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SUMMARY 

 

Elevated temperature alters the biological structures and the composition of the plant 

cell, as also reflected in the re-sculpting of its transcriptome, proteome and metabolome. 

Even a mildly increased ambient temperature can introduce significant developmental 

changes in plants; however, this without inducing severe stress or plant death. 

Transcriptional and genetic controls of the high ambient temperature response in plants 

have been intensively investigated. However, the regulation on the protein level, 

especially by post-translational modifications (PTMs), remains largely unexplored.  

 In this PhD thesis, we applied mass spectrometry-driven phosphoproteomics to 

explore the remodeling of the Arabidopsis phosphoproteome upon exposure to high 

temperature. The overall workflow was first optimized in a study where we performed 

parallel phosphoproteome and proteome profiling of maize leaves under drought stress 

(Chapter 4). Next, this workflow was applied to Arabidopsis seedlings subjected to 

elevated ambient temperature (Chapter 5). The resulting dataset served as a rich resource 

to select (de)regulated phosphoproteins, which we called TARGETs OF TEMPERATURE 

(TOTs), for further functional characterization. We identified the uncharacterized 

protein kinase TOT3 as a novel regulator of thermomorphogenesis. In Arabidopsis, loss-

of-function tot3 mutants displayed a striking temperature-associated phenotype, 

including reduced thermoresponsive hypocotyl elongation. In addition, we found 

evidence that TOT3 is a novel temperature-specific regulator of growth that acts distinct 

of known signalling cascades. In addition, we carried out an attempt to generate a 

phosphorylation network from large-scale phosphoproteome data in plants (Chapter 6). 

Here, dynamic Bayesian network inference was successfully implemented to predict the 

rewiring of phosphorylation networks controlled by temperature and revealed potential 

regulatory hub for thermal response. Finally, studying the proteome of wheat (Triticum 

sp) has always been a challenge, largely due to the complexity of the genome. In this PhD 

study, we decided to assess the proteome as well as the phosphoproteome from different 

wheat cultivars (both tetraploid and hexaploid) (Chapter 7). We observed significant 

differences between these cultivars, but an overall high similarity between hexaploid and 

tetraploid varieties based on protein levels. In addition, already at the seedling stage, a 

small set of proteins was found to be differentially abundant between the small (USU-

Apogee) and larger hexaploid wheat cultivars (Pavon 76). This protein set might thus 

potentially include growth predictors. In the last part, using the optimized 

phosphoproteomic pipeline, we identified phosphorylation events induced by short-

term exposure to high temperature in wheat leaves and spikelets (Chapter 8). 

Interestingly, for the first time, we observed temperature-induced interconversion of 



phosphoforms between neighboring phosphosites in plants, which likely impacts 

protein activity. 

In conclusions, the results from these studies may all complement transcriptomic 

studies and are thus expected to provide a deeper insight in temperature sensing and 

signalling networks in plants. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

SAMMENVATTING 

 

Verhoogde temperatuur leidt tot veranderingen in de biologische structuren en de 

samenstelling van een plantencel, en dit wordt ook weerspiegeld in veranderingen in het 

transcriptoom, proteoom en metaboloom. Zelfs een licht verhoogde 

omgevingstemperatuur geeft aanleiding tot veranderingen in de ontwikkeling van 

planten zonder ernstige stress of sterfte op te wekken. De transcriptionele en genetische 

controle van hoge omgevingstemperatuur is intensief onderzocht in planten. Echter, de 

regulatie op het eiwitniveau, met name de posttranslationele modificaties, blijft 

grotendeels onontgonnen.  

In dit doctoraatswerk werden op massaspectrometrie gebaseerde analyses 

toegepast om de veranderingen in het fosfoproteoom van Arabidopsis en tarwe, als 

gevolg van blootstelling aan hoge temperaturen, te onderzoeken. De workflow werd eerst 

geoptimaliseerd en toegepast om in parallel fosfoproteoom- en proteoomprofilering van 

maïsbladeren onder droogtestress uit te voeren (Hoofdstuk 4). Vervolgens werd de 

workflow toegepast op Arabidopsis zaailingen die werden blootgesteld aan een 

verhoogde omgevingstemperatuur (Hoofdstuk 5). De bekomen dataset was een bron om 

ge(de)reguleerde fosfo-eiwitten [TARGETs OF TEMPERATURE (TOTs) genoemd] te 

selecteren voor verdere functionele karakterisering. We identificeerden het niet-

gekarakteriseerde eiwitkinase TOT3 als een nieuwe regulator van thermomorfogenese. 

In Arabidopsis vertonen tot3 mutanten opvallende temperatuur-gerelateerde fenotypes, 

zoals verminderde hypocotylelongatie en veranderde bladhoek. Daarnaast zijn er 

aanwijzingen dat TOT3 een regulator is die onafhankelijk van andere hypocotylgroei-

bevorderende signalen werkt, doch parallel aan andere thermomorfogenese regulatoren, 

zoals PHYB. Het resultaat suggereert dat TOT3 een nieuwe temperatuurspecifieke 

regulator van groei is die zich onderscheidt van gekende signaalcascades. Verder hebben 

we de eerste poging gedaan om een fosforyleringsnetwerk te genereren op basis van 

grootschalige fosfoproteoom data in planten (Hoofdstuk 6). Hier werd dynamische 

Bayesiaanse netwerkinferentie met succes geïmplementeerd om de connecties die 

worden geregeld door de omgevingstemperatuur binnen fosforyleringsnetwerken te 

voorspellen en werd mogelijk een potentieel regelgevingscentrum voor thermische 

respons onthuld. Het bestuderen van het proteoom van tarwe (Triticum sp) is altijd al een 

uitdaging geweest, grotendeels als gevolg van de complexiteit van het genoom. In 

Hoofdstuk 7 onderzochten we zowel het proteoom als het fosfoproteoom van 

verschillende tarwecultivars (zowel tetraploïde als hexaploïde). We observeerden enkele 

significante verschillen, maar over het algemeen werd een hoge overeenkomst tussen 

hexaploïde en tetraploïde variëteiten met betrekking tot eiwithoeveelheden 



waargenomen. Bovendien was er al in de zaailingsfase een kleine set eiwitten die 

verschilde tussen de kleine (USU-Apogee) en grotere hexaploïde tarwerassen (Pavon 76), 

en deze eiwitten zouden eventueel als groeimerkers kunnen fungeren. In het laatste deel, 

gebruikmakend van de geoptimaliseerde fosfoproteoom analyse workflow, 

identificeerden we fosforyleringsgebeurtenissen veroorzaakt door kortstondige 

blootstelling aan hoge temperatuur in tarweblad en –bloem (Hoofdstuk 8). Interessant 

is dat we voor het eerst temperatuur-geïnduceerde interconversie van fosfovormen 

tussen naburige aminozuren in planten waarnamen, wat waarschijnlijk de eiwitactiviteit 

beïnvloedt. 

In conclusie, de bekomen resultaten kunnen een aanvulling vormen op 

transcriptoom studies en we verwachten dat ze een dieper inzicht verschaffen in 

temperatuurwaarnemings- en signaleringsnetwerken in planten. 
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THERMAL RESPONSE 
Developmental Plasticity of Arabidopsis at High Temperature 
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The chapter is adapted from the peer-reviewed and revised manuscript: Vu et al (2018). 

Developmental  Plasticity of Arabidopsis at High Temperature, in preparation 

LDV performed literature study and wrote the chapter. KG and IDS revised the 

manuscript and contributed to the writing. 
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Lam Dai Vu, Kris Gevaert, Ive De Smet 

 

Temperature is one of the most variable environmental factors during plant growth and 

development, with very high temperatures leading to plant death. However, plant physiology and 

architecture can be altered by a mild increase of a few degrees in temperature without resulting 

in plant death. This developmental plasticity is an important strategy for plants to cope with  

temperature changes. Such temperature effects impact various stages of plant growth and 

development, such as seed germination, thermomorphogenic growth, floral transition and fruit 

dehiscence, and even affect immune responses. In this review, we give an overview of the current 

knowledge of molecular mechanisms that control the thermal response in Arabidopsis. We 

furthermore discuss unanswered questions that need to be addressed in future studies. 

 

HIGH AMBIENT TEMPERATURE LEADS TO PLANT THERMAL RESPONSE 

One of the most severe consequences of climate change is global warming with extreme 

heat waves occurring across the world, including in many important agriculture 

production areas [1,2]. This phenomenon can result in a significant drop in crop yield and 

quality [3–5]. Apart from this, increased temperature also has a disruptive effect on the 

phenological behaviour and leads to a shift in distribution of native and invasive plant 

species in many regions [6–9]. 

As sessile organisms, plants possess complex mechanisms that help them cope 

with even the slightest increase in temperature. A large number of studies explored the 

response and acclimation to heat shock that occurs at, for plants, potentially lethal high 

temperatures [10–12]. For Arabidopsis, a sudden heat shock for a short time without 

previous heat acclimation at temperatures higher than 40 °C may lead to plant death [13]. 

However, acquired thermotolerance from a previous exposure to moderate heat can 

increase the chance to survive [13–16]. Further, milder increase in ambient temperature, 

typically up to 27-32°C (referred to as high temperature in the context of this review) for 

Arabidopsis, causes numerous significant changes in plant architecture and the 

transition between developmental stages without resulting in plant death (Figure 1) [17]. 

A set of changes in morphology caused by moderately high ambient temperature is 

termed thermomorphogenesis. Response to moderate high ambient temperature is 

controlled by distinct mechanisms with limited overlap with response to extreme heat 

[17]. This is of importance in agriculture since moderate heat waves have become more 

frequent in recent years [18,19]. 

