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Abstract

At dawn of a scorching summer day, land plants must anticipate upcoming extreme

midday temperatures by timely establishing molecular defences that can keep heat-

labile membranes and proteins functional. A gradual morning pre-exposure to

increasing sub-damaging temperatures induces heat-shock proteins (HSPs) that are

central to the onset of plant acquired thermotolerance (AT). To gain knowledge on

the mechanisms of AT in the model land plant Physcomitrium patens, we used label-

free LC–MS/MS proteomics to quantify the accumulated and depleted proteins

before and following a mild heat-priming treatment. High protein crowding is thought

to promote protein aggregation, whereas molecular chaperones prevent and actively

revert aggregation. Yet, we found that heat priming (HP) did not accumulate HSP

chaperones in chloroplasts, although protein crowding was six times higher than in

the cytosol. In contrast, several HSP20s strongly accumulated in the cytosol, yet con-

tributing merely 4% of the net mass increase of heat-accumulated proteins. This is in

poor concordance with their presumed role at preventing the aggregation of heat-

labile proteins. The data suggests that under mild HP unlikely to affect protein

stability. Accumulating HSP20s leading to AT, regulate the activity of rare and spe-

cific signalling proteins, thereby preventing cell death under noxious heat stress.
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1 | INTRODUCTION

During a typical summer day, land plants living in arid continental

environments often need to cope with an increase of 20�C in the

ambient temperature, between sunrise and early afternoon. Early in

the morning, they need to anticipate the extent of excessive tem-

peratures that will culminate at midday and timely establish appro-

priate molecular defences to secure their survival until evening

relief. At the molecular level, excessively high temperatures can

cause the hyper-fluidization of membranes, leading to ion leakage

and the production of reactive oxygen species, which in turn

induce programmed cell death (Niu & Xiang, 2018; Schöffl, Irina,

Phillip, & Friedrich, 2006). Excessive heat may also denature heat-

labile proteins that spontaneously convert into inactive aggregates

with abnormally exposed hydrophobic surfaces that can compro-

mise membrane integrity and may become toxic (Lashuel, Hartley,

Petre, Walz, & Lansbury, 2002; Sharma, De Los Rios, &

Goloubinoff, 2011).

Received: 16 October 2020 Revised: 3 December 2020 Accepted: 3 December 2020

DOI: 10.1111/pce.13975

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any

medium, provided the original work is properly cited and is not used for commercial purposes.

© 2020 The Authors. Plant, Cell & Environment published by John Wiley & Sons Ltd.

Plant Cell Environ. 2021;44:2117–2133. wileyonlinelibrary.com/journal/pce 2117

https://orcid.org/0000-0001-5353-1428
https://orcid.org/0000-0001-5775-3001
https://orcid.org/0000-0001-7608-4771
https://orcid.org/0000-0002-2720-4084
https://orcid.org/0000-0002-4802-0807
mailto:pierre.goloubinoff@unil.ch
http://creativecommons.org/licenses/by-nc/4.0/
http://wileyonlinelibrary.com/journal/pce
http://crossmark.crossref.org/dialog/?doi=10.1111%2Fpce.13975&domain=pdf&date_stamp=2020-12-21


Moss and higher plant cells harbour several heat sensors that pos-

sibly act in parallel. Alongside the family of heat-responsive cyclic

nucleotide gated calcium channels (CNGCs) in the plasma membrane,

which were shown to act as membrane fluidity thermosensors (Finka,

Cuendet, Maathuis, Saidi, & Goloubinoff, 2012; Gao et al., 2012;

Tunc-Ozdemir et al., 2013), an unfolded protein response (UPR) sen-

sor was found in the endoplasmic reticulum and another in the cytosol

and nucleus (Che et al., 2010; Deng et al., 2011; Sugio, Dreos,

Aparicio, & Maule, 2009). A putative heat-responsive retrograde path-

way was also reported in chloroplasts (Yu et al., 2012). In addition, a

heat-responsive histone variant sensor was suggested to operate in

the nucleus (Cortijo et al., 2017; Kumar & Wigge, 2010). Ultimately,

these various heat-sensing and signalling pathways coalesce into the

effective hyper-phosphorylation, oligomerization and migration to the

nucleus of heat shock transcription factors (HSFs) (Chan-Schaminet,

Baniwal, Bublak, Nover, & Scharf, 2009) that activate in the nucleus

the transcription of genes encoding for protective heat-induced pro-

teins, generally called heat-shock proteins (HSPs). This mechanism is

called the heat shock response (HSR). HSFs binding to HSE cis-

elements in the promoters of HSP genes must first command chroma-

tin remodelling complexes to evict bound histones that otherwise

repress HSP transcription at low temperature (Kumar & Wigge, 2010).

In parallel, the bound HSFs can recruit RNA polymerase to transcribe

the histone-free HSP genes (Guo et al., 2016; Kurshakova et al., 2007;

Rohner et al., 2013), ultimately leading to the rapid accumulation of

HSPs and the onset of acquired thermotolerance.

Many, but not all of the heat-induced genes, encode for members

of the conserved chaperones families HSP20s, HSP70s, HSP100 and

HSP90s (Finka et al., 2012; Gao et al., 2012; Peng, Zhang, Li, &

Zhao, 2019; Saidi et al., 2009). Importantly, a mild heat priming

(HP) causing no, or only minimal damages in proteins and membranes,

should not be confused with a noxious heat shock that can cause

reversible and irreversible damages in labile macromolecules. By trans-

lating an initial moderate temperature increment into an effective

heat-priming response that leads to the establishment of HSP- and

osmolyte-based molecular defences (Hasanuzzaman, Nahar, Alam,

Roychowdhury, & Fujita, 2013; Larkindale & Vierling, 2008), plant

cells can prevent molecular damages caused by an upcoming noxious

stress and repair them thereafter.

Here, we used a high-throughput quantitative proteomic

approach, complemented by RNAseq, in an attempt to gain new unbi-

ased information on the identity, the cellular concentrations and the

subcellular localization of most of the significantly accumulated and

depleted proteins, following a mild heat-priming treatment, typically

leading to AT. The moss Physcomitrium patens was chosen as a model

land plant because bryophytes, which with the liverworts were the

first to colonize land, needed to acquire new mechanisms to sense

and anticipate extreme diurnal variations of the ambient temperature

and timely build-up effective defences against upcoming noxious heat

stresses.

Because AT results from the integrated heat-induced accumula-

tion of HSPs in the various compartments of the plant cell, we first

established a bioinformatic pipeline in an attempt to annotate with a

predicted function and a cellular localization all the Physcomitrium

patens proteins that we could significantly quantify. High protein

crowding is thought to increase the aggregation-propensity of nascent

polypeptides, especially under heat-stress. We therefore aimed at

estimating the protein crowding in various cellular compartments,

expecting that the effectiveness of AT will depend on the prior accu-

mulation of anti-aggregation HSP chaperones in the most crowded,

and therefore the expectedly most aggregation-prone compartments

of the cell. We found that a mild heat priming unlikely to cause pro-

tein aggregations, did not accumulate HSPs in the chloroplasts that

were six times more crowded than the cytosol. In contrast, three

HSP20s were strongly accumulated, albeit in low absolute amounts, in

the cytosol, suggesting that alongside their known anti-aggregation

function, HSP20s possibly repress the onset of programmed cell death

during and following a noxious heat shock, thereby contribut-

ing to AT.

