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Heat shock (HS) is known to have a profound impact on gene expression at different levels, such as inhibition of protein synthesis,
in which HS blocks translation initiation and induces the sequestration of mRNAs into stress granules (SGs) or P-bodies for storage
and/or decay. SGs prevent the degradation of the stored mRNAs, which can be reengaged into translation in the recovery period.
However, little is known on the mRNAs stored during the stress, how these mRNAs are released from SGs afterward, and what the
functional importance is of this process. In this work, we report that Arabidopsis HEAT SHOCK PROTEIN101 (HSP101) knockout
mutant (hsp101) presented a defect in translation recovery and SG dissociation after HS. Using RNA sequencing and RNA
immunoprecipitation approaches, we show that mRNAs encoding ribosomal proteins (RPs) were preferentially stored during
HS and that these mRNAs were released and translated in an HSP101-dependent manner during recovery. By 15N incorporation
and polysome profile analyses, we observed that these released mRNAs contributed to the production of new ribosomes to
enhance translation. We propose that, after HS, HSP101 is required for the efficient release of RP mRNAs from SGs resulting in
a rapid restoration of the translation machinery by producing new RPs.

Plants are often exposed to elevated temperature and
have developed different layers of regulation to coun-
teract adverse effects induced by heat stress. A well-

defined plant response is the HS response, resulting in
the production of molecular chaperones, including heat
shock proteins (HSPs; Kotak et al., 2007). The typical
roles of these HSPs are to maintain the cellular pro-
teostasis in limiting the production and accumulation
of protein aggregates induced by HS and to confer
thermotolerance (Kotak et al., 2007). Recently, the
functions of HSPs in eukaryotes are extended to awider
scope. It appears that some of these proteins are also
involved in the translational control of mRNAs under
normal and stress conditions or during recovery after
stress (Walters and Parker, 2015).

Especially, certain HSPs have been demonstrated to
be involved in translation recovery after stress. Re-
cently in Arabidopsis (Arabidopsis thaliana), small HSPs
and HSP101 were shown to protect protein translation
factors duringHS (McLoughlin et al., 2016). Small HSPs
and HSP101 are involved in the resolubilization of
translation factors like eEF1B and eIF4A during the
recovery phase. A similar mechanism was reported for
human cells (Cuesta et al., 2000). During HS, HSP27
binds eIF4G and traps it in aggregates to prevent as-
sembly of the cap-initiation complex and to rapidly
enhance translation recovery. During the recovery
phase, these aggregates, called stress granules (SGs),
have to be dissociated, a process which also implicates
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HSPs. In yeast, it was reported that HSP104 (the ho-
molog of Arabidopsis HSP101), together with HSP70, is
involved in disaggregation of SGs after HS (Cherkasov
et al., 2013). Yeast hsp104 knockout mutant presents
some defect in SG dissociation, resulting in a slower
translation recovery. In fact, the authors proposed that
a slower dissociation of SGs results in a longer release of
translation factors trapped in SG, thus limiting trans-
lation initiation recovery.
The assembly of SG, in the same time with P-bodies, is

generated by a massive inhibition of translation induced
by stress. This repression was observed under many
stresses in yeast (Kuhn et al., 2001; Melamed et al., 2008),
mammals (Hamilton et al., 2006; Liu et al., 2013), aswell as
in plants like Arabidopsis (Juntawong and Bailey-Serres,
2012), Medicago truncatula (Puckette et al., 2012), and rice
(Oryza sativa; Park et al., 2012).HS iswell known to repress
translation, inducingmassive translation repression (Ueda
et al., 2012; Merret et al., 2013). According to protein
composition, SG was attributed to mRNA storage, while
P-bodies are involved in mRNA decay. Although pro-
teomic composition and assembly of these aggregates are
increasingly documented (Buchan, 2014; Protter and
Parker, 2016), little is known about the mRNAs stored in
SGs, what the functional role is of the stored mRNAs
during recovery, and how these mRNAs are released.
Nonetheless, it is now well accepted that the dynamics of
SGs arise by an ATP-dependent mechanism and play a
crucial role in mRNA metabolism (Jain et al., 2016).
Recently, in Arabidopsis, formation and dissociation

of SG were reported under hypoxia and reoxygenation
(Sorenson and Bailey-Serres, 2014). The authors dem-
onstrated the role of UBP1 in sequestration of poorly
translatedmRNAs during stress. They also showed that
UBP1 granules are dissociated during reoxygenation.
The authors proposed that UBP1 orchestrates the
translational control of mRNAs during and after stress.
As in other organisms, SGs play an important role in
plant stress tolerance and development, as mutants of
SG components present some deficiency in acclimation
to stress and/or development (Xu et al., 2006; Xu and
Chua, 2009; Merret et al., 2013; Sorenson and Bailey-
Serres, 2014; Perea-Resa et al., 2016).
Nonetheless, few analyses address the involvement

of the stored mRNAs in translation recovery. Here, we
show that the Arabidopsis hsp101 knockout mutant
presents defects in SG dissociation and polysome re-
covery. We took advantage of this defect to identify
mRNAs stored during HS and released at recovery. By
RNA sequencing and RNA coimmunoprecipitation
(RIP) validation, we found that ribosomal protein (RP)
mRNAs are preferentially stored during stress and re-
leased during recovery phase, the latter of which re-
quires the chaperone function of HSP101. By 15N
incorporation, we have further demonstrated that new
ribosomes can be produced independently of tran-
scription, thus contributing to revive translation during
the recovery period. We postulate that this mechanism
could be a mean to rapidly adjust translational levels
following successive stresses.