Regulation of thermomorphogenesis takes place on multiple molecular levels, 

altering transcriptional and post-transcriptional modules, and protein activity (Figure 
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2A-C). In this review, we assess the diversity in thermal responses during plant growth 

at different developmental stages and the underlying molecular mechanisms. High 

temperature effects on other processes, such as metabolic pathways and redox 

homeostasis, have been reviewed elsewhere [20–23].  

 

 

 

Figure 1. High ambient temperature has effects on plant architecture and development. Of note, the root 

elongation phenotype is not a reproducible phenotype in different systems. 

HIGH TEMPERATURE INHIBITS SEED GERMINATION 

Temperature is one of the key environmental factors that determine the timing of seed 

germination [24]. This is important since germinating under favourable seasonal 

conditions can increase the survival chance and the fitness of young seedlings [24]. High 

temperature has a inhibitory effect on seed germination which is termed 
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thermoinhibition [25] (Figure 1). For Arabidopsis, seed germination is reduced by ~40% 

at 32 °C compared to 21 °C [26]. Seed thermoinhibition is largely regulated via hormone 

signalling, with abscisic acid (ABA) and gibberellins (GAs) playing a central role [27]. ABA 

and GAs act antagonistically to regulate seed germination, in which GAs are the 

promoting factor [28]. High temperature induces the level of ABA by increasing the 

expression of ZEAXANTHIN EPOXIDASE (ZEP) and several 9-CIS-EPOXYCAROTENOID 

DIOXEGENASES (NCEDs), key enzymes in ABA biosynthesis [27]. Increased ABA levels 

dampen protein ubiquitination and proteasome activity, which is required to degrade 

seed dormancy-promoting proteins, such as FUSCA3 (FUS3), ABA INSENSITIVE3 (ABI3), 

ABI5 and also DELLA proteins, major negative regulators of GA signalling [26]. ABI3, 

ABI5 and DELLAs interact to mediate ABA and GA signalling and induce the expression of 

high-temperature responsive genes in the seeds, such as SOMNUS (SOM) [29]. Increased 

SOM expression further enhances the increase in ABA levels and simultaneously reduces 

GA biosynthesis [26,27,29]. Further, a second thermoinhibitory pathway is regulated by 

DELAY OF GERMINATION1 (DOG1), likely via controlling the generation of microRNAs 

involved in seed germination, such as miR156 [30]. Inhibition of DOG1 expression allows 

seeds to germinate at 32 °C, probably in an ABA-independent manner. While miR156 

represses the expression of the SQUAMOSA PROMOTER BINDING PROTEIN LIKE (SPL) 

family of transcription factors [31], no functional link of this regulation with seed 

germination has been described. 

Of note, high temperature can lead to a secondary dormancy when seeds are 

returned to conditions which are normally permissive for germination [32]. This is likely 

due to the accumulation of PHYTOCHROME INTERACTING FACTOR3-LIKE 5 (PIL5), a 

negative regulator of seed germination [32]. Interestingly, seeds pre-incubated at high 

temperature in the dark exhibit a higher expression level of PHYTOCHROME D (PHYD) 

when transferred back to light and permissive temperature compared to seeds pre-

incubated at lower temperature in the dark. phyD, together with other phytochromes, 

marks PIL5 for degradation via phosphorylation and relieves repression of seed 

germination [32]. 

In summary, high ambient temperature inhibits seed germination by either 

upregulating ABA signalling and reducing GA signalling, or in an ABA-independent 

manner via microRNA regulation.     

 

PHYTOHORMONES REGULATE THERMOMORPHOGENIC GROWTH OF SEEDLINGS 

The most obvious thermomorphogenic traits in early plant growth are the elongation of 

the hypocotyl and petioles and the upward bending of the leaves in seedlings [17,33] 
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(Figure 1). These responses are conserved among numerous dicots [17]. Together with 

other thermal responses in the leaf, this might give the plants the advantage to maximize 

the cooling capacity by moving away from the heat-absorbing soil and having better 

access to cooling air streams [33]. The elongation of the hypocotyl is the result of 

excessive cell expansion which largely underlies hormonal regulation [34]. At high 

temperature, the phytohormone auxin plays a pivotal role by inducing the expression of 

a specific set of AUXIN RESPONSE FACTORS (ARFs), which in turn activate cell expansion-

promoting genes in the hypocotyl epidermis [35]. To alter auxin levels, auxin 

biosynthesis is increased in Arabidopsis seedlings grown at 27-28 °C compared to 

seedlings grown at 20-21 °C, which contributes to the elongation of the hypocotyl 

[33,36]. However, exogenous application of auxin does not result in temperature-

comparable elongation of the hypocotyl, indicating that another layer of regulation is 

required [33,37]. For example, this may involve stabilization of auxin receptors by high 

temperature [38] and possibly also changes in the auxin transport system [39].  

The transcriptional activator PHYTOCHROME-INTERACTING FACTOR4 (PIF4) is 

a central checkpoint of many high temperature-related responses in Arabidopsis (Figure 

3). Compared to optimal temperature, high ambient temperature, via PIF4, promotes 

auxin biosynthesis by elevating the expression of key auxin biosynthesis genes, such as 

TRYPTOPHAN AMINOTRANSFERASE OF ARABIDOPSIS1 (TAA1), YUCCA8 (YUC8), as well as 

several auxin signalling repressors of the AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) 

family [36,40]. Further, transcription of SMALL AUXIN UP RNA (SAUR) genes which likely 

are positive regulators of cell expansion are also promoted by PIF4 at high temperature 

[36]. This thermoresponsive activity of PIF4 is attenuated by FLOWERING TIME 

CONTROL PROTEIN A (FCA), which mediates the removal of the modified histone mark 

H3K4me2 and dissociates PIF4 from the promoters of its targets genes [41]. 

In addition to auxin biosynthesis, PIF4 directly mediates high temperature-

induced signalling of brassinosteroids (BRs) and GAs, phytohormones that also promote 

hypocotyl elongation (Figure 3). When plants lack auxin biosynthesis and signalling 

components, a defect in thermomorphogenic elongation growth can be rescued by 

exogenous BR treatment [42]. In contrast, this defect cannot be rescued by auxin 

treatment if the plants lack BR biosynthesis and signalling components. This indicates 

that BRs act downstream of auxin during thermomorphogenesis. Interestingly, 

hypocotyl growth of pif loss-of-function mutants is less sensitive to exogenous BR 

treatment than wild-type plants [43]. PIF4 and the transcription factor BRASSINAZOLE 

RESISTANT1 (BZR1), a master regulator of BR signalling, form a complex and regulate 

the expression of common targets interdependently, including those required for high 

temperature-mediated hypocotyl growth [43]. Among these genes are positive effectors 
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of cell elongation, such as PACLOBUTRAZOL RESISTANCE1 (PRE1), as well as the negative 

effectors, such as LONG HYPOCOTYL IN FAR-RED1 (HFR1) and PHYTOCHROME RAPIDLY 

REGULATED1 (PAR1) [43–45]. The negative effect of the helix-loop-helix transcription 

factors HFR1 and PAR1 on cell elongation is mediated by their inhibitory heterodimer 

formation with PIF4 and PRE1 [46,47]. Moreover, in a response amplifying feed forward 

loop, high temperature promotes BZR1 translocation to the nucleus where it binds to the 

PIF4 promoter and induces PIF4 expression [42]. PIF4 also binds to the BRI1-EMS-

SUPPRESSOR 1 (BES1), altering BES1 transcriptional activity [48]. The BES1 homodimer 

represses expression of BR biosynthesis gene, while the PIF4-BES1 complex co-activates 

BR biosynthesis which is essential for thermomorphogenic growth. The formation of this 

complex depends on the availability of PIF4 and BES1. PIF4 has been shown to be 

phosphorylated by the BR signalling repressor BRASSINOSTEROID-INSENSITIVE2 

(BIN2) to control its stability and to repress diurnal hypocotyl growth [49]. Furthermore, 

BIN2 phosphorylates BES1 promoting proteasomal degradation of BES1 [50]. However, 

no functional link of these post-translational modifications and high temperature has 

been demonstrated.  

DELLA proteins, which are degraded in the presence of GA, inhibit PIF4 activity 

by sequestering its DNA recognition domain [51] and mediating proteasomal degradation 

of PIF4 [52] to suppress elongation growth. In addition, expression of GA oxidases 

GA20ox1 and GA3ox1, major GA biosynthetic genes, are highly upregulated in plants 

grown at 29 °C compared to plants grown at 20 °C, whereas the GA catabolism gene 

GA2ox1 is downregulated, suggesting that the GA level would be increased at elevated 

temperature [34]. Indeed, this is reflected in the reduced level of the DELLA protein 

REPRESSOR OF GA (RGA) in the elongation zone of the hypocotyl at higher temperature 

[34]. However, loss-of-function mutants of all DELLA proteins still exhibit partial 

thermoresponsive hypocotyl elongation. Importantly, hormonal regulation is likely to 

converge at the BAP module, consisting of BZR1, ARF6 and PIF4. These three 

transcriptional regulators interact directly to modulate the activity of each other 

depending on the environmental stimuli [44,45]. Hereby, DELLAs bind to and repress all 

BAP transcription factors, and this repressive activity is only relieved in the presence of 

GA [44]. This indicates that DELLAs more likely regulate downstream target genes via 

modulation of PIF4 activity and do not directly function as a regulatory module for 

thermomorphogenesis. 