2 | MATERIALS AND METHODS

2.1 | Plant materials, growth conditions and
treatments

The moss Physcomitrium patens transgenic lines HSP-GUS (Saidi

et al., 2005) was grown on moss solid minimal medium overlaid with a

cellophane disk as described by (Saidi et al., 2005). For heat treatment,

7 days-old HSP-GUS protonemal tissues were transferred to liquid

minimal medium in Costar multiwell plates (Corning) and heated in a

temperature-controlled chamber at 38�C for 4 hrs or 30 min, respec-

tively for LFQ approach and RNAseq.

2.2 | Total protein isolation

Total protonemata proteins were isolated with a protocol adapted

from (Finka, Schaefer, Saidi, Goloubinoff, & Zryd, 2007; Saidi

et al., 2005). Total protein concentrations in soluble extracts were

quantified using the Bradford method. Six biological replicates were

done, both in control and heat-stress conditions. Protein content was

estimated using Bradford method.

2.3 | Western blotting

Twenty microgram of moss soluble protein extracts were sepa-

rated on 12% SDS-PAGE. Proteins were transferred to a nitrocel-

lulose membrane (BioRad) by electroblotting and incubated with a

rabbit-derived polyclonal antibody (Molecular probes) against

HSP17 and diluted 1/1000 (vol/vol). The blot was then incubated

with HRP-conjugated anti-rabbit IgG (BioRad) diluted 1/5000

(vol/vol). Immune complexes were visualized using the chemilumi-

nescent ImmunstarTM Kit (BioRad) according to manufacturer's

instructions.
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2.4 | Measurement of PSII activity

The Fv/fm ratio is the maximal photochemical efficiency of Photosys-

tem II (PSII). PSII activity measurements were made with the Plant

Efficiency Analyser PEA from Hansatech Instruments Ltd, UK as

detailed by (Strasser & Strasser, 1995). Measurements were taken fol-

lowing a brief (2 s) strong illumination of protonemata that have been

previously dark-adapted for 2 min.

2.5 | Label-free quantitative proteome analysis

Eluted peptides were analysed on an Orbitrap Fusion Tribrid mass

spectrometer (Thermo Fisher Scientific, Bremen, Germany) operated

in data-dependent mode, controlled by Xcalibur software (version

3.0.63). Full survey scans were performed at a 120,000 resolution,

and a top speed precursor selection strategy was applied to maximize

acquisition of peptide tandem MS spectra with a maximum cycle time

of 3 s. HCD fragmentation mode was used at a normalized collision

energy of 32%, with a precursor isolation window of 1.6 m/z and

MS/MS spectra were acquired in the ion trap. Peptides selected for

MS/MS were excluded from further fragmentation during 60 s. Data

collected by the mass spectrometer were processed for protein identi-

fication and quantification using MaxQuant version 1.5.3.30, using

the Andromeda search engine set to search the UniProt database

restricted to the Physcomitrium patens proteome (UniProt proteome

ID: UP000006727, November 2016). Trypsin (cleavage after K,R) was

used as the enzyme definition, allowing two missed cleavages. Car-

bamidomethylation of cysteine was specified as a fixed modification,

while N-terminal acetylation of protein and oxidation of methionine

were specified as variable modifications. The mass spectrometry pro-

teomics data have been deposited to the ProteomeXchange Consor-

tium via the PRIDE partner repository with the dataset identifier

PXD021959.

All data post-processing and statistical analyses were performed

using custom Matlab scripts. iBAQ and LFQ data were used as the

basis for quantification. Instead of only using raw iBAQ intensities, we

took advantage of the additional normalization introduced by the LFQ

method (Cox et al., 2014) to re-calculate ‘normalized iBAQs’ by divid-

ing LFQ intensities by the number of theoretically observable tryptic

peptides, as specified in the original iBAQ publication (Schwanhäusser

et al., 2011). Since normalized iBAQs are proportional to protein molar

quantities, protein mass fractions were obtained as fi =
IiMiP

k

IkMk
where Ii

is the normalized IBAQ intensity of protein i, Mi its molecular weight

and the index k runs over all identified proteins. Then, the

corresponding micromolar quantities ci were derived using an esti-

mated total intracellular protein concentration of CT = 162mg/ml:

ci =10
6:CT :

IiP

k

IkMk
. The estimated total intracellular protein concentra-

tion (162mg/ml) was calculated as CT =
Cextract :Vextract
Ncells :Vcell

, where Cextract is

the total protein concentration in the soluble extract as determined by a

Bradford assay, Vextract is the volume of quantified extract, Ncells is the

number of cells in the extract (counted by microscopy) and

Vcell = 3.14×10−8ml is the estimated volume of an individual cell as

estimated from morphometric analysis (Furt, Lemoi, Tuzel, &

Vidali, 2012).

Statistical analyses using six biological replicates were then per-

formed, first to determine which proteins were significantly quantified

(i.e., had a mass fraction significantly larger than zero). This was done

using t tests with a post-hoc Benjamini-Hochberg FDR-controlling

procedure to account for multiple testing, at a FDR threshold of 0.01.

Finally, significant differences were determined using two-sample

t tests followed by Benjamini-Hochberg procedures using an FDR cut-

off of 0.05.

2.6 | Annotation pipeline

To identify the sequences of all putative unknowns or

uncharacterized proteins, BLAST searches (http://www.expasy.org/

tools/blast/) with these protein sequences were performed on the

UniProt Knowledgebase (UniProtKB, http://www.uniprot.org/

uniprot) to find their homologs. Functional categorization of the

identified proteins was based on annotations in UniProtKB and

previous studies on their homologs. Subcellular locations of the

identified proteins were determined according to the annotation in

UniProtKB and predicted using Loctree3 program (Goldberg

et al., 2014).

2.7 | Total RNA extraction

Total RNA was extracted from 7-day protonemata with the

Nucleospin RNA plant kit (Macherey-Nagel-Germany) and DNAse

treated with the kit following the manufacturer's instructions for

RNA-Seq analyses. Total extracted RNA was quantified using a spec-

trophotometer (nanodrop) and the integrity was verified on 2% aga-

rose gel and using a BioAnalyzer.

