RNAprep Pure Plant Kit (Tiangen,
DP432) and genomic DNA contamination was eliminated by DNase
treatment. First-strand cDNAwas synthesized by using the Fastking RT
kit including a gDNase treatment for a second round of genomic DNA
elimination (Tiangen, KR116). Quantitative PCR (qPCR) was performed
with a CFX384 TouchReal-Time PCRDetection System (Bio-Rad) using
SYBRGreen detection (MIKX,MKG800-10). The actin genewasused as
an internal control and relative expression values were calculated for
each target gene including the calculation of the amplification effi-
ciencies of the different primers76. All primers used for the qPCR
analyses are listed in Supplementary Table 3.

Protein extraction and western blot analyses
Total cellular proteins were extracted according to a published
procedure77. In brief, 100mg of plant materials was ground in liquid
nitrogen and 500μL of extraction buffer (0.7M sucrose, 0.5M Tris-
HCl (pH 9.4), 50mM EDTA, 100mM KCl, 2% (v/v) β-mercaptoethanol,
and 2× protease inhibitor) was added. After vortexing, an equal
amount of phenol (Tris-saturated) was added, and the mixture was
vortexed and centrifugated. The total cellular proteins were pre-
cipitated from the supernatant with 2.5× volumes of 0.1M ammonium
acetate in methanol overnight at −20 °C. After centrifugation, the
protein pellet was washed with 0.1M ammonium acetate in methanol,
air-dried, dissolved in 1% SDS, and quantified by using the Pierce™ BCA
Protein Assay Kit (Thermo Fisher Scientific). Protein samples were
separated by SDS‒PAGE and blotted onto PVDF membranes
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(Amersham Hybond P 0.45 µm, 10600023) using a standard method.
Immunoblotting was performed with specific antibodies using the
enhanced chemiluminescence system (SparkJade, ED0015). The sig-
nals were detected with a ChemiDoc Imaging system (Bio-Rad). Anti-
bodies against ClpD and Toc75 were kindly provided by Dr. Adrian
Clarke (Gothenburg University, Gothenburg, Sweden) and Dr. Qihua
Ling (CAS Center for Excellence in Molecular Plant Science, Shanghai,
China), respectively. All other antibodies were obtained from com-
mercial suppliers (GFP from Clonetech; actin and ubiquitin from
Sigma; PsbA, PsbD, AtpA, AtpB, LhcB1, LhcA4, PetA, GluTR, Tic40,
cytosolic HSP70 and HSP90.1, and chloroplast HSP70 and Rps1 from
Agrisera; PsaA, RPT2a, RPT5a, VAR1, VAR2, PsbC, PORB, GUN5, and
CHLM from Orizymes Biotechnology; 40S ribosome subunit US3Z
from Cell Signaling Technology). The band intensities from the
immunoblots were quantified by using Image Lab software (Bio-Rad)
when necessary.

Chlorophyll contents and chlorophyll fluorescence
measurements
The chlorophyll contents and chlorophyll a/b ratios were determined
using the N, N-dimethylformamide (DMF) method78. In brief, 0.1 g of
plant material was collected and directly immersed into 10mL of DMF
solution in the dark at 4 °C for 24 h followed by spectrophotometric
measurements at OD664, OD647, andOD625, after which the chlorophyll
concentrations and a/b ratios were calculated. Chlorophyll a fluores-
cence was recorded by using the MAXI version of the IMAGING-PAM
(HeinzWalz GmbH). The plants were dark-adapted for 0.5 h before the
maximum quantum yield of photosystem II (Fv/Fm) was determined.
Subsequently, the light-response curves were measured.

Confocal laser-scanning microscopy
GFP and RFP fluorescence, and the H2DCFDA fluorescence for ROS
detection were observed by confocal laser-scanning microscopy (TCS
SP8, Leica; or Fluoview FV3000, Olympus) using an argon laser for
excitation. The excitation wavelength for GFP and H2DCFDA was
488 nm, and that formCherry was 561 nm. Emission was detected with
a 495–530 nm filter for GFP and H2DCFDA, and a 570–622 nm filter for
mCherry. For the detection of chlorophyll fluorescence, a 650–702 nm
filter was used. Line-scan analysis of relative fluorescence intensity was
performed by measuring pixel intensity across an indicated line by
using Fiji software79.

