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Abstract

The circadian clock helps organisms to anticipate and coordinate gene regulatory responses to changes in environmental
stimuli. Under growth limiting temperatures, the time of the day modulates the accumulation of polyadenylated mRNA:s.
In response to heat stress, plants will conserve energy and selectively translate mRNAs. How the clock and/or the time of
the day regulates polyadenylated mRNAs bound by ribosomes in response to heat stress is unknown. In-depth analysis of
Arabidopsis thaliana translating mRNAs found that the time of the day gates the response of approximately one-third of
the circadian-regulated heat-responsive translatome. Specifically, the time of the day and heat stress interact to prioritize
the pool of mRNAs in cue to be translated. For a subset of mRNAs, we observed a stronger gated response during the day,
and preferentially before the peak of expression. We propose previously overlooked transcription factors (TFs) as regulatory
nodes and show that the clock plays a role in the temperature response for select TFs. When the stress was removed, the
redefined priorities for translation recovered within 1 h, though slower recovery was observed for abiotic stress regulators.
Through hierarchical network connections between clock genes and prioritized TFs, our work provides a framework to tar-
get key nodes underlying heat stress tolerance throughout the day.

clock components, CIRCADIAN CLOCK ASSOCIATED1
(CCA1), LATE ELONGATED HYPOCOTYL (LHY), and TIMING

Introduction

Fine-tuning of an organism’s metabolism, growth, and be-
havior in response to daily and seasonal changes in environ-
mental conditions depends heavily on the circadian clock
(Dodd, 2005; McClung, 2006; Nagel and Kay, 2012). When
external cues that synchronize the clock such as tempera-
ture, occur outside the ambient limits, the clock helps
organisms to anticipate and respond to the perceived stress.
For instance, in response to heat stress (>37°C), the
Arabidopsis clock can control the magnitude of change in
transcript abundance based on the time of the day, a phe-
nomenon referred to as gating (Fowler et al, 2005; Hotta
et al, 2007; Wilkins et al, 2010; Blair et al, 2019). The core

OF CAB EXPRESSION1 (TOCT), show differential transcrip-
tional responses to heat stress depending on the time of the
day (Blair et al., 2019). At the post-transcriptional level, clock
genes are alternatively spliced in response to heat stress
(Kwon et al, 2014; Filichkin et al, 2015). In addition, the
clock gene ZEITLUPE (ZTL) plays a functional role in the
post-translational regulation of select proteins in response
to heat stress (Gil et al, 2017). Whether the time of the day
plays a role in the accumulation of alternative spliced iso-
forms or protein degradation remains unclear.

In plants, a lesser understood and critically important level
of regulatory control is the circadian translatome, as this will
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IN A NUTSHELL

Background: The plant circadian clock synchronizes environmental changes with internal biological processes, by
coordinating the timing of expression for genes involved in important regulatory pathways. Understanding how plants
modulate their molecular responses to unpredictable and growth-limiting temperatures (>37°C) depending on the time
of day is a key research goal. The clock dynamically regulates mRNA abundance, and most of our knowledge about
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clock control of gene expression in response to temperature stress has centered around changes at the
transcriptome level. However, little is known about how the clock influences other levels of gene regulation,
specifically translation. Actively translating mRNA dynamics may better inform protein rhythms involved in stress

responses and provide insights on clock regulation.

Question: We wanted to know to what extent heat stress impacts the circadian-regulated translatome in a time-of-

day-dependent context.

Findings: Using Translating Ribosome Affinity Purification (TRAP), we isolated translating polyadenylated mRNAs
and subjected them to deep sequencing in Arabidopsis. TRAP and Total mMRNAs were collected every 3 h over a 24
h circadian period, along with samples collected following 1 h heat stress (~37°C) applied every 3 h, and 1 h, 3 h, and
6 h post-stress. Time of day significantly altered the translatome in response to heat stress. Most of the circadian
translatome recovered within 1 h after removal of the stress. We uncovered putative nodes in the heat stress
response network which included transcription factors (TFs) involved in growth regulation. We compared multiple
levels of regulation, and highlight shared features between plant and animal clocks. We found several similarities,
such as circadian control of the cell cycle and translation initiation, suggesting that beyond the known features shared
between eukaryotic clocks, other aspects of gene regulation may also be conserved.

Next steps: As TFs act as key hubs or gatekeepers in important pathways, the nodes identified are candidate TFs
that can be manipulated to confer tolerance depending on the time of day the stress is applied. Using CRISPR
technology to tweak interactions in the network at different times of the day may contribute to efforts aimed at

generating dynamically stress resilient plants.
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most likely inform the modulation of protein rhythms and
abundance, in response to heat stress. Transcripts corre-
sponding to genes acting in thermoresponsive mechanisms
need to be translated, despite the reduction of polysomes at
high temperatures (Yanglez et al, 2013; Merret et al, 2017).
To manage the accumulation of misfolded proteins under
heat stress, the unfolded protein and heat shock responses
are activated (Richter et al, 2010; Bao and Howell, 2017).
Heat shock factors (HSFs) are rapidly produced to enhance
the synthesis of heat shock proteins (HSPs). An HSF-inde-
pendent pathway involving REVEILLE (RVE) 4 and RVES cir-
cadian-regulated genes has recently been described, and
their dual role in plant thermotolerance has been shown to
be gated by the clock (Li et al, 2019). However, interconnec-
tions between the clock and translational regulation of ther-
motolerance mechanisms remain obscure. With the increase
in the frequencies, intensities, and duration of heat waves
due to climate change, identifying and defining the mecha-
nisms of prioritization for translation in a time-of-day-de-
pendent context is critically important (Sun et al, 2019).

In this study, we investigated the circadian translatome re-
sponsiveness to heat stress in a time-of-day-dependent con-
text. Using translating ribosome affinity purification (TRAP),
we isolated translating polyadenylated mRNAs and subjected
them to deep sequencing in Arabidopsis (Zanetti et al,
2005). We found a statistically significant influence of the
time of the day, including a gated response on the transla-
tome in response to the stress. For core stress regulators
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such as HSPs and DREBs, the time of the day significantly
alters the level of mRNA bound by ribosomes. Furthermore,
following removal of the stress, the majority of the circadian
translatome recovered within 1 h, while others are much
slower. We compared multiple levels (transcriptome, transla-
tome, and proteome) of regulation, which had not been pre-
viously possible and hypothesized a broader role for post-
translational regulation of clock-controlled genes. Moreover,
we uncovered and connected putative nodes in the heat
stress response network, which included TFs involved in
growth regulation (CYCLING DOF FACTORS, CDFs; myeloblas-
tosis-related, MYB-related; and B-box proteins, BBXs), and
showed that a functional clock and the time of the day are
important in regulating their heat response.

Understanding how the priority to access ribosomes
changes depending on the time of the day in response to
heat stress will reveal how organisms coordinately regulate
networks of general and time-specific heat-responsive genes
to optimize fitness.