2.8 | RNAseq experiment

Library preparation and sequencing was performed at the Lausanne

Genomic Technologies Facility, University of Lausanne, Switzerland

(https://www.unil.ch/gtf/en/home.html). After sequencing, purity-

filtered reads were adapted and quality trimmed with Cutadapt

v. 1.8. Reads matching ribosomal RNA sequences were removed

with fastq_screen (v. 0.9.3). Reads were aligned against Phy-

scomitrium patens 318 v3.3 genome and transcriptome using STAR

v. 2.5.2b (Dobin et al., 2013), and the estimation of transcript

abundance in TPM was computed using RSEM v. 1.2.31 (Li &

Dewey, 2011). The RNAseq data have been deposited to the

Sequence Read Archive (SRA) at the National Center for Biotech-

nology Information (NCBI) repository with the dataset identifier

PRJNA666761.
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3 | RESULTS

3.1 | Protein quantification

Using a gene-centric label-free LC–MS/MS proteomic analysis, we

identified 7,097 proteins in the six biological replicates of the control

and six biological replicates of heat-treated moss cells (Figure 1b). Fol-

lowing the merging of isoforms, 1,514 proteins were found to be sig-

nificantly quantified (p < 0.01) in the six controls and the six heat-

treated samples. Whereas the moss genome is encoding for �340000

ORFs (Lang et al., 2018), the 1,514 significantly quantified proteins

were expectedly the most abundant one: Although being less than 5%

of the moss ORFs, they summed up into being 96.6% of total protein

mass of the moss protonema cells, suggesting that the remaining

�320000 ORF are only expressed in very low copy number and at par-

ticular developmental stages, or only in response to various stresses

(Figure 1b,c). Following a mild heat-treatment of 4 hrs at 38�C, 91 pro-

teins were found to be significantly accumulated and 140 significantly

depleted, compared to the 22�C control (Figure 1b).

Whereas gene expression under two different conditions is classi-

cally expressed as a fold change (FC) of a challenged sample, from an

unchallenged control, here, we chose to also express the quantitative

differences between heat-treated and control conditions with a net

mass difference parameter, in which the measured amount (expressed

in mass fraction of the total) of a given protein before heat-treatment

was subtracted from that after heat-treatment, referred to as ‘delta’.
Delta values showed that 60 proteins became significantly heat-

accumulated and 89 proteins significantly heat-depleted. Noticeably,

47 of the heat-accumulated and 81 of the heat-depleted proteins

were common to both FC and delta ranking methods, highlighting the

importance of using both criteria to optimally capture the molecular

variations between the two conditions (Figure S1 and Table S1). The

remaining �1,200 significantly quantified proteins were expressed at

non-significantly different levels, under both conditions.

3.2 | Workflow for moss gene and protein
identification and annotation

Thus far, only �2% of the Physcomitrium patens ORFs were annotated

with predicted names, cellular localizations and putative functions.

Here, we designed a pipeline in an attempt to increase the functional

annotation, in particular of the 1,514 most abundant moss proteins

that we significantly quantified (Figure 1a). Briefly, the moss protein

F IGURE 1 Workflow for the identification and annotation of Physcomitrium patens proteins. Illustration of the pipeline to produce the
annotations used in this study (a). Stacked Venn diagram showing the number of different proteins identified, significantly quantified and
significantly differentially accumulated proteins in physcomitrium patens under heat-priming (b) and in mass fraction of the significantly quantified
(c)
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sequences were blasted against the plant Uniprot database. Hits with

a putative description, mostly deduced from the extensive research

on Arabidopsis thaliana, were merged and using InterProScan, and

assigned with a putative function. The LocTree program was then

used to predict their subcellular localization. The differentially

expressed ORFs under mild heat treatment were manually curated, to

confirm sequence homologies with known gene products in higher

plants, with annotated functions and to reinforce their predicted cellu-

lar localization. Thus, a putative function and a predicted cellular local-

ization were assigned to all the 1,514 significantly quantified

Physcomitrium patens proteins (Figure 1a).

3.3 | Measured stoichiometric ratios in protein
complexes

To validate our quantitative proteomic approach, the cellular concen-

tration of chosen proteins were converted into micromolar concentra-

tions, based on their specific molecular weights and a total protein

concentration 162 mg/ml (± �10%), which was experimentally deter-

mined using the Bradford method. The stoichiometry of subunits in

known abundant protein complexes was addressed (Figure 2). In the

case of the cytosolic CCT chaperonin complex, which in yeast and ani-

mals is forming two octameric rings, made of eight slightly different

orthologous 60 kDa subunits (Finka & Goloubinoff, 2013; Lin &

Sherman, 1997), we found a near-equimolar stoichiometry for the

moss CCTs, each of the eight orthologous subunits averaging

reasonably well around the theoretical value of 12.5% from the total

CCT mass (Figure 2a). Likewise, the RubisCO complex, which, in cya-

nobacteria, Algae and plants, is composed of eight chloroplast-

encoded large subunits and eight small subunits, the latter in Phy-

scomitrium patens being encoded by 18 different nuclear-encoded

RbcS genes. The quantitative proteomic analysis found a near equimo-

lar 1:1 stoichiometry between large and small subunits, as expected

from the L8S8 structure of the RubisCO oligomer (Figure 2b). Similarly,

a near equimolar stoichiometry was found for the photosystem II core,

between D1 (PsbA), D2 (PsbD), CP43 (PsbC) and CP47 (PsbB). A near

equimolar stoichiometry was also found within the photosystem I

core between P700 chlorophyll apoprotein A1 and A2 (PsaA and

PsaB) (Figure 2c,d). Noticeably, PSII reaction centres were 3–4 times

more abundant than PSI reaction centres, as reported earlier to be the

case for higher plant chloroplasts (Jia, Ito, & Tanaka, 2016; Koskela

et al., 2020). This highlights the potential for this data to be used as a

basis for further functional exploration of complex enzymatic pro-

cesses that require knowledge of enzyme abundances and stoichiom-

etries, possibly at the systems biology scale.

3.4 | Cellular compartmentation of significantly
quantified proteins

The new annotation assigned a probable cellular compartment to

most of the significantly quantified proteins. Chloroplast and mito-

chondrial proteins summed up to be �64% and �4% of the total

F IGURE 2 Quality control: Estimated
stoichiometry of known biological
complexes. Composition and subunits
stoichiometry of (a) the chaperonin
folding complex (CCTs). (b) the ribulose-
1,5-bisphosphate carboxylase/oxygenase
(RubisCO) large subunit (RbL, pale blue),
which is chloroplast-encoded and small
subunits (RbS, pink), which are encoded
by eighteen nuclear encoded genes.
(c) Concentrations in micromolars (red) of
photosystem II core subunits D1 (PsbA),
D2 (PsbD), CP43 (PsbC) and CP47 (PsbB).
(d) Concentrations in micromolars (red) of
photosystem I core subunits, P700
chlorophyll a apoprotein A1 and A2 (PsaA
and PsaB) [Colour figure can be viewed at

wileyonlinelibrary.com]
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protein mass, respectively. The cytosolic, nuclear, ER, vacuolar and

peroxisomal proteins were together the remaining �32% of the total

protein mass (Figure 3a). Noticeably, chloroplasts occupy 20% and

mitochondria 3% of the cell volume in typical P. patens protonemata

cells (Furt et al., 2012), whereas the remaining cytosol, nucleus, ER,

peroxisomes and the vacuoles together occupy 77% of the cell vol-

ume (Figure 3b). This implies dramatic differences of protein crowding

values between cellular compartments: As much as 500 mg/ml in the

case of chloroplasts, which is a very compact, near solid, protein con-

centration, likely owing to the great compactness of the grana lamella

of the thylakoids. 235 mg/ml were estimated for the mitochondria,

which is in the range of crowding values measured for bacteria

(Cayley, Lewis, Guttman, & Record, 1991; Zimmerman & Trach, 1991).

