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ABSTRACT

(MATSUKURA, B. F.)  The Circadian Oscillator and Thermopriming Interaction
in the Heat Stress Response in Arabidopsis thaliana. 2022. Número de páginas
do trabalho (ex:  86p).  Master  Thesis  -  Graduate Program in  Biological  Sciences
(Biochemistry). Instituto de Química, Universidade de São Paulo, São Paulo.

Heat stress is one of the critical problems faced by many crops. Heat waves are

likely  to  become  more  frequent  in  the  following  years  due  to  climate  changes,

affecting food production and nutritional values. Two mechanisms present in plants

allow them to predict and prepare for upcoming events: priming and the circadian

oscillator, or circadian clock. The first allows organisms to respond better to a stress

condition if they have been previously exposed to a milder stress. The second allows

organisms to  prepare  for  diurnal  and seasonal  rhythmic  events.  The aim of  this

dissertation was to investigate how these two mechanisms are associated with the

response to heat stress by comparing the thermoresistance and the gene expression

between primed and non-primed Arabidopsis seedlings at different times of the day.

We  showed  that  both  the  circadian  oscillator  and  the  photoperiod  influence

thermopriming  in  Arabidopsis,  affecting  the  acquired  thermotolerance.  In  turn,

thermopriming  is  capable  of  altering  the  expression  of  circadian  oscillator

components. Additionally, we observed that distinct sets of components appear to be

involved in each time of the day thermopriming was more effective.

Keywords:  Circadian  oscillator,  biological  clock,  thermopriming,  thermomemory,

Arabidopsis, heat-stress



RESUMO

(MATSUKURA,  B.  F.)  A  Interação  entre  o  Oscilador  Circadiano  e  o
Termocondicionamento  na  Resposta  ao  Estresse  em  Arabidopsis  thaliana.
2022. Número de páginas do trabalho (ex: 86p). Dissertação (Mestrado) - Programa
de  Pós-Graduação  em  Ciências  biológicas  (Bioquímica).  Instituto  de  Química,
Universidade de São Paulo, São Paulo.

O estresse de calor é um dos mais importantes problemas enfrentados por muitas

plantações de importância agrícola. Nos próximos anos, é esperado que ondas de

calor se tornem mais frequentes devido às mudanças climáticas, o que afetará a

produção  e  o  valor  nutricional  dos  alimentos.  Dois  mecanismos  presentes  em

plantas  permitem  que  estas  respondam  mais  efetivamente  às  mudanças  nas

condições ambientais: o condicionamento e o relógio biológico. O primeiro, confere

uma melhor resistência do organismo a um determinado estresse se este tiver sido

previamente exposto a um estresse de menor intensidade. O segundo, permite que

seres  vivos  se  preparem  para  as  mudanças  que  ocorrem  durante  o  dia  e  no

decorrer  do  ano.  Neste  estudo,  foi  elaborado  um  estudo  que  permitisse  a

investigação de como estes dois  mecanismos estão relacionados à  resposta ao

estresse de calor. Para isso, a termoresistência e a expressão de genes associados

a  estes  mecanismos  foram  comparadas  entre  plantas  condicionadas  e  não-

condicionadas em diferentes horários do dia. Os resultados mostraram que tanto o

relógio biológico como o fotoperíodo influenciam a termoresistência adquirida. Em

contrapartida,  o  termocondicionamento  é  capaz  de  alterar  a  expressão  de

componentes do relógio biológico. Além disso, também foi observado que grupos

distintos de componentes aparentam ser mais importantes em cada um dos horários

em que o termocondicionamento foi mais efetivo.

Keywords:  Oscilador  circadiano,  relógio  biológico,  termocondicionamento,

termomemória, Arabidopsis, estresse de calor



1 INTRODUCTION

1.1 The effects of heat on Agriculture

Climate change, and the subsequent extreme weather, is predicted to be a critical

threat to agriculture and food safety. Short periods of heat may lead to a reduction in the

productivity of  many crops, especially if  they happen during their reproductive or grain

filling phases, or during sensitive periods, such as during nighttime (DESAI et al., 2021;

PORTER; A SEMENOV, 2005; PRASAD et al., 2003; PRASAD et al., 2011). Moreover,

the commodity types that show the most significant losses associated with heat waves and

severe drought are the cereals, followed by the oil crops and the pulses; all of them being

essential  sources of food and feed (POPELKA; TERRYN; HIGGINS, 2004;  MEHRABI;

RAMANKUTTY, 2017). For example, an increase of 2°C on the average temperature of

Earth is expected to reduce wheat production up to 30% in certain areas (ASSENG et al.,

2014).  Similarly,  heat  stress  has been reported to  reduce the yield  of  many legumes

consumed  by  humans,  which  contribute  alone  to  33%  of  human  protein  nutrition

(GUILIONI; WERY; TARDIEU, 1997; PRASAD et al., 2002; PRASAD et al., 2003; KUMAR

et al., 2013; SITA et al., 2017). Oil crops show the second-biggest loss in production due

to heat events, being important not only for food production but also for other activities of

great economic relevance, such as the production of biofuels and many compounds used

in  the  chemistry  industry  (METZGER;  BORNSCHEUER,  2006).  The  impact  of  high

temperatures on these crops may affect not only the amount of oil they produce, as seen

in sunflowers, but also their fatty acids profile, raising the ratio between monounsaturated

fats over polyunsaturated fats, and hence decreasing their nutritional value (RONDANINI;

SAVIN;  HALL,  2003;  SCHULTE  et  al.,  2013).  Financially,  considering  all  crops,  it  is
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estimated  that  agriculture  lost  237  billion  USD  due  to  heat  and  drought  events  only

between 1961 and 2014 (MEHRABI; RAMANKUTTY, 2017).

1.2 The circadian oscillator

The changes in environmental conditions that occur throughout the day and across

the  year  may  impose  great  challenges  to  some  living  beings.  For  this  reason,  in

evolutionary  history,  organisms  capable  of  anticipating  these  shifts  had  significant

advantages, as they were able to prepare for upcoming events. One crucial mechanism

that makes it possible is the circadian oscillator, present in most living beings (PARANJPE;

SHARMA, 2005). Even though these circadian oscillators have appeared multiple times

independently in evolution, they work in a very similar fashion across the many different

phylogenetic groups in which they are present (ROSBASH, 2009). Structurally, they are

composed of genes that encode transcription factors that regulate one another, creating

feedback loops, leading to oscillations in their expression across the day (DUNLAP, 1999).

Simultaneously, these transcription factors also interact in the transcription of many other

genes,  involved  in  various  processes,  making  their  expression  also  rhythmic  and,

consequently,  creating  rhythmic  processes  (MCCLUNG,  2006).   A  rhythm  is  usually

considered to be regulated by the circadian oscillator  when the organism keeps them

under  constant  environmental  conditions,  where  there  are  no  environmental  cues

(MCCLUNG,  2011).  For  instance,  in  the  study  of  photosynthetic  beings,  light  and

temperature are usually kept constant. However, in nature the circadian oscillator needs to

continuously  receive  environmental  cues  to  keep  synchronised  with  the  external

environment for long periods. Otherwise, it will be slightly shifted each day, leading to a

free-running  period  (CALWÉ  et  al.,  2016).  Therefore,  this  mechanism  is  not  fully
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independent from the environment, and a better analogy to it would be an oscillator rather

than a clock, given that the latter should not be influenced by the exterior environment

(WEBB et al., 2019). Additionally, it is important to note that the circadian oscillator does

not regulate all  repeated behaviours, once they might be induced in direct response to

recurrent environmental stimuli such as the photoperiod.

The role of circadian oscillator is of extreme importance for plants, since they are

sessile organisms and need to prepare without moving for all seasonal and daily shifts in

temperature,  water  availability,  attacks  from  predators  and  parasites,  light  intensity,

photoperiod, as well as changes in many other biotic and abiotic factors (DODD et al.,

2005; MODY et al., 2020; MOGHADDAM; ENDE, 2013; SIMON et al., 2020). In order to

deal  with  these  changes,  processes  such  as  the  opening  of  stomata,  flowering,  the

senescence of leaves and the production of metabolites related to UV-light protection or

defence  against  insects  are  all  influenced  by  the  circadian  oscillator  (FRANCISCO;

RODRÍGUEZ, 2021; GREENHAM; MCCLUNG, 2015). Moreover, since this mechanism

maintains differences in the state of plant cells throughout the day, a given stimulus of the

same intensity may lead to different responses depending on the time of day it is applied,

a phenomenon known as gating (COVINGTON; HARMER, 2007; HOTTA et al., 2007). In

agriculture, understanding the circadian oscillator is crucial, as it may be useful to decide

the best time to harvest, irrigate or apply fertilisers (BENDIX et al., 2015; HOTTA et al.,

2021; STEED et al., 2021).