Apical hooks are formed in dicots to facilitate the emergence of small seedlings 

from the soil [53]. Exaggerated hook formation can be induced by increased ethylene 

biosynthesis to protect the apical meristem from mechanical damage [54]. In contrast to 

light-grown seedlings, in the dark, high temperature (28 °C) decreases auxin 
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biosynthesis by reducing the expression of YUCCAs [55]. The decrease in auxin level 

induces hook opening of etiolated seedlings, possibly independently from ethylene. 

Interestingly, pif4 seedlings display the same thermoresponsive phenotype of the apical 

hook like wild-type plants, suggesting this response is PIF4-independent [55].  

 

 

Figure 2. Molecular regulation of thermomorphogenesis. (A) Transcriptional regulation by chromatin 

remodelling. (B) Post-transcriptional regulation by alternative splicing. (C) Post-translational 

regulation by thermal reversion of photoreceptors. 
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THERMOMORPHOGENIC GROWTH IS INTEGRATED IN PHOTOPERIOD AND LIGHT 

SIGNALLING 
 

Many cellular processes are modulated by the circadian clock. Physiological and 

morphological responses to external stimuli are often the result of the interaction 

between the clock components and the environmental input  [56]. At a normal growth 

temperature (21-22 °C), hypocotyl cell elongation follows a rhythmic pattern that is 

controlled by light and the circadian clock, with a peak of growth occurring before dawn 

[57,58]. When temperature is elevated by 5-6 °C, the growth maximum before dawn is 

significantly increased and an additional peak of growth is observed at dusk [59]. 

Computational models showed that PIF4 activity strongly correlates with hypocotyl 

growth in response to photoperiod and temperature in a circadian manner [60]. A 

molecular framework that integrates photoperiod and high temperature signalling 

involves EARLY FLOWERING 3 (ELF3), a component of the clock-regulating Evening 

Complex (EC) (Figure 3) [59]. At normal growth temperature, ELF3 directly binds to the 

PIF4 promoter and represses PIF4 transcription. This repression can be reversed by a 

temperature increase of 5 °C. This thermal responsiveness of PIF4 transcriptional 

repression is largely lost in the elf3 mutant [59]. Of note, ELF3 can also bind directly to 

the PIF4 protein independently from the EC to suppress PIF4 activity, but there is no 

experimental evidence that this interaction is also controlled by temperature [61]. 

Further, recent transcriptomic and chromatin immunoprecipitation (ChIP) data also 

indicate that the EC can directly bind to promoters and regulate the expression of target 

genes at night in a thermoresponsive manner independently from PIF4 [62]. 

Light and temperature share a large set of common regulators, including PIF 

proteins, and likely act interdependently to control plant growth [63]. phytochrome B 

(phyB) is an important photoreceptor, exhibiting two photo-interconvertible 

conformations: the biologically inactive Pr form that can be activated to the active Pfr 

form by a high red/far-red light ratio, while a high far-red/red light ratio reverses Pfr 

back to Pr [64]. In its active form, phyB phosphorylates PIF proteins and mark PIFs for 

subsequent ubiquitination and degradation and this serves as a key signalling event for 

photomorphogenetic development [65,66]. Interestingly, the active Pfr form of phyB is 

spontaneously reverted to the Pr form in a light-independent and temperature-

dependent process called “thermal reversion” or “dark reversion” (Figure 2C) [67–69]. 

Elevated ambient temperature between 4 °C and 30 °C results in an exponential increase 

in the thermal reversion rate of the Pfr-Pr dimer to the Pr-Pr dimer [69]. Expectedly, 

increased ambient temperature reduced the in vivo Pfr concentration significantly [69]. 

Therefore, phyB, and conceivably other phytochromes, have been put forward as major 
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sensors in Arabidopsis that integrate both light and temperature cues (Figure 3). Indeed, 

a null mutant for phyabcde exhibits a constitutively long hypocotyl at low temperature. 

Furthermore, a line expressing a constitutively active PHYBY276H protein variant, which is 

not capable of Pfr to Pr  thermal reversion, is inhibited in thermoresponsive elongation 

growth [70]. RNA sequencing data also show a large portion of misregulated 

thermoresponsive transcripts in both phyabcde and PHYBY276H-expressing seedlings [70]. 

Misregulation of major transcription factors, such as PIF4, does not solely account for 

this change. Interestingly, phyB can act as a transcriptional repressor. Therefore, the 

altered binding capacity of phyB to target promoters likely plays a role in the 

transcriptional misregulation in phyabcde, and the PHYBY276H-expressing background 

[70]. phyB and the EC may exhibit independent functions since elf3 phybde loss-of-

function seedlings exhibit longer hypocotyls than elf3 or phybde mutants [62]. However, 

phyB and the EC also share a significant overlap of thermoresponsive binding loci [62]. 

Furthermore, hypocotyl elongation caused by loss of functional ELF3 is completely 

abolished by overexpression of PHYB. Since phyB functions as a thermosensor, these 

observations indicate that a large portion of light and temperature information may be 

transmitted to the EC via phyB. Indeed, ELF3 has been shown to interact with phyB-Pfr 

directly and this leads to accumulation of ELF3 in the light [61,71]. 

Photoreceptors of shorter wavelength, such as blue light and ultraviolet (UV) light 

receptors, also play a pivotal role in growth and development [72,73]. Both blue light and 

UV-light suppress thermomorphogenesis by inhibition of PIF4 activity through their 

respective receptors (Figure 3) [72,73]. Absence of the blue light receptors cryptochrome 

1 (CRY1) and CRY2 also leads to an abnormally elongated hypocotyl like in phy mutants 

[74]. Plants lacking the functional UV-B light receptor encoding gene UV RESISTANCE 

LOCUS8 (UVR8) display normal thermomorphogenic growth, but are less sensitive to 

growth repression by UV light at high temperature [72]. Both CRY1 and UVR8 suppress 

PIF4 transcription in a blue light and UV light-dependent manner, respectively. CRY1 

interacts physically with PIF4 and binds to the promoter of PIF4 targets to repress PIF4 

transcriptional activity without affecting PIF4 affinity to DNA. The repressive activity of 

CRY1 is enhanced by both blue light and high temperature [73]. Similarly, PIF4 activity is 

also repressed by UVR8 under UV light [72]. However, unlike CRY1, UVR8 does not 

interact directly with PIF4. It was proposed that UV-B-dependent inhibition of 

thermomorphogenesis might be mediated by the UVR8-promoted stabilization of HFR1 

which represses PIF4 activity via heterodimer formation [47,72]. Finally, it would be 

interesting to investigate whether CRY1 and UVR8 also function as a dual photo- and 

thermosensors similarly to phyB. 
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Figure 3. Light and phytohormone-dependent thermoresponsive pathways converge at PIF4. 

 

Apart from CRYs and UVR8, other photoreceptors are also potential integrators of 

light and temperature signals. In Marchantia polymorpha, the activation of the 

chromophore in the blue light receptor PHOTOTROPIN (PHOT), a homologue of 

Arabidopsis PHOT1 and PHOT2, can be reversed by increasing temperature from 5 °C up 

to 25 °C [75]. This leads to inactivation of the PHOT kinase domain and re-positioning of 

the chloroplast. However, there is no evidence showing whether phototropins also play a 

role in thermoresponsive elongation growth in Arabidopsis.  

Beside photoreceptors, other key components of light signalling pathways, such 

as DE-ETIOLATED1 (DET1) and the E3 ubiquitin ligase CONSTITUTIVE 

PHOTOMORPHOGENESIS1 (COP1) also play an important role in thermomorphogenesis, 

possibly by promoting PIF4 expression and stabilizing the PIF4 protein via yet unknown 

mechanisms [76,77]. COP1 activity is suppressed by phyB and CRY1 upon light perception 

to promote photomorphogenesis [78,79]. The transcriptional repressor LONG 

HYPOCOTYL5 (HY5), which is a downstream target of DET1 and COP1, modulates PIF4 

transcriptional activity; likely not by repressing PIF4 expression, but rather by 



18 | CHAPTER 1 

 

competitive binding to the promoter of downstream targets involved in elongation 

growth (Figure 3) [76,80]. 

BLADE-ON-PETIOLE2 (BOP2) which participates in an E3 ubiquitin ligase 

complex, acts in the phyB signalling pathway to suppress elongation growth under red 

light, likely by decreasing PIF4 levels [81]. Loss-of-function mutants of BOP2 and its 

homologue BOP1 show no difference in elongation growth at 22 °C but display a 

significantly longer hypocotyl at 28 °C, indicating their role in modulation of 

thermomorphogenesis [81]. Astoundingly, while light enhanced BOP2 activity, BOP2 can 

still ubiquitinate PIF4 in the dark. This suggests that phyB-mediated phosphorylation of 

PIF4 is not required for its ubiquitination by BOP2. Whether BOP2 modulates PIF4 during 

thermomorphogenesis by a phyB-independent mechanism or phyB controls BOP2 

activity in an alternative pathway needs to be further investigated. 

 

HIGH TEMPERATURE AFFECTS FLORAL TRANSITION 

Seasonal cues such as day length, light quality and temperature play important roles in 

governing the transition from vegetative to reproductive growth in a vast number of 

plant species [82–84]. A mild increase in temperature can trigger floral transition in 

Arabidopsis under non-inductive short day conditions [85] (Figure 1). This is mainly 

attributed to an increase in expression of the major flowering timing genes FLOWERING 

LOCUS T (FT), TWIN SISTER OF FT (TSF) and SUPPRESSOR OF OVEREXPRESSION OF CO1 

(SOC1), which all promote early floral meristem identity [85–88]. In contrast, other 

species such as Chrysanthemum morifolium, Populus ssp. or Boechera stricta (the perennial 

relative of Arabidopsis) are delayed in flowering when the ambient temperature 

increases [89–91]. The variance in thermal flowering response in these species is 

reflected in the different response of FT expression and its homologues. This indicates a 

diversity in temperature response of regulatory networks controlling the expression of 

FT and FT-like genes in different species during floral transition [84]. 