RESULTS

Polysome Recovery Is Affected in hsp101 after HS

To check translational activity in wild type compared
to hsp101 (hot1-3; Lee et al., 2005), we analyzed poly-
some profiles on 7-d-old seedlings under the normal
condition at 22°C (control condition), after an HS
treatment at 37°C for 1 h, and after 2 h of recovery at
22°C following the HS (referred to as 2 h recovery
hereafter; Fig. 1). Under the normal condition and
during HS, no obvious differences were observed be-
tween wild type and hsp101 (Fig. 1, A and D). After 1 h
at 37°C, a massive polysome dissociation occurred that
induces accumulation of monosomes (80S) and free
40S/60S ribosomal subunits (Fig. 1, B and E). In wild
type, after 2 h recovery, polysomes massively reap-
peared, suggesting a translational restart (Fig. 1C).
Nonetheless, polysome recovery in hsp101 is affected
compared to wild type (Fig. 1, C and F). In fact, poly-
some increase is slower in hsp101, resulting in a higher
amount of monosomes (compare the 80S peaks). To
confirm this result, polysome area was quantified for
each condition using three biological replicates (Fig.
1G). A significant difference was only observed be-
tween wild type and hsp101 after 2 h recovery. HSP101
is a molecular chaperone protein; some missense mu-
tants (dlt1-1 and dlt1-2) were shown to differentially
affect its chaperone activity (Wu et al., 2013). dlt1-1 con-
tains a single mutation C-to-T in HSP101 at position
599 near the N terminus of Nucleotide-Binding Do-
main2, causing the replacement of Thr by Ile. In dlt1-2, a
single mutation C-to-T appears at position 33 in the
N-terminal domain, resulting in a His-to-Tyr substitu-
tion (Wu et al., 2013). Both maintained a normal level of
HSP101 protein, but dlt1-2 results in substantial loss of
the chaperone function ofHSP101, as dlt1-1mutation has
little effect on HSP101 chaperone activity. Moreover
dlt1-2 mutation induces thermotolerance defect, while
dlt1-1 does not. Like hsp101, dlt1-2 seedlings are not able
to survive under short-acquired thermotolerance (Wu
et al., 2013). To check if HSP101 chaperone activity is
involved in translation recovery, the polysome profiles
of dlt1-1 and dlt1-2 were analyzed after 2 h recovery
(Supplemental Fig. S1). Only dlt1-2 presented defect in
polysome recovery, suggesting that HSP101 chaperone
activity is involved in translation recovery. We tried to
correlate this defectwith a defect in growth rate after HS.
To this end, the extension of root length was measured,
but no differences were observed between the wild type
and hsp101 during recovery (data not shown).

To check if this process is also correlatedwith a defect
in SG dissociation, appearance and disappearance of
SGs were monitored (Fig. 2; Supplemental Fig. S2)
with the Arabidopsis transgenic lines expressing the
poly(A) binding protein2 fused to the red fluorescent
protein (PABP2-RFP) under the PABP2 promoter in
the wild type or hsp101 background. The levels of
PABP2-RFP and HSP101 were checked by western
blot (Supplemental Fig. S2A). SG accumulation and
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dissociation were analyzed on different roots by con-
focal microscope (Fig. 2; Supplemental Fig. S2B). A
defect in SG dissociation was observed in hsp101 com-
pared towild type after 2 h recovery (Fig. 2C versus Fig.
2I; Supplemental Fig. S2B), whereas no difference can
be observed under normal and HS conditions (Fig. 2A
versus Fig. 2G, and Fig. 2B versus Fig. 2H). A SG
quantification was performed in wild type and hsp101
to confirm this observation (Fig. 2M). According to
these data, we proposed that HSP101 could be involved
in translation recovery by regulating the dissociation
of SG.

Identification of Stored mRNAs Released in an
HSP101-Dependent Manner

Although the involvement of the yeast HSP104 in SG
dissociation is known (Cherkasov et al., 2013), the na-
ture of mRNA stored and released was not identified.
As stored mRNAs could play a role in translation re-
covery, we designed an RNA sequencing strategy to
identify them. Because SG purification could be diffi-
cult and quite challenging, we decided to take advan-
tage of the hsp101 translation defect to identity these
mRNAs with the idea that stored mRNAs will come
back slower in translation in hsp101 compared to wild
type. To do that, we performed RNA sequencing on
total and polysome-associated mRNAs purified from

wild type and hsp101 seedlings under the normal con-
dition at 22°C, after 1 h at 37°C, and after 2 h recovery
(Supplemental Table S1). Each condition was per-
formed on two biological repeats.