The circadian oscillator of  plants is mainly studied in only a few model species,

especially  Arabidopsis thaliana (L.) Heynh. (Brassicaceae), which serves as a reference

for  the  circadian  oscillator  of  land  plants  in  general.  The  green  algae  species

Chlamydomonas reinhardtii and Ostreococcus tauri, are also important for understanding

the evolutionary history of the oscillator in plants as well as in studies of this mechanism in
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algae (LINDE et al., 2017). Additionally, species of significant economic value, such as

wheat, rice, sugarcane, tomatoes and many others have their circadian oscillators well

studied  (BENDIX  et  al.,  2015).  The  current  models  of  the  circadian  oscillator  of

Arabidopsis  thaliana are composed of  transcriptional  regulators that  interact  with  each

other creating a series of interlocked feedback loops. Each shows a phased expression,

peaking  at  different  times  of  day  (MCCLUNG,  2019;  WEBB et  al.,  2019)  (Figure  1).

Functionally,  they  can  be  split  into  five  groups:  a  group  of  MYB-like  transcription

repressors,  a  group of MYB-like transcription activators,  a group of  Pseudo Response

Regulators (PRRs), a group of nocturnal regulators and a group of proteins involved in

protein stability (WEBB et al., 2019).

The core oscillator components CIRCADIAN CLOCK-ASSOCIATED (CCA1) and

LATE ELONGATED HYPOCOTYL (LHY) are MYB-like transcription factors that show their

highest transcriptional and protein levels in the morning, being part of what is known as the

morning phase components (HSU; HARMER, 2014).  These transcriptional factors form

homo or heterodimers,  acting as regulators of  genes that  bear  a sequence known as

EVENING ELEMENT in their promoter region, which is mainly present in genes highly

transcribed at night (LU et al., 2009; YAKIR et al., 2009). One of them is the TIMING OF

CAB EXPRESSION 1 (TOC1),  a  component  of  the  core  oscillator  that  represses  the

transcription of  CCA1  and  LHY,  closing the first feedback loop to be described for the

Arabidopsis oscillator (ALABADÍ et al., 2001). Even though CCA1 and LHY function as

repressors in most cases, it is suggested that they may act as well as activators of specific

genes, including  PSEUDO-RESPONSE REGULATOR 7 (PRR7) and 9 (PRR9), that are

also part of the core oscillator  (NAGEL & KAY, 2012).

The peak of  expression of  the gene family PRR (TOC1,  also known as  PRR1,

PRR3, PRR5, PRR7 and PRR9) ranges from morning to evening, with each one of them
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showing their highest levels at different times of day in sequence (GENDRON et al., 2012;

MATSUSHIKA et al., 2000; NAKAMISHI et al., 2010 ). At the beginning of the photoperiod,

PRR9 increases its expression, reaching its maximum quantity of transcripts during the

morning.  Following  the  same  pattern,  PRR7  and  PRR5  show  their  highest  levels  of

transcription around noon.  These three transcripts  encode pseudo-response regulators

that act together in the repression of CCA1 and LHY. In the opposite direction, CCA1 and

LHY proteins have been reported to repress both  PRR9  and  PRR7, closing a negative

feedback loop between these genes (KAMIOKA et al., 2016; NAKAMICHI et al., 2010).

Additionally,  PRR3 and TOC1 exhibit their highest expression levels in the evening, with

the  latter  also  acting  as  a  repressor  of  CCA1 after  interaction  with  CCA1  HIKING

EXPEDITION  (CHE),  another  transcription  factor  (PRUNEDA-PAZ  et  al.,  2019).  The

combined repressive action of all these PRRs restricts CCA1 and LHY transcriptions to a

brief period during the morning (MCCLUNG, 2019). Moreover, TOC1 is also a repressor of

some components of the EVENING COMPLEX (EC), a transcriptional repressor of PRR7

and  PRR9 (DIXON et  al.,  2011;  HELFER et  al.,  2011).  In  addition to  the interactions

described, each of the PRRs act as a repressor of the preceding PRR and many other

output genes involved in various physiological processes (LIU et al., 2013; NAKAMICHI et

al., 2010).

The evening phased genes include TOC1 and PRR3 as previously described, as

well as the ones that are part of the EC: LUX ARRHYTHMO (LUX) or BROTHER OF LUX

ARRHYTHMO (BOA), EARLY FLOWERING 3 (ELF3) and ELF4; this protein complex acts

repressing itself as a repressor of LUX and many other genes repressed at night, including

PRR7  and  PRR9  as  described  above  (DAI  et  al.,  2011;  HERRERO  et  al.,  2012;

NUNISOW et al., 2011). Two types of EC may be formed depending on which homologue,

LUX or BOA, is associated with ELF3 and ELF4. Therefore, two sets of genes might be
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targeted and downregulated by this complex, allowing a more nuanced regulation of output

genes (MCCLUNG, 2019).

Even  though  most  of  the  first  core  oscillator  components  discovered  were

transcriptional repressors, later on, a variety of studies have shown that many activators

play  essential  roles  in  this  mechanism  and  are  now  considered  as  parts  of  it

(FOGELMARK & TROEIN, 2014). For example, LIGHT-REGULATED WD1 (LWD1) and

LIGHT-REGULATED WD2 (LWD2) are two coactivators reported to be involved in the

recruitment of activators to the promoter region of  CCA1,  PRR5,  PRR9 and TOC1 (WU;

WANG; WU, 2008; WU et al., 2016). Moreover, as opposed to their homologs CCA1 and

LHY,  the REVEILLE family  (REVEILLE 4,  REVEILLE 6 and REVEILLE 8)  function as

activators rather than repressors, having their peak of expression later in the day when

compared to LWD1 and LWD2 (FARINAS & MAS, 2011; HSU et al., 2013; RAWAT et al.,

2011). These transcriptional factors interact with coactivators NIGHT LIGHT-INDUCIBLE

AND  CLOCK-REGULATED1  (LNK1)  and  NIGHT  LIGHT-INDUCIBLE  AND  CLOCK-

REGULATED2 (LNK2) in the upregulation of the noon-phased  PRR5 and the evening-

phased TOC1 and ELF4; therefore, performing an important task in keeping the circadian

oscillator running properly (RUGNONE et al., 2013; XIE et al., 2014).

Besides transcriptional regulation, many core oscillator proteins have their stability

and  degradation  regulated  by  other  proteins.  For  example,  ZEITLUPE  (ZTL)  and

GIGANTEA (GI) are involved in the post-translational regulation of TOC1 and PRR5 (KIM

et al., 2007; MÁS et al., 2003). The former is an F-box protein that interacts with GI, acting

as a mediator of ubiquitination and consequently controlling the degradation of its targets

(SOMERS et  al.,  2000).  In  turn,  the  expression  of  GI is  regulated by  other  circadian

oscillator components, such as the EC, CCA1 and LHY that repress its transcription, or

REV8, which acts as an activator (BERNS et al., 2014). 
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The many levels of regulation and the variety of circadian oscillator components

highlight the complexity  of  this mechanism, its  robustness and plasticity,  allowing it  to

synchronise with the environment without deregulating with every external cue (WEBB et

al, 2019). This accuracy also suggests the great importance of this oscillator to plants.

Figure 1.  (A)  Outline  of  the  transcriptional  levels  of  the  Arabidopsis  thaliana  circadian

oscillator components across the day (12L 12D). The open bar represents the day, the dark

bar represents the night. Note that the amplitude of the oscillations were arbitrarily adjusted

to be equal for all transcripts. (B) Blueprint of the circadian oscillator in Arabidopsis thaliana

subdivided into three main loops (morning, core and evening). Adapted from STAIGER et

al., 2013
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1.3 Heat stress response and the circadian oscillator

In  order  to  keep  the  plant´s  rhythms  synchronised  with  the  rhythm  of  the

environment,  the  circadian  oscillator  needs  to  receive  environmental  cues,  a  process

known  as  entrainment.  In  plants,  it  relies  on  two  main  abiotic  factors:  light  and

temperature. Temperature influences the expression of core oscillator components, but the

signalling pathway involved has not been clarified yet (GIL; PARK, 2018; WEBB et al.,

2019). It is suggested that the transcription factor HSFB2b (Heat-Shock Factor B2b), a

repressor that is highly expressed following exposure to heat, might have some influence

in this process, since it downregulates the expression of  PRR7 (KOLMOS et al., 2014).