Photoperiod and temperature have been shown to interact to control floral 

transitions [92]. In Arabidopsis, a loss of functional phyB shows an early flowering 

phenotype, while deficiency in CRY2 blue light receptor activity shows an opposite 

phenotype [86,93]. Interestingly, a mild temperature decrease of 6-7 °C is sufficient to 

rescue the phenotype of phyb while enhancing the cry2 phenotype [86,93]. The 

transcription factor CONSTANS (CO) promotes flowering under long day conditions by 

inducing FT expression [94]. CO is destabilized by phyB, while cryptochromes and the red 

light receptor phyA enhanced CO stability [95]. Further, phyB can recruit Tandem Zinc-

Finger/Plus3 (TZP) protein to the FT locus to promote FT expression and induce 
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photoperiodic flowering [96]. With phyB coming forward as a major thermosensor in 

plants [69,70], the interactions of photoreceptors with flowering components suggest 

that photoreceptors play a significant role in controlling thermoresponsive flowering. 

Chromatin remodelling has been observed in many signalling pathways involved 

in response to environmental changes [97]. Especially, dynamic nucleosome positioning 

is an important regulatory mechanism of gene transcription [98]. At low temperature, 

the H2A histone variant H2A.Z is found to be enriched at many heat-inducible genes, 

including one encoding the heat shock protein HSP70 [99–101]. A temperature higher 

than 22 °C induces the transcription of these genes by evicting H2A.Z and allowing 

increased chromatin accessibility for RNA polymerase II (RNAPII) (Figure 2A). The 

depletion of H2A.Z at high temperature is likely mediated by recruitment of transcription 

factors, such as those of HEAT-SHOCK FACTOR A1 (HSFA1) family [101]. Histone 

modifications, such as histone deacetylation mediated by HISTONE DEACETYLASE9 

(HDA9) and POWERDRESS (PWR) are also linked to H2A.Z-mediated thermoresponsive 

transcription [102]. Loss-of-function mutants of ACTIN-RELATED PROTEIN6 (ARP6), 

which is required for proper H2A.Z deposition, display a constitutive high temperature 

phenotype, including early flowering. The arp6 mutants show misregulation of almost 

half of the high temperature transcriptional responses, including the one of FT. H2A.Z 

has a higher occupancy at the FT locus at 17 °C than at 27 °C [103]. Importantly, FT 

expression undergoes a temperature-dependent induction by PIF4 independently from 

CO with a higher enrichment of PIF4 at the FT locus at high temperature (Figure 3). Plants 

constitutively expressing PIF4 flower much earlier than wild-type plants, likely due to a 

high increase in FT transcripts [103]. However, in more recent studies, the difference in 

the flowering phenotype of pif4 plants and wild-type at high temperature was observed 

as minor or negligible in both short and long day conditions [104,105]. This suggests that 

PIF4-mediated FT expression does not play a major role in high temperature-induced 

flowering. For example, GA can regulate temperature-mediated flowering independently 

of FT and PIFs [105]. 

Another important regulator of gene expression is alternative splicing that 

results in different protein isoforms [106]. Alternative splicing is highly affected by 

environmental stimuli, including abiotic stress [107,108]. For example, thermally primed 

splicing memory can lead to a higher survival chance in Arabidopsis during heat stress 

[16]. Noticeably, protein isoforms can exhibit completely different functions [106]. In 

Arabidopsis, the flowering repressor FLOWERING LOCUS M (FLM) is targeted by 

alternative splicing, resulting in two main spliced forms, FLM-β and FLM-δ, by an 

unknown splicing factor (Figure 2B) [109]. While FLM-β is the prevalent splice variant at 

16 °C and decreases in abundance at the temperature increases up to 27 °C, FLM-δ levels 
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show an opposite trend [109]. FLM-β interacts with SHORT VEGETATIVE PHASE (SVP) 

to repress flowering gene expression [109]. It was previously suggested that FLM-δ 

competed with FLM-β for SVP binding to induce flowering at high temperature [109]. 

However, the dominant negative effect of  FLM- δ is only substantial when FLM- δ 

transcripts are present in high abundance in transgenic plants [110,111]. Analysis of FLM 

natural variation showed that temperature-sensitive flowering is mainly the result of 

altered accumulation of FLM- β and not by changes in FLM-β/FLM- δ ratio (Figure 2B) 

[112,113]. In addition, the level of nonsense FLM transcripts (transcript with premature 

stop codon) is increased at high temperature, leading to nonsense-mediated mRNA and 

compromising the level of the functional FLM-β transcripts. SVP itself is destabilized at 

high temperature, which also contributes to the decrease of SVP-FLM-β abundance [88]. 

Furthermore, RNAseq data show that expression of other related flowering genes in the 

FLM clade are affected by temperature-controlled splicing as well [114,115]. Surprisingly, 

the splicing machineries themselves are targeted by temperature-induced alternative 

splicing. Hence, it is suggested that this may serve as the earlier step of a temperature-

dependent mechanism that mediates altered splicing of other downstream 

thermoresponsive genes [115]. 

mRNA of NF-YA2, a gene encoding a component of the transcriptional complex 

Nuclear Factor Y (NF-Y) that directly regulates the expression of FT, is targeted by 

miR169 [116]. miR169 also targets JASMONATE-ZIM-DOMAIN PROTEIN4 (JAZ4) which 

promotes FT expression via protein-protein interaction and repression of TARGET OF 

EAT1 (TOE1) and TOE2 [117]. Intriguingly, miR169 expression is significantly lower in 

plants grown at 21 °C and 27 °C than in plants grown at 15 °C. This leads to increased level 

of NF-YA2 and JAZ4 transcripts and subsequently higher expression of FT at higher 

temperature [116]. This indicates that microRNAs may play an important role in 

temperature-mediated flowering. 

Recently, cellular regulation by long non-coding RNAs (lncRNAs) has emerged. 

In plants, the best characterized lncRNAs are the ones from the locus of FLOWERING 

LOCUS C (FLC): the natural antisense transcripts COOLAIR and ASL [118,119], the intronic 

lncRNA (iLncRNA) COLDAIR [120] and the promoter lncRNA (pLncRNA) COLDWRAP [121]. 

During vernalization, all four lncRNAs repress the transcription of FLC coding RNA which 

encodes a transcriptional repressor of FT. Especially, FT activates expression of COOLAIR 

to suppress FLC expression in a feedback regulation to control both floral transition and 

seed dormancy [122]. In the context of high temperature, FLOWERING LONG INTERGENIC 

NON CODING RNA (FLINC), a long intergenic non-coding RNA (lincRNA), may play a role 

in temperature-mediated flowering [123]. FLINC expression is downregulated at 25 °C 

compared to 16 °C. Knock-out mutants of FLINC flower earlier than wild-type plants, 
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while overexpression of FLINC delays flowering. FT expression is also higher in flinc 

plants compared to wild-plants. However, the molecular mechanisms underlying FLINC 

activity remains unexplored [123].  

In summary, floral transition in Arabidopsis is highly regulated by temperature. 

High temperature promotes flowering mainly by boosting FT expression via 

restructuring of H2A.Z nucleosome on FT locus, alternative splicing of FLM, miR169 

regulation or via an unknown mechanism mediated by the lincRNA FLINC. Further, 

photoreceptors such as phyB also provide temperature information to the flowering 

pathways. 

 

FRUIT DEHISCENCE IS PROMOTED BY HIGH TEMPERATURE 

Fruit dehiscence is an important process in several plant species, including the 

Brassicaceae family. During ripening, hydrolytic enzymes decompose the cell wall, 

promoting cell separation precisely at an abscission cell layer between the fruit valve and 

the replum [124]. This eventually leads to the release of the fruit content that can be 

widely dispersed and maximize the reproductive success [124]. However, in agriculture, 

early seed dispersal by fruit dehiscence is an undesirable trait since this can significantly 

reduce crop yield [125].  

Thermal control can be an advantage for proper seasonal timing of seed dispersal. 

In Arabidopsis, fruit dehiscence is accelerated by high ambient temperature [126] (Figure 

1). INDEHISCENT (IND) is a transcription factor specifically expressed at the fruit valve-

replum junction and  IND controls expression of downstream target genes, such as 

ARABIDOPSIS DEHISCENCE ZONE POLYGALACTURONASE1 (ADPG1), that are essential for 

fruit opening [127,128]. Expression of IND is significantly increased at 27 °C compared to 

17 °C, seemingly independently from upstream transcriptional regulators [126]. 

Intriguingly, the thermal induction of IND expression is promoted by the eviction of 

histone H2A.Z from its promoter in a similar manner as the control of the 

thermoresponsive expression of HSP70. This is also in agreement with the observation of 

an early dehiscence phenotype in mutants lacking incorporation of H2A.Z into 

nucleosomes [126]. This also suggests that transcriptional regulation by chromatin 

dynamics is conserved across different processes and developmental stages, from 

general thermal responsive factors (such as HSP70) [99] to flowering genes (such as FT) 

[107] and fruit dehiscence regulators (such as IND) [127].  
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FEELING THE HEAT UNDERGROUND: ROOT THERMOMORPHOGENESIS  

Increased temperature can affect root growth, either directly or indirectly via signalling 

of the shoot for water and nutrient demand or via carbon supply from the shoot to the 

root [129]. In Arabidopsis, root thermomorphogenesis has been observed in early 

initiation of lateral roots, an increased number of lateral roots and an increased growth 

of the primary root [33,38]. This is largely controlled by hormone signalling. The F-box 

ubiquitin ligase TRANSPORT INHIBITOR RESPONSE1 (TIR1) is an important regulator of 

auxin signalling that, upon binding to auxin, ubiquitinates the auxin signalling 

repressors AUX/IAA proteins [130]. This signalling module serves many processes in 

plant development, including primary and lateral root growth [131]. Interestingly, TIR1 

stability is positively regulated by the heat-shock protein HSP90 which is quickly 

induced upon high temperature (29 °C) (Figure 3) [38]. Increased TIR1 stability boosts 

auxin signalling at high temperature and enhances primary root growth and lateral root 

formation.  