As low as �75 mg/ml was estimated to be the average protein

crowding value for the remaining volume occupied by the cytosol, the

nucleus, the ER, peroxisomes and the vacuoles. Noticeably vacuoles

are small and fragmented at this early developmental stage of the

moss protonema cells and do not contribute to most of the cellular

volume, as it is the case for differentiated mesophyll cells of higher

plants (Figure 3c).

Increased protein crowding is thought to increase the

aggregation-propensity of nascent proteins (Martin & Hartl, 1997; van

den Berg, Wain, Dobson, & Ellis, 2000), especially under heat shock.

We therefore expected that a mild heat-priming treatment would call

for the accumulation of HSP-chaperones, as part of a mechanism to

prevent and revert heat-induced protein aggregations, in the most

crowded and therefore the most aggregation-prone subcellular com-

partments: the chloroplasts and the mitochondria.

3.5 | Mass fraction differences between heat-
priming treatment and control temperature

Without yet applying a statistical significance threshold, mass fraction

bulk differences of average values between heat-treated and control

cells showed 716 proteins that became heat-accumulated and con-

tributed to a net mass gain of 7% and 798 proteins that became heat-

depleted that contributed to a reciprocal net mass loss of 7%. This

indicates that, as expected, the mild 4 hrs heat-priming treatment did

not change the overall protein crowding of the various cellular com-

partments (Figure 4a). When applying a stringent significance thresh-

old of p < 0.05 (applying multiple-testing correction), 91 proteins

remained significantly accumulated and 140 significantly depleted,

summing into an equilibrated mass gain and mass loss of 4%

(Figure 4b). Confirming earlier RNA expressomic observations

(Finka & Goloubinoff, 2013), and in opposition to the general inter-

changeable use in the literature of the terms ‘heat-shock proteins’
with ‘molecular chaperones’, only 11% of the heat-accumulated pro-

teins in the chloroplast belonged to members of the ‘chaperome’
(chaperone and co-chaperones) category (Figure 4b). The other, non-

chaperome heat-inducible proteins of the chloroplast belonged to var-

ious categories, mostly enzymes acting on small-molecule metabolites.

Similarly, out of five significantly heat-accumulated proteins in

the ER, HSP70 (HSPA5) was the sole member of the chaperome. In

the mitochondria, none of the ten significantly heat-accumulated pro-

teins were molecular chaperones or co-chaperones. Together, the net

mass increase by chaperome members in chloroplast, ER and mito-

chondria, was 1.1% of the total net mass increase in all heat-

accumulated proteins in these respective compartments. In contrast,

three members of the HSP20s became strongly heat-priming accumu-

lated in the cytosol (including also the nucleus). While strongly

repressed at basal temperature, three HSP20s (HSP17.4A, HSP17.7

and HSP17.8) made up 11.2% of the accumulated mass of all heat-

induced proteins in the cytoplasm+nucleus alone. This was indepen-

dently observed by western-blot (Figure S2). Hence, unexpectedly,

the heat-induced molecular chaperones were mainly found in the least

crowded cellular compartment, where proteins were expected to be

the least aggregation-prone under heat-shock. It should be noticed

that the nuclear and cytosolic localizations were merged in our analy-

sis. It is thus possible that HSP20s, which may diffuse into the more

crowded nucleoplasm, might protect labile proteins there. Yet, the

mild, harmless heat-priming treatment addressed here, which unlikely

causes protein aggregation, must be considered as dissimilar to the

noxious heat-shock treatments typically described previously in

F IGURE 3 Distribution of significantly quantified proteins according to their predicted protein subcellular location (a) Protein distribution
expressed in mass fraction percentage of total proteome within different predicted cellular compartments. (b) Distribution of identified proteins
by estimated cellular compartment volume. (c) Molecular crowding of proteome based on the estimated volumes of cellular compartments. Here,
cytoplasm included also organelles (nucleus-endoplasmic reticulum, vacuoles and plasma membrane). Chloroplast is in green, cytoplasm in blue
and mitochondrion in pink [Colour figure can be viewed at wileyonlinelibrary.com]
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plants, which were likely more harmful (Larkindale & Vierling, 2008;

Sun et al., 2020).

Here, the mild heat-treatment impacted on the protein composi-

tion of the cytosolic and the chloroplast ribosomes. In chloroplasts,

more ribosomal proteins were heat-depleted than heat-accumulated,

leading to a net mass decrease of 0.06% of the total proteome, which

does not necessarily indicates a decrease of protein synthesis capac-

ity. We also observed the heat-depletion, or the non-replenishment,

of members of the photosynthesis machinery, PSII in particular. In the

cytosol, many ribosomal proteins were heat-depleted and others

became heat-accumulated with no significant net abundance change

(Figure 4b).

3.6 | Distribution of differentially expressed
proteins by subcellular localization

In terms of the classic FC parameter, the most dramatically heat-

induced proteins were localized in the cytosol (Figure 5). Whereas in

terms of FC, the HSP17.4A and HSP17.7 were dramatically heat-

accumulated, their net increased abundance was remarkably low,

according to their average molarity (Figure S3). In contrast, abundant

chloroplast proteins, such as PSBE, a member of the photosystem

machinery and CB2, which in FC were only slightly increased by

heat, were strongly increased in abundance (delta mass). Thus,

whereas HSP17.8 was induced by HP 5.7-fold, its mass was

increased only by 0.011% of the total protein mass, while the mass

increase of PSBE in HP mosses was 0.35% of the total protein mass

(i.e., �32 times more than HSP17.8), despite a mere FC of 1.35 due

to its high basal abundance. Thus, delta analysis allowed capturing

significant changes that would have been overlooked using FC only,

in the case of proteins that are already abundant in the control

condition.

When sorting the 40 most differentially accumulated or degraded

proteins (expressed in log2-FC), alongside their quantity gained or lost

after the heat-treatment (expressed in log molarity), according their

intracellular concentration (Figure 5), the HSP20s were readily recog-

nized as the most heat-responsive, while their absolute mass gain was

low, compared to other heat-accumulated non-chaperone proteins,

such as the temperature-induced lipocalin (TIL) or peroxiredoxin

(REHY) (Figure 5a). PSBE is a special case as its absolute amounts were

increased by about 200 μM (in the chloroplast) under heat, compared

to the control (which was 906 μM), but because its basal abundance

was extremely high, the fold-change increase wrongly appeared to be

nearly-negligible. According to both delta abundance and fold-

changes, most of the heat-depleted proteins were localized in the

chloroplast (Figure 5b). Among them, were subunits of the photosys-

tem machinery, such as YCF4, the outer plastid envelope protein

OEP16, which is an amino-acid selective channel, and the NADPH-

dependent protochlorophyllide oxidoreductase POR, which is also

important for protein import. Proteins involved in lipid metabolism,

such as FABI in the chloroplast, or FADB, in the mitochondrion were

drastically heat-depleted, suggesting a possible slowing down of fatty

acid synthesis under heat-priming conditions.