Despite the thermal influence, the core oscillator is able to maintain its period across a

broad range of physiological temperatures, allowing a more accurate perception of the

passage of time regardless of the fluctuations in the environmental conditions, a feature

known  as  temperature  compensation  (EDWARDS  et  al.,  2005;  SALOMÉ;  WEIGEL;

MCCLUNG, 2010).  

In the opposite direction, the circadian oscillator also plays a vital role in response

to abiotic stresses, including heat. For example, Arabidopsis prr5 prr7 prr9 triple mutants

(prr579) are more resistant to cold,  drought and show an elevated ABA content when

compared to wild-type individuals (FUKUSHIMA et al., 2009; NAKAMICHI et al., 2009).

Additionally,  PRR7  modulates  ABA-regulated  gene  expression  and  sensitivity  against

oxidative stress (LIU et al., 2013). As a response to heat stress specifically, REVEILLE4

(RVE4) and RVE8 have been reported as essential transcription factors that mediate early
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heat stress-induced genes, along with HSFA1s (LI et al., 2019). Another example of the

influence of the circadian oscillator in response to heat is that thermoresistance changes

when a heat stress of the same intensity and duration is applied at different times of the

day. However, the environmental changes between dark and light cycles might be more

relevant  in  this  case  (DICKINSON  et  al.,  2018).  Furthermore,  transcriptome  analysis

showed  that  the  time  of  day  the  heat  stress  is  applied  leads  to  distinct  patterns  of

differentially  expressed  genes,  and  that  CCA1  and  LHY  more  relevant  to  the  heat-

response in the morning and PRR7 and PRR9 more important later in the day (BLAIR et

al., 2019). Moreover, the core oscillator regulates thermomorphogenesis, an increase in

the elongation of the hypocotyl in seedlings exposed to moderate heat that shows a gated

response, meaning that it differs according to the time of day the heat is applied (ZHU et

al., 2016). 

1.3 Priming and molecular memory

Another important factor that plays a role in preparing the organism for upcoming

changes in environmental conditions is priming, a process that happens when a stimulus

triggers a response in the organism that leads to a more efficient response to upcoming

stress,  and consequently  improves the fitness of  the organism (Figure  2)  (BECKERS;

CONRATH,  2007;  HILKER  et  al.,  2015;  MARTÍNEZ-MEDINA  et  al.,  2016).  The

mechanism  behind  this  process  consists  of  a  series  of  modifications  that  happen  in

response to the mild stimulus that are maintained for a certain amount of time, conferring

to the organism what can be considered as molecular memory (HILKER et al., 2015).  The

known priming mechanisms are diverse, as an example: it  may be generated by RNA

polymerases that get stuck at the promoter region of genes that are highly transcribed
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under certain stress conditions after exposure to a mild stimulus (WU; SNYDER, 2008).

Similarly, upregulation of transcription of specific genes upon upcoming stress may also be

induced by accumulation of transcription (co)factors or through chromatin modifications

(CHARNG et al., 2006, JASKIEWICZ; CONRATH; PETERHÄNSEL, 2010, LÄMKE et al.,

2015;  MOORE; LOAKE; SPOEL,  2011).  On the post-transcription level,  siRNAs might

regulate  these  epigenetic  modifications,  and  the  expression  of  transcription  factors.

Additionally, molecular memory might be generated by transcription upregulation followed

by intron retention, since transcripts with retained introns tend to be stored and can readily

leave the nucleus upon splicing activation. (LING et al., 2018; STIEF et al., 2014a; STIEF

et al., 2014b).  Finally, on the post-translational level, modifications of peptides, including

transcription factors, may also be a mechanism of information storage (HILKER et al.,

2015; MOORE; LOAKE; SPOEL, 2011). 
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Figure 2. Generalised scheme of the relationship between fitness and priming of a stress

response by bacteria, fungi or plants over time. Adapted from HILKER et al., 2015.

1.4 Thermotolerance and thermomemory in plants

Heat stress response has been well conserved throughout the evolutionary history

of eukaryotes, being activated by the expression of Heat-Shock Factors (HSFs), which are

transcription factors that upregulate the expression of Heat-Shock Proteins (HSPs) and

other HSFs (SWINDELL; HUEBNER; WEBER, 2007; RICHTER; HASLBECK; BUCHNER,

2010;  NISHIZAWA-YOKOI et  al.,  2011).  Structurally,  HSFs can be split  into  two main

groups based on their motifs: HSFAs that are mostly activators and HSFBs that are mostly

repressors. Some of HSFs (HSFA2, HSFB1 and HSFB2b) are crucial for thermomemory

acquisition and maintenance in primed plants (CHARNG et al., 2007; IKEDA; MITSUDA;
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OHME-TAKAGI,  2011).  The  proteins  associated  with  thermotolerance  are  usually

chaperones that function assisting in the correct folding and maintenance of other proteins

considered to be essential to cell survival, protecting protein from denaturation under heat

stress conditions (ZHANG et al., 2010; WENG et al., 2014; TANG et al., 2016). 

The  transcriptional  patterns  of  HSFs  and  importance  for  thermoresistance  and

thermomemory  usually  follow  three  distinct  patterns  (LIU  et  al.,  2018).  In  the  first,

transcription rises when heat stress is applied but subsequently declines when stress is

relieved, as it has been observed for HSP70 and HSP101 that are usually associated with

thermoresistance but not thermomemory (LÄMKE et al., 2015; LIN et al., 2014; WENG et

al., 2014; ; WU et al., 2013; ZHANG et al., 2010). In the second, transcription levels are

kept high for a long time, similarly to what happens for HSP22.0, HSP18.2, HSP21, and its

post-translational  regulator  FTSH6,  usually  associated  with  thermomemory

(SEDAGHATMEHR;  MUELLER-ROEBER;  BALAZADEH,  2016;  STIEF  et  al.,  2014).

Finally, in the third pattern, transcription is upregulated when heat stress is applied and

ceases after  it  is  relieved.  However,  when plants  are  exposed to  a subsequent  heat,

transcription rises to even higher levels (LÄMKE et al., 2015).

Most  studies  regarding  the  influence  of  heat  on  the  circadian  oscillator  include

temperature stimuli only in naive plants. On the other hand, most thermomemory studies

do not consider the time of day in the priming process. The two primary studies that took

into account thermopriming and the circadian oscillator have been published in the past

few years. Grinevich et al. (2019) demonstrated that priming is more effective around 12h

after the beginning of the photoperiod. Additionally,  Li  et al.  (2019) showed that basal

thermotolerance in reveille7/8 mutants is lower than in wild-type depending on the time of

day.  Moreover,  these double mutants showed a less effective thermomemory than Wt

plants, which was not observed for the single mutants reveille7 or reveille8. However, the
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relation between thermopriming and the circadian oscillator is still poorly understood. For

this reason, we decided to investigate how these two mechanisms are related by analysing

the survival of seedlings after exposure to heat treatments and the expression of genes

that are important for each or both of them.
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1.4 Hypothesis and Objectives

Hypothesis:

Thermopriming  is  influenced  by  the  circadian  oscillator  and  affects  the

expression of circadian oscillator components

Objectives:

1) Determine if the time of day and the circadian oscillator influences on survival 

of primed plants and how it compares to thermoresistance in naive plants

2) Analyse the expression of genes related to thermomemory and 

thermoresistance in both primed and non-primed plants prior to and after 

exposure to heat-shock

3) Analyse the expression of circadian oscillator genes under the same 

conditions

4) Determine if the results observed in the survival experiment are connected to 

the expression of the analysed genes. 
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2 METHODS

2.1 Plant Materials and Growth Conditions

Firstly, seeds of  Arabidopsis thaliana ecotype Col-0 wild-type (WT),  prr7-11

mutants or  hsfb2b mutants  (T-DNA knockout  mutants,  athsfb2b (SALK_047291),

KUMAR et al., 2009) were surface-sterilised in 1.5 ml tubes with ethanol 70% for 1

min,  which  was then removed;  next,  a  solution  of  50% bleach and a  droplet  of

Tween® was added and removed after 7 min; after that, the same volume of distilled

water was added and removed from the tube at least 5 times in order to wash the

bleach  away.  The  seeds  were  then  put  in  plastic  Petri  dishes  containing  half-

Murashige and Skoog (MS) medium and agar, and then left in the fridge (4 °C) for

two days. Following that, they were transferred to a growth chamber under a 12 h

light and 12 h dark at 22°C, where they remained for 8 days prior to exposure to heat

stimuli on the following day. Each Petri dish used in the survival experiments had 30

to 36 seeds, whereas the ones used for the RT-PCR analysis had an indeterminate

amount. Nonetheless, the seedlings were kept under constant light before the day

they received the temperature treatments in the circadian experiment.