Of note, while root growth is unquestionably affected by increased temperature, 

root thermomorphogenesis is not consistently observed in different species or 

experimental set-ups [132–134] (Figure 1). For example, in constrast to the above-

mentioned observations in Arabidopsis, both lateral and primary root growth of Pisum 

sativum (garden pea) are inhibited by 32 °C [133]. It is possible that root 

thermomorphogenesis is not a conserved phenotype in different plant species, but 

different experimental setups (light conditions, heat duration, etc) may also lead to 

different phenotypes. While soil temperature can be affected by aboveground 

temperature, short-term moderate increase in ambient temperature is likely to be 

buffered by the soil, making this system difficult to be reproduced on a laboratory scale. 

 

TEMPERATURE COORDINATES THERMOMORPHOGENIC GROWTH AND PLANT 

IMMUNITY TRADE-OFF 
 

Higher biological systems, such as plant cells, have developed two different lines of 

defence against pathogen infection. First, plants can perceive the pathogens by 

recognition of microbe-associated molecular patterns (MAMPs) by pattern-recognition 

receptors (PRRs), inducing pattern-triggered immunity (PTI) [135]. Second, effector 

molecules synthesized by pathogens can be injected into the plant cells to weaken the cell 

for further infection and induce effector-triggered immunity (ETI) [135]. Elevated 

temperature increases susceptibility towards infection in Arabidopsis and other plant 

species, largely via inhibition of ETI [136]. The reduced ETI response is also observed for 
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the constitutively thermoresponsive arp6 mutants. Further, the biosynthesis and 

accumulation of salicylic acid which is pivotal for defence against pathogens are 

suppressed at high temperature, enhancing pathogenesis [137]. 

As the result of infection, at optimal growth temperature, plant growth is 

repressed in favour of defence against pathogens [138]. However, high temperature is 

inhibitory to immunity and promotes growth. Here, the DET1-COP1-PIF4 module 

integrates seasonal cues, such as light and temperature, to coordinate immunity and 

growth [139,140]. The loss-of-function pif4 mutation shows an increase in transcription 

of pathogenesis-related genes (PRs). Expectedly, enhancing PIF4 signalling via DET1 and 

COP1 activity increased susceptibility to infection even at low temperature [139,140]. In 

addition, the SAP-MIZ domain containing SUMO E3 ligase SIZ1, which mediates plant 

innate immunity, is a positive regulator of high temperature response. It is likely that 

SIZ1 acts upstream of PIF4 and BZR1, via enhancement of COP1 activity by sumoylation 

[141]. Therefore, SIZ1 is a potential hub for controlling the temperature-dependent 

trade-off between growth and immunity.  

 

CONCLUDING REMARKS  

The examples discussed in this review show a multitude of temperature-mediated 

effects on plant growth and development. Molecular mechanisms that control 

thermomorphogenesis are complex, including extensive cross-talk with other 

pathways, such as hormone regulation and light signalling. PIF4 is considered as the 

central regulator of thermal response with the majority of described thermoresponsive 

pathways converging at PIF4 (Figure 3). Hereby, the effects of auxin, BRs and GAs have 

been extensively explored [34,42,48,105,134]; and links between the phyB−PIF4 module 

with ABA, ethylene and jasmonate have emerged in other biological contexts [142–144]. 

With new discoveries shedding light on the temperature-mediated growth and other 

processes like immune response, different hormone signalling pathways may be 

intertwined to operate in response to temperature changes. It is furthermore important 

to note that depending on the developmental process, plant organ or tissue, high 

temperature can lead to increased auxin levels, such as during hypocotyl elongation 

[36,40], or decreased auxin levels, such as in Arabidopsis anthers resulting in male 

sterility or during apical hook opening in the dark [55,145]. This suggests that high 

temperature responses are very complex and highly regulated, even on the level of the 

same set of temperature signalling molecules.  

Since a change in temperature can be detected at any location in the cell, we 

suspect that there are still other thermoresponsive pathways, which can act 
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independently of phyB−PIF4, to be discovered. In order to discover these new pathways, 

it is important to unravel the primary temperature sensing mechanisms to elucidate how 

temperature information is transduced into a responsive signal. Importantly, nearly all 

analyses described above are performed in laboratory conditions, but diurnal and 

seasonal temperature fluctuations display a specific magnitude, rhythm and duration, 

making it important to study plant developmental plasticity and the underlying 

molecular mechanisms in more natural conditions or even in the field [92].  

Here, we have mainly discussed the molecular regulation of developmental 

plasticity at high temperature in the dicot model plant Arabidopsis. Thus, a big remaining 

question is: is all of this relevant in crops? For example, high temperature-induced 

hypocotyl elongation seems conserved among dicot crop species, such as cabbage 

(Brassica oleracea) and tomato (Solanum lycopersicum) [17]. However, in crop production 

systems, heat occurs mainly towards the end of the growth season, namely during the 

reproductive phase, resulting in pollen sterility and reduced seed set, and during the 

grain filling stage, causing early senescence, reduced grain size and poor quality [146]. 

Therefore, it is important for future studies to focus on specific high temperature-

associated phenotypes in the crop of interest that are relevant for crop improvement. In 

this context, some components associated with high temperature were already studied 

in other species, including monocot crops, such as the effect of high temperature on yield 

and the role of H2A.Z in Brachypodium distachyon [147], the role of phyB in rice anther 

development and pollen viability [148] and cold tolerance [149], or the role of auxin in 

male sterility in wheat caused by high temperature [145]. Nevertheless, investigating 

whether central high temperature sensing and response regulators are functionally 

conserved in crop plants is very much needed. Taken together, this should allow 

transferring Arabidopsis knowledge to crops and facilitate breeding of high 

temperature-tolerant crops. 
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To draw the complete picture of plant thermal signalling, it is important to find the missing links 

between the temperature cue, the actual sensing and the subsequent response. In this context, 

several plant thermosensors have been proposed. Here, we compare these with thermosensors in 

various other organisms, put them in the context of thermosensing in plants and suggest a set of 

criteria to which a thermosensor must adhere. Finally, we propose that more emphasis should be 

given to structural analysis of DNA, RNA and proteins in light of the activity of potential 

thermosensors. 

 

WHAT’S IN A NAME – A RE-DEFINITION OF THERMOSENSORS 

In recent years, various plant proteins have been shown to act as thermosensors [1–3] or 

have been mistakenly referred to as thermosensors [4]. While the term “thermosensor” 

or “thermosensory” has been used often, most of the described molecular regulation is 

limited to explaining the actual response to temperature elevation [5]. But what is a true 

thermosensor? For all environmental responses, sensing is the primary step during 

which a sensor directly decodes a stimulus into cellular signaling by altering its own 

structure and/or activity or its interaction with other molecular components to trigger 

downstream responses [6]. An examples is light receptors that are activated by light via 

a conformational change (photoconversion) [7]. A temperature change therefore should 

directly affect a thermosensing module without mediation via other components (Figure 

1). For example, the PHYTOCHROME INTERACTING FACTOR4 (PIF4), which is a central 

hub for thermal responses in Arabidopsis, has been described to control “thermosensory 

growth”; however, “thermoresponsive growth” would be more appropriate since PIF4 

function requires other upstream components in high temperature signaling pathways 

(Figure 1) [8,9]. Furthermore, it is important that a thermosensor not only responds to 

temperature on a biochemical or biophysical level, but that perturbing the function of the 

thermosensor leads to relevant changes in plant physiology and/or morphology (Figure 

1). 

In contrast to sensing developmental changes, which signal via hormone or 

peptide ligands, temperature sensors do not perceive a direct ligand. In addition, changes 

in temperature can be distributed within the cell as well as across different organs. 

Furthermore, from a thermodynamic point of view, a biological system or biological 

process can be presented by the Gibbs free energy ∆G = ∆H  - T∆S with ∆H being the 

enthalpy, ∆S the entropy and T the temperature of the system [10]. At equilibrium, ∆G is 

equal to 0. Any change to the value of ∆G will lead to a shift in the equilibrium. Thus, in 
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theory, any biological process or system can be directly affected by temperature, albeit 

to different extents [11]. Such a lack of specificity makes it difficult to narrow it down to 

one or a few thermosensors. Because of this, temperature signaling might not always 

strictly follow a linear hierarchy from sensor to downstream components, but may also 

have an entry point at different nodes in a signaling pathway. This complexity makes 

temperature signaling challenging for in vivo studies [12].  

In this Chapter, we summarize the knowledge of and challenge the view on plant 

temperature sensors. Based on data from non-plant systems, we postulate new 

possibilities for thermosensing in plants. We also suggest that a deeper insight into the 

thermal adaptation of molecular structures will be advantageous to determine the most 

primary event of any temperature signaling pathway.  

 
Figure 1. Suggested criteria to which a thermosensor should adhere. These criteria are applied to some 

well-known proposed temperature signalling components. 

 

CAN DNA/CHROMATIN STRUCTURES FUNCTION AS THERMOSENSORS? 