Prior to analysis, for each condition, reads per
kilobase per million mapped reads (RPKM) values
obtained between replicateswere compared. Each set of
experiment was found to be reproducible as demon-
strated by plotting read counts pairwise between rep-
licates (with R2 ;0.99; Supplemental Table S1). Next,
only transcripts with at least 1 RPKM in one library
were kept, resulting in 19,599 transcripts. The aim of the
RNA sequencing is to identify mRNAs first stored
during HS and next released in an HSP101-dependent
manner. For stored mRNAs, we reasoned as follows: A
stored mRNA must be stable and released from trans-
lation during HS, i.e. down-regulated at polysome
level. To identify those mRNAs, a fold-change (FC)
analysis was performed at total RNA level between HS
and control condition. The same analysis was also ap-
plied for polysomal RNA. A transcript having an FC
below 0.5 was considered as down-regulated and was
considered as stable with an FC between 0.5 and 2. To
identify transcripts that were stored duringHS (and not
degraded as in Merret et al., 2013, 2015), we selected
from the total RNA population heat “stable” mRNAs
(having an FC between 0.5 and 2) that were clearly
down-represented (having an FC below 0.5) in the
polysomal fraction after HS. According to the criteria,

Figure 1. hsp101 knockout mutant is affected
in polysome recovery. A to F, Polysome profiles
on 7-d-old seedlings in the wild type (A–C) or
hsp101 (D–F). A and D, Control 22°C. B and E,
HS for 1 h at 37°C. C and F, Two hours of re-
covery at 22°C after HS. G, Percentage of pol-
ysomes for each condition. n = 3 biological
repeats, mean 6 SD. A t test was performed
between wild type and hsp101 for control (P.
0.1), at 1 h 37°C (P . 0.1), and at 2 h recovery
(P , 0.05).
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11,558 and 11,779 transcripts are stable during HS in
wild type and hsp101, respectively, with an overlap of
90% between both genotypes (Fig. 3A). Then, only
common transcripts between the wild type and hsp101
were kept, and their translation repression was ana-
lyzed. We found 3309 transcripts to be down-regulated
at the polysomal level in both genotypes (Fig. 3A;
Supplemental Table S2).
To identify among the 3309 transcripts those released

during recovery in an HSP101-dependent manner, we

measured their translation efficiency (TE; their ratio in
polysomes versus total RNA), during and after HS, in
wild type and hsp101. As shown in Figure 3, B and C,
TEs of these mRNAs were generally higher during re-
covery compared to HS, suggesting that most of the
stored mRNAs during HS can come back rapidly in
translation after stress. As hsp101 presents a defect in
polysome recovery, we decided to compare the TEs of
these 3309 mRNAs during recovery in wild type and
hsp101. To do that, a scatter plot was performed be-
tween wild type and hsp101 for the three conditions
(Fig. 3D; Supplemental Fig. S3). Next, a linear re-
gression was calculated for each condition with the
3309 dots. Although their TEs are identical under
control and HS conditions (Supplemental Fig. S3;
linear regression close to 1), during recovery, TEs in
hsp101 appeared to be affected compared to wild
type as the linear regression decrease close to 0.8.
Out of 3309 transcripts, 2103 showed TEs lower in
hsp101 compared to wild type (red dots on Fig. 3D;
Supplemental Table S3). Since SG dissociation was
affected in hsp101, we propose that these 2103 mRNAs
are stored in SG during HS and released in an HSP101-
dependent manner.

mRNAs Coding for RPs Are Stored during HS and
Released during Recovery

To go further in the functional role of the stored
mRNAs during recovery, we performed a Gene On-
tology (GO) analysis on the stored mRNAs released
during recovery in anHSP101-dependent manner. Two
molecular functions were enriched in the 2103 mRNA
population: “protein binding” (GO:0005515, P-value
0.000202) and “structural constituent of ribosome”
(GO:0003735, P-value 6.81e254; Supplemental Fig. S4).
The second GO term is highly enriched, and most of
the mRNAs present in this group encode large or small
subunit ribosomal proteins (RPL or RPS). According
to our RNA-seq database (Supplemental Table S1),
276 nuclear genes coding for RPS or RPL are expressed
at seedlings stage. Two hundred nineteen correspond
to cytoplasmic RPs, 50 to chloroplastic RPs, and seven
to mitochondrial RPs. Thus, to have a better overview
of translation activity of mRNAs coding for RPs, TE
was determined for all of them in the three conditions
(control, HS, and recovery) in wild type and hsp101
(Supplemental Table S4). TEs were clustered accord-
ing to their behavior on three heat maps (Fig. 4;
Supplemental Fig. S5). According to the clustering, a
major group can be distinguished in the three class of
RPs. This group is highly present for cytoplasmic RPs
with 179 members (81.7%) compared to chloroplas-
tic and mitochondrial RPs with 27 (54%) and four
(57%) members, respectively. This group has mem-
bers with low TE during HS compared to the control,
and their translation recovery seemed to be HSP101
dependent (Fig. 4; Supplemental Fig. S5). We propose
that members of this group are stored during HS and