 

2.2 Thermopriming and heat-shock treatments

Both temperature treatments were done by transferring the plates to a second

chamber  at  higher  temperatures.  The  group  that  suffered  the  thermopriming

treatment (also referred to as thermoconditioning treatment) was moved to a pre-

heated chamber at 37 °C where they remained for 30 min before returning to their
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original chamber, remaining there for 1 h 30 min prior to exposure to the heat-shock

treatment, which was performed by moving the plants to a pre-heated chamber at

50 °C for 50 min. The groups of plants that did not receive the pre-treatment (non-

primed),  on the other  hand,  were directly exposed to  heat-shock,  along with  the

plants of the primed group (Figure 3). This assay was repeated at different times

throughout the day. The temperatures and length of the treatments were based on

previous tests performed in our chambers. In order to determine the survival rate,

only the seedlings that produced a new pair of green leaves up to 2 weeks after

being stressed were counted as survivors (Figure 3B). For RT-PCR analysis,  we

collected individuals of both groups (non-primed and primed) prior to the heat-shock

treatment and immediately after its end at each timepoint. The samples were put in

1.5 ml tubes, readily frozen in liquid nitrogen and stored at -80 °C.
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Figure 3. (A) Outline of the temperatures the two groups were exposed to throughout their

development.  The  red  arrows  indicate  the  moment  and  the  temperatures  at  which  the

samples were when they were collected. The bars at the bottom illustrate the light conditions

the plants were exposed to when they suffered the stimuli; black represents they were in the
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dark,  white  and grey  represents  they  were  under  light,  the  latter  indicating  that  on  the

previous day the plants were in the dark at that time of the day. (B) Aspect of some of the

plants stressed at zt0 and zt4 on the day survivors were registered (up to 3 weeks after

exposure to heat-shock), primed and non-primed sets of plants as well as the timepoint were

they were stressed are indicated below.

2.3 RNA extraction and DNAse treatment

At least 30 mg of frozen Arabidopsis tissue was ground in the collection tubes

using plastic pistils previously immersed in liquid nitrogen. Total RNA extraction of

the content was then performed using the RNeasy Plant Mini Kit (Qiagen) following

the manufacturer's protocol. Afterwards, 1 µg of the obtained RNA was treated with 1

µL DNAse (Life  Technologies)  for  15  min  at  room temperature,  followed by  the

addition of 1µL EDTA 25 mM and exposure to 65 °C for 10 min to stop the DNAse

activity. 

2.4 RT-qPCR

Transcriptional  levels  were measured by real-time quantitative  PCR in  the

presence of SYBR green. Firstly, a total amount of 500 ng of the RNA previously

treated  were  submitted  to  cDNA  synthesis  using  the  SuperScript™  III  kit

(ThermoFischer)  following its  standard protocol.  For  the  RT-qPCR reactions,  the

cDNA samples were diluted in the 1:5 proportion and then 2 µL were added to wells

containing 6 µL of SYBR, 0,72 µL of the primer of interest and 3,28 µL of DEPC

water.  The  RT-qPCR reactions  were  performed  in  a  Fast  7500/Real-Time  PCR

35



System or a QuantStudio 3 (Applied Biosystems, Life Technologies, Carlsbad, CA,

USA).  The  primers  used  in  the  experiments  are  indicated  in  Table  1.  Relative

expressions of the targets were calculated using UBQ10 as an internal reference.

Gene Locus Forward sequence Reverse sequence

PRR7 AT5G02810 TTGGAGAAGATGCCAAAGTTCT GTTCCGCTCTCACTTCCACTAC

LHY AT1G01060 AGCATGAGAGGTTTCTAGAAGCC TGAGGGCATTTTGCTATATTCCC

HSP21 AT4G27670 TGGACGTCTCTCCTTTCGGATTG TTTGTCGCATCGTCCTCATTGG

HSP70 AT3G12580 CCGTCTTCGATGCTAAGCGTCT AACCACAATCATAGGCTTCTCACC

FTSH6 AT5G15250 GCCGGAATGGAAGGGACAAAGATG ATCATGACCCTCCGTCAAAGTCG

HSFA1b AT5G16820 CTCCAGCTTCGTCAGACAGTT TGATTCTGCTGCACATGCGA

HSFA3 AT5G03720 GTTGATGACCCGACTCTTGAC GAGGATCCCAAACTACGAAGCTA

HSFA6a AT5G43840 AGCCATGGTGTTGAGGATAA GTCCTTGATGCTCCATTGAA

HSFA7a AT3G51910 TGCATTCTTTCTCCACGATTCTCC CAAATTCCCATCTCTCTGCTTCTA

HSFB2a AT5G62020 CTATCCCAACGCCGTTTCTC CGAAATCTGTCGGATTCCATACGA

HSFB1 AT4G36990 AAAAGTTCGCCGGAGATGAC ATGAAACGACGTCGTCTGTGCTA

HSFB2b AT4G11660 TTGTTCGTCAGCTCAATACTTACG TTTCCGCCGTTGAATATCCCGAA

UBQ10 AT4G05320 TCGACCCTTCACTTGGTGTTGC GGGTGATGGTCTTTCCGGTCAAAG

Table 1. Primers used in the RT-qPCR experiments

2.5 Replicates and statistical analysis

In  this  study,  biological  replicates  correspond  to  each  group  of  seedlings

growing in the same Petri dish. For the survival experiments with WT plants, 6 to 21

biological replicates were used for each group at every timepoint tested, some of

them being treated and harvested on different days. In the experiments with prr7-11

and hsfb2b mutants, at least 4 replicates were used, and all replicates for the same

ZT were collected on the same day. For the RT-qPCR analysis of plants grown in

diurnal environments, two biological replicates were used for every treatment at each
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ZT unless samples were missing or in low quality,  in these cases,  only a single

replicate for each condition was used. Similarly, the levels of LHY and HSFA7a and

every transcript in plants grown in circadian conditions were performed using single

samples. Different replicates are represented in the graphs by columns of different

shades.

Additionally, three RT-qPCR technical replicates were analysed, indicated in

the graphs by the error bars. Statistical analysis was performed using the median of

the technical measurements obtained for each replicate. In experiments with single

samples, statistical analysis was performed using the values for technical replicates

only.  In  these cases,  results were analysed using two-way ANOVA with Tukey’s

significant difference test. For RT-qPCR results with biological replicates, two-way

ANOVA using uncorrected Fisher’s LSD significant differences tests were performed

to  evaluate  the  differences.  The  software  GraphPad  Prism® from  ⒸGraphPad

Software, Inc. was used for all the analyses.
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3 RESULTS

3.1 Thermopriming is influenced by the core oscillator

The survival ratio observed for the circadian condition experiment (constant

light starting on the day prior to treatments) showed that for primed plants, the time

of day thermoconditioning and heat shock treatments were applied is important for

their survival (Figure 4). Priming increased the survival of plants at all times. Pre-

conditioned seedlings that received the heat stress (HS) 14 h after the start of the

subjective photoperiod (and consequently,  the thermopriming treatment at  ZT12),

showed the highest survival  ratio,  followed by the ones stressed at ZT2. On the

opposite side, seedlings exposed to the same treatment at ZT7 showed the highest

mortality, followed by those exposed to HS at ZT19. Differently, no variation was

observed regarding the time of day between non-conditioned plants,  which might

have happened because they could not  bear  the high HS temperature that  was

necessary to analyse the primed group. Therefore, this circadian test did not show

any influence of the clock in thermotolerance without priming.  Nonetheless, it made

possible  to  observe  that  the  circadian  oscillator  influenced  the  process  of

thermopriming since the time of day the stimuli were applied was relevant for the

heat stress response.
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Figure 4. Survival ratio of Non-primed (Np) and Primed (P) plants two weeks after exposure

to  the  temperature  stimuli  (thermopriming  and  heat-shock)  on  Circadian  conditions  at

different times of the day. The timepoint numbers refer to the time Heat-shock was applied,

meaning that thermopriming started 2 h earlier for primed plants. The subjective night started

at ZT12. Statistically significant differences are indicated by different lower case letters.