In many plant species, a heat-stress can affect the photosynthetic

efficiency of PSII (Havaux, 1992). To address this independently, the

photosynthetic activity of protonema moss cells was measured before

and after heat treatment with a PAM fluorometer. The maximum

F IGURE 4 Mass fraction differences between HS/control by cellular compartments. (a) Mass fraction of the whole set of 1,514 quantified
proteins. Proteins annotated as chaperones are represented as bars with diagonal hatches; and ribosomal proteins with vertical hatches. Other
proteins are shown in white. The respective number of up- and downregulated proteins in each compartment are shown above and below each
bar, respectively. (b) Mass fraction differences (expressed in % of the total proteome) between heat-primed and control cells within the different
cellular compartments calculated from the 231 proteins set which significantly change under HS [Colour figure can be viewed at
wileyonlinelibrary.com]
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quantum efficiency of PSII (Fv/fm) was found to be indeed slightly,

but significantly reduced following 4 hrs at 38�C. As a control, the

Fv/fm was found to be dramatically reduced following a noxious 4 hrs

heat shock at 45�C (Figure S4).

3.7 | Heat-induced changes in mRNA versus
proteins

The net accumulation of new HSP proteins requires a prior accumula-

tion of HSP mRNAs and their subsequent translation at a rate exceed-

ing that of protein degradation. In contrast, the depletion of proteins

may not obligatorily require a prior depletion/degradation of their

mRNA. The preferred translation of new HSP mRNA following heat-

priming by the same amount (or possibly slightly less) of ribosomes,

may suffice to slow down the rate of replenishment of the remaining

non-HSP proteins, while their rate of degradation can remain

unchanged (Finka, Sood, Quadroni, Rios, & Goloubinoff, 2015). In an

attempt to address the causes for protein depletion during heat-

priming, we performed an RNAseq analysis, in search for correlations

between heat-induced transcript abundances and MS-derived protein

abundances. We used four biological replicates of control and four

replicates of 30 min 38�C-treated cells, and obtained RNA derived

from moss protonema (Dataset PRJNA666761). The relatively early

time point of 30 min heat-treatment was chosen based on the reason-

ing that heat-induced mRNA production, which obligatorily precedes

heat-induced protein accumulation, becomes arrested beyond

30–60 min and starts subsiding thereafter despite the ongoing heat

treatment (Finka & Goloubinoff, 2014). To correlate RNA and protein

abundances, genes detected by both analyses were identified. Not all

detected proteins and the corresponding transcripts could be corre-

lated because the unlabelled MS method used was limited to the

�1,500 most abundant proteins of the cell. Hence, a correlation anal-

ysis was possible with only 88 heat-induced genes and 136 heat-

depleted genes. Fold-change in RNA and protein between control and

heat-treated mosses (Figure 6) showed an expected moderate positive

correlation in the case of heat-accumulated proteins, with a Pearson

correlation coefficient of 0.52. When considering only the heat-

F IGURE 5 Ranking of the 40 most differentially accumulated or degraded protein (expressed in log2FC) with their quantity gained or lost
after heat priming (expressed in molarity). Ranking of the 40 most differentially accumulated (a) or degraded protein (b) (expressed in log2FC) with
their quantity gained or lost after heat priming (expressed in molarity). The gray bars represents the fold change state. The gain or loss in protein
quantity following heat priming is represented into each bar, in white. Subcellular localization is represented in green for chloroplast, pink for
mitochondrion, yellow for endoplasmic reticulum, blue for cytoplasm and nucleus and in dark for others [Colour figure can be viewed at
wileyonlinelibrary.com]

2124 GUIHUR ET AL.

http://wileyonlinelibrary.com


induced molecular chaperones (Figures 6a and S5a), the RNA-

protein fold-change correlation was much more significant, with a

Pearson correlation coefficient of 0.84. It confirmed that expect-

edly, the heat-accumulated chaperones resulted from a prior heat-

induced accumulation of their corresponding mRNA. This was not

the case of heat-depleted proteins, for which most of the

corresponding mRNAs were not depleted. Some mRNAs were even

slightly accumulated, whereas their proteins became depleted dur-

ing the heat-treatment (Figures 6b and S5B). This indicates that

the heat-depletion of the proteins did not necessarily result from

the heat-induced degradation of their mRNA. Protein depletion

would have as well resulted from their less effective replenishment

during the heat-treatment, by the ribosomes that become over-

flooded by an excess new HSP mRNAs.

4 | DISCUSSION

The growing impact of global warming and its adverse effects on crop

yields is urging for more research on the mechanisms by which plants

may cope with increasingly frequent extreme heat waves

(Bokszczanin et al., 2013; Cramer, Urano, Delrot, Pezzotti, &

Shinozaki, 2011; Lobell, Schlenker, & Costa-Roberts, 2011). Phy-

scomitrium patens (previously called Physcomitrella patens—see

[Rensing, Goffinet, Meyberg, Wu, & Bezanilla, 2020]) is a bryophyte

model for the study of land plant biology, as it may best highlight the

mechanisms by which green algae that were initially protected by the

buffering effect of large surrounding water bodies, acquired new abili-

ties to cope with the much harsher terrestrial habitats, including high

free oxygen, excess sun light and UV radiation, severe water shortage,

dehydration and extreme diurnal variations in the ambient tempera-

ture (Rensing et al., 2008).

4.1 | The advantages of LFQ-based protein
quantitation

High throughput microarray analyses have initially shown wide spec-

tra of responses in Arabidopsis and tobacco to noxious heat shock

treatments that may typically cause the denaturation of labile proteins

and compromise membrane integrity and induce programmed cell

death (Finka, Mattoo, & Goloubinoff, 2011; Larkindale &

Vierling, 2008; Marsoni et al., 2010; Swindell, Huebner, &

Weber, 2007; Vacca et al., 2006). The transcripts that were reported

to be significantly up-regulated under strong heat stress primarily

encompass those of heat-shock induced chaperones, HSFs and

enzymes responsible for the synthesis of osmolytes, such as trehalose

synthase (Glatz et al., 2016; Slama, Abdelly, Bouchereau, Flowers, &

Savoure, 2015), of saturated lipids and of enzymes that detoxify reac-

tive oxygen species (ROS) (Mittler, Finka, & Goloubinoff, 2012). Such

approaches have been used in the systematic study of responses to a

wide range of abiotic stresses (Ahmad et al., 2016; Kosova, Vitamvas,

Urban, Prasil, & Renaut, 2018). Here, in contrast, we aimed at explor-

ing the mechanisms by which a model land plant can sense increas-

ingly warmer, albeit still non-damaging temperatures and timely build

effective molecular defences in anticipation of upcoming more nox-

ious temperatures. The four hours of mild heat-priming treatment at

38�C that were applied, should not be equated to a noxious HS: the

protonema cells remained alive and resumed growth after this mild

heat treatment (data not shown), suggesting that the integrity of pro-

teins and membranes was minimally compromised, while effectively

conferring acquired thermotolerance.