Results

The specific rhythmicity of the circadian
translatome

We first analyzed the dynamics of the clock-regulated tran-
scriptome and translatome under normal conditions
(Figure 1A). Following 10 days of entrainment (light/dark
cycles), and 2 days in free-running conditions (constant light
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Figure 1 The Arabidopsis circadian transcriptome and translatome. A, Experimental design. B, Simplified circadian clock model showing connec-
tions and timing of expression of the clock components. C, Transcript profiles of circadian clock genes in total mRNAs. Data are from RNA-seq,
and are scaled (means, n = 3). A spline function was used to connect time points. D, Heatmaps of the 8,028 and 10,657 transcripts exhibiting sig-
nificant circadian oscillations in total and TRAP mRNAs, respectively. Data are scaled by row and are ordered by phase (timing of peak of abun-
dance). The color scale represents the normalized transcript level, with yellow and purple representing high and low transcript abundance,
respectively. E, Venn diagram depicting the overlapping circadian transcripts between total and TRAP mRNAEs. F, Selected over-represented GO bi-
ological processes in the list of 6,840 circadian transcripts described in (E). For all enriched terms, see Supplemental Data Set S3. G, Diagram defin-
ing the phase as the time of peak abundance, a phase of 0 and 12 corresponding to a peak abundance occurring at dawn and on the evening,
respectively. H, Circular plots representing the phase distribution of the circadian total and TRAP mRNA:s. |, Histogram showing the phase differ-
ence between total and TRAP mRNA:s for the 6,840 shared circadian transcripts. The dashed brown rectangle highlights circadian transcripts hav-
ing a phase difference of 1.5 h or less between the two mRNA populations, which correspond to 88% of the shared transcripts. In A-C, G-H, gray
areas represent the subjective night.

and temperature at 22°C, days 11-12), seedlings were col-  on day 13 (Figure 1A). Total mRNAs and ribosome-associ-
lected every 3 h during a complete 24 h time course (ZT48, ated (TRAP) mRNAs were extracted from seedlings and
beginning of the light, to ZT72, end of the subjective night) = mRNA-Seq and TRAP-Seq were performed, respectively
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(Supplemental Data Set S1). For TRAP, we used an
Arabidopsis line containing N-termini His-FLAG epitope
tagged RPL18 driven by the 35S promoter, Pro35S:HF-RPL18
(Zanetti et al, 2005). To analyze circadian oscillations, a ro-
bust analysis of rhythmic expression was performed using
the integrated R package Metacycle (Supplemental Figure S1
and Supplemental Data Set S2). Clock components that are
expressed from morning to evening, exhibited oscillations at
the expected times of the day (Figure 1, B and G
Supplemental Figure S2; Mockler et al, 2007, Hsu and
Harmer, 2012; Romanowski et al, 2020). At the genome
scale, this analysis identified 8,028 cycling transcripts in total
mRNAs, consistent with previous data sets that were
obtained in similar conditions, and with conserved calculated
phases (Figure 1D; Supplemental Figures S1 and S2 and
Supplemental Data Set S2; Mockler et al, 2007, Hsu and
Harmer, 2012; Romanowski et al, 2020). At the translatome
level (TRAP mRNAs), 10,657 transcripts exhibited circadian
oscillations including 64% shared with the cycling transcrip-
tome, corresponding to genes involved in photosynthesis and
response to stimuli, among other processes (Figure 1, D-F;
Supplemental Data Set S3). Circadian transcripts peaked at
multiple times during the day, including 12% and 11% peak-
ing at dawn in total and TRAP mRNAs, respectively (i.e. phase
0, Figure 1, G and H). A phase comparison between the two
mRNA populations revealed a high conservation of the timing
of oscillations between the circadian transcriptome and trans-
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From the 3,817 TRAP-specific cycling transcripts
(Figure 1E), 667 (17%) were not detected in previous circa-
dian transcriptomes and suggest specific control of rhythmic-
ity at the translatome level (Figure 2, A and B). The clock
control of mMRNA ribosome loading over the diel cycle and
the proteome rhythmicity have been previously reported in
Arabidopsis (Missra et al, 2015; Krahmer et al, 2019). Genes
exhibiting oscillations from the mRNA to protein level are
mainly involved in clock-regulated processes such as photo-
synthesis, response to abiotic stimulus, and metabolism-re-
lated processes (Supplemental Data Set S3). In addition,
several components of the translation initiation complex also
show circadian regulation across these three levels of regula-
tion. Though we found a significant overlap between our cir-
cadian transcriptome and translatome and these two data
sets, rhythmicity of the 667 TRAP-specific circadian mRNAs
is specifically observed in our study (Figure 2A; Supplemental
Figure S3). In this context, assessing the circadian translatome
provides a powerful and comprehensive method to distin-
guish between post-transcriptional and translational control.
Interestingly, an over-representation of cell cycle genes within
the 667 TRAP-specific cycling transcripts supports previous
findings of the translational control of mitotic genes and the
common rhythmicity of the circadian clock and the cell cycle
machinery (Figure 2, C and D; Hunt and Sassone-Corsi, 2007;
Tanenbaum et al, 2015). Technical limitations of proteomic
methods to detect low abundant proteins and those in-

latome (88% with a phase difference <1.5 h; Figure 11). volved in specific processes could contribute to an
A Transcript D
prome Translatome Proteome Total mRNAs || TRAP mRNAs |
N\ TN Sesese CONDENSIN COMPLEX SUBUNIT 1
DIURNAL datasets )
Hsu and Harmer (2012) Rhythmic
Romanowski et al. ( 2020) Circadian proteome __ 50
(20222) TRAP mRNAs (Krahmer ]
m (10657) etal, 2019) E asl
9846 @ 3
o
é; &) T P S | R
517/ o CYCLIN B2-2
Diel translatome E
C'fcad'apgg°2‘g;mRNAS | (Missra et al., 2015) s
(1548) 2 45+
specific ';g 40+
5 Biological Process Nugrggg;m Enl’!i:.'.‘?'lll":ll'lent FDR -_é_ WL T TN S T e S W T J ISR T
3] o
Mitotic cell cycle 15 4.01 3.43E-02 a CYCLIN B1-2
process (G0:1903047) . ’ g
itoti 55
?gtg&%%llz%?e 17 378 3.78E-02
5.0
fgg%”g’égfg;e“ 22 284  4.51E-02
. B N T TN TN 5 (S (T 0 O O O O ) [
38 5460 66 72 48 54 60 66 72 ?gg%”gg;mg] 23 273 4.01E-02 48 54 60 66 7248 54 60 66 72

Time of day (ZT)

Time of day (ZT)

Figure 2 Identification of translatome-specific circadian transcripts. A, Venn diagrams showing the overlapping circadian transcripts identified in
DIURNAL data sets (Mockler et al., 2007, Hsu and Harmer 2012; Romanowski et al,, 2020), and the circadian total and TRAP mRNAs identified in
Figure 1D; and the overlaps between the 667 TRAP-specific circadian transcripts and a diel translatome (Missra et al., 2015) and rhythmic prote-
ome data sets (Krahmer et al,, 2019). Red font and red shading highlight the 667 TRAP-specific circadian transcripts. Additional comparisons are
shown in Supplemental Figure S3. B and C, Heatmap (B) and over-represented GO biological processes (C) of the 667 TRAP-specific circadian
transcripts. In (B), data are scaled by row and ordered by phase. The color scale represents the normalized transcript level, with yellow and purple
representing high and low transcript abundance, respectively. D, Transcript profiles of selected TRAP-specific circadian genes involved in the cell
cycle (means = sp, n = 3). Grey areas represent the subjective night. All panels correspond to data obtained at 22°C
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Figure 3 Heat stress regulates circadian genes at both transcriptional and translational levels. A, Experimental design. B, Venn diagram depicting
the overlapping circadian DRGs between total and TRAP mRNAs. C, Selected enriched biological processes in the sets of upregulated and downre-
gulated circadian DRGs. For all enriched terms, see Supplemental Data Set S3. D, Principal component analysis (PCA) of the 5,445 circadian DRGs.
PC1 and PC2 separate temperatures and mRNA populations, respectively, and PC3 and PC4 separate times of the day. Gray lines link times of the
day, from early morning to late night. E, Bar plots representing numbers of DRGs in Total and TRAP mRNAs at the different times of the day (up-
per plots), and numbers of DRGs responding to heat stress at a single time of day (1) to all times of day (8) and either specifically in total or TRAP
mRNAs, or both (lower plots). F, Transcript abundance of major circadian clock genes, HSP90-3 and PIP2,3, in total and TRAP mRNAs (means =
sp, n = 3). Stars above the plots indicate a significant difference between measurements taken at 37°C and 22°C (FDR <0.05 and log, fold change

> |1|). In (A) and (F), gray areas represent the subjective night

underestimation of what is rhythmic at the protein level. It
can therefore be inferred that future circadian proteomic
data sets will provide further resolution on clock control at
these different levels of gene regulation (Patole and
Bindschedler, 2019).