Transmission electron microscopy
For TEM analyses, cotyledons from 3-d and 6-d WT and line #5 seed-
lings were fixedwith 2.5% glutaraldehyde in 50mMsodium cacodylate
(pH 7.4) containing 5mM CaCl2 under vacuum until the leaf pieces
were immersed into the solution. Afterward, the samples were incu-
bated at 4 °C overnight. Postfixationwith 1% OsO4 and 0.8% K3Fe(CN)6
in 50mM cacodylate buffer (pH 7.4) was carried out for 2 h at 4 °C,
followed by dehydration in an ethanol series, infiltration with a graded
series of epoxy resins in epoxy propane, and embedding in Epon 812
resin. Ultrathin sections (50–70 nm)were cutwith diamondknives. For
TEM observation, ultrathin sections were stained with 2% uranyl
acetate and lead citrate80. Images were acquired with a Talos L120CG2
TEM (Thermo Fisher Scientific).

Blue-native polyacrylamide gel electrophoresis (BN–PAGE)
BN-PAGE was performed as previously described81 with essential
modifications. A native 5–13.5% (3%C) gradient polyacrylamide gel was
used. The same volume of 5% gel containing 6.2% (w/v) glycerol and
13.5% gel containing 25% (w/v) of glycerol were mixed gradually by
using a gradient gel maker. The samples were loaded on the basis of
the total thylakoid proteins (50μg). Thylakoids were pelleted at
7500 × g for 5min at 4 °C, washed with 100μL of 50BTH40G buffer
(50mM Bis-Tris, pH 7.5, 40% (w/v) glycerol) and resuspended in 10μL

of BN-PAGE solution buffer (25mMBis-Tris, pH 7.5, 20% (w/v) glycerol,
and 1% n-dodecyl-β-D-maltoside). The resuspension was incubated on
ice in the dark for 20min and centrifugated at 12,000 × g for 10min at
4 °C. The supernatants were resuspended in 1μL of BN-PAGE sample
buffer (0.5M 6-amino-caproic acid, 0.1M Bis-Tris, pH 7.0, 37.5% gly-
cerol, 5% Coomassie brilliant blue G250) and run on a 5–13.5% native
gel. The BN–PAGE was run at a constant current of 6mA.

Polysome profile analysis
Polysome profile analyses were performed according to Mustroph
et al.82. In brief, 4 g of 6-d-old WT and ClpD-GFP line #5 seedlings were
collected, snap-frozen, and ground with liquid nitrogen. The samples
were dissolved in 3mLof precooled polysome extractionbuffer (0.2M
Tris-HCl, pH 9.0; 0.2M KCl; 25mM EGTA; 35mMMgCl2; 1% Brij-35; 1%
Triton X-100; 1% NP40; 1% Tween 20; 1% sodium deoxycholate; 1%
polyoxyethylene (10) tridecyl ether; 5mMDTT; 1mM PMSF; 50μg/mL
cycloheximide; 50μg/mL chloramphenicol; 400 U/ml RNase inhi-
bitor), and centrifugated at 14,000 × g for 15min at 4 °C. The super-
natant was filtered through two layers ofMiracloth (Millipore, 475855),
incubated on ice for 10min, and centrifugated at 14,000× g for 15min
at 4 °C.Half of the supernatant of each samplewas transferred to a new
tube andpuromycin treatmentwasperformed as a control (puromycin
release ribosomes from the mRNA). The samples were loaded onto a
sucrose gradient (10–60% sucrose in 40mM Tris-HC1, pH 8.4; 20mM
KCl; 10mM MgCl2) and centrifugated at 150,000× g for 3.5 h at 4 °C
(Beckman Optima XPN-100). The polysome absorbance profiles were
recorded at 260nm and the fractions were collected by a position
gradient fractionator (Biocomp 152).