In view of the limitations of traditional two-dimensional electro-

phoresis techniques, a number of high throughput alternatives with

improved sensitivity and reproducibility have been applied (Fauvet

et al., 2018; Finka et al., 2011; Goloubinoff, Sassi, Fauvet,

F IGURE 6 Scatter Plot showing a correlation in fold-change expression, between 88 heat-upregulated (a) and 136 downregulated (b) mRNAs
and their corresponding significantly quantified proteins. Chaperones are in red. Pearson test are indicated. Whereas heat-accumulated
chaperone proteins expectedly result from the heat-induced accumulation of their corresponding mRNA (a), the heat-depleted proteins are not a
consequence of the depletion of their mRNA [Colour figure can be viewed at wileyonlinelibrary.com]
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Barducci, & De Los Rios, 2018). The quantitative proteomic

approach used here offered a powerful means to unravel new pro-

teins and pathways involved in the plant response to a mild HP con-

dition typically leading to the onset of AT. Moreover, information at

the protein level has thus far not provided absolute quantities of

heat-induced HSPs and the specific quantitative differences

between the heat-primed and control condition, nor about the cellu-

lar localization of HSPs, limiting our understanding of the molecular

mechanisms leading to plant AT.

4.2 | Protein annotation and quantification

To analyse the data from label-free quantitative proteomic analysis

(LFQ) of Physcomitrium patens cells without and following HP, we

used both principal component analysis and hierarchical clustering to

obtain an initial overview of the datasets (Figures S6 and S7). In both

cases, it provided evidence for a significant reorganization of the moss

proteome in response to heat priming. The LFQ method using six bio-

logical replicates per condition was necessary because it could easily

generate estimates of absolute amounts, at least for the most abun-

dant proteins and using less replicates as generally done in proteomic

studies for economic reasons, would have strongly reduced the num-

ber of the significantly differentially expressed proteins (Cox &

Mann, 2008; Goloubinoff et al., 2018). 7,097 proteins were thus iden-

tified in both control and heat-priming conditions (Figure 1b) but the

LFQ proteomics approach could not detect very low-abundance pro-

teins, such as transcription factors (Cox & Mann, 2008). When a strin-

gent statistical filtering was applied on the six biological replicates per

condition, only 1,514 proteins were retained with ascertained abun-

dances above zero. While appearing at first conservative, this LFQ

analysis showed that they nevertheless represented >96% of the total

proteome by mass (Figure 1c).

In order to provide a mechanistic insight into plant heat

responses, the OMICs analysis required the quantified protein IDs to

be functionally annotated and presumably assigned to a given cellular

compartment. Using BLASTp-based sequence similarity and loctree3

annotation (Goldberg et al., 2014), the pipeline that combined auto-

mated and manual curation could assign probable functions and a sub-

cellular localization to all 1,514 identified and quantified proteins of

moss cells (Figure 1). The resulting absolute protein quantifications

were validated by translating them in relative cellular concentrations

that confirmed expected stoichiometries of subunits in well-known

complexes.

4.3 | Quantifying treatment effects using
abundance ratios and differences

With data from DNA microarrays (Larsson, Wahlestedt, &

Timmons, 2005; Tusher, Tibshirani, & Chu, 2001), or label-based pro-

teomic MS (Ong et al., 2002; Thompson et al., 2003), ‘fold-change’
(FC) analysis is the only way to express differences between

treatment and control conditions. However, the systematic division of

the treatment value by the control value, and its expression in the

form of a single fold-change value results in an effective loss of pre-

cious information. FC values may be misleading when abundances in

the control condition are zero or very near to zero. Therefore, in addi-

tion to using the FC in protein abundances (HP/Control), we also

quantified protein abundance differences (HP minus Control), which

was rendered possible by the LFQ method and referred to as ‘deltas’
(Fauvet et al., 2018; Finka et al., 2015; Finka & Goloubinoff, 2013)

(Figure S1 and Table S1). More than half (128) of the 231 significantly

different proteins between HP and control were identified using both

FC and delta values. 82 more proteins were significantly varying only

in fold-change, and 21 only had significant deltas more than FCs

(Figure S1). Using the combination of fold-change and delta values, it

appeared that the most strongly heat-induced or heat-depleted pro-

teins according to fold changes were not necessarily those with the

largest change in absolute abundance (deltas) (Figure 5 and Table S1).

In particular, the HSP20s, which according to FC appeared strongly

induced, but contributed only mildly to the increased absolute abun-

dance, compared to other HSPs that were much less induced in FCs

but contributed much more to the delta masses.

4.4 | Effects of mild heat on chloroplast functions

The majority of heat-depleted proteins were in the most crowded cel-

lular compartment, the chloroplast (Figure 3). Their identity suggested

that the photosynthesis machineries, as well as protein and lipid syn-

thesis machineries became slightly depleted during the mild heat

treatment (Figures 4–6 and S3). Photosynthesis is usually the first

metabolic mechanism to become affected by thermal variation and

photosystem II (PSII) is apparently the most thermosensitive compo-

nent (Mathur, Agrawal, & Jajoo, 2014). Indeed, the measured Fv/fm

ratio after the mild heat-treatment showed an inhibition of Photosys-

tem II (PSII) that could derive from the observed mild depletion of pro-

tein subunits of Photosystem II and in the thylakoid antennae

(Figure S4). We found that PSII reaction centers were more abundant

than PSI reaction centers. The stoichiometry between PSII and PSI

was initially thought to be �1:1 (Whitmarsh & Ort, 1984). However,

later studies determined a ratio closer to two (Fan et al., 2008). It is

also known that the extent of PSII excess is dependent upon the plant

species as well as on the light regime (Chow, Melis, &

Anderson, 1990; Dietzel, Brautigam, & Pfannschmidt, 2008; Fan

et al., 2008). Moreover, the ratio in cyanobacteria is 5:1 and quite var-

iable - leading to state changes and regulation of movement of com-

plexes (Fujita, Murakami, Aizawa, & Ohki, 1994). Therefore, we

interpret the four-fold excess of PSII core over that of PSI that was

found here, as possibly related to archaic nature of the chloroplasts in

P. patens protonemata cells, as well as on the growth conditions. Pho-

tosynthesis rates generally decrease when the temperature exceeds

the optimum specific for each plant species (Mathur et al., 2014).

Moderate heat stress stimulates photoinhibition, resulting in increased

ROS in the chloroplast, leading to increased ROS in the cytosol

2126 GUIHUR ET AL.



(Berry & Bjorkman, 1980). The main ROS scavenging enzymatic sys-

tems include superoxide dismutase (SOD), catalase (CAT), ascorbate

peroxidase (APX) and glutathione peroxidase (GPX) (Apel &

Hirt, 2004). Thus, it is reasonable to assume that HS-accumulated

levels of ROS are transiently well tolerated in plants, playing a role in

the mediation of HSR signalling and being rapidly eliminated by ROS

scavenging enzymes.

HS has also been shown to slow down cellular protein synthesis

by sequestering mRNAs encoding house-keeping proteins in stress

granules. These mRNAs are also in part outcompeted by the newly

accumulated HSP mRNAs for slightly lesser amount of ribosomes, and

possibly also because of a general slowing down of translation (Shalgi

et al., 2013). The overall depletion of chloroplast ribosomal proteins

could imply a general slowing down of the translation machinery. Yet,

it should be noted that ribosomes are ancient RNA-based enzymes

that became increasingly regulated by peripheral proteins in the

course of evolution (Fox, 2010). Plant ribosomes in particular, are

highly heterogeneous in their protein composition (Giavalisco

et al., 2005) and subunits may vary as a function of leaf development

(Horiguchi et al., 2011) or in response to nutrient availability (Hummel

et al., 2012), and here also in response to heat-priming.