The circadian transcriptome and translatome uncover
different magnitudes of response to heat stress

To next dissect how the clock- and circadian-controlled
genes are coordinately regulated by heat stress during the
day at the translatome level in plants, we examined the

response of polyadenylated mRNAs bound by ribosomes at
different times of the day in Arabidopsis. When performing
the 24 h time course described in Figure 1, a 1-h heat stress
at 37°C was applied on different sets of seedlings every 3 h
during the 24 h time course (ZT48, beginning of the light,
to ZT69, 3 h before the end of the subjective night,
Figure 3A). Total (mRNA-Seq) and ribosome-associated
(TRAP-Seq) mRNAs were analyzed from stressed (37°C)
seedlings and data were compared to the control condition
(22°C, Figure 3A; Supplemental Figure S4). In response to
heat stress, 3,289 and 4,524 circadian transcripts were
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differentially accumulated at one or multiple times of the
day in total and TRAP mRNAs, respectively, corresponding
to 5445 circadian differentially regulated genes (DRGs;
Figure 3B; Supplemental Data Set S4). Processes such as pro-
tein folding responses to light, abiotic stimulus, heat, and
water deprivation were activated, while metabolic processes
and response to biotic stresses were downregulated,
highlighting the critical role of abiotic stress-related genes
for plant thermotolerance under heat stress (Figure 3G
Supplemental Data Set S3).

Multidimensional analysis showed that temperature, the
time of the day, and mRNA population contributed to the
variations in transcript abundance of circadian DRGs
(Figure 3D). Interestingly, the number of circadian DRGs
remained constant throughout the day (Figure 3E). At first
glance, clock gene profiles revealed consistent responses
throughout the day at both transcriptome and translatome
levels, with CCA1, PRR7, and PRR9 upregulated and LHY
downregulated, which we also validated by quantitative re-
verse transcription polymerase chain reaction (RT-qPCR)
(Figure 3F; Supplemental Figure S5). However, TOC1, a core
component of the plant clock showed a specific downregu-
lation in TRAP mRNAs, possibly reflecting an increase in
unproductive transcripts that are then targeted by nonsense
mediated decay (Figure 3F; Supplemental Figure S5 Kwon
et al, 2014). In addition, comparing the lists of upregulated
and downregulated DRGs in total and TRAP mRNAs
revealed that genes specifically responding to heat stress at
a single time point are specific to the transcriptome or the
translatome (Figure 3E). However, comparing lists of DRGs
obtained from multiple pairwise comparisons may lead to
misinterpretation as the results are highly dependent on the
thresholds used in this study to define DRGs (i.e. false dis-
covery rate [FDR] and log, fold change cutoffs). For exam-
ple, LHY was significantly downregulated in TRAP mRNAs at
ZT54 but showed an obvious downregulation under heat
stress at most time points (Figure 3F). To statistically com-
pare the responses observed at the transcriptome and trans-
latome levels, a statistical analysis considering the whole
data set and looking at the interaction between the effects
of temperature and mRNA population was performed
(Supplemental Figure S6A). This analysis revealed that 41%
of the circadian DRGs including CCA1, PRR7, and PRR9
showed significant changes in magnitude of response to
heat stress between transcriptome and translatome levels,
despite strong correlations between the two mRNA popula-
tions (Supplemental Figure S6, A—C and Supplemental Data
Set S4). We speculate that a reduced response at the trans-
latome versus transcriptome level suggests potential mRNA
decay or sequestration in stress granules and processing
bodies (Supplemental Figure S6D; Merret et al, 2015
Chantarachot and Bailey-Serres, 2018). The presence of
Upstream Open Reading Frames (UORFs) in this category of
DRGs might correlate with the decrease in translation effi-
ciency under heat stress (Supplemental Figure S6, E and F).
Conversely, genes involved in water transport and several
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heat shock proteins such as PIP2,3 and HSP90-3, respectively,
showed a greater upregulation at the translatome level
(Figure 3F). Differences in the magnitude of response be-
tween the two mRNA populations mirror the changes in
preference for translation under heat stress.

Timing of peak expression for circadian translating
mRNAs in response to heat stress

As heat mostly occurs during the early afternoon in natural
conditions, many heat-responsive genes were assumed to be
expressed around that time. In fact, 79% of the upregulated
TRAP DRGs including Gl significantly responded when heat
stress occurred before or after but not during the peak of
transcript abundance (Figure 4A; Supplemental Figure S7).
To confirm this observation, we compared the proportions
of phases associated with each list of DRGs (obtained at the
different times of the day) to the proportions of phases
identified in all circadian genes (Figure 4B). These phase en-
richment analyses were performed at the translatome and
transcriptome levels (Figure 4C and Supplemental Figure S8,
respectively; Supplemental Data Set S5). For example, when
a heat stress was applied at ZT48 (early morning), an over-
representation of genes oscillating from midday to the eve-
ning was observed within upregulated TRAP DRGs (i.e.
phases 6, 10.5, and 12 were significantly enriched, Figure 4C).
This analysis revealed that genes with expression peaking
during the day were not preferentially upregulated when
heat stress occurred at that time, but rather when it oc-
curred at night (Figure 4G Supplemental Figure S8). In
downregulated DRGs, late night and morning expressed
DRGs were always overrepresented (Figure 4G Supplemental
Figure S8). In addition, a high proportion (43%) of the
downregulated DRGs showed a significant downregulation
during the mRNA peak accumulation (i.e. phase), as ob-
served for defense response-related genes, such as CCG-
BINDING PROTEIN 1 (CBPT; Figure 4A; Supplemental Figure
S7). Taken together, these results suggest that priorities for
transcription and translation are redefined under heat stress.
When the stress occurs during their lowest expression (i.e.
trough), genes acting in the heat response are selectively
transcribed and translated, while genes peaking (highest) at
that time of the day but not directly involved in the stress
response are not. It is also possible that a shift in the timing
of peak transcript abundance as a result of the acute heat
stress occurred for a significant proportion of circadian
DRGs (Gil et al,, 2017).

Time of the day influences translating circadian
mRNAs under heat stress

To determine whether there is a preference for which
mMRNAs are cued to be translated, and if the heat stress re-
sponse is also gated (i.e. time-of-day-specific changes in mag-
nitude), we compared the response of DRGs at the different
times of the day. First, general heat-responsive genes (i.e.
upregulated or downregulated throughout the day)
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with a similar response to heat at all times of the day

accounted for 24%-26% and 37%-41% of the downregu-
lated and upregulated circadian DRGs, respectively, depend-
ing on the mRNA population (Figure 4D). These DRGs
included 179 TFs of diverse families such as HSF, PLATZ,
Pseudo, bZIP, C2C2-DOF (upregulated), and ARF, HMG, TCP
(downregulated; Supplemental Figure S9 and Supplemental
Data Set S6). When only considering the nature of the re-
sponse (higher or lower transcript level at 37°C versus
22°C), up to 90% of the DRGs were similarly impacted by
heat stress (Figure 4D), suggesting that the time of the day
significantly influenced the magnitude of changes in tran-
script abundance, as observed for clock genes (Figure 3F).
To test this hypothesis, a robust statistical analysis looking
at the interaction between the effects of temperature and
the time of the day was performed from data obtained in
all conditions and in both mRNA populations. This revealed

that 1614 (36%) circadian TRAP DRGs showed different
magnitudes of response based on the time of the day
(Figure 5A; Supplemental Data Set S7). In other words, the
time of the day gated the heat stress response of these
DRGs. Similar proportions were obtained with circadian to-
tal DRGs (40%, Supplemental Data Set S7). These genes in-
cluded all described clock genes except LHY.