Label-free quantification by mass spectrometric analyses
For quantitative proteomic analyses, 3-d-old and6-d-oldWT,ClpD-GFP
line #5, and ΔTP-ClpD-GFP seedlings with biological replicates of each
were collected and samples of 100mg of plant material from each
sample were ground in liquid nitrogen and extracted with 200μL of
protein extraction buffer (0.7M sucrose; 0.5M Tris-HCl, pH 9.4;
50mM EDTA; 0.1M KCl; 2% β-mercaptoethanol (v/v) and 2× protease
inhibitor, Roche) according to a published protocol77. After protein
quantification, 40μg of total cellular protein was digested with trypsin
overnight at 37 °C at a 1:80 ratio (0.5μg of trypsin) to the protein. The
peptides were desalted with MonoSpin C18 columns (Shimadzu,
5010-21701).

For MS analysis, peptides were separated via a nanoflow HPLC
(EASY-nLC 1200, Thermo Fisher Scientific) by using a homemade C18
analytical column thatwas 35 cm in length and 75 µmin inner diameter.
A binary buffer systemof buffer A (0.1% formic acid) and buffer B (80%
acetonitrile plus 0.1% formic acid) was used with a linear gradient
running from 8% to 98% buffer B over 135min. The nLC was coupled
with a high-resolution Orbitrap hybrid mass spectrometer (Orbitrap
Exploris 480; Thermo Fisher Scientific). Proteins were identified based
on the data-dependent acquisition of fragmentation spectra of multi-
ple charged peptides. The scan was carried out with a 2 s cycle time
between MS and MS/MS in the top-speed method. The orbitrap reso-
lution (full-width half-maximum) of the full scan and MS/MS scan was
set at 60,000 and 15,000, respectively.

The MaxQuant software (version 1.6.7.0) was used for protein
identification and quantification83,84, and the sequences were searched
against the UniProt Arabidopsis FASTA database UP000006548
(39,280 entries) using the Andromeda search engine85. The following
settings were applied, fixed modification: carbamidomethyl (C); vari-
able modifications: oxidized methionine (M) and protein N-terminal
acetylation; the digesting protease was specified to trypsin with up to
two missed cleavages allowed; minium peptide length was set to 7 as
default; multiplicity was set to 1 for label-free quantitation; a time
window of 0.7min was set for “match between runs”; common con-
taminants (trypsin, keratin, etc.) were included during the database

Article https://doi.org/10.1038/s41467-025-59043-3

Nature Communications |         (2025) 16:3777 16

www.nature.com/naturecommunications


search, and unique and razor peptides were used for protein quanti-
fication. All other parameters were set to their defaults. The Perseus
software was used for postdata and statistical analyses86. Proteins with
a Student’s t-test p < 0.01 and a fold change >1.5 between genotypes
were identified as differentially expressed proteins. The subcellular
location was determined according to that of SUBA5 (SUBAcon; http://
Suba.live). The interaction relationship networkswere generated using
STRING31 and visualized by Cytoscape87. The P-TPs were identified
according to the previous publication7. Peptides that were completely
localized within a transit peptide region and peptides whose
N-terminus has ≥3 amino acids overlapping with the C-terminus of the
transit peptide were defined as P-TPs.

For co-IP samples, immunoprecipitates were separated by
SDS–PAGE and the gels were stained with colloidal Coomassie blue
solution. Each lane was cut into several gel slices followed by in-gel
tryptic digestion7. For MS analysis, a 60-min linear gradient was used. To
identify the putative preClpD-GFP associated proteins, the following
criteria were used: (i) were detected by MS in at least 2 biological repli-
cates of the ClpD-GFP line #5 co-IP samples, and at least 2 unique pep-
tides were identified in each sample; (ii) the LFQ protein intensity of the
ClpD-GFP line #5/ΔTP-ClpD-GFP>2; and (iii) the subcellular localization
of the candidate was in the cytosol according to the SUBAcon in SUBA5.

RNA-seq
6-d-oldWT andClpD-GFP line #5 seedlings were collected and total RNA
was extracted using a TRIzol reagent (Invitrogen, 15596018CN) accord-
ing to the manufacturer’s instructions. RNA quality was assessed on an
Agilent 2100 Bioanalyzer (Agilent Technologies). The mRNA was enri-
ched by using oligo (dT) beads, fragmented, and cDNA was synthesized
by using the NEBNext Ultra RNA Library Prep Kit for Illumina (NEB,
7530). The purified double-strand cDNA fragments were end-repaired,
and an A base was added and ligated to Illumina sequencing adapters.
The ligation products were purified with the AMPure XP beads (1.0X),
subjected to size selection by agarose gel electrophoresis, and amplified
by PCR. Sequencing was performed on an Illumina HiSeq 2500 platform
by Gene Denovo Biotechnology Co. (Guangzhou, China).