Figure 2. hsp101 knockout mutant is affected in SG dissociation after
HS. A to L, Monitoring of SG formation using pPABP2-RFP-PABP2 in
wild type (A–F) or the hsp101 background (G–L). A, D, G, and J, Control
at 22°C. B, E, H, and K, HS for 1 h at 37°C. C, F, I, and L, Two hours
recovery at 22°C after HS. Pictures are representative of at least three
independent analyses. White lines correspond to 10 mm. M, SG
quantification in wild type and hsp101 after 1 h at 37°C and after 2 h
recovery. n = 5 biological repeats, mean 6 SD. A t test was performed
between wild type and hsp101 at 1 h 37°C (P . 0.1), at 2 h recovery
(P , 0.001), and for hsp101 between 1 h 37°C and 2 h recovery (P ,
0.01). Quantification was performed on the same volume of stacks for
each condition.
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released directly or indirectly by HSP101 during the
recovery phase. To confirm this hypothesis, we per-
formed quantitative polymerase chain reaction (qPCR)
validation on two candidate transcripts of RPS23B
(At5g02960) and RPS29B (At3g44010) (Fig. 5, A and B).
As expected, their TEs were significantly and identi-
cally reduced during HS in wild type and hsp101,
whereas translation recovery was affected in hsp101
for both transcripts.

To confirm that these mRNAs are stored in SGs
during HS, a RIP approach coupled to RT-PCR was
performed using a transgenic line expressing UBP1a
fused to the GFP. UBP1a was previously reported
to localize in SG during stress (Weber et al., 2008;
Sorenson and Bailey-Serres, 2014). The RIP experi-
ment was performed under the normal condition at
22°C, after 1 h at 37°C, and after 2 h recovery. After
checking immunoprecipitation efficiency (Fig. 6A),
the association of RPS23B and RPS29B mRNAs with
UBP1a was analyzed. RPL37B mRNA was used as a
positive control, as this transcript was previously shown

as an mRNA partner of UBP1 under hypoxia (Sorenson
and Bailey-Serres, 2014). According to our data, this
transcript seems to be stored during HS and released in
an HSP101-dependent manner. For all transcripts, asso-
ciation with UBP1a was highly induced during HS (Fig.
6, B–D) and reduced or abolished during the recovery
phase, coincident with the model where RP mRNAs are
stored during HS and released during the recovery
phase. Thus, we propose that HS induces a massive
storage of mRNAs coding RPs and these mRNAs are
released during recovery to enhance translation.

Polysome Recovery Can Be Independent of
Transcription Restart

The storage of mRNA coding for RPs during HS
suggests that the production of new ribosomes is a
critical step to resume translation at recovery, meaning
the new subunits have to be produced. To test this
hypothesis, polysome profiles were done at different

Figure 3. Translation efficiency of mRNAs
released from translation during HS is affected
in the hsp101 mutant during recovery phase.
A, Workflow used to identify transcripts stored
in SG and released from translation during
recovery. Only mRNAs with an FC between
0.5 and 2 on total RNA population and FC
below 0.5 on polysomal RNA population in
wild type (wt) and hsp101were kept. B and C,
TE of the 3309 mRNAs during HS versus re-
covery period in wt (B) and hsp101 (C). D, The
log2 value of TE of the 3309 mRNAs during
recovery period in wt versus hsp101. Red dots
correspond to mRNAs affected in translation
recovery in hsp101 (2103). The black line
corresponds to a linear regression of the 3309
dots.

Figure 4. Translation efficiency of cytoplas-
mic RPmRNAs in wild type and hsp101 under
normal condition, after 1 h at 37°C, and after
2 h recovery. Heat map of cytoplasmic RP
mRNA translation efficiency in log2 value. The
heat map was performed on the 219 cytoplas-
mic RP mRNAs identified in RNA-seq data-
base. One hundred seventy-nine of them are
grouped in the same cluster. The numbers of
transcripts and the mean value of TE of this
cluster aremarked. Red values correspond to a
high translation efficiency and green values to
a low translation efficiency. wt, Wild type.

1220 Plant Physiol. Vol. 174, 2017

Merret et al.



time points during recovery. We hypothesized that
if preexisting free ribosomal subunits (40S and 60S)
can be reused during recovery, their amount will be
decreased with the concomitant increase of 80S/
polysomes. To test this hypothesis, the area of 40S/60S
and 80S/polysomes were determined for each condi-
tion and normalized according to the respective area for
HS condition. After 30 min recovery, monosomes (the
80S peak) decreased and polysomes increased as com-
pared to the HS situation, suggesting a translation re-
start (Fig. 7A). However, curiously, the amount of
free ribosomal subunits did not change as compared to
HS condition (ratio = 1.08 6 0.03). After 1 h recovery,
polysomes continued to increase and reached a maxi-
mum level while the amount of free ribosomal subunits
remained, again, constant (ratio = 1.146 0.09). After 2 h
recovery, the amount of free ribosomal subunits de-
creased, but the polysomes stopped to increase. These
observations strongly suggest that, up to 1 h recovery,
preexisting free ribosomal subunits could not fully ac-
count for the translation restart and that new ribosomal
subunits must come into play with the synthesis of RPs.
The production of new RPs could result from the