To identify groups of transcripts with the highest versus
lowest priorities to access ribosomes under heat stress, we
focused on genes always upregulated or downregulated
when a heat stress occurs, and whose response is or is not
gated by the time of the day (Figure 5A). Interestingly, 27%
(435 of 1614) of the gated TRAP DRGs are always upregu-
lated under heat stress, such as DREB2B and TIP2 (Group 3,
Figure 5A). In comparison, 288 (of 2,910, 10%) TRAP DRGs
were always upregulated but their response to heat stress is
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not gated by the time of the day, such as HSFB4 and a
PLATZ TF (group 1, Figure 5A). This result suggests that
most general heat-responsive genes may need to be trans-
lated to a certain level when a heat stress occurs, whether
during the day or at night. In addition, group 3 contained
significant proportions of transcripts peaking in the midday
and evening that potentially regulate heat responses, with
functions related to protein refolding and water transport
(Figure 5A; Supplemental Table S1). Conversely, group 4
contained highly downregulated DRGs, exhibiting oscillations
at dawn and including a significant proportion involved in
metabolic-related processes such as ECI3 (Figure 5A;
Supplemental Table S1). It is worth noting that even though
groups 1 and 2 did not exhibit changes in the magnitude of
response to heat stress, the time of the day influenced the

transcript accumulation of these DRGs at 37°C, as it fol-
lowed the oscillations observed at 22°C (Figure 5A).

We defined an order of priority to access ribosomes un-
der heat stress based on the generated groups (Figure 5B).
Groups 3 and 1 contain transcripts highly prioritized
throughout the day, whereas transcripts in groups 4 and
2 showed the opposite responses, respectively, and there-
fore have the lowest priority to access ribosomes under
heat (Figure 5B). Between these two categories, other
TRAP DRGs that were not classified in groups 1-4 dis-
played smaller changes in priorities to associate with ribo-
somes under heat stress as compared to control
conditions. These other genes were significant at more
specific times of the day (Supplemental Data Set S7).
Even though these genes were not described in detail
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here, they may also play a significant role in the plant
temperature responses.

We further investigated the influence of day (light) versus
night (dark) on the gating response, by performing a similar
statistical analysis as described above during the day (ZT51-
ZT57) and night (ZT63-2T69). We showed that the time of
the day preferentially gates the response of circadian TRAP
mRNAs during the light period as compared to the dark
(Supplemental Figure S10). An overrepresentation of genes
peaking in the evening has been observed in day-specific
gated DRGs, while night-specific gated DRGs peaked in the
early morning (Supplemental Figure S10). This result sug-
gests that the gating response occurs before the transcript
peak abundance, rather than after. Interestingly, the GO
term “circadian rhythm” was specifically enriched in DRGs
that are specifically gated during the day, while
“photosynthesis/light harvesting in photosystem |” was spe-
cifically enriched in genes gated at night (Supplemental
Figure S10). These observations support the anticipatory role
of the clock, and that the dynamic regulation of translation
by the time of the day is critical for temporal coordination
of key biological processes to environmental stimuli. These
results provide comprehensive insights of how the time of
the day influences translating mRNAs in response to a stress.

The clock regulates the gating response of heat-
responsive TFs
As TFs are key regulators of abiotic stress-responsive genes,
they represent interesting targets for crop improvement.
From the 52 TFs identified in group 3 with the highest pri-
ority to access ribosomes, 29 were previously identified as di-
rect targets of clock genes in ChIP-Seq analyses (Figure 6A;
Supplemental Figure S11 and Supplemental Table S1). These
TFs include regulators of photomorphogenesis (BBX18,
BBX22, BBX24, PIF4, PIF7), response to water deprivation
(DREB2A, DREB2B, RAP2-4, MYB44, HDT3), and salt stress
(ZAT12, BBX24, RAP2-4, MYB44, HDT3, BT4). The high induc-
tion of major and well-characterized TFs such as dehydra-
tion-responsive genes DREB2A and DREB2B strongly support
the prime role of this subgroup of genes in the heat stress
response, primarily during the day period. In fact, integrating
these TFs in a larger network of clock-controlled TFs high-
lights the dominance of morning to evening oscillating
genes, but also the connection with TFs expressed at night,
suggesting a coordinated role of the clock and these regula-
tors throughout the day to respond to heat stress
(Figure 6B). In addition, our analysis implicates the CDF,
Myb-related, and BBX TF families as important regulatory
hubs or new nodes in the heat stress response pathways. As
their function in growth-related processes has been best de-
fined, we speculate that the members of these TF families
might modulate the dynamics of growth in response to
heat stress depending on the time of the day.

To determine the influence of the clock in the heat stress
response, we analyzed using RT-qPCR in WT (Pro35:HF-
RPL18) and ccal lhy/Pro35:HF-RPL18 seedlings the transcript

T. Bonnot and D. H. Nagel

abundance of two highly induced TFs, CDF1, expressed in
the morning and involved in the control of photoperiodic
flowering, and the Myb-related TRFL3, expressed in the eve-
ning and with a putative function in genome stability
(Figure 7, A and B; Supplemental Figure S12). Because the
ccal lhy double mutant exhibits a short period, we did not
specifically compare the heat stress responses between geno-
types. When considering only a single time point, changes in
transcript abundance in response to heat stress were com-
pared within each genotype. Overall, the upregulation of
CDF6 and TRFL3 in both genotypes in response to heat
stress is consistent with the data observed in the total and
TRAP-seq analysis (Figure 7, A and B). However, to further
analyze the influence of the clock mutation on the tempera-
ture response of these selected TFs at more than one time
point, we performed a multiway ANOVA, to assess the influ-
ence of temperature, the time of the day, genotype, mRNA
population, and the interaction between these factors
(Figure 7, B and G Supplemental Table S2). The observed
significance of the temperature effect confirms the results
observed in the RNA-Seq data sets (Figure 7C). For both
genes, a significant interaction between the effects of geno-
type and the time of the day has been observed, possibly
reflecting the shorter period in the ccal lhy/Pro35:HF-RPL1S,
and consequently a change in the timing of peak expression.
However, for CDF1, the significant interaction between tem-
perature and genotype is not dependent on the time of the
day (Figure 7C). Tukey's honestly significant difference
(HSD) tests were performed to compare levels of the inter-
action Temperature: Genotype for CDF1 and revealed three
distinct groups (A, B, and C; Figure 7B). In the clock mutant,
the temperature response of CDF1 is significantly greater as
compared to the response observed in WT, suggesting a re-
pressive role of the clock on the heat stress response of
CDF1. For TRFL3, a significant interaction between the
effects of temperature, genotype, and the time of the day
was determined (Temperature: Genotype: Time; Figure 7C).
Tukey’s HSD tests showed that the temperature response of
TRFL3 was significantly greater at night versus during the day
in WT, and that the clock mutation significantly decreased
the temperature response at night (Figure 7, B and C).