In bacteria, DNA replication and transcription is very sensitive to DNA supercoiling (see 

Glossary), which is highly regulated by temperature [13,14].Further, DNA–protein 

structures, such as the DNA bend created by the histone-like nucleolid-structuring (H-

NS) protein, can melt and allow the transcription of the virulence-regulating 

transcription factor virF and host invasion at the critical threshold temperature of 32 °C 

[15].  

In Arabidopsis, in response to increased temperature (above 22 °C), the histone 

variant H2A.Z is rapidly displaced from the nucleosome to allow DNA transcription 

[16,17]. Analyses of promoter and enhancer regions modulated by the histone variant 

H2A.Z show that H2A.Z stabilizes the +1 nucleosome to reduce chromatin accessibility 

for transcriptional activators and RNA polymerases and thus represses gene expression 

[18,19]. However, H2A.Z displacement did not occur at high temperature in vitro or in 

reconstituted nucleosomes, suggesting this response is not direct (Figure 1) [17]. The 
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rapid high temperature-mediated eviction of H2A.Z at the +1 position requires 

recruitment of the heat shock factor A 1a (HSFA1a), and likely also other HSFA1 

transcription factors, to the heat shock elements around the transcription start site [17]. 

Furthermore, H3 deacetylation, which is controlled by POWERDRESS (PWR) and 

HISTONE DEACETYLASE 9 (HDA9), regulates genes that are also regulated by H2A.Z 

dynamics and thus may also affect H2A.Z deposition in plants [20]. Collectively, it thus 

seems important to assess the temperature-mediated regulation of these upstream 

factors, such as HSFA1a or PWR and HDA9, to pinpoint the thermosensing machineries 

that control the thermoresponsive dynamics of H2A.Z. Moreover, it remains unclear 

whether there is any chromatin structure that is intrinsically able to sense a temperature 

change to control the thermal response (Figure 2A). 

 

RNA THERMOSENSORS IN PLANTS – TERRA INCOGNITA 

RNA secondary structures regulate many RNA-related processes and such 

structures are sensitive to environmental changes [21]. In bacteria, some mRNA stem-

loop structures can be “unzipped” by high temperature, facilitating ribosome binding 

and translation (Figure 2B) [22]. In addition to RNA zippers, RNA can also adopt distinct 

stem-loop structures at different temperatures (RNA switches) that play a role in 

translational regulation [22]. RNA-mediated thermosensing has also been described in 

mammals [23]; but little is known about thermo-regulated translation in plants, despite 

the polysome profiling performed for Arabidopsis exposed to heat stress [24]. Further, 

RNA thermosensors show little conservation in their sequences and structures, making 

direct prediction from genome sequences difficult [22], but not entirely impossible [25]. 

Recent advances in high-throughput RNA sequencing allow probing RNA 

structures on a transcriptome-wide scale (Box 1) [26]. A handful of RNA thermometers 

was discovered in the pathogen Yersinia pseudotuberculosis by in vitro profiling of 

temperature-responsive RNA structures [27]. Large-scale in vivo sampling of RNA 

structures was performed for etiolated Arabidopsis seedlings [28], which revealed that 

mRNAs of genes associated with stress responses display high free energy per nucleotide 

or a longer maximum loop length, both of which provide flexibility for conformational 

changes. Such properties are advantageous for rapid sensing of environmental stimuli 

including temperature [28]. Clearly, RNA structure analysis can be applied in future 

studies to identify thermosensing RNA elements in plants. 
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Figure 2. Potential thermosensing mechanisms in plants at different molecular levels. (A) 

Temperature-induced chromatin structure remodeling affects transcriptional activity. (B) Relief of 

translational repression by RNA secondary structure at high temperature. (C) On the post-

transcriptional level, temperature changes may affect alternative splicing by altering RNA secondary 

structure. (D) Temperature directly regulates protein structure and activity. (E) Temperature affects 

protein complex formation. (F) Membrane fluidity is directly affected by temperature and leads changes 

in conformation and activity of membrane-associated proteins. Dashed line indicates mechanisms that 

are unconfirmed in plants. 

 

WHAT ABOUT THERMOSENSORS FOR ALTERNATIVE SPLICING? 

Alternative splicing affected by temperature has been observed frequently in plants 

(Figure 2C) [29]. A well-known example is the alternative splicing of pre-mRNA of 

FLOWERING LOCUS M (FLM), resulting in a temperature-dependent ratio of two isoforms, 

FLM-β and FLM-δ, where FLM-β level mainly contributes to thermoresponsive 

flowering [30–32]. However, the thermosensing components for this response remain 

unknown.  

RNA secondary structures play an important role in RNA splicing regulation [29,33].  A 

recent study reported on haplotypes containing a subset of five single nucleotide 

polymorphisms (SNPs) at the 5’-untranslated region of LATE ELONGATED HYPOCOTYL 

(LHY) pre-mRNA and showed a correlation with the retention of the LHY intron 1 during 

alternative splicing [34]. It was previously demonstrated that the increased retention of 

intron 1 in LHY upon cooling may lead to nonsense-mediated decay of the mRNA [35]. 

Interestingly, pre-mRNA structure prediction shows variation in thermodynamic 

stability of different haplotypes, indicating a change in pre-mRNA folding can be induced 

by temperature and affect the binding of RNA splicing factors [34]. 
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Furthermore, in mice, an increase of body temperature induces 

dephosphorylation of the serine-arginine rich (SR) splicing ribonucleoproteins [36], 

leading to the alternative splicing of U2af26 pre-mRNA which also encodes a splicing 

factor. Similarly, in plants, the splicing machineries are heavily modified by 

phosphorylation [37,38] and are themselves also targeted by temperature-dependent 

alternative splicing [39,40]. Therefore, exploring the regulatory kinases or other 

upstream components may help identify the thermosensing mechanism that regulates 

alternative splicing.  

Finally, research on epigenetic control of alternative splicing is emerging [41]. In 

Arabidopsis, histone H3 lysine 36 methylation affects temperature-induced splicing, 

potentially by serving as an adapter for the recruitment of splicing factors to the 

chromatin during transcription [42]. However, like H2A.Z, dynamics of H3K36me3 

deposition needs to be elucidated before any conclusion about its thermosensing 

function can be made. 

THERMOSENSING VIA PROTEIN CONFORMATIONAL CHANGES 

Temperature may directly influence the activity of proteins. For example, the reaction 

rate of an enzymatic reaction increases to an optimal temperature due to the higher 

kinetic energy which leads to more enzyme-substrate contacts, whereas excessively high 

temperature disturbs protein folding and activity [43]. In addition, proteins are dynamic 

structures which can be highly influenced by changes in temperature (Figure 2D) [44]. 

Hence, conformational changes can serve as mechanisms for direct temperature sensing. 

Red light mediates the transition of the red light receptor phytochrome B (phyB) from 

the inactive Pr to the active Pfr state by altering the structure of its chromophore; and high 

temperature can reverse this transition in a process called thermal reversion [7]. The 

thermal reversion of phyB acts as an antagonistic pathway to the light signaling pathway 

to control thermomorphogenesis, defining phyB function as a true thermosensor [2,3] 

(Figure 1). Similarly, light and temperature also act antagonistically on the blue light 

receptor phototropin (phot) structure and activity to control chloroplast positioning in 

Marchantia [1].   

Conformational changes also affect protein activity through changing the 

interaction with other biomolecules or by altering protein localization. In the bacteria 

Listeria monocytogenes, the interaction between the transcriptional repressor MogR and 

the anti-repressor GmaR is temperature-sensitive. The dissolution of the MogR:GmaR 

complex at host body temperature leads to activation of MogR and repression of flagellar 

motility which is immunostimulatory and detrimental for the survival of the pathogens 

in the host [45]. This suggests that thermal sensitivity of protein complexes in particular 
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can play an important sensing role in thermal regulation (Figure 2E). With respect to 

protein localization, high temperature induces the nuclear import of the positive 

regulator of brassinosteroid signaling BRASSINAZOLE-RESISTANT 1 (BZR1) [46] and the 

E3 ubiquitin-protein ligase CONSTITUTIVE PHOTOMORPHOGENIC (COP1) [47]. Both 

proteins enhance PIF4 expression to promote thermomorphogenesis. The nuclear 

localization of COP1 requires its interaction with the SUPPRESSOR OF PHYA-105 (SPA) 

proteins [48]; whereas BZR1 nucleocytoplasmic partitioning depends on its 

phosphorylation status [49]. Indeed, subcellular localization mediated by post-

translational modifications is commonly observed. Therefore, in addition to 

temperature-dependent interactions, investigation of post-translational modifications 

can be useful to elucidate the upstream signaling of temperature responses. 

In extreme cases, increased temperature can also lead to protein misfolding, 

rather than merely conformational changes. Misfolded proteins activate protein quality 

control components [50] and may also have an impact on the signaling pathways in 

which the protein participates. Under heat stress, heat shock proteins (HSPs) bind to the 

misfolded proteins and release HSFs to activate the transcription of heat shock genes 

[51]. Additionally, HSP90 stabilizes the auxin receptor TRANSPORT INHIBITOR 

RESPONSE 1 (TIR1) to promote thermomorphogenesis, suggesting an overlap in 

temperature signaling between heat shock response and thermoresponsive development 

[52]. Protein thermostability reads out the effect of increased temperature on protein 

folding [53], and therefore it could be considered as an important parameter for 

thermosensing. Technical advances in quantitative mass spectrometry now allow 

profiling of protein thermostabilities on a proteomic scale, termed thermal proteome 

profiling (Box 1) [54]. This has been successfully applied to probe the thermostability of 

Escherichia coli proteins in vivo [55] as well as protein thermostability variation during 

the cell cycle in human cells [56]. In addition, using limited proteolysis coupled with 

mass spectrometry analysis (Box 1), thermal unfolding of a large number of proteins in 

bacteria, yeast and human cells has been assessed [57]. This revealed that cellular 

collapse caused by heat stress is more likely due to the denaturation of a set of proteins 

with specific functions than to a global loss of protein structures. Further, it was 

demonstrated that structural parameters such as protein length, lysine and aspartic acid 

content and numbers of β-sheets determine protein thermostability. Importantly, 

thermostability of homologous protein domains is conserved across different organisms 

[57]. Hence, it is interesting to assess to which extent such results can be applied to plant 

proteins and to study the impact of protein thermostability on the plant temperature 

stress response. 