Low-quality reads and adapter sequences were filtered by fastp
software (version 0.18.0)88. The reads mapped to ribosomal RNA
(rRNA) were identified by the short-read alignment tool Bowtie2
(version 2.2.8)89 and removed. The clean reads were mapped to the
TAIR10 Arabidopsis reference genome using HISAT2.2.490 and
assembled by using StringTie v1.3.191,92 for each sample in a reference-
based approach. For each transcription region, the fragment per
kilobase of transcript per million mapped reads (FPKM) value was
calculated by using RSEM software93. Differential gene expression
analysis was performed using DESeq2 software94. Genes fulfilling the
criteria of an FDR <0.05 and a fold change > 2 were considered to be
differentially expressed and GO enrichment analyses were performed
(https://www.geneontology.org/).

Ribosome profiling (Ribo-seq)
6-d-old WT and ClpD-GFP line #5 seedlings were snap-frozen, ground
with liquid nitrogen, and then dissolved in 400 µL of lysis buffer
(20mM Tris-HCl, pH 7.4, 150mM NaCl, 5mM MgCl2, 1mM DTT,
100 µg/mL cycloheximide, and 1% (v/v) Triton X-100). The samples
were incubated on ice for 10min, and centrifugated at 20,000× g for
10min at 4 °C. For footprint preparation, 10 µL of RNase I (NEB) and
6 µL of DNase I (NEB) were added to 400 µL of lysate and incubated for
45min at room temperature with gentle mixing. Afterward, 10 µL of
SUPERase-In RNase inhibitor (Ambion, AM2696) was added to stop
nuclease digestion. The digested samples were loaded onto pre-
equilibrated size exclusion columns (Illustra MicroSpin S-400 HR
Columns; GE Healthcare) and centrifugated at 600 × g for 2min.
Footprints were isolated by using an RNA Clean and Concentrator-25
kit (Zymo Research, R1018). To eliminate rRNAs, short (50–80 nt)

antisenseDNAprobes complementary to rRNA sequenceswere added,
followed by RNase H (NEB) and DNase I (NEB) treatment to remove
rRNA and residual DNA probes95. Footprints were further purified
using VAHTS RNA Clean magnetic beads (Vazyme, N412-02). Ribo-seq
libraries were constructed using the NEBNext® Multiple Small RNA
Library Prep Set for Illumina® (NEB, E7330L) and sequencing was
performed on an Illumina HiSeq 2500 platform by Gene Denovo Bio-
technology Co. (Guangzhou, China).

Raw reads containing more than 50% low-quality bases or 10% N
bases were removed and adapter sequences were trimmed by fastp
software. Reads with lengths between 20 and 40 nt were subjected to
further analysis. The reads mapped to rRNAs, transfer RNAs (tRNAs),
small nuclear RNAs (snRNAs), small nucleolar RNAs (snoRNAs), and
miRNAs were removed by using the short read alignment tool
Bowtie289. The remaining reads were mapped to the TAIR10 Arabi-
dopsis reference genome by using STAR software96. Three-nucleotide
periodicity was plotted using the riboWaltz R package97. The read
counts in the open reading frames of the coding genes were calculated
by RSEM software93, and the FPKM values were calculated. Differen-
tially translated geneswere identifiedbyusingDESeq2 software. Genes
fulfilling the criteria of an FDR <0.05 and a fold change >2 were con-
sidered to be differentially translated and were subjected to GO
enrichment analysis (https://www.geneontology.org/).

The translation efficiency (TE) was calculated as the ratio of the
translatingmRNAs (FPKM fromRibo-seq) over the totalmRNAs (FPKM
from RNA-seq) of a gene32. RiboDiff98 was used to identify the genes
with TE significantly changed across sample groups. Genes fulfilling
the criteria of an FDR <0.05 and a fold change >2 were considered to
be differential TE genes and were subjected to GO analysis (https://
www.geneontology.org/). The aggregated normalized P-site counts
were analyzed according to a published method99.