Priorities for translation are quickly redefined
following heat stress

Following heat stress, cells need to quickly readjust their ri-
bosome pool (Merret et al, 2017; Zhang et al., 2017). To as-
sess how priorities to access ribosomes change if a heat
stress occurred in the middle of the day (ZT53 to ZT54), we
analyzed the translatome after heat stress (ZT54, 0 h of re-
covery) and at 1, 3, and 6 h of recovery (ZT55, ZT57 and
ZT60, respectively; Figure 8A; Supplemental Data Sets S8
and S9). Most (71%) circadian DRGs recovered within 1 h
and showed no significant changes during the plant recov-
ery, in both total and TRAP mRNAs (Figure 8, B and G
groups A and B). At the translatome level, 21 of the 29
(72%) TFs highlighted in Figure 6A recovered within 1 h,
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Figure 7 Influence of the circadian clock on the heat stress response of selected TFs. A and B, Transcript levels of selected heat-responsive TFs
measured by RNA-Seq (A) and RT-qPCR (B; means = sp, n=3). In (A), stars above the plots indicate a significant difference between measure-
ments taken at 37°C and 22°C (FDR < 0.05 and log, fold change > |1]). In (B), transcript levels were measured in the WT (Pro35S:HF-RPL18) and
clock mutant (ccal lhy/Pro35S:HF-RPL18). In (A) and (B), gray areas represent the subjective night. C, Multivariate analysis of variance of transcript
abundance of selected TFs quantified in (B). Statistical significance (P < 0.05) is indicated in bold and green (see Supplemental Table S2 for the
full table of results). Tukey’s HSD tests were performed to compare group levels for the significant sources of variation revealed by the multivariate
analysis. To show the influence of the genotype on the temperature responses of the two selected TFs, letters were assigned to group levels signifi-
cantly different based on Tukey's HSD tests, for the interactions Temperature: Genotype (CDF1; A, B, C) and Temperature: Genotype: Time
(TRFL3; a, b, c). For example, for CDF1, group levels for the significant interaction “Temperature: Genotype” were WT 22°C; WT 37°G; ccal lhy
22°C and ccal lhy 37°C. Tukey tests showed that ccallhy 37°C group A was significantly higher than WT 37°C group B. These two group levels
corresponding to heat stress data were significantly higher than group levels corresponding to data obtained at 22°C (WT 22°C and ccal lhy
22°C, group C). Within each group level (e.g. WT 22°C), all times of the day and both mRNA populations were considered
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Figure 8 Recovery of the circadian translatome following a heat stress. A, Experimental design of the recovery experiment. B, Numbers of DRGs af-
ter heat stress (0 h of recovery) and at 1, 3, and 6 h of recovery. C, Clustering analysis of the 2,824 TRAP circadian DRGs identified in the recovery
experiment. The number of transcripts by group is indicated in parentheses. Clock genes and selected TFs are indicated in the corresponding
group. On each cluster plot, the black dashed line represents a log, fold change = 0 (i.e. no change between measurements taken at 37°C and at
22°C), the black solid line represents the mean and the gray shading represents the sb. D, Heatmap of selected TFs during recovery. The 29 se-
lected TFs showed high priority to access ribosomes under heat stress (group 3, Figure 5A) and were identified as direct targets of clock proteins
in published ChIP-Seq analyses (Figure 6A). These TFs were classified in groups B, D, or F in (C). Stars indicate significant differences between the
recovery and control conditions. In (C) and (D), color scales represent log, fold change values (Recovery versus Control)

including DREB2A and DREB2B (Figure 8D). However, no
clear connection can be made between the speed of re-
covery and the levels of priority to access ribosomes
that were defined above. In addition, seven of the 29
(24%) selected TFs including CDF1 were downregulated
at one or multiple times during the plant recovery
(Figure 8D). This demonstrates that plants quickly rede-
fined priorities for translation to survive rapid changes
in their environmental conditions (Merret et al, 2017;
Zhang et al, 2017; Crisp et al, 2017). This result also
suggests that the vast majority of the 29 highly priori-
tized regulators play a role in the prime response to
heat stress. Slower recovery profiles were also observed

for groups C and D, which include protein folding genes
and also TRFL3 that was still upregulated at 1 h of re-
covery (Figure 8, C and D; Supplemental Table S1).
Together with DRGs exhibiting specific responses during
the recovery but not during heat stress (groups G and
H; Figure 8C), these genes may be involved in establish-
ing heat stress memory and may be important for plant
survival during growth resumption (group D; Figure 8, C
and D; Supplemental Table S1; Forestan et al, 2020).
Differential regulation of CCA71, LHY, and PRR9 during
recovery also suggests readjustments of the clock and
clock-controlled  processes  following  heat  stress
(Supplemental Figure S13).
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Discussion

In planta protein detection of rhythmic TFs including clock
genes is often challenged by their low abundance. Actively
translating mRNAs can therefore provide a robust model to
infer functional proteins that are indispensable to the heat
stress response depending on the time of the day (Patole
and Bindschedler, 2019). We have presented a robust and
comprehensive analysis that reveals how the time of the
day contributes to the heat stress response for the circadian
translatome in plants. In addition to putative regulators,
DRGs characterized through previous transcriptome or tar-
geted approaches to be involved in the heat stress response
pathway, controlled by the circadian clock, and exhibiting a
gated response are reinforced at the translatome level.

Our transcriptome analysis revealed that ~30% of the
transcripts showed circadian oscillations when plants are
transferred to free-running conditions, suggesting that the
corresponding genes are regulated by the clock, and these
observations correspond to previously published data sets
(Mockler et al, 2007; Hsu and Harmer, 2012; Romanowski
et al, 2020). However, the circadian translatome analysis
showed that this proportion of transcripts is even higher at
this level of regulation (~40% of the translatome). Both the
time of the day and the clock therefore highly influence the
mMRNA-ribosome associations (Supplemental Figure S14).
Interesting similarities between our data and animal clocks
were observed. We identified ~36% of transcripts that are
only rhythmic at the translatome level in our study, includ-
ing a notable proportion even when comparing to several
other publicly available data sets. This phenomenon is also
conserved in mammalian and Neurospora clocks, where a
significant proportion of the rhythmic translatome or prote-
ome is thought to result from nonrhythmic mRNAs (Reddy
et al, 2006; Robles et al, 2014; Mauvoisin et al,, 2014; Hurley
et al, 2018). Clock regulation of selected genes only at the
translation level in both plant and animal systems, implies
an intriguing possibility for the existence of a conserved cir-
cadian mechanism. However, experiments to dissect the
functional relevance of this shared circadian discordance of
gene regulation are needed. Furthermore, within the subset
of circadian-regulated translatome-specific transcripts, cell
cycle genes are overrepresented. In mammals, several impor-
tant cell cycle genes are regulated in a circadian manner
(Hunt and Sassone-Corsi, 2007; Sahar and Sassone-Corsi,
2009). These observations support the proposed hypothesis
for the evolutionary conservation between the regulatory
machinery that controls the clock and cell division, a feature
that may be shared among eukaryotic clocks. We also found
that the expression of several translation initiation factors is
circadian regulated across all levels of gene regulation.
Rhythmic expression of translation initiation factors has
been documented in both Neurospora and mammals, fur-
ther reinforcing that clock control of the translation regula-
tory mechanism is a conserved circadian property (Jouffe
et al, 2013; Cao et al, 2013; Hurley et al, 2018; Karki et al,
2020).