4.5 | The lesson from comparing mRNA amounts
and heat-accumulated and depleted protein amounts

Relatively few studies compared global heat-induced proteins and their

corresponding transcript expression (Fu et al., 2009; Irmler et al., 2008;

Pavelka et al., 2008). RNAseq for measurements of mRNA levels show

only a very poor correlation with protein expression levels

(Schwanhäusser et al., 2011). Regarding crowding, it should be noted

that that the number of mRNA molecules can be three to four orders of

magnitude lower that their protein they produce (de Sousa Abreu, Pen-

alva, Marcotte, & Vogel, 2009). Hence, during heat priming, the total

(RNA + protein) cellular crowding is not expected to significantly

increase; and the flooding of the pre-existing ribosomes with newly syn-

thesized HSP mRNAs results in the production of new specialized pro-

teins, such as the HSP20s, without globally increasing protein crowding.

A delicate equilibrium between rate of protein degradation and protein-

replenishment must exist for each of the constitutively-expressed

house-keeping protein of the cell. However, during heat-priming, the

massive production of a few heat-induced proteins may require much

higher mRNA molecules per newly produced HSP. These abundant new

mRNAs of � a hundred HSPs are expected to compete with the many

thousands of house-keeping mRNAs, which are in very low copy num-

bers, thereby leading to the net accumulation of new HSPs, at the cost

of a general, mild, across-the-board depletion owing to an expectedly

slower replenishment, of the non-HSPs house-keeping proteins (Finka

et al., 2015). In our study, the relative transcript and protein expression

were reasonably well correlated only in the case of the most heat-

enriched proteins and RNAs (Finka et al., 2011). We found that more

RNA was needed to make more HSP proteins, but in contrast, RNA

degradation (or lower transcription) was not needed for depletion of

proteins. This strongly indicates that only several heat-accumulated pro-

teins (HSP20s in particular) apparently act as specific key players in the

onset of AT, whereas the heat-depleted proteins are more likely to be

non-specific bystanders that do not play a direct role in the onset of AT,

their depletion being the consequence of being out-competed by HSP-

specific mRNAs and some of their polypeptides of having high intrinsic

degradation rates.

4.6 | The HSR takes place in less-crowded cellular
compartments

Microarray and RNAseq analysis have shown that in all organisms, less

than a third of the heat-inducible proteins (HSPs) are bona fide mem-

bers of the ‘chaperome’ (HSP100, HSP90, HSP70, HSP60, co-

chaperones and foldases). This notwithstanding, chaperome encoding

genes are in general �20 times more likely to be also heat-inducible,

than non-chaperome encoding genes (Finka et al., 2011, 2015). Our

proteomic data confirmed that chaperome proteins are 14-times more

likely to be also heat-inducible, than the other heat-inducible non-

chaperome proteins (Figures 4–6, S3, and S5). An unexpected finding

was that the mild heat treatment that typically leads to the onset of

AT, did not involve an increase in the amount of molecular chaper-

ones in the chloroplast, although the chloroplast is the most crowded

compartment of the cell (Figures 4, 5, S3, S5). The chloroplast-

localized small heat-shock protein HSP21 has been reported to act as

a chaperone to maintain the stability of PSII in Arabidopsis under heat

stress (Bernfur, Rutsdottir, & Emanuelsson, 2017; Chen, He, Chen, &

Guo, 2017). Whereas RNAseq of mosses treated 30 min at 38�C

indeed showed that the moss HSP21 ortholog (Pp3c7_25570) was

significantly upregulated 1.26 fold (p value < .005), the low resolution

of our quantitative proteomic analysis could not confirm a

corresponding mass difference for this chloroplast sHSP. Instead, as

initially shown by several gene-expression data in different plant spe-

cies (Cohen & Leach, 2019; Kang et al., 2020; Liu et al., 2015; Rahmati

Ishka et al., 2018; Wang et al., 2019), the quantitative proteomic data

confirmed that the heat-treatment response is primarily taking place

in the cytoplasm (Figures 4–6, and S3), which we found to be the least

crowded compartment (�75 mg/ml vs. over 500 mg/ml total protein

in the chloroplast, Figure 3). High protein crowding is thought to be

detrimental to protein integrity under stress, such as heat shock,

because this generates misfolded proteins with a high tendency to

aggregate (Hartl & Hayer-Hartl, 2002). Aggregation is a

concentration-dependent process where higher protein crowding

would be associated to faster aggregation (van den Berg, Ellis, &

Dobson, 1999). To counteract this, one would expect a large fold

increase of chaperones in the chloroplast; however this was not the

case (Figures 4, 5, and S3). There is evidence that the seemingly hos-

tile environment of a highly crowded organelle might protect native

proteins against stress-induced unfolding and misfolding. Previous

studies have documented the stabilizing effects of elevated molecular

crowding on the equilibrium thermodynamics of biomolecular folding

(Benton, Smith, Young, & Pielak, 2012; Roque, Ponte, & Suau, 2007;

MOSS PLANT ACQUIRED THERMOTOLERANCE 2127



Zhou, Rivas, & Minton, 2008). For the crowding calculation, the pres-

ence of vacuoles in the cytosol may have contributed to the resulting

very low crowding value of the cytosol. Yet, young Physcomitrium pro-

tonema cells contain only few small vacuoles that do not occupy most

of the cellular volume as in the case of differentiated higher plant cells

(Furt et al., 2012). Surprisingly, it was in the cytosol that we found

most of the heat-accumulated molecular chaperones, and especially

HSP20s (Figures 4, 5, and S3), suggesting that under priming heat

treatment, cytosolic proteins are more susceptible to misfolding. This

argument is valid only if we assume that misfolding and aggregation is

the problem of some cytosolic proteins during mild heat-priming that

the HSP20s could resolve. Yet, if no significant protein misfolding and

aggregation was to take place in the cytosol, this would raise the

question: what essential function are the HSP20s carrying out that

during HP that leads to AT?