.

3.2.1  HSP21  and  HSP70  transcriptional  levels  match the  highest

survival ratio observed when HS is applied at ZT14 but not at ZT2

Under constant environmental conditions, the highest levels of  HSP21  and

FTSH6 (which are co-transcribed) were measured for primed plants (P) stressed at

ZT14  and  ZT19  before  exposure  to  HS  (BHS)  (Figure  5).  HSP21 transcription

showed a very similar pattern for plants stressed at ZT2 and ZT7, whereas FTSH6

levels in pre-conditioned plants were higher at ZT7 when compared to ZT2. Both
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HSP21 and  FTSH6  were found in  very  low quantities  prior  to  exposure  to  heat

(BHS). However, in non-primed plants (Np),  HSP21 levels were slightly increased

shortly after HS (AHS) (not statistically significant), whereas FTSH6 levels remained

the same. In primed plants, HSP21 levels were kept high, remaining the same (ZT2

and ZT7) or showing a slight decrease just after the end of HS (ZT14 and ZT19).

Similarly, HSP21 levels were also maintained or decreased slightly (ZT19).

The highest amount of  HSP70 transcripts were measured for primed plants

stressed at ZT14 before heat-shock, followed by the ones that received the same

treatments at ZT7 or ZT19, with the lowest levels registered at ZT2. After exposure

to HS,  HSP70 expression decreased in pre-conditioned plants at ZT14 but did not

change at  ZT2,  ZT7 and ZT19.  Similarly  to  what  was observed  for  HSP21  and

FTSH6,  HSP70  levels  were  low  for  plants  that  were  not  exposed  to  any  heat

treatment and no significant differences were observed for its expression in naive

seedlings.

The  differences  in  transcriptional  levels  observed  for  these  three  genes

indicate a gated response, suggesting that the core oscillator somehow influences

them. Additionally, the peak of expression at ZT14 in primed plants coincided with

the highest survival ratio observed for this group. Therefore, they might have been

influential in conferring the thermoresistance observed when HS was applied at this

timepoint.  On  the  other  hand,  HSP21,  FTSH6 and  HSP70 showed  their  lowest

expression  at  ZT2 (with  the first  showing its  lowest  levels  at  ZT7 as well)  even

though the survival ratio observed at this time was higher than at ZT7 and similar to

ZT19. Moreover, ZT19 had a low survival ratio despite the high levels of HSP21 and

FTSH6.  These  results  suggest  that  the  circadian  oscillator  controls  other  genes
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involved in the thermomemory generation process that peak their expression at the

beginning of the day.

Figure 5. Relative expression of  HSP21 (A), FTSH6 (B) and HSP70 (C) in relation to the

internal control  UBQ10 Before Heat-Shock (BHS) and After Heat-Shock (AHS) at different

times of day for Non-primed (Np) and Primed (P) plants in circadian conditions. Error bars

indicate mean ± sd. ND = not detected
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3.2.2  HSFA1b  and  HSFB1  also showed the highest transcriptional

levels for primed plants exposed to HS at ZT14

Similarly to what was observed for the expression of the  HSPs and  FTSH6

previously described, the transcription factors HSFA1b and HSFB1 had their peaks

of  expression in primed plants exposed to  HS at  ZT14 (Figure 6).  The effect  of

priming on  HSFA1b levels differed depending on the time of day it  was applied,

raising it in plants stressed at ZT7 and ZT14, and remaining the same at ZT2 and

ZT19. Heat-shock either lowered (ZT7) or did not affect HSFA1b transcription levels

immediately after exposure to it. The thermopriming treatment also raised  HSFB1

levels at ZT14 and ZT19 and remained low at ZT2 and ZT7.  The exposure to 50c

(HS) upregulated the low levels of this gene in non-primed plants at ZT19 and in

both groups at ZT2, whereas when applied at other ZTs, it showed no effect (ZT7) or

lowered its expression (ZT14).

The peak of expression of these two transcription regulators at ZT14 may also

indicate  that  they  are  also  playing  an  important  role  in  regulating  heat  stress

response at  this  time of  day.  Additionally,  they in  turn might  be targets of  other

transcription factors that are active at the same moment. However, similarly to what

has been seen for HSP21, HSP70 and FTSH6, the low expression of HSFA1b and

HSFB1 at ZT2 do not explain the high survival observed at this time.
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Figure 6. Relative expression of  HSFA1b (A)  and  HSFB1 (B)  in  relation  to the internal

control UBQ10 Before Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of

day for Non-primed (Np) and Primed (P) plants in circadian conditions. Error bars indicate

mean ± sd.

3.2.3 HSFB2a peaks at ZT7 and is upregulated only after HS

The expression of  HSFB2a  was low before exposure to high temperatures,

and there was no difference in its expression between primed and non-primed plants

or across the different times prior to HS (Figure 7). In naive plants after HS, there

was a considerably higher level of HSFB2a transcripts at ZT2 in comparison to ZT7

and  ZT14.  In  conditioned  seedlings,  the  peak  of  expression  of  this  gene  was

registered  for  plants  heat-shocked  at  ZT7.  Additionally,  after  HS,  differences

between the groups that  received distinct  treatments were  observed at  ZT7 and

ZT14.

Different  from  what  was  seen  for  the  expression  of  genes  analysed

previously, HSFB2a peaked at ZT7 when heat tolerance was low, as indicated by the

survival  ratios.  This  result  might  indicate  some  influence  of  this  transcriptional
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repressor on the high mortality rate registered at this time of day. Additionally,  a

differential expression of this gene was also detected between plants stressed at

different times, suggesting an influence in its regulation by the circadian oscillator.

Figure 7. Relative expression of  HSFB2a in relation to the internal control  UBQ10 Before

Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of day for Non-primed (Np)

and Primed (P) plants in circadian conditions. Error bars indicate mean ± sd.

3.2.4 HS lowers  PRR7  expression, whereas thermopriming rise it

when applied later on the day

The number of transcripts of the core oscillator component  PRR7 in natural

conditions peak around ZT7, similarly to what happened for the naive plants before

exposure to HS in our experiments (Figure 8). Thermopriming led to different effects
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in its regulation depending on the time of day it  was applied. It  drastically raised

PRR7 expression when applied  in  seedlings  exposed to  HS at  ZT14 and ZT19,

whereas no effect in its transcription was seen for plants that received this treatment

at ZT2 and ZT7. However, it is possible that the high levels of  PRR7 that naturally

occur at the latter made it impossible to observe an upregulation at this time. On the

other hand, heat-shock showed the same effect on PRR7 regardless of the time of

day, decreasing its levels.

The  drastic  effect  thermopriming  had  in  upregulating  this  gene  for  plants

stressed at ZT14 coincides with the increased expression observed for the previous

transcripts analysed at the same timepoint, which might indicate that they are under

control  of  the same transcription factors  or  transcription  factors that  share a co-

transcriptional pattern.
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Figure 8. Relative expression of PRR7 in relation to the internal control UBQ10 Before Heat-

Shock (BHS) and After Heat-Shock (AHS) at different times of day for Non-primed (Np) and

Primed (P) plants in circadian conditions. Error bars indicate mean ± sd.

3.2.5  HSFB2b transcription is higher after exposure to HS at ZT2

and ZT14 in primed plants,

Thermopriming had little effect on altering  HSFB2b  expression: primed and

non-primed plants had similar quantities of  its transcripts at  ZT2, ZT7 and ZT14,

whereas at and ZT19 pre-conditioned plants showed slightly lower levels of them

(p<0.05) (Figure 9). After exposure to HS, the transcription levels rose at ZT2 and

ZT19 for both groups, whereas at ZT7 and ZT14, that happened only for primed
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seedlings. Overall, the highest levels of  HSFB2b were registered at ZT2 and ZT14

for primed plants and at ZT2 and ZT19 for non-primed ones.

As opposed to  what was observed for  the previous genes related to heat

response and PRR7, the expression of HSFB2b, that is a transcriptional factor, rose

only  after  exposure  to  HS high  temperatures,  which  might  indicate  it  is  partially

responsible  for  the  repression  observed  in  these  genes  after  this  treatment.

Additionally, in primed plants, the highest expression registered at ZT2 and ZT14

might indicate that this gene played a crucial role in the high survival ratio observed

for plants stressed at these times.