 



FEELING THE HEAT | 39 

 

 

 

Box 1. Omics Goes Structural 

 

   With the large-scale detection of biological molecules, technical advances in omics have 

allowed faster and more reliable quantitation of these molecules. While quantitative omics 

has brought us valuable insights into many cellular processes, a lot of regulatory events do 

not immediately result in detectable changes of the levels of these molecules (or their 

modifications). Many regulatory processes happen as soon as a conformational change is 

triggered in biological molecules [21,58]. Therefore, structural analysis can help us to better 

understand the structural dynamics influencing and steering their action. However, 

conventional methods in structural biology (e.g. crystallography and nuclear magnetic 

resonance spectroscopy) are applied to explain the activity of a specific molecule or a set of 

molecules outside their native environment, but less so to discover new regulatory units. 

A new generation of omics methods enabled scientists to systematically collect 

structural information of biological macromolecules like RNA and proteins. For example, 

genome-wide assessment of RNA structures can be performed upon distinguishing single 

and double-stranded regions during RNA sequencing [26]. For this purpose, chemical 

probes or enzymatic probes are applied to modify or cleave at specific RNA single-stranded 

or double-stranded structures. Especially, the high cellular permeability of numerous 

chemical probes allows  sampling of RNA structures in vivo. When coupled with next-

generation sequencing, these probes are powerful tools for sensitive RNA structurome 

profiling at single nucleotide resolution [26]. This approach was successfully applied for 

Arabidopsis and Oryza sativa, revealing previously unreported regulatory features [28,59]. 

   Protein structures are among the most complex molecular structures in the cell. Based 

on diverse properties of protein structures, advanced mass spectrometry-based approaches 

facilitate systematic collection of valuable structural information. For example, many 

protein structures at high temperature can be stabilized upon ligand binding [53]. Based on 

this, thermal proteome profiling, which probes protein thermostability, is increasingly 

applied in drug discovery research [54]. Recently, the application of thermal proteome 

profiling was also extended to answer fundamental biological questions [60]. In another 

example, proteases can cleave proteins without degrading them using limited proteolysis 

[61]. In this way, structural transitions of globular proteins that expose or occlude cleavage 

sites for the proteases can be detected using mass spectrometry analysis. Other mass 

spectrometry based approaches include chemical crosslinking which, confers the spatial 

proximity of amino acid residues [62] or hydrogen/deuterium exchange between the protein 

and the surrounding solvent depending on solvent accessibility of structural regions [63].  

 

WHAT ABOUT THERMOSENSING AT THE MEMBRANE? 

Besides intrinsic thermal sensitivity, in some cases, protein conformational changes are 

coupled to a temperature-induced change of the biochemical environment in which the 

protein resides. For example, membrane-associated proteins need to adapt their 
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conformation so that their transmembrane part maintains an optimal hydrophobic 

contact with the lipid bilayer surrounding it (Figure 2F) [64]. Noticeably, the fluidity of 

the lipid bilayer is highly affected by temperature [65] and can function as a potential 

primary cellular thermosensor. Thermosensory membrane fluidity has been reported in 

bacteria (Box 2) [66]. In plants, changes in membrane fluidity at fluctuating 

temperatures was observed upon monitoring photobleaching of membrane-bound 

green fluorescence proteins [67]. Further, it was shown that plants are able to counteract 

temperature fluctuation by adjusting the content of saturated fatty acids [67]. In 

addition, heat treatment of plants induces a rapid calcium influx into the cell controlled 

by heat-sensitive membrane-associated calcium channels to activate the heat shock 

response [68,69]. This process is potentially mediated by an increase in membrane 

fluidity, since treatment with the membrane fluidizer benzyl alcohol (BA) also results in 

calcium influx [69]. On the other hand, treatment with the membrane rigidifier 

dimethylsulfoxide (DMSO) activates transcription of cold-responsive genes [70]. 

However, the (specific) effect of membrane modifiers, such as BA and DMSO, is 

questionable [71]. Further investigation is therefore required to decide in favor of or 

against the thermosensory membrane fluidity model. 

Membrane molecules such as phospholipids, cholesterol and sphingolipids can 

generate stress-induced second messengers [72]. Within minutes of a temperature 

increase from 20-25 to 35 °C, a phosphatidylinositolphosphate kinase (PIPK) and 

phospholipase D (PLD) are activated [73]. This leads to the accumulation of 

phosphatidylinositol 4,5-bisphosphate (PIP2) and phosphatidic acid at various locations 

in the cell. PIP2 plays various functions in the cell including serving as the precursor of 

inositol 1,4,5-trisphosphate (IP3), which controls the release of intracellular Ca2+ and 

activates transcription of heat shock genes [74,75]. The rapid response of PIP2 levels to 

high temperature indicates a nearby upstream thermosensing module. In mammals, 

PIPKs involved in PIP2 synthesis are recruited to the plasma membrane and activated by 

a family of small GTPases [76]. In Arabidopsis, inhibition of GTPase activity also 

abolishes heat-activated accumulation of PIP2 [73]. How temperature information is 

transduced to plant PIPKs via G-protein signaling or an alternative pathway remains 

elusive. 
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Box 2. Thermosensory membrane fluidity as a toggle for protein conformational 

and functional switch in bacteria 

 

   DesK-DesR is a two-component regulatory system in Bacillus subtilis. The histidine kinase 

DesK exhibits bifunctional activity, alternating between a kinase or a phosphatase to its 

cognate response regulator DesR, depending on the membrane fluidity (Figure I) [77]. At 

low temperature, the membrane is more rigid and thicker. As a result, a three amino acid 

sequence (Lys-Leu-Asn) at the N-terminal transmembrane segment (called the “sunken-

buoy”) and the N-terminal part of the linker (NL) between the transmembrane domain and 

cytoplasmic domain are buried in the lipid bilayer [66,78]. This forces the hydrophilic linker 

to adopt a rigid α-helical structure to avoid contact with the hydrophobic membrane bilayer 

by forming intrahelical salt bridges and dimerization of the linker [66,78]. n this 

conformation, DesK adopts a kinase activity and phosphorylates DesR to activate the 

transcription of the des gene, which encodes a fatty acid desaturase. This signaling event 

serves as a feedback to reduce the rigidity of the membrane by increasing the content of 

unsaturated fatty acid in the bilayer. At higher temperatures, the membrane is more fluid 

and less thick. This exposes the “sunken-buoy” and the NL motif to the water-membrane 

interface [66,78]. Now, the linker adopts a random coil structure that is stabilized by 

electrostatic interaction with the negative charged phospholipid head of the membrane. 

This switches DesK to act as a phosphatase to DesR and turns off the transcription of the des 

gene [66,78]. 

     

 

CONCLUDING REMARKS AND FUTURE PERSPECTIVES 

Collectively, we would like to propose a set of criteria to which a thermosensor has to 

adhere (Figure 1): (1) One or several properties, such as structural features or activity, of 

a thermosensor need to be directly altered by temperature changes; (2) These properties 

are important for the functional module(s) in which the thermosensor participates and 

need to be efficiently and reproducibly interpreted to convey the temperature 

Figure I. Temperature affects the 
membrane fluidity and thickness 
which in turn control the activity of 
the membrane-associated histidine 
kinase DesK. Here, the engineered 
minimal-sensor DesK with only one 
transmembrane helix is represented. 
The SB motif is highlighted in red and 
the linker between transmembrane 
and cytoplasmic domain in green. 
This figure was adapted from Inda et 
al., 2014 [51] with permission. 
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information to the response machineries; and (3) The thermosensing capacity impacts 

on the physiological or morphological response to temperature. As a well-described 

thermosensor, phyB fulfills all of the above-mentioned criteria, while two other well-

known temperature signaling components do not fully meet these criteria (Figure 1). 

Further, the temperature coefficient Q10 measures the rate of change in a chemical or 

biological process by an increase of 10 °C and has been used to represent thermosensory 

systems in non-plant systems [11]. A prominent example is the transient receptor 

potential (TRP) ion channels in mammalian cells that can show an exceptionally high Q10 

(>100) compared to non-thermosensory ion channels (Q10 = ~2-3) [79]. In Arabidopsis, 

Q10 in mRNA synthesis exceeds the passive increases in mRNA decay rate for high 

temperature-induced transcripts, indicating a global transcriptional regulation controls 

temperature-responsive transcripts  [80]. A very high Q10 value can contribute to defining 

a molecular component as a thermosensor. 

Omics domains increasingly focus on structural aspects, and thus systematic 

detection of structural changes of chromatin, RNA and proteins is expected to pave the 

path for future temperature signaling studies (see Outstanding Questions). In addition, 

since conformational changes can affect molecular activities and interactions, an 

alternative approach might be to measure rapid changes in protein activities or 

interactomes after temperature changes.  