translation of either de novo transcribed mRNAs or
those released from SGs. To discriminate between these
two possibilities, seedlings in the recovery phase were
incubated on liquid medium supplemented or not with
the transcription inhibitor, actinomycin D, to block both
polymerase I and II activities (Bensaude, 2011). After
2 h recovery, polysome profiles were performed. As
shown in Figure 7B, although transcription is blocked,
polysome recovery still took place, suggesting that a
least a portion of new polysomes can be formed with-
out transcription. To prove that new ribosomes can be
formed in the time frame of the recovery period with-
out necessarily mobilizing preexisting, heat-dissociated
ribosomal subunits, a 15N incorporation experiment was
performed after stress. After 15N incorporation and
polysome purification, the 15N amount was determined
for proteins present in the polysomal fractions (essen-
tially composed of ribosomes). These data were com-
pared to a negative control (puromycin treatment) to be
sure that incorporated 15N signal only comes from
proteins associated with polysomes. As shown in Fig-
ure 7C, 15N was detected in polysomes after 2 h re-
covery, suggesting the formation of new ribosomes in

this frame time. The same incorporationwas performed
with actinomycin D treatment (Fig. 7C). Although
transcription is blocked, 15N incorporation was still
detected in polysomes after 2 h recovery.

As ribosome biogenesis needs mature rRNAs pro-
duced by RNA polymerase I, we investigated the effect
of HS on nucleoli architecture. Nucleolus architecture
is highly dependent on the production of a proper
amount of rRNAs. One of the major components of the
nucleolus is the dense fibrillar component that consists
of newly transcribed rRNA.

Fibrillarin is a nucleolar protein known to localize to
the dense fibrillar component, forming ring-like struc-
tures in the nucleolus (Picart and Pontvianne, 2016)
and can be used as a marker of nucleolus integrity
(Pontvianne et al., 2013). Using FIB2-YFP stable line, the
nucleolus status was checked under normal and HS
conditions. As shown in Supplemental Figure S6, A and
B, FIB2 formed ring-like structures both in normal and

Figure 5. Determination of RP mRNA
translation efficiency by qPCR. A and B,
Translation efficiency of the At5g02960
and At3g44010 genes determined by
qPCR. Translation efficiency was de-
termined as the ratio of mRNA quantity
between polysomal and total RNA
values. Values are normalized to ACTIN7
level. n = 3 biological repeats, mean6 SD.

Figure 6. RP mRNAs are associated with UBP1 during HS and released
after stress. A, Western-blot analysis of UBP1a-GFP immunoprecipita-
tion efficiency using GFPantibody. B to E, PCR amplification (30 cycles)
of the At3g44010 (RPS29B), At5g02960 (RPS23B), At1g52300 (RPL37B),
and At5g09810 (ACTIN7) genes after RNA immunoprecipitation
with the 35S-UBP1a-GFP line. Wild-type line was used as a nega-
tive control. 1, Input UBP1a; 2, input wild type; 3, eluate UBP1a; 4,
eluate wild type.
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HS conditions, whereas actinomycin D treatment (that
inhibits polymerase I activity) disrupts FIB2 localiza-
tion (Supplemental Fig. S6C). Thus, HS did not affect
nucleolus architecture, suggesting that RNA polymer-
ase I activity was not significantly affected under this
condition. Altogether, these data suggest that new ri-
bosomes can be formed shortly after HS by mobilizing
stored RP-coding mRNAs.

DISCUSSION

Translation Repression and Storage of RP mRNAs
during Stress

Although conditions leading to SG formation are
now well documented, how specific mRNAs are stored
and released from these aggregates and the functional
consequences of this process remain unclear. Here, us-
ing the hsp101 translation recovery defect, we observed
that 210 of 276 nuclear mRNAs coding for RPs are
preferentially stored under HS and released in the
recovery period in an HSP101-dependent manner.
Translation inhibition of RP mRNAs was already ob-
served for different stresses like hypoxia (Branco-Price
et al., 2008), Suc deprivation (Nicolaï et al., 2006), or
water deficit (Kawaguchi et al., 2004), suggesting that
inhibition of ribosome biogenesis is a conserved stress
response. This dampening of translation during stress
was attributed to energy conservation (Branco-Price
et al., 2008), as ribosome biogenesis is highly ATP
consuming. Recently, it was reported that the associa-
tion of RP mRNAs with UBP1 is enhanced under hy-
poxia (Sorenson and Bailey-Serres, 2014). Our data

suggest that the same phenomenon occurs under HS
(Fig. 6). Thus, it appears that RP mRNAs are transla-
tionally repressed and stored during stress. In yeast, the
same observation was reported under Glc deprivation,
while adding back Glc led to RP mRNAs translation
recovery (Arribere et al., 2011). Interestingly, in this
case, few genes can be reactivated for translation upon
Glc replenishing, and most of them were attributed to
ribosomal protein genes (Arribere et al., 2011). We ob-
served the same mechanism in Arabidopsis under HS,
suggesting a common signaling pathway in regulating
RP mRNAs translation across eukaryotes. In yeast, it
was suggested that hsp104 translational defect is due to
a defect in the release of preinitiation complexes stored
in SG (Cherkasov et al., 2013). Our data go further in
this process and show that the nature of stored mRNAs
could also influence the translation recovery.