T. Bonnot and D. H. Nagel

Under heat stress, priorities of circadian and non-circadian
mRNAs to bind ribosomes are highly perturbed (Figure 3).
For circadian genes, the heat stress response was highly de-
pendent on the time of the day, and this gating phenome-
non was related to the transcript phase (Figure 5). Altering
the clock also disturbed the temperature response of se-
lected TFs (Figure 7). Together, we concluded that heat
stress, daytime, the clock, and interactions between the dif-
ferent factors were therefore the main contributors to the
changes in transcript-ribosome associations (Supplemental
Figure S14). We postulate that this gating phenomenon is
not restricted to circadian genes and would be observed for
a high proportion of genes with diurnal or perhaps non-
rhythmic expression patterns in natural conditions. The tim-
ing of recovery is also an important parameter to consider
when trying to understand how the cell prioritizes mRNAs
in cue to be translated. While priorities for translation rap-
idly recovered following heat stress, slower recovery profiles,
and specific responses observed during the few hours suc-
ceeding the stress reflect another level in the hierarchy for
translation (Figure 8). Analyzing how quickly (minutes or
hours) the plants respond to heat stress, as previously per-
formed at the transcriptome level, also provides important
information to study the dynamics of the cellular response
to stress (Li et al, 2019). In future experiments, simulating a
heatwave happening during the day or night in natural con-
ditions for Arabidopsis or other crops and analyzing the dy-
namics of the translatome response during and after the
wave would be particularly useful to visualize how the tim-
ing and duration of translation of clock-controlled genes are
adjusted (e.g. phase-shift phenomenon).

We identified highly responsive TFs, which to the best of
our knowledge were not previously characterized to be in-
volved in heat stress responses and linked these genes as
key nodes in the regulation of plant thermotolerance
(Figure 6). Similar to the well-described regulatory hubs
DREBs and HSFs, the TFs identified here are also involved in
other environmental stress responses, implicating these reg-
ulators as critical hubs to coordinate external signals with
endogenous growth and developmental processes through-
out the 24-h period (Ohama et al., 2017). For example, CDFs
were initially characterized by their cycling expression and as
important regulators of the photoperiod flowering pathway
(Imaizumi et al, 2005; Fornara et al, 2009). Subsequently,
CDFs have been shown to play a role in other growth, devel-
opment, and metabolic processes, and abiotic stress
responses in plants (Le Hir and Bellini, 2013; Fornara et al,
2015; Yanagisawa, 2016; Xu and Dai, 2016; Renau-Morata
et al, 2017; Corrales et al, 2017). The Arabidopsis CDF3 is
the best-characterized linking growth and plant thermotoler-
ance in response to cold stress (Corrales et al, 2017). Of the
six Arabidopsis CDFs (CDF1-6), CDF1, CDF2, and CDF5 are
upregulated in response to heat stress at the transcriptome
and translatome levels at all timepoints, CDF3 is upregulated
only at night in both mRNA pools, while CDF4 and CDF6
are not differentially regulated. These observations suggest
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that while CDF3 is important for coordinating growth and
cold responses, CDF1, CDF2, and CDF5 may be critical for
the survival and tolerance to heat stress. Similarly, members
of the MYB-like RVE TF subfamily, which encode RVE1-8
and are either central oscillator components or outputs of
the clock, also show specific responses to heat stress (Gray
et al, 2017). RVE4 and RVE8 have previously been shown to
be important for plant heat tolerance and in a time-of-day-
dependent context (Li et al, 2019). The rve4 rve8 double
mutant shows decreased survival to heat stress when ap-
plied in the midmorning (Li et al, 2019). In our study, RVET,
RVE2, RVE4, RVES, and RVE7 are significantly upregulated in
total and TRAP mRNAs, with RVE7 showing the highest ac-
cumulation of transcripts at both levels (Supplemental
Figure S11). For RVES, we did not observe differential regula-
tion or any significant change at the translatome level. We
therefore speculate that the translation of other RVEs
mRNA:s is prioritized and may be more important for a lon-
ger duration (>30 min) of heat stress. Many of the TFs dis-
cussed in this study belong to large gene families. However,
by analyzing the translational change for all members within
a subfamily, we can detect subfamily-specific heat responses,
as mentioned above for the CDF1-6 and eight RVE1-8 and
observed for selected BBXs and Myb-like TRFLs
(Karamysheva et al,, 2004; Khanna et al, 2009). Furthermore,
we propose that integrating a time dimension in regulatory
stress networks may also be a powerful strategy to identify
co-regulated and/or co-expressed genes acting in the same
biological pathway.

In summary, the identification of orthologous TF nodes in
crops, and characterization at the translatome and prote-
ome levels in response to heat stress will help to compre-
hensively define the regulatory mechanisms of plant
thermotolerance. Genetic manipulation of these TFs will
help to guide studies aimed at balancing and improving
beneficial growth-related traits in response to environmental
stress.

Materials and methods

Plant materials and growth conditions

The previously reported Arabidopsis (Arabidopsis thaliana)
Pro35S:HF-RPL18 line (Zanetti et al, 2005) was used as the
wild-type (WT) in TRAP experiments. The ccal lhy/
Pro35S:HF-RPL18 was generated by crossing the ccal-1 lhy-20
double mutant into the Pro35S:HF-RPL18 background (Blair
et al, 2019). Seeds were surface sterilized and were stratified
at 4°C for 3 days in the dark. Seedlings were grown in
square petri dishes on filter paper placed on Murashige and
Skoog medium supplemented with 1.5% (w/v) sucrose.
Plates were randomly arranged in the growth chamber and
seedlings were grown for 10 days in 12-h white light (F17T8/
TL841 Fluorescent Tube, ~130 pE-m s~ ') and 12-h dark
cycles at constant 22°C temperature. On day 11, plants
were transferred to constant light and light intensity was
reduced to 80-100 LE-m s~ to limit oxidative stress.
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The time of the day is referred to as Zeitgeber time (ZT),
i.e. ZT48 and ZT60, corresponding to the beginning of the
light and subjective night periods on day 13, respectively.
On day 13, a 1-h heat stress (37°C) that does not alter
Arabidopsis development (Supplemental Figure S4) was ap-
plied to the seedlings (i.e. ZT47-ZT48), every 3 h (ZT48-
ZT69) on a 24-h time course, on different sets of plants
(Figure 3A). Control plants were maintained at 22°C (ZT48-
ZT72).

To analyze the plant recovery, a 1 h heat stress was ap-
plied from ZT53 to ZT54 (Figure 8A). Stressed plants were
transferred back to 22°C for recovery and control plants
were maintained at 22°C. Seedlings were collected at ZT54,
ZT55, ZT57, and ZT60, which correspond to 0 h, 1 h, 3 h,
and 6 h of recovery, respectively. Three biological replicates
were grown for each condition and time point. Replicates
correspond to different plates, randomly arranged in the
growth chamber. Control or stressed seedlings were snap
frozen in liquid N, and stored at —80°C until sample
processing.