Figure 9. Relative expression of  HSFB2b in relation to the internal control  UBQ10 Before

Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of day for Non-primed (Np)

and Primed (P) plants in circadian conditions. Error bars indicate mean ± sd.
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3.3 Light and dark have a strong influence on thermotolerance and

thermopriming

When the temperature treatments were applied in plants kept in the same 12h

light: 12 h dark conditions they grew (diurnal conditions), the differences between

timepoints were more pronounced (Figure 10). Plants that received the heatshock

treatment 4h after the start of the photoperiod showed the greatest heat resistance,

followed by the ones exposed to the same treatment at ZT0 and ZT12. Seedlings

stressed at ZT8 and ZT16 had the lowest survival ratio. Moreover, similarly to what

was observed in the circadian experiment, it was not possible to identify in our tests

any significant difference among non-conditioned plants regarding the time of day

the treatments were applied. Additionally, considering both experiments (diurnal and

circadian),  plants  that  received the  heat  shock  treatment  around ZT7-8  had low

survival  ratios,  whereas  high  survival  ratios  were  observed  for  plants  stressed

around ZT12-14 and ZT2-4.
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Figure  10. Survival  ratio  of  Non-primed  (NP)  and  Primed  (P)  plants  two  weeks  after

exposure to the temperature stimuli (thermopriming and heat-shock) on diurnal conditions at

different times of the day. The photoperiod ended at ZT12. Statistically significant differences

are indicated by different lowercase letters.

3.4.1 Thermopriming leads to HSP21 upregulation in plants 

exposed to HS at ZT4 or at ZT12

The  HSP21 transcript  levels  were  not  detectable  or  extremely  low  for

seedlings that were not exposed to any heat treatment, no matter the time they were

stressed  (Figure  11A).  For  this  reason,  no  significant  changes  in  its  expression

related to the time of day were seen in naive plants,  neither BHS nor AHS. The

thermopriming  treatment  only  led  to  statistically  relevant  differences  in  the

transcription of this gene in seedlings stressed at ZT4, ZT12 and ZT16. However,
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only at the first two HSP21 levels were higher than what was measured at the other

ZTs. 

The higher levels of this gene observed at ZT4 and ZT12 suggest that the

circadian  oscillator  or  the  photoperiod  influence  the  regulation  of  this  gene.

Moreover, this upregulation at these timepoints coincided with the high survival ratios

observed for plants stressed at these times.

3.4.2 Primed plants show higher levels of FTSH6 than naive plants

Even though the amount of FTSH6 transcripts was much lower than the ones

measured for  HSP21,  both showed a similar pattern (Figure 11B).  FTSH6  levels

were  relatively  very  low  in  naive  plants,  and  there  was  no  difference  in  its

expression,  neither  between  BHS  and  AHS  nor  across  the  different  timepoints.

Nonetheless, in primed plants, the highest transcription of this gene was measured

at ZT4, followed by ZT16. Similarly to what was observed for naive seedlings, there

was no difference in FTSH6 expression before or after HS.

Again,  it  was  not  possible  to  see  a  significant  difference  between  plants

stressed at different times, suggesting an influence from the circadian oscillator or

the photoperiod.  Moreover, the highest levels of this gene were also measured at

ZT4 when heat stress response was higher.
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Figure 11. Relative expression of  HSP21 (A)  and  FTSH6  (B) in  relation to the internal

control UBQ10 Before Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of

day for Non-primed (NP) and Primed (P) plants in diurnal conditions. Error bars indicate

mean ± SD. Different shades of blue and orange represent different biological replicates.

3.4.3 Subsequent heat stress leads to high expression of HSP70 at

ZT4

The highest levels of HSP70 were measured for primed plants after exposure

to HS at ZT4 (Figure 12). Similarly to HSP21 and FTSH6, its levels were very low for

non-treated plants  and there  were no differences in  HSP70  expression  between

them, neither BHS nor AHS at different timepoints. On the other hand, differences

between  its  levels  in  primed  and  non-primed  plants  were  registered  for  groups

stressed at ZT4 after HS and at ZT12 before HS. Therefore, priming alone was not

able to cause an upregulation of HSP70 at ZT4, but when a subsequent stress was

applied, it reached much higher levels than what was measured for non-conditioned

plants.
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The highest levels of  HSP70  measured for primed plants at ZT4 and ZT12

suggest an involvement of the circadian oscillator or the photoperiod in its regulation.

Moreover,  the  higher  levels  of  this  transcript  at  these  timepoints  coincided  with

higher survival ratios. Nonetheless, plants stressed at ZT0, when survival ratio was

also high, had low levels of this gene.  

Figure 12. Relative expression of  HSP70 in relation to the internal control  UBQ10 Before

Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of day for Non-primed (Np)

and Primed (P) plants in diurnal conditions. Error bars indicate mean ± sd. The different

shades of blue and orange represent different biological replicates.
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3.4.4 In diurnal conditions, HSFA1b and HSFB1 expression did not

follow the same pattern observed in circadian conditions

The expression pattern observed for HSFA1b in circadian conditions (Figure

13A) was different from that observed in diurnal conditions (Figure 6A). First of all,

no significant difference was seen between primed and non-primed plants (p = 0.80).

Secondly, the time of day the heat treatments were applied had no influence on its

transcription  levels.  Likewise,  no relevant  differences in  HSFB1  expression  were

registered between the different ZTs (Figure 13B). However, at ZT12, HSFB1 levels

were significantly higher in thermoprimed seedlings than in naive ones (p < 0.05). On

the  other  hand,  after  HS  exposure,  the  opposite  was  observed  (p  <  0.0005),

indicating that at this time of the day HS led to  HSFB1 repression in conditioned

seedlings and upregulation in non-conditioned ones.

Contrary  to  what  was  seen  in  circadian  conditions,  HSFA1b  and  HSFB1

expressions were not influenced by the time of day the heat treatments were applied,

suggesting  that  the  differences  observed  in  survival  at  different  times  were  not

caused by their action. On the other hand, the differences in HSFB1 levels between

primed and non-primed plants  that  happened only  at  ZT12 might  indicate some

influence of the core oscillator or the photoperiod on its expression. Additionally, it is

noteworthy  that  the  results  obtained  for  each  biological  replica  showed  great

variation in some cases, especially at ZT8 after HS and ZT12 before HS, which may

have interfered in the data analysis.

53



Figure 13. Relative expression of  HSFA1b (A) and HSFB1 (B) in relation to the internal

control UBQ10 Before Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of

day for Non-primed (Np) and Primed (P) plants in diurnal conditions. Error bars indicate

mean ± sd. Different shades of blue and orange represent different biological replicates.   

3.4.4  HSFB2a expression is gated, and it is upregulated only after

HS

Similarly  to  what  was  observed  in  circadian  conditions  (Figure  7),  the

expression  of  HSFB2a  was  low  before  exposure  to  high  temperatures.  No

differences  were  registered  before  exposure  HS  between  treated  and  untreated

plants nor across plants stressed at different times (Figure 14). In naive seedlings,

HS made the levels of HSFB2a rise to similar levels, no matter the time of day it was

applied. On the other hand, in primed plants, when HS was applied, its highest levels

were reached at ZT4, whereas its lowest levels were measured at ZT0.

As it  was registered for the  HSFB2a  expression in circadian conditions, in

diurnal conditions the time of day the treatments were applied was also relevant to

its transcription, suggesting an influence of the circadian oscillator in its regulation.
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However,  when  comparing  HSFB2a  levels  to  the  survival  ratios,  the  peak  of

expression in circadian conditions happened at a time where a higher mortality was

registered, whereas the opposite was seen in diurnal conditions. This result shows

that  HSFB2a  expression  alone  is  not  sufficient  to  explain  the  differences  in

thermotolerance observed across the day.

Figure 14. Relative expression of HSFB2a in relation to the internal control UBQ10 Before

Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of day for Non-primed (Np)

and Primed (P) plants in diurnal conditions. Error bars indicate mean ± sd. Different shades

of blue and orange represent different biological replicates.
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3.4.5  Thermopriming  resets  PRR7  levels  whereas  HS  makes  it

decrease

Similarly to what was observed in circadian conditions, the levels of  PRR7

measured for  naive  plants  followed what  has  been previously  described for  this

transcript (Figures 8 and 15). They rose after ZT0, peaked between ZT4 and ZT8

and decreased after that, showing almost no expression in plants stressed at ZT16.