How to Coordinate de Novo Ribosome Synthesis
after Stress

We show in this work that new ribosomes can be
formed shortly after HS by mobilizing stored RP-
coding mRNAs. Ribosome biogenesis needs a fine-
tuning between rRNA production mediated by RNA
polymerase I and RP production mediated by RNA
polymerase II. Therefore, an important question is how
to coordinate the timely production of rRNAs and RPs
to assemble new ribosomes shortly after a stress event.
Previously it was reported that, in tomato, the pro-
duction of rRNA primary transcripts is maintained
under HS, while the maturation process is abolished,
leading to the accumulation of primary transcripts in

Figure 7. New ribosomes can be pro-
duced during recovery independently
of 40S and 60S reassembly. A, Poly-
some profiles analysis in wild type after
HS 1 h at 37°C, and after 30 min, 1 h,
and 2 h recovery at 22°C. Polysome
profile analysis was performed three
times on three biological repeats. The
area of 40/60S and 80S/polysomes
were determined for each condition
and normalized according to the re-
spective area for HS condition. Data are
presented below each profile. n = 3 bi-
ological repeats, mean 6 SD. B, Poly-
some recovery after HS on liquid
medium supplemented with actinomy-
cin D. C, 15N incorporation in poly-
somal proteins after 2 h recovery with
or without actinomycin D treatment;
n = 3 biological repeats, mean 6 SD.
Puromycin treatment was used as a
negative control. Values were normal-
ized by 15N natural abundance.
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the nucleolus (Nover et al., 1986). The same observation
was recently proposed also for yeast (Kos-braun et al.,
2017). The authors showed that pre-rRNA continues to
be synthesized upon stress and suggested that contin-
ued transcription of rDNA allows maintenance of nu-
cleolar integrity to rapidly respond to environmental
changes. This result agrees with our observation that
the nucleolus architecture (a proxy of polymerase I
activity) is maintained during HS in Arabidopsis
(Supplemental Fig. S6, A and B). The coordinated con-
trol during the stress of essential molecules needed to
generate new ribosomes (primary rRNA production in
the nucleolus and storage of RP-coding mRNAs in SGs)
could be critical to synchronize ribosome synthesis in
the recovery period. This hypothesis is in agreement
with our data showing that RNA polymerase I and II
activities are not needed to synthesize new ribosomes
early in the recovery period. The rapid restart of
translation, only minutes after stress, could therefore
benefit from the HSP101-dependent release of RP-
coding mRNAs from SGs, which is to be synchro-
nized with the maturation of primary rRNAs in the
nucleolus, leading to new ribosome formation.

Ribosomal Subunits under Stress and during Recovery

The dynamics of ribosomal subunits we observed
during and after the stress support our major conclusion
that RP synthesis with stored mRNAs is needed to re-
sume translation in the recovery period. As shown in our
polysome profiles (Fig. 7A), HS induces a massive dis-
sociation of polysomes and the accumulation of mono-
somes and free 40S and 60S subunits. This is expected, as
the ribosomal subunits released following translation
termination cannot easily reengage in new rounds of
protein synthesis in a stress situation. Early in the re-
covery period, one would expect that the reactivation of
translation will increase the level of polysomes with a
corresponding decrease in monosomes and free subu-
nits. However, this is not what we observed, as the level
of free subunits was stable even 1 h in the recovery pe-
riod, when the polysome level is strongly increased. This
phenomenon suggests that newly synthesized ribosomal
subunits (and not only the preexisting ones), are con-
tributing to the build up of polysome recovery.
Why new ribosomes were produced instead of sal-

vaging the preexisting ones? One possibility is that part
of the preexisting subunits have been damaged or irre-
versibly modified by the stress and cannot be easily
recycled. Indeed, under stress conditions that affect en-
ergy status, alteration of ribosome subunits is one strat-
egy that can preserve cellular energy homeostasis. It was
reported that under stress conditions or after translation
inhibition, modification of ribosomal subunits could
occur through ubiquitination both for 40S and 60S sub-
units (Kraft et al., 2008; Higgins et al., 2015). It was
proposed that this modification not only controls trans-
lational status under stress but also induces the ribosome
degradation pathway, called ribophagy (Kraft et al.,

2008). To evade HS-inducing modifications, the protein
aggregation process was proposed to be a specific and
reversible pathway to maintain protein activity for re-
covery phase (Wallace et al., 2015). This study suggests
that free ribosome subunits may not be able to efficiently
aggregate under HS, making them more sensitive to
modification and/or degradation. This could be physi-
ologically relevant, as the reduction in ribosome abun-
dance was proposed to be a rapid and adaptive stress
response during proteotoxic stress in yeast (Guerra-
Moreno et al., 2015). Ribosomal subunit ubiquitination
can occur rapidly upon stress (after 1 h dithiothreitol
[DTT] for human cells; Higgins et al., 2015), whereas ri-
bosomal subunit cleavage increases only significantly
after 4 h (Kraft et al., 2008). Thus, we postulate that the
same mechanisms could occur during and after HS in
Arabidopsis, and one way to recover from these effects
would be to store RPmRNAs in SG to enhance ribosome
production during recovery phase.