ROS staining
For 3,3′-diaminobenzidine (DAB; Sigma-Aldrich, D5637) staining of H2O2

(ref. 100), 6-d-oldWT and ClpD-GFP line #5 seedlings were immersed in
freshly prepared 1mg/mL DAB staining solution (pH 3.8) and infiltrated
under vacuum. The sampleswere subsequently incubated at 25 °C in the
dark for 6 h,washedwith buffer (acetic acid: glycerol: ethanol = 1:1:3, v/v/
v) for at least 8 times, and stored in 95% (v/v) ethanol until imaging. To
determine the subcellular localization of ROS production, 6-d-old WT,
gun1, toc75, C-i-ClpD, g-i-ClpD, and t-i-ClpD lines were induced for 12 h.
The newly emerged true leaves were infiltrated with 10μM of 2′,7′-
dichlorofluorescein diacetate (H2DCFDA; MedChemExpress, HY-
D0940) solution and the fluorescence signalswere analyzed 10min after
infiltration by confocal laser-scanning microscopy101.

Coimmunoprecipitation (co-IP)
For co-IP to examine whether preClpD-GFP stalls in the import
machinery, whole seedlings from 5-d-old ΔTP-ClpD-GFP and ClpD-GFP
#5 lines, and the true leaves from 6-d-old t-i-ClpD-GFP plants induced
for another 4 days were harvested, ground in liquid nitrogen, and
solubilized in co-IP buffer (0.5M sucrose, 50mM HEPES-KOH, pH 7.5
2mM EDTA, 3mM MgCl2, 1.5% n-dodecyl β-D-maltoside (w/v), and
protease inhibitor cocktail) for 20min on ice and centrifugated for
2 × 20min at 20,000 × g at 4 °C. Subsequently, 25 µL of anti-GFP
magnetic beads (Alpalife, KTSM1334) were added to the supernatant
and incubated for 4 h at 4 °C with agitation to facilitate binding. The
beads were then washed and the bound proteins were released by
incubation in SDS‒PAGE sample buffer at 95 °C. The immunoprecipi-
tates were analyzed by western blotting with specific antibodies.

For co-IP to isolate preClpD-GFP-associated cytosolic proteins,
the crude cytosolic fractions from theClpD-GFP line #5 andΔTP- ClpD-
GFP seedlings were used. Two grams of 6-d-old seedlings for each
replicate were briefly homogenized with a blender in isolation buffer
(30mM HEPES-KOH of pH 7.5, 2mM EDTA, 300mM sorbitol, and 1%
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(w/v) of PVP-40), filled through 2 layers of Miracloth (Millipore,
475855), and centrifugated at 2500 × g for 5min at 4 °C. The super-
natant was further centrifugated at 20,000× g for 20min at 4 °C. For
co-IP, 25μL of anti-GFP magnetic beads (Alpalife, KTSM1334) were
added to the cytosolic fractions. Immunoprecipitation and MS iden-
tification were performed according to a published method7.

Statistical analysis
Student’s t‐tests were performed using GraphPad Prism 6.01 software
to identify the significance of the differencebetween twoexperimental
groups. For proteomic analysis, Perseus software was used for post-
data, and Student’s t‐tests were used to identify differentially accu-
mulated proteins with a fold change > 1.5 and p <0.01. For the RNA-seq
and Ribo-seq experiments, DESeq2 software was used to identify dif-
ferentially expressed genes with a fold change >2 and and FDR <0.05.
RiboDiff software was used to identify differential TE genes with a fold
change >2 and an FDR <0.05.

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

Data availability
The mass spectrometry-based proteomic data generated in this study
have been deposited in the PRIDE partner repository of the Proteo-
meXchange Consortium via the iProX partner repository under the
dataset identifiers PXD051682 [https://www.iprox.cn/page/PSV023.
html;?url=17140556959271g0j] and PXD051764 [https://www.iprox.
cn/page/SSV024.html;url=17141394135138lLy]. The RNA-seq and
Ribo-seq raw sequencing data generated in this study were deposited
in the Gene Expression Omnibus (GEO) under the data identifier
GSE265858 andGSE265859, respectively. All other data are available in
the main text or the supplementary materials. Source data are pro-
vided with this paper.
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