On the other hand, in conditioned plants the relative expression of PRR7 was similar

at every ZT tested and no significant difference was registered before HS. Therefore,

thermopriming had different effects on the transcription of this gene, depending on

the time of day it was applied. It rose at ZT0, ZT12 and ZT16, when non-primed

plants had low levels of it, and decreased at ZT4 and ZT12, when they had high

levels of it. Finally, when HS was applied, PRR7 levels either decreased or remained

low at every time point tested for both groups of seedlings (primed and non-primed).

These results illustrate that PRR7 transcription is influenced by thermopriming

and HS in different ways. Additionally, they showed that the first has different effects

on its expression depending on the time of day it was applied, whereas the latter

showed only a repressive effect.
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Figure 15. Relative expression of  PRR7 in relation to the internal control  UBQ10 Before

Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of day for Non-primed (Np)

and Primed (P) plants in diurnal conditions. Error bars indicate mean ± sd. Different shades

of blue and orange represent different biological replicates.

3.4.6 HSFB2b upregulation only happens when HS is applied

The levels of HSFB2b transcripts were very low prior to exposure to HS, even

for plants exposed to the mild temperatures of the pre-conditioned treatment; for this

reason,  no  differences  were  observed  before  HS  (Figure  16).  Additionally,  no

significant differences were seen for primed plants after HS. In naive seedlings, the

highest levels of transcripts were seen for plants stressed at ZT8, ZT12 and ZT16.

The differential expression at different times indicates that the core oscillator

or the photoperiod also influences HSFB2b transcription. However, the higher levels
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of expression of this gene occurred at timepoints where the survival ratio was either

high (ZT12) or low (ZT8 and ZT16), suggesting that the influence of these factors on

this gene expression is low or, most likely, that its regulation is complex and involves

other factors. 

Figure 16. Relative expression of  HSB2b in relation to the internal control  UBQ10 Before

Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of day for Non-primed (Np)

and Primed (P) plants in diurnal conditions. Error bars indicate mean ± sd. Different shades

of blue and orange represent different biological replicates.

3.4.7 Themopriming decreases LHY expression at the beginning of

the day

In normal conditions,  LHY peaks at the beginning of the photoperiod, which

was confirmed by the results obtained for non-primed plants in our experiments. The
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highest levels of its transcripts were observed for seedlings exposed to HS at ZT0,

followed by ZT4 (Figure 17). Additionally, LHY expression was very low at ZT8, ZT12

and ZT16 and remained roughly the same after the heat treatments were applied.

Thermopriming decreased LHY levels for plants shocked at ZT0 (p = 0.02) and ZT4

(p = 0.006). On the other hand, heat-shock rose its levels at ZT0 and had no effect at

ZT4 in non-conditioned seedlings, whereas in conditioned ones, HS had no effect in

the LHY transcription at ZT0 (p = 0.16) but rose it at ZT4.

Figure 17. Relative expression of LHY in relation to the internal control UBQ10 Before Heat-

Shock (BHS) and After Heat-Shock (AHS) at different times of day for Non-primed (Np) and

Primed (P) plants in diurnal conditions. Error bars indicate mean ± sd.
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3.4.8  The  time  of  day  had  little  influence  on  the  expression  of

HSFA7a

The transcription of HSFA7a had a very similar pattern for every ZT analysed.

In naive plants, its levels were very low, drastically rising when HS treatment was

applied  at  every  timepoint  tested (Figure  18).  In  primed  seedlings,  the  levels  of

HSFA7a transcripts were considerably higher prior to exposure to HS, indicating that

thermopriming causes its upregulation. However, it remained roughly the same after

HS was applied, showing lower levels than those registered for non-primed plants.

Even  though  the  same  expression  pattern  was  observed  across  the  different

timepoints, primed plants exposed to HS at ZT16 showed higher levels of HSFA7a

whereas in non-primed ones it peaked at ZT12 and ZT16 after HS.

These  results  suggest  that  photoperiod  and  the  core  oscillator  had  little

influence on HSFA7a expression, even though the highest levels measured for ZT16

and non-primed ZT12 might indicate otherwise.
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Figure 18. Relative expression of HSFA7a in relation to the internal control UBQ10 Before

Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of day for Non-primed (Np)

and Primed (P) plants in diurnal conditions. Error bars indicate mean ± sd.

3.5.1  Thermopriming is  affected  by  the  time  of  day  even in  the

absence of PRR7

The  survival  ratio  observed  for  conditioned  prr7-11 mutant  plants  were

different between groups that received the HS in different timepoints, showing that

PRR7 is not necessary for the rhythmic response to the heat stimuli (Figure 19).

However, the overall survival ratio of  prr7-11 seedlings was significantly lower than

what was observed for WT plants,  suggesting that  it  is  important  for  heat stress

response. Moreover, the timepoints where heat resistance was higher differed from
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that of wild-type (WT) seedlings. The only groups of  prr7-11 mutants that survived

HS were the primed ones exposed to it at ZT4, ZT8 and ZT12, with the first showing

the highest death rate (among the ones that survived) and the latter the lowest.

Unlike WT seedlings that showed a great resistance when HS happened at ZT0 and

ZT4, the survival ratios of  prr7-11 for the same timepoints were very low, with no

seedlings surviving  it  at  ZT0.  The opposite  happened  at  ZT8,  where  WT plants

stressed at this time showed one of the lowest survival ratios. On the other hand, for

both WT and prr7-11 plants, a high survival ratio was observed when heat-shocked

at ZT12, followed by a low ratio when the plants were shocked at ZT16.

Figure 19. Survival ratio of Non-primed (Np) and Primed (P) prr7 mutant plants two weeks

after  exposure  to  the  temperature  stimuli  (thermopriming  and  heat-shock)  on  diurnal

conditions at different times of the day. The photoperiod ended at ZT12.
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3.5.2  Survival  ratio  of  hsfbB2b mutants  was  similar  to  the  one

observed for prr7 mutants

The survival ratio observed for  hsfB2b plants across the different timepoints

was similar to the results obtained for prr7 plants (Figures 19 and 20). Both mutants

had an overall  survival ratio lower than wild-type seedlings and were not able to

resist HS without thermopriming. In addition, hsfB2b conditioned plants also showed

higher  tolerance  to  HS  at  ZT4,  ZT8  and  ZT12,  being  the highest  resistance

registered  for  the  latter.  Moreover,  none  of  the  mutant  seedlings  survived  the

treatment at ZT0, as opposed to what was registered for Wt plants which showed a

high  survival  ratio  at  this  time.  Uniformly,  Wt  and  both  mutants  showed  high

tolerance to heat at ZT12 when the pre-conditioned treatment was applied.
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Figure 20. Survival  ratio  of  Non-primed (NP) and Primed (P)  hsfB2b  mutant  plants two

weeks after exposure to the temperature stimuli (thermopriming and heat-shock) on diurnal

conditions at different times of the day. The photoperiod ended at ZT12. 
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4 DISCUSSION

4.1 Circadian oscillator influences on thermopriming

The differences obtained in the survival experiment under circadian conditions

for primed plants suggest that the core oscillator influences thermopriming process.

The constant light that started on the previous day to the heat treatments indicates

that the differences registered were not due to the changes between dark and light

cycles alone. On the other hand, no significant differences were seen among plants

exposed directly to high temperatures, similar to what was observed by DICKINSON

et al. (2018). Additionally, the time of day in which the heat stimuli were applied also

led  to  differences  in  the  expression  of  many  genes  important  for  heat  stress

response and thermomemory. Again, these differences were in most cases more

pronounced (HSFA1b,  HSFB1,  HSFB2a) or only present (HSP21,  FTSH6,  HSP70)

among primed seedlings, highlighting that differences in thermoresistance might only

be present depending on the pre-treatment or the time of day at which they are being

analysed.