Another challenging question is how RP mRNAs
could be specifically targeted for this massive seques-
tration and release process. A common cis-element
“TAGGGTTT”was previously identify on Arabidopsis
RP mRNAs and was shown to be important in the
context of translation efficiency during photomorpho-
genesis (Liu et al., 2012). However, this cis-element is
also present on RP mRNAs that are apparently not
stored and released following HS. Therefore, it is un-
clear at the moment if this cis-element is involved or
not, and further effort will be needed to determine the
regulators, both cis and trans, required for seques-
trate and release of most RP mRNAs in a heat-stress
situation.

In this study, we identified SG-associated mRNAs
using RNA sequencing approach. According to our
criteria, 210 of 276 nuclear RPmRNAs are stored during
HS and released in the recovery period in an HSP101-
dependent manner (Supplemental Table S4). This al-
lows us to identify the functional role of stored RP
mRNAs for recovery period. Moreover, another GO
term was enriched in our analysis (“protein binding”
GO:0005515). As this term encompasses a large group
of proteins with distinct functions, it is difficult to draw
a model around this term. Nonetheless, we cannot ex-
clude that other mRNAs with specific functions are
stored during HS and also play a role during recovery.

MATERIALS AND METHODS

Growth Conditions

Analyses were carried out with 5- or 7-d-old whole plantlets grown on
synthetic Murashige and Skoogmedium (Duchefa) containing 1% Suc and 0.8%
plant agar at 22°C under a 16-h-light/8-h-dark regime. For HS treatment, plates
were immerged in awater bath at 37°C. For recovery, plates were transferred at
22°C under previous conditions.

Generation of Transgenic Plants

A vector containing pPABP2-tRFP-PABP2 was transformed into wild type
(Col0) byfloral dip transformation.Next, a cross between this line and the hsp101
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mutant (hot1-3; Lee et al., 2005) was realized to obtain pPABP2-tRFP-PABP2 in
the hsp101 background. The expression level of RFP-PAB2 and HSP101 was
confirmed by western-blot analysis. Transgenic lines with levels similar to wild
type were kept for confocal analysis.

Polysome Profile Analysis and Quantification

Polysome profiles were performed as described previously (Merret et al.,
2013). In brief, 400 mg of tissue powder were homogenized with 1.2 mL of lysis
buffer (200 mM Tris-HCl, pH 9.0, 200 mM KCl, 25 mM EGTA, 35 mM MgCl2, 1%
detergent mix [1% Tween 20, 1% Triton, 1% Brij35, and 1% Igepal], 1% sodium
deoxycholate, 1% polyoxyethylene tridecyl ether, 5 mM DTT, 50 mg mL21 cy-
cloheximide, 50 mg mL21 chloramphenicol, and 1% protease inhibitor cocktail
[Sigma-Aldrich]). Crude extract was incubated 10 min on ice. After centrifu-
gation, the supernatant was clarified with a 0.2-mm filter. Three hundred sixty
microliters (=120 mg) of crude extract was loaded on a 15% to 60% Suc gradient
(9 mL). Ultracentrifugation was performed with an SW41 rotor at 38,000 rpm
(;180,000g) for 3 h. Polysome profile analyses were performed with an ISCO
absorbance detector at 254 nm. For normalization and direct comparison of
profiles, the same volume of crude extract was loaded on the Suc gradient for
each condition. For quantification, the percentage of polysomes for each con-
dition was determined using Image J as the ratio between polysomes area and
total area (including 40S, 60S, monosome, and polysome areas).

Confocal Microscopy Analysis and SG Quantification

Confocal microscopywas performed on 5-d-oldwhole seedlings as described in
Merret et al. (2015). For SGmonitoring, at leastfive different roots for each condition
were analyzed. For nucleoli analysis, FIB2-GFP line was used (Pontvianne et al.,
2013). Twenty-five nucleoli were analyzed for each condition on five different
seedlings. SGs were quantified using plug-ins of Fidji (http://fiji.sc/; Schindelin
et al., 2012) on five seedling roots per condition. First, 20 iterations of deconvolution
were applied using Iterative Deconvolve 3D on 15-slide (overlapping) stacks
of 5.46-mm thick. Centre of granules were then counted using 3DObjects Counter
with a threshold of 1000, excluding signal from structures smaller than 50 voxels.

RNA Sequencing

Total RNA extraction was performed by using RNeasy Micro Kit (Qiagen)
according to the manufacturer’s instructions. For polysomal RNA extraction,
fractions corresponding to polysomes were pooled. Two volumes of 8 M gua-
nidium and three volumes of absolute ethanol were added. After overnight
precipitation, centrifugation (16,000g, 45 min, 4°C) was performed. Pellets were
resuspended in RLT buffer (Qiagen). Next, RNA was extracted with RNeasy
Micro Kit. RNA quality was assessed with Agilent 2100 bioanalyzer prior to
RNA sequencing. Libraries preparation was performed with TrueSeq Illumina
kit. Libraries weremultiplexed and sequenced (PE 23150) on an IlluminaHiSeq
2500. For each library, at least 40 million reads were obtained. Reads filtering
and mapping were performed as described in Merret et al. (2015). For each
condition, the mean value of RPKM was determined between replicates.
Transcripts, which did not have at least 1 RPKM in one condition, were re-
moved from the analysis. FC was determined as the ratio between transcript
quantity during HS and normal condition or during recovery and normal
condition. TE was determined as the ratio between transcript quantity in poly-
somal RNA and total RNA. Raw data are reported in Supplemental Table S1.