TRAP and mRNA isolation

To extract mRNAs associated with ribosomes, TRAP was
performed as previously described (Reynoso et al, 2015).
Briefly, one volume (~1 mL) of frozen tissue powder was
homogenized in five volumes of polysome extraction buffer
(200-mM Tris—=HCI, pH 9.0, 200-mM KCl, 25-mM EGTA-
NaOH, pH 8.0, 35-mM MgCl,, 02% (w/v) polyoxyethyle-
ne(23)lauryl ether, 0.2% (v/v) Triton X-100, 0.2% (v/v) octyl-
phenyl-polyethylene glycol, 0.2% (v/v) polyoxyethylene
sorbitan monolaurate 20, 1% (v/v) polyoxyethylene (10) tri-
decyl ether, 1-mM DTT, 1-mM PMSF, 178-uM cyclohexi-
mide, 309-uM chloramphenicol) using a glass homogenizer.
After centrifugation (16,000g for 15 min at 4°C), the super-
natant was filtered through one layer of Miracloth. A small
volume (200 pL) was conserved for the total mRNA extrac-
tion and the remaining extract was used for polysome im-
munoprecipitation. Dynabeads Protein G (50 pL, Thermo
Fisher Scientific) were washed with a bead wash binding
buffer (BB; 200-mM Tris—HCl, pH 9.0, 200-mM KCl, 25-mM
EGTA-NaOH, pH 80, 35-mM MgCl, 0.2% (v/v) polyoxy-
ethylene sorbitan monolaurate 20) and incubated for 1 h
with 5 pg of monoclonal ANTI-FLAG® M2 antibody (F1804,
1 mg-mL~", MilliporeSigma). Dynabeads Protein G coupled
with antibody were consecutively washed with BB and with
wash buffer (WB; 200-mM Tris—HCl, pH 9.0, 200-mM K],
25-mM EGTA-NaOH, pH 8.0, 35-mM MgCl,, 1-mM DTT, 1-
mM PMSF, 178-uM cycloheximide, 309-uM chlorampheni-
col) and then incubated with the filtered extract for 2 h at
4°C for polysome immunoprecipitation. Beads were washed
six times with WB at 4°C. Each washing step consisted of
the bead capture on a magnetic rack, the elimination of the
supernatant and the bead incubation in the buffer.
Immunoprecipitated polysomes coupled with protein G
Dynabeads, and filtered extracts conserved for total mRNA
isolation were stored at —80°C in 800 L of lysis binding
buffer (100-mM Tris—HCl, pH 8.0, 1 M LiCl, 10-mM EDTA-
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NaOH, pH 80, 1% (v/v) SDS, 5-mM DTT, 15% (v/v)
Antifoam A) until mRNA isolation.

Total and TRAP mRNAs were isolated using biotinylated
oligo(dT) and streptavidin magnetic beads (New England
Biolabs) as previously described (Townsley et al, 2015).
Purified mRNAs were either used for library preparation or
RT-gPCR.

Library preparation and RNA-Seq

Libraries were prepared as previously described (Townsley
et al, 2015) with the modifications previously detailed (Blair
et al, 2019). In the final enrichment step, indexed adapter
enrichment primers were used (Townsley et al, 2015) and
12 cycles were performed to amplify the libraries. The librar-
ies were quantified using a Qubit 2.0 Fluorescence Reader
(Thermo Fisher Scientific) and quality was verified using a
Bioanalyzer 2100 (Agilent Genomics). Final libraries were
multiplexed and sequenced on the NextSeq 500 (lllumina)
at the University of California, Riverside (UCR) Institute for
Integrated Genome Biology (lIIGB) Genomics Core facility to
obtain 75 nt single-end reads.

RNA-Seq data processing

RNA-Seq data analyses were performed on the UCR IIGB
high-performance bioinformatics cluster (https://hpcc.ucr.
edu/). Trimming of indexed adapter primers was performed
on raw reads using cutadapt and quality reports of raw
reads were generated with the FastQC package (https://
www.bioinformatics.babraham.ac.uk/projects/fastqc/). All
other steps were conducted by following the SystemPipeR
workflow (Backman and Girke, 2016). Trimmed reads were
mapped to the TAIR10 Arabidopsis genome using the align-
ment program HISAT2 v2.2.0 (Kim et al, 2015). The number
of sequenced and aligned reads per sample is provided in
Supplemental Data Set S10. Read counting was realized with
the summarizeOverlaps function from the GenomicRanges
package (Lawrence et al., 2013) and using the Araport11 gff
(201606). For visualization of expression data, rlog (regular-
ized-logarithm) transformed expression values were gener-
ated with the DESeq2 package (Love et al,, 2014). Expression
data are provided in Supplemental Data Set S1 (time of the
day data) and Supplemental Data Set S8 (recovery data).

RT-qPCR

Total and TRAP mRNAs were isolated from Pro35S:HF-
RPL18 and ccal lhy/Pro35S:HF-RPL18 seedlings using polyA
mRNA extraction (Townsley et al, 2015). cDNA was
obtained using iScript cDNA synthesis kit (Bio-Rad), and RT-
gqPCR was performed using SYBR Green Master Mix
(Thermo Fisher Scientific) and the CFX384 Touch Real-Time
PCR Detection System (Bio-Rad). Primers used are provided
in Supplemental Table S3. Protein Phosphatase 2A (PP2A)
and isopentenyl-diphosphate delta-isomerase Il (IPP2) were
used as housekeeping genes. Two technical replicates and
three biological replicates were analyzed. The mRNA expres-
sion levels relative to the housekeeping genes were calcu-
lated using the AACq method.

T. Bonnot and D. H. Nagel

Analysis of circadian oscillations

Transcript levels (rlog normalized counts) quantified by
RNA-Seq in total and TRAP mRNAs at 22°C and every 3 h
during a 24 h time course were analyzed using Metacycle
and the meta2d function (Wu et al., 2016). Only genes with
a total number of raw counts >20 in the experiment were
considered for this analysis (25,947 genes). Data are pro-
vided in Supplemental Data Set S2. A stringent cutoff
(BH.Q < 0.01) has been applied to select transcripts exhibit-
ing circadian oscillations (Supplemental Figure S1). However,
to avoid the elimination of a high number of false negatives,
the lists of transcripts with a 0.01 < BH.Q < 0.05 were com-
pared to the lists of circadian transcripts identified in Hsu
and Harmer (2012), Romanowski et al. (2020), and in
DIURNAL data sets representing continuous light conditions
(LL12_LDHH, LL_LLHC, LL_LDHC, LL23_LDHH;
Supplemental Figure S1; Mockler et al, 2007). Genes over-
lapping with at least one of the mentioned data sets were
selected (Supplemental Figure S1). Transcript phases calcu-
lated with the JTK_CYCLE program (Hughes et al., 2010) in-
cluded in the Metacycle analysis were used for phase
enrichment analyses.

Statistical analyses

All statistical analyses were performed with the statistical
software program R v. 4.0.1 (R Core Team, 2020). For differ-
ential expression analysis, pairwise comparisons were per-
formed to compare temperatures (37°C versus 22°C) at
each time of the day, with the DESeq2 package (Love et al,
2014), using the SystemPipeR workflow (Backman and Girke,
2016). Results are provided in Supplemental Data Set S4
(time of the day data) and Supplemental Data Set S9 (re-
covery data). Transcripts with a P <0.05 after FDR correc-
tion using the Benjamini-Hochberg procedure (Benjamini
and Hochberg, 1995) and a log, fold change (LFC, 37°C ver-
sus 22°C) > |1] were considered as differentially accumu-
lated. To analyze interactions between the main effects of
temperature and time of the day, and of temperature and
mRNA population, a likelihood ratio test (LRT) was con-
ducted using the DESeq2 package (Love et al, 2014). The
LRT is conceptually similar to an analysis of variance
(ANOVA) calculation in linear regression (Love et al, 2014).
The full model was as follows: design = ~ Temperature +
mRNA + Time + Temperature: mRNA + Temperature:
Time. Significant interaction effects were judged at FDR
<0.05. Results are provided in Supplemental Data Set S4.

To compare the expression of CCA1 and LHY in control
conditions in the Pro35S:HF-RPL18 and ccal lhy/Pro35S:HF-
RPL18 lines, unpaired Student’s t test were performed at
each time of the day and statistical differences were consid-
ered to be significant at P < 0.05 (Supplemental Figure $12).
To analyze the influence of the clock mutations on the tem-
perature response of selected TFs in RT-qPCR data
(Figure 7B), a multi-factor model including the effects of
temperature, genotype, time of the day, mRNA population,
and interactions between these factors was generated, and
an ANOVA was performed. The model used was as follows:
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design= ~ Temperature * Genotype * Time * mRNA.
Significant effects were judged at P < 0.05 (Supplemental
Table S2). Following this multivariate analysis, Tukey’s HSD
tests were performed to compare group levels for the signifi-
cant sources of variation. For example, for the significant in-
teraction Temperature: Genotype revealed for CDF1, levels
22°C:WT, 22°Ciccal lhy, 37°CWT, and 37°Ciccal lhy were
compared and three significantly different groups were iden-
tified (A, B, and G Figure 7, B and C).