4.2 Dark and light are relevant for the differences in thermopriming 

at different times of day

In diurnal conditions, the time of day the heat stimuli were applied was also

relevant  for  the  survival  ratio  of  primed  plants;  additionally,  there  were  more

significant differences between plants stressed at different times when compared to
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plants under circadian conditions. Differently from what DICKINSON et al.  (2018)

observed, there was no difference in the survival ratio of non-primed plants, which

might have been caused by the high temperatures of the HS treatment that kept the

mortality ratios high no matter the time it was applied. Additionally, a high survival

ratio was observed for conditioned plants stressed at ZT12, similar to the results of

GRINEVICH et al. 2019. However, seedlings heat-shocked at ZT4 showed an even

higher  survival  ratio,  which  may  not  have  been  seen  in  their  work  due  to  the

timepoints  they  treated  their  plants  (ZT0,  ZT6,  ZT12  and  ZT18).  Additionally,  in

diurnal conditions, there was also a difference in the expression of genes involved in

thermoresistance and thermomemory across the time of the day (HSP21,  FTSH6,

HSP70,  HSFB2a). Similarly to circadian conditions, these differences in expression

were more prevalent in primed plants (HSP21, FTSH6, HSP70, HSFB2a), but in the

case of HSFB2b, they were only present in naive plants. On the other hand, we did

not observe an influence of the time in the expression of HSFA1b and HSFB1 under

diurnal conditions, which might indicate that the photoperiod plays a more relevant

role in their regulation than the circadian oscillator. These results highlight that in

natural  conditions,  not  only  the  circadian  oscillator  but  also  the  changes  in

environmental conditions (such as dark and light) are significant to the rhythm of

biological processes.
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4.3 Thermopriming and HS stimuli affect core oscillator 

components

In both conditions, PRR7 expression was affected by thermopriming and HS

treatments.  However, the changes in its expression depended on the time of day it

was applied and on the temperature. Thermopriming treatment seems to reset PRR7

transcription to a similar level, no matter its expression levels before exposure to it.

Heat-shock, on the other hand, decreases its levels. KOLMOS et al. (2016) showed

that some Heat-Shock Factors interact with the promoter region of PRR7, including

HSFB2b,  which  is  also  crucial  in  thermomemory  development.  Additionally,  the

expression of  LHY between primed and non-primed plants was very different after

exposure to HS at the beginning of the day. These results indicate that heat stress

and thermomemory acquisition might influence the core oscillator. 

4.4 Mild, high temperatures and subsequent heat stress might have

different effects on the expression of genes

As seen for the expression of  PRR7, many genes showed different patterns

when  exposed  to  thermopriming,  to  HS  directly,  or  to  both.  Moreover,  these

differences were also dependent on the time of day the treatments were applied.

One  factor  that  might  explain  the  distinct  patterns  is  the  action  of  HSFs.  The

transcription  of  all  HSFAs  analysed  showed  a  difference  in  expression  after

exposure to themopriming treatment; however, some of them were only possible to

be observed at specific timepoints. Differently, the HSFBs analysed only showed an

upregulation of  their  expression after exposure to high temperatures and only  at
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certain  times.  These  results  highlight  that  the  sensitivity  of  each  HSFs  to  mild

temperatures or  high temperatures varies  throughout  the time of  day,  leading to

differences in acquired thermotolerance. Therefore, the same stimulus might lead to

different responses depending on its intensity, the time of day it is applied and on

stimuli the organism has been exposed to previously.

4.5 Thermomemory at different times involve distinct pathways

In both circadian and diurnal conditions, a high thermoresistence for primed

plants  was  registered  at  least  at  two  different  times  throughout  the  day,  one

happening in the subjective morning (ZT2 in circadian conditions and ZT0 and ZT4 in

diurnal conditions) and another around subjective dusk (ZT14 in circadian conditions

and ZT12 in diurnal conditions). The transcription of the heat-shock proteins (HSP21

and HSP70), FTSH6 and some of the HSFs we analysed seem to be related to the

heat resistance observed at some timepoints (Figure 21). For example, in circadian

conditions, the highest survival ratio to HS exposure at ZT14 coincided with high

levels  of  expression  of  HSP21,  FTSH6,  HSP70,  HSFA1b,  HSFB1 and  HSFB2b.

However,  out  of  these  genes,  the  only  one  that  had  similar  levels  at  ZT2  was

HSFB2b. Similarly, in diurnal conditions, high expression of HSP21 and HSP70 were

measured at  ZT4 and ZT12;  additionally,  the peak of  expression of  FTSH6  and

HSB2a was also registered at ZT4. Nevertheless, none of these genes showed high

transcription levels at ZT0, when thermoresistance was also high. These results and

the  survival  ratio  observed  for  prr7  and  hsfb2b  mutants,  suggest  that  the

thermopriming and themoresistance in the morning are different from those observed

around dusk. Comparably to this idea, Li et al. (2019) demonstrated that acquired
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themoresistance is influenced by REVEILLE 7 and REVEILLE 8 only at noon, when

these core oscillator components are in high abundance and work as activators of

heat-inducible genes that HSFAs do not regulate.

Figure 21. Outline of the thermoresistance in primed plants across the day. The open bar

represents the day, the dark bar represents the night. HSPs and HSFs highly transcribed at

timepoints where thermoresistance was high are shown above the bar. Under the bar are

represented  some  molecular  clock  components  at  the  time  they  show  their  peak  of

expression under regular conditions.
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4.6 PRR7 and HSFB2b are important for thermopriming but are not 

necessary for short term memory

Compared to WT plants, both  prr7-11 and  hsfB2b mortality was higher and

the pre-treatment and the time of the day they were stressed were crucial in their

survival.  Differently  from what  was  demonstrated  by  IKEDA;  MITSUDA;  OHME-

TAKAGI (2011), hsfb2b mutants did not raise the survival of naive plants, maybe due

to the HS higher temperatures used in our experiment. On the other hand, in primed

plants, we also registered a decrease in their survival in comparison to Wt ones. The

effective heat stress response registered at ZT12 in preconditioned seedlings but not

at ZT4 might indicate that in Wt plants, HSFB2b is more relevant to thermopriming in

the morning than it is around dusk when there might be other factors responsible for

the maintenance of the thermoresistance. The results observed for the transcription

of this  repressor  and its  absence in  the analysed mutants might  indicate that  at

certain  times,  a  more  restrained  response  to  heat-stress  pathways  after  HS  is

determinant  to  the  plant  survival.  This  might  happen  due  to  a  faster  and  more

effective return to a naive state. As for conditioned prr7-11 mutants, the survival ratio

at  ZT12  was  considerably  higher  than  ZT4,  which  was  different  from what  was

registered for Wt plants. In this case, the highest survival rate at ZT12 in  prr7-11

might have been caused by the absence of PRR7 at this time, when its protein levels

are the highest, which might lead to an increase in the expression of genes related to

thermomemory and thermoresistance (FARRÉ; KAY, 2007).
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5 CONCLUSION

The starting proposal of  this work was to search for relations between the

circadian oscillator and the thermopriming process. The results we obtained for both

the  survival  experiment  and  the  expression  of  essential  genes  related  to  these

mechanisms pointed to a connection between them. This was possible to observe

mainly due to the differences observed across different times of the day. Moreover,

we observed differential  expression  of  specific  genes dependent  on  temperature

intensity, highlighting that thermopriming and heat-shock responses are regulated

differently. Furthermore, we were able to notice a decrease in thermoresistance in

hsfb2b mutants, which lacked this important transcriptional factor responsive to heat-

shock. Therefore, the outcome of a stressful heat event depends on its intensity, the

time of  day it  happens,  the previous expositions of  the organism to a variety  of

stimuli  and how efficient is the organism responds to restrain its stress response

once the stressful event is over (Figure 22). 

However, many questions about the relation between thermomemory and the

circadian  oscillator  remain.  In  the  future,  additional  analyses  could  be  done  to

improve the understanding of the different factors and signalling pathways involved

in this process. For example, proteomic and transcritptomic analyses might be useful

in  determining  the  signalling  pathways  that  dictate  thermomemory  and

thermoresistance at different times of the day. Moreover, it would also be important

to design experiments to investigate the role of the circadian oscillator in long term

thermomemory.
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Figure 22. Blueprint  of  the  environmental  stimuli  and possible  molecular  pathways that

influence the differential thermoresistance of primed plants throughout the day. 
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6 SUPPLEMENTAL MATERIAL

Figure S1. Relative expression of HSFA6a in relation to the internal control UBQ10 Before

Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of day for Non-primed (Np)

and Primed (P) plants in circadian conditions. Error bars indicate mean ± sd.
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Figure S2. Relative expression of  HSFA3 (A) and  HSFA6a  (B) in relation to the internal

control UBQ10 Before Heat-Shock (BHS) and After Heat-Shock (AHS) at different times of

day for Non-primed (Np) and Primed (P) plants in diurnal conditions. Error bars indicate

mean ± sd.

Spreadsheets and other supplemental figures available at: 

https://drive.google.com/drive/folders/1jUPvXtp8LmcUH4_YSvAQuW2Q9dwdS948?

usp=share_link
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