GO and Heat Map Analysis

The GO analyses were performed with method available at the AgriGO
website (http://bioinfo.cau.edu.cn/agriGO/; Du et al., 2010), with the fol-
lowing parameters: hypergeometric statistical test method, Yekutieli (FDR
under dependency) multitest adjustment method, and a 0.05 significance level.
The heat map was obtained using heatmap.2 function of gplots R package
(https://cran.r-project.org/web/packages/gplots/index.html) using Pearson
distance and an average method for the hierarchical clustering.

qPCR Validation

For qPCR validation, 500 ng of total or polysomal RNA was reverse-
transcribed with SuperScript IV Kit (Life Technology) using oligo dT18. Real-
time PCR was performed in an LC 480 384-well thermocycler. The following

programwas used: 5 min 95°C, 40 cycles of 15 s at 95°C, and 1 min at 60°C. The
PCR mix contained Takyon qPCR master mix (Eurogentec), 500 nM gene-
specific primers, and 1.8 mL cDNA in a total volume of 9 mL. Primer efficien-
cies were determined on standard curves. Primers used in this study are
presented in Supplemental Table S5.

RNA Coimmunoprecipitation

RNA coimmunoprecipitation was performed as described previously using
the UBP1a-GFP line or Col0 line as a negative control (Sorenson and Bailey-
Serres, 2014). In brief, 400 mg of tissue powder were incubated in 3 mL of lysis
buffer (200 mM Tris, pH 9.0, 110 mM potassium acetate, 0.5% Triton X-100, 0.1%
Tween 20, 5 mM DTT, and 1.5% protease inhibitor). Lysate was clarified using
Miracloth (Millipore) layer and centrifuged at 1,500g during 2 min at 4°C, and
1.5mLof crude extractwas incubatedwith 15mLofGFP-trap beads (ChromoTek)
during 1.5 h at 4°C under rotation. Crude extract (0.75 mL) was incubated with
7.5mL of GFP-trap beads for western-blot analysis. Beadswere washedfive times
with 0.75 mL of lysis buffer. For RIP experiments, elution was performed with
200 mL of 8 M guanidium for 5 min on ice and precipitated overnight with 300 mL
of 100% ethanol before RNA extraction as described above. For western blot,
elution was performed by adding 20 mL of Laemmli 23 to beads and incubated
5min at 95°C. Reverse transcriptionwas performedon 10mLof eluate or 500 ngof
input as described above.Onemicroliter of cDNAwas used for PCRamplification
with specific primers (Supplemental Table S5).

15N Incorporation and Elemental Analysis

After heat treatment (as described above), seedlings were transferred in a
liquid medium containing 1 mM KH2PO4, 50 mM FeNaEDTA, 0.5 mM MgCl2,
0.5 mM CaCl2 2H2O, and 10 mM KNO3. For

15N incorporation, KNO3 was
replaced by 99% K15NO3. Incorporation was performed during 2 h recovery.
For transcription inhibition, actinomycin Dwas added to the medium at 0.2 mg
mL21 during recovery. After incorporation, polysomes were extracted as de-
scribed previously. Polysomal proteins were precipitated 6 h at 4°C by adding
two volumes of 100% ethanol. After centrifugation, pellets were dried at 70°C
for 48 h and analyzed for total N content and atom % 15N abundance by
continuous-flow mass spectrometry, using a Euro-EA Elemental Analyzer
(Eurovector SPA) coupled with an IsoPrime mass spectrometer (Isoprime).

Accession Numbers

The accession number for the RNA-seq data reported in this article is NCBI
Bioproject PRJNA345276.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Polysome profiles after 2 h of recovery in wild
type, dlt1-1, hsp101, and dlt1-2.

Supplemental Figure S2. Western-blot analysis of RFP-PABP2 lines.

Supplemental Figure S3. Log2 value of the 3309 mRNAs in control and
after 1 h at 37°C in wild type versus hsp101.

Supplemental Figure S4. GO analysis of mRNAs poorly translated during
HS and affected in translation recovery in hsp101 (2103/3309).

Supplemental Figure S5. Translation efficiency of chloroplastic and mito-
chondrial RP mRNAs in wild type and hsp101 under normal condition,
after 1 h at 37°C, and after 2 h recovery.

Supplemental Figure S6. Heat stress did not affect nucleoli architecture.

Supplemental Table S1. RNA sequencing raw data.

Supplemental Table S2. Transcripts stable and released from translation
during HS in wild type and hsp101 (3309).

Supplemental Table S3. Transcripts affected in translation recovery in
hsp101 (2103).

Supplemental Table S4. Translation efficiency of ribosomal protein
mRNAs.

Supplemental Table S5. Primers used in this study.
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