To identify over- and underrepresented phases in the lists
of circadian total and TRAP DRGs, proportions of phases in
the lists of DRGs were compared to those in all circadian to-
tal and TRAP mRNAs, respectively (Figure 4; Supplemental
Figure S8). % tests were conducted and statistical differen-
ces were considered at P < 0.05. Results are provided in
Supplemental Data Set S5. For gene ontology (GO) and TF
family enrichment analyses, Fisher’'s exact tests were used
because of the small sample size for GO terms and TF fami-
lies. GO enrichment analyses was performed using the inter-
face of The Arabidopsis Information Resource for GO term
enrichment for plants (https://www.arabidopsis.org/tools/
go_term_enrichmentjsp), powered by Panther classification
system (Mi et al, 2019). Biological processes significantly
over- and underrepresented (Fisher’s exact test, P < 0.05 af-
ter FDR correction) in the lists of analyzed genes as com-
pared to all Arabidopsis genes were selected (Supplemental
Data Set S3). To identify overrepresented TF families in spe-
cific lists of DRGs (Supplemental Figure S9 and
Supplemental Table S1), proportions or TF families in the
lists of DRGs were compared to those in all Arabidopsis TFs
previously described (Pruneda-Paz et al, 2014), and signifi-
cant differences were judged at P < 0.05 (Supplemental Data
Set S6).

Numbers of uORFs in circadian DRGs and groups of circa-
dian DRGs having different responses at transcriptome and
translatome levels were determined using the uORFlight
database (Niu et al, 2020) and were compared using a
Poisson linear regression and significant differences were
considered at P < 0.05 (Supplemental Figure S6F).

Data mining and visualization

Heatmaps of circadian transcripts were generated using the
R package “pheatmap” (Kolde, 2019). The Web server
REVIGO (http://revigo.irb.hr/) was used to calculate similar-
ity between enriched GO terms and to remove redundant
terms (Supek et al, 2011). The selected enriched GO terms
(Figures 1, F and 3, C) were then visualized as previously de-
scribed (Bonnot et al, 2019). The bar plot depicting the
overlapping transcripts between circadian data sets
(Supplemental Figure S2C) was generated using the “UpSet”
R package (Lex, 2014). A principal component analysis was
performed on circadian transcripts differentially accumu-
lated under heat stress (Figure 3D), using the multivariate
data analysis R package “ade4” (Thioulouse et al, 1997). To
define groups of circadian DRGs presented in Figure 8C, cri-
teria used are described in Supplemental Table S4.
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Description of individual genes presented in the main and
supplemental figures is provided in Supplemental Table S5.
For network analyses, TFs exhibiting circadian oscillations
in TRAP mRNAs, differentially regulated under heat stress
and identified as targets of proteins encoded by clock genes
in published ChIP-Seq analyses were selected (Adams et al,
2018; Nagel et al, 2015; Liu et al, 2013, 2016; Kamioka et al,,
2016; Ezer et al, 2017; Nakamichi et al, 2012; Huang et al,
2012). Networks were visualized using the CYTOSCAPE soft-
ware v. 3.7.2 (Smoot et al, 2011), and nodes were manually
sorted by TF family (Figure 6A) or based on their timing of
peak of accumulation and their heat stress response
(Figure 6B; Supplemental Data Set S11). All other plots were
generated using the R package “ggplot2” (Wickham, 2016).

Data availability

All data reported in this manuscript are accessible from the
Gene Expression Omnibus database, www.ncbi.nlm.nih.gov/
geo (accession no. GSE158444). R scripts and Cytoscape files
are accessible from the following Github repository: https://
github.com/Nagel-lab.

Accession numbers

Accession numbers of main discussed TFs are provided in
Supplemental Data Set S11. Accession numbers and gene
description of all circadian DRGs are provided in
Supplemental Data Set S7.

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Diagram showing the method
of selection of circadian mRNA:s.

Supplemental Figure S2. Comparison of Arabidopsis cir-
cadian transcriptomes and translatome.

Supplemental Figure S3. Overlap between the circadian
transcriptome, translatome, a diel translatome and a rhyth-
mic proteome.

Supplemental Figure S4. Effect of heat stress on
Arabidopsis seedlings.

Supplemental Figure S5. Validation of clock gene tran-
script profiles by RT-qPCR.

Supplemental Figure S6. Differential heat stress response
between the Arabidopsis transcriptome and translatome.

Supplemental Figure S7. Timing of response to heat of
circadian transcripts relative to their peak of abundance.

Supplemental Figure S8. Timing effect of heat stress on
the circadian transcriptome.

Supplemental Figure S9. Overrepresented TF families in
circadian transcripts differentially accumulated at all times
of the day.

Supplemental Figure S10. Time of the day gates the heat
stress response of circadian TRAP DRGs especially during
the day.

Supplemental Figure S11. Transcript profiles of selected
circadian TFs with high priority to access ribosomes under
heat.

1202 JoquiadaQ LE UO Josn apisionry ‘elulofi[eD Jo Ausioaun Aq 005 2€29/912/L/SE/lone/|190]d/woo"dno-olwepese//:sdny Wwoly papeojumoq


https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://www.arabidopsis.org/tools/go_term_enrichment.jsp
https://www.arabidopsis.org/tools/go_term_enrichment.jsp
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
http://revigo.irb.hr/
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
http://www.ncbi.nlm.nih.gov/geo
http://www.ncbi.nlm.nih.gov/geo
https://github.com/Nagel-lab
https://github.com/Nagel-lab
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data
https://academic.oup.com/plcell/article-lookup/doi/10.1093/plcell/koab113#supplementary-data

2180 | THE PLANT CELL 2021: 33: 2164-2182

Supplemental Figure S12. Alterations of CCA1 and LHY
expressions in ccal lhy/TRAP seedlings.

Supplemental Figure S13. Recovery of clock genes follow-
ing heat stress.

Supplemental Figure S14. Model of the main factors
influencing mMRNA-ribosome associations.

Supplemental Table S1. Enriched biological processes
and transcription factor families in groups of circadian TRAP
DRGs.

Supplemental Table S2. Multivariate analysis of variance
of transcript abundance of selected circadian TFs.

Supplemental Table S3. Primer sequences used in RT-
gPCR analyses.

Supplemental Table S4. Criteria used to group circadian
TRAP DRGs during recovery.

Supplemental Table S5. Identification number and descrip-
tion of genes highlighted in main and supplemental figures.

The following Supplemental Data Sets were submitted
to the Data Dryad Repository and are available at http://
datadryad.org/resource/doi:10.6086/D1B69N

Supplemental Data Set S1. Arabidopsis transcript levels
during the 24 h time course.

Supplemental Data Set S2. Metacycle results.

Supplemental Data Set S3. Gene ontology (GO) enrich-
ment analysis.

Supplemental
analysis.

Supplemental Data Set S5. Phase enrichment analysis.

Supplemental Data Set S6. Transcription factor (TF) fam-
ily enrichment analysis.

Supplemental Data Set S7. Annotation and grouping of
circadian DRGs.

Supplemental Data Set S8. Arabidopsis transcript levels
during the plant heat stress recovery.

Supplemental Data Set S9. Differential expression analy-
sis: pairwise comparisons during the plant recovery.

Supplemental Data Set $S10. Number of sequenced and
aligned reads per sample.

Supplemental Data Set S11. Interactions between clock
proteins and circadian TFs translationally regulated by heat
stress.

Data Set S4. Differential expression
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