4.7 | The central role of HSP20 in plant AT

Cytosolic members of the HSP20 family, also called the small HSPs

(Haslbeck & Vierling, 2015) are molecular chaperones, whose expres-

sion in plants is repressed at non-stressful basal temperature and

become dramatically accumulated under heat-shock (Larkindale &

Vierling, 2008; Lindquist & Craig, 1988). There is an experimentally

established correlation between the over-expression of HSPs, among

which are the HSP101, HSP70 and HSP20s chaperones, and the suc-

cessful onset of plant acquired thermotolerance. Reversely, loss of

function mutations in heat-inducible molecular chaperones has been

shown to carry defective acquired thermotolerance phenotypes

(Hong, Lee, & Vierling, 2003; Kim, Lee, Small, des Francs-Small, &

Vierling, 2012; McLoughlin et al., 2016; Queitsch, Hong, Vierling,

Lindquist, & Goloubinoff, 2000) (Waters & Vierling, 2020). Without

stress, HSP20s often form oligomers, which can transiently dissociate

in response to a HS, exposing hydrophobic surfaces to bind misfolded

protein intermediates, thereby inhibiting aggregation (Nakamoto &

Vígh, 2007). The rapid accumulation of HSP20s following a mild non-

damaging rise of temperature is one of the most sensitive molecular

responses to an environmental cue (Saidi et al., 2010). HSP20s are

able to prevent the aggregation of artificially unfolded polypeptides or

of stress-denaturing polypeptides through the ATP-dependent

HSP70/90 chaperone system (Kotak et al., 2007; Liberek,

Lewandowska, & Zietkiewicz, 2008), whereas their apparent mem-

brane localization indicates where they can act as ‘membrane-

stabilizing factors’ by influencing the integrity of the cell and thylakoid

membranes during stress (Horvath et al., 2012). In this study, we

detected by proteomic three different HSP20s and observed a mas-

sive (according to fold changes) up-regulation of HSP20s in cytoplasm,

the least crowded compartment (Figure S2), expected to be the least

prone to protein aggregation. In the RNAseq data, we detected

20 HSP20s but only the same three from the proteomic analysis were

strongly induced. This counter-intuitive massive upregulation of

HSP20s in relatively low net mass amounts in the cytosol may be

indicative of a specialized, rather than a generalist function to this

subset of HSP20s, which could target for example rare specific heat-

labile cytosolic proteins and counter their aggregation. Moreover,

these HSP20s could act as specific repressors of signal proteins medi-

ating programmed cell death, otherwise taking place inexorably during

and following a noxious damaging heat-shock. Indeed, indicative of an

apoptotic signal, plants that were not heat-primed, that once exposed

to a noxious heat-shock do not readily show large-scale cellular dam-

ages may nevertheless die within a few days after the noxious heat

stress (Reape & McCabe, 2010; Reape, Molony, & McCabe, 2008). It

was shown that an overexpression of David's Lily HSP20 in Ara-

bidopsis transgenic plants resulted in increased transcript and enzy-

matic activities of superoxide dismutases and catalases, the latter

being effective scavengers for ROS, which in turn protect cells from

oxidative damage (Mu et al., 2013) and from ROS-mediated apoptosis.

Hence, mammalian HSP20 homologs have been shown to have anti-

apoptotic activities (Kamradt, Chen, & Cryns, 2001; Mao, Liu, Xiang, &

Li, 2004; Mehlen, Schulze-Osthoff, & Arrigo, 1996; Nahomi, DiMauro,

Wang, & Nagaraj, 2015). In animals, HSP27 was shown to prevent

TNF-α-induced apoptosis and to interact with Bax, a pro-apoptotic

protein, by inhibiting its translocation into mitochondria (Mao

et al., 2004; Mehlen, Kretz-Remy, Preville, & Arrigo, 1996). A possible

similar anti-apoptotic effect and involvement in signalling pathway,

remains to be explored in plants. Nevertheless, the transcriptomic

data showed that an apoptotic signal (Reape & McCabe, 2010) com-

posed of upregulated metacaspases occurs. By over-expressing actors

that can inhibit apoptotic signals, such as HSP20, peroxidases or anti-

apoptotic Bax inhibitor-1 family protein, priming may act as a tran-

sient safe-keeping mechanism when land plants are more severely

heat-stressed for several hours, around noon, in order to prevent the

onset of a default stress-induced programed cell death.

Proteomics and transcriptomics show that also in moss, not all

heat-induced proteins are molecular chaperones and conversely, not

all molecular chaperones become accumulated in response of a heat-

treatment. Hence, in higher plants, the enzyme ascorbate peroxidase

is one of the most heat-accumulated proteins, although its cellular

function and mechanism is to detoxify H2O2 (Caverzan et al., 2012)

and not to prevent and avert protein misfolding, as most chaperones

do (Mattoo & Goloubinoff, 2014). In our study, we found other heat-

accumulated proteins, such as the temperature-induced lipocalin (TIL),

which is required for AT (Chi, Fung, Liu, Hsu, & Charng, 2009) by act-

ing against lipid peroxidation induced by severe HS or peroxiredoxin

(REHY) and by scavenging hydrogen peroxide and lipid peroxides

(Cheng et al., 2016) (Figure 5, S3).

Using omic approaches, we have obtained unbiased new informa-

tion on the identity, cellular concentration and subcellular localization

of the main heat-accumulated proteins, following a typical mild heat-

priming treatment leading to the onset of AT. It suggested putative

new functions for cytosolic HSP20s and indicated that the heat-

depletion of some abundant proteins, many of which from the photo-

synthetic apparatus, unlikely contributed to the onset mechanism of

AT, but was rather a counterbalancing consequence of the heat-

priming accumulation of various HSPs, in particular the HSP20s with

apoptotic actions which are central to the onset of AT.
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5 | OUTLOOK

At dawn of a summer day, land plants must sense, respond and adapt

within a few hours to upcoming excessive afternoon temperatures.

Plants respond to a rising heat through the specific up regulation of

genes encoding, per definition, for heat-shock proteins, which must

be balanced by an across-the board slowing down in the synthesis of

non-heat shock protein genes, many of which house-keeping genes.

Proteins are the carrier of most cellular functions. The law of mass

action proposes that biochemical reactions depend both on the stoi-

chiometry and on the absolute concentrations of substrate and the

product molecules, as well as on the absolute concentration of the

enzyme, which is accelerating that reaction in the cell. In an attempt

to decipher this network (thermotolerance, HSR), quantitative values,

alongside classic fold change ratios must be introduced into the equa-

tions. This research generated new insights on the mechanism leading

to plant acquired thermotolerance. It confirmed the central role of

HSP20s in AT albeit not so much, as generally thought, in the

preventing heat-induced protein aggregations that unlikely take place

under heat-priming conditions and are dramatically accumulated, in

FC, during an HS, but mass-wise it is not substantial. When a protein

is very abundant, it is likely to be very important for basal house-

keeping cellular functions. When however, the expression of a protein

is strongly repressed by the cell without heat, and it is specifically de-

repressed under heat-, it accumulates but only in minute amounts, it

is likely to carry a very important role in cellular defences against

stress damages, albeit only transiently. The fact that evolution has

chosen to strongly repress the expression of HSP20s without stress,

when they are not needed, suggest that HSP20s carry an impor-

tant stress-protection function whose fitness cost to maintain con-

stitutively without heat-stress would be excessively high. Our data

suggest that rather than, or in addition to the undertaking of a

non-specific aggregation-preventing function, the accumulated cyto-

solic HSP20s may also act on a minority of rare signalling and/or

regulatory proteins that control heat-induced apoptosis and scav-

enging for ROS, which therefore lead to the onset of moss

AT. Further research is needed to address a comprehensive analyse

of responses to priming and acquired thermotolerance. Met-

abolomics is to be integrated to the transcriptomic and proteomic

approaches. Indeed plant cells may accumulate metabolites and

osmoprotectants such as proline, betaine or trehalose, acting as

chemical chaperones that can mitigate heat stress damages in pro-

tein (Diamant, Eliahu, Rosenthal, & Goloubinoff, 2001) and mem-

brane integrity (Bownik, Szabelak, Kulinska, & Waleka, 2019; H. W.

Li, Zang, Deng, & Wang, 2011).
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