It is also crucial to investigate the responsiveness of thermosensors to 

temperature. Some thermosensors may require a critical threshold temperature to 

transduce the temperature information in a binary manner, whereas others may sense 

temperature more gradually within a large temperature range. It is also interesting to 

investigate whether temperature-induced structural changes linearly correlate with 

changes of the activity of the thermosensor.  

Current knowledge displays distinct signaling elements for cold and high 

temperature responses, so the point of convergence of both signaling modules, if it 

exists, will likely be located at the temperature sensing machineries or potentially at 

common (in)direct targets. Finally, discovery of thermosensors will help us to explore 

evolutionary traits driven by the temperature factor in seasonal and morphological 

adaptation of plants across different climate zones. 

 

OUTSTANDING QUESTIONS 

• What is the upstream thermosensing signaling that controls H2A.Z-mediated 
temperature response? 
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• Are RNA secondary structures in plants also modified by temperature as an 

important mechanism of post-transcriptional regulation? 

• How diverse are protein thermosensors in plants? 

• Does a thermosensor behave as a gradual response or does it display binary 

behavior? 

• Can membrane fluidity convey temperature information to control the structure 

and/or activity of membrane-associated proteins in plants similar to other 

organisms? 

• How is temperature information transduced from the membrane to molecules 

that function as second messengers?  

• Will structural omics be successful in identifying plant thermosensors? 

• Do universal thermosensors that control both heat and cold signalling exist in 

plants? 

• How conserved are the thermosensors in the green lineage?  

• Is a difference in temperature response in different plant species caused by 

diversity in thermosensors, or the response machineries, or both? 

 

GLOSSARY 

Alternative splicing: after transcription, in eukaryotes, the pre-mature mRNA 

undergoes splicing to remove introns. However, in some cases, introns will be retained 

in the mature mRNA or exons will be removed to finally generate different protein 

isoforms that may have different functions. 

DNA supercoiling: this DNA topology can be created by over- or underwinding of the 

DNA double strand. Supercoiling can be lifted by topoisomerases that are specific for 

different types of supercoiling, a process required for DNA replication, transcription and 

repair. 

H2A.Z: a variant of the H2A, one of the five main histone proteins responsible for packing 

DNA into nucleosomes. 

Protein thermostability: the withstanding capacity against high temperature of a protein 

to retain its structure and activity. 

RNA secondary structures: RNA molecules can form structures that contain several 

intramolecular Watson-Crick base pairs as well as non-canonical base pairs, with the 

stem-loop (or hairpin) structures being the most common. 

Thermomorphogenesis: a set of changes in plant morphology in response to high 

temperature. 
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Preface: The work that will be presented in the Results section focuses mainly on protein phosphorylation 

during high temperature signalling. However, notwithstanding molecular crosstalk between post-

translational modifications, including protein phosphorylation, which is introduced in this chapter is out 

of the scope of this thesis; it is a timely subject in plant research and it helps putting observations on the 

level of phosphorylation in context. Plant protein kinases, plant phosphatases and their role in plant 

development and environmental response have been extensively reviewed elsewhere [a-d]. 

 

Post-translational modifications (PTMs) are at the heart of many cellular signaling events. Apart 

from a single regulatory PTM, there are also PTMs that function in orchestrated manners. Such 

PTM crosstalk usually serves as a fine-tuning mechanism to adjust cellular responses to the 

slightest changes in the environment. While PTM crosstalk has been studied in depth in various 

species; in plants, this field is just emerging. In this review, we discuss recent studies on crosstalk 

between three of the most common protein PTMs in plant cells, being phosphorylation, 

ubiquitination, and sumoylation, and we highlight the diverse underlying mechanisms as well as 

signaling outputs of such crosstalk. 

 

PTM CROSSTALK ADDS MORE COMPLEXITY TO CELLULAR SIGNALING 

Plants are constantly exposed to environmental changes and developmental cues that 

require fast cellular sensing and response mechanisms. To decipher these mechanisms, 

the genome, transcriptome, and proteome have been explored in depth, each adding an 

additional level of complexity to signaling networks. In addition, PTMs of proteins are 

diverse, with 461 different types of modified amino acid registered for eukaryotic 

proteins in UniProt; these PTMs affect protein activity, stability, localization, and 

interactions [1]. This diversity, together with the dynamic nature of many PTMs, is an 

advantage at the protein level, especially since PTMs are often considered as switchboxes 

for cellular signaling. 

Proteins originating from the same gene often harbor various PTMs, resulting in 

so-called ‘proteoforms’ (Box 1) [2], each of which might exhibit different activities or 

functions. In this way, responses to even slight changes in the environment can be 

precisely fine-tuned, without much, if any, evolutionary cost for the organism [3]. For 

example, in the model plant Arabidopsis thaliana, over 1000 proteins are annotated with 

at least two different residues modified [1]. This list is not exhaustive, since many 

common PTMs that often work interdependently, such as modifications by ubiquitin and 

small ubiquitin-related modifier (SUMO), are not fully listed in the UniProt database. 
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Indeed, proteomic studies in plants suggest the number of modified plant proteins is 

significantly higher [4, 5, 6]. 

Given that phosphorylation is the most widely investigated PTM, its crosstalk 

with other PTM has been prominently observed, especially in recent studies [7, 8]. In this 

review, we provide insight into the most recent research into PTM crosstalk between 

phosphorylation and ubiquitination or sumoylation in plant proteins. The latter involves 

two modifications that use similar enzymatic machineries, but often serve different 

functions. In addition, we also discuss a functional link between ubiquitin and SUMO 

modifications. Furthermore, we also highlight advances in detecting PTM crosstalk. 

 

Box 1. Proteoforms as Functional and Regulatory Protein Units 

 

   An organism expands the basic protein information encoded in its genome in various ways 

[86]. Each (chemical) variation of a protein encoded by the same gene is termed a 

‘proteoform’ [2], and proteoforms can exhibit diverse functions. In human cells, most 

proteoforms arising from alternative splicing share less than 50% of common protein–

protein interactions [87]. Furthermore, PTMs are widespread and a single protein can 

harbor multiple PTM sites. Hence, different combinations of PTMs on the same protein are 

a massive source for proteoform diversification [86]. Since protein activity largely depends 

on PTMs, the combinatory PTM code has a significant influence on the function of each 

proteoform. Therefore, specific proteoforms might be favored by the cell under certain 

cellular or environmental conditions [86]. 

     Theoretically, the number of proteoforms of a single protein increases exponentially 

with the number of possible PTMs. For example, reversible modifications, such as 

phosphorylation, can result in 2n proteoforms, with n being the number of modifiable 

amino acid residues [86]. However, the copy number of each proteoform can be limited by 

PTM crosstalk when the absence or presence of one or more PTM(s) is a prerequisite for 

other PTMs to occur. This may ensure that the copy number of nonfunctional proteoforms 

is kept low to avoid misregulation of proteins. 

 

HOW DO PTMS COMMUNICATE? 

The heart of the dynamics of many PTMs, including phosphorylation, ubiquitination, 

and sumoylation, is found in the reversibility of the modifications, carried out by ‘writer’ 

and ‘eraser’ enzymes that specifically target a (modified) amino acid residue to add or 

remove a modification [9]. Understandably, PTM crosstalk takes place when the catalytic 

machineries for different modifications modify each other to regulate their activities 

[10]. Furthermore, crosstalk of two PTMs can occur on their common substrate [10]. Such 

PTM crosstalk is defined by the position of the modified amino acids, the type of 
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modifications, and the effect of PTMs on one another [11]. Crosstalk can be orthosteric 

when different PTM types act at the same site or more distally via allosteric regulation, 

in which a PTM alters the protein conformation, which, in its turn, will affect the 

occurrence of a second PTM [3]. This crosstalk is either a positive or negative regulation, 

where one PTM will induce or abrogate the other, respectively [11, 12]. 

Crosstalk complexity can increase with the number of the PTMs that a protein 

harbors. However, crosstalk studies are often limited to the interplay between two 

different PTMs. Nevertheless, the underlying mechanism can be diverse with various 

signaling outcomes. Here, we explore these options and illustrate them with relevant 

examples. 

PHOSPHORYLATION–UBIQUITINATION CROSSTALK 

The large number of genes encoding proteins with predicted kinase, phosphatase (see 

Glossary) [13, 14], or ubiquitin ligase [15, 16, 17] activity strongly hints at a frequent 

occurrence of phosphorylation and ubiquitination during signal transduction. 

Furthermore, these enzymes can coregulate the same signaling modules through 

crosstalk between phosphorylation and ubiquitination. 

Phosphodegrons Facilitate Ubiquitination 

The so-called ‘phosphodegron’ is a clear example of crosstalk between phosphorylation 

and ubiquitination, where one or several phosphosites induce the ubiquitination and 

subsequent degradation of a substrate in a cis-regulatory manner (Figure 1A) [18]. Here, 

a specific phosphomotif on the substrate serves as the docking site for a ubiquitin ligase. 

While frequently occurring in cellular signaling, only a few phosphodegrons have been 

described in detail for plant proteins [19, 20]. For example, the Arabidopsis IRON-

REGULATED TRANSPORTER 1 (IRT1) is controlled by the regulatory mechanism of a 

phosphodegron [20]. IRT1 is not only essential for iron uptake into the cell, but also able 

to transport other heavy metal ions that become harmful when present in high 

intracellular concentrations [21]. In the latter case, a short histidine-rich peptide 

sequence in the cytoplasmic loop of IRT1 binds to the heavy metal ions, which signals for 

the recruitment of the calcineurin-B like proteins (CBL)-interacting protein kinase 23 

(CIPK23) to phosphorylate several nearby serines and threonines [20]. The resulting 

phosphodegron provides a binding site for the RING E3 ubiquitin ligase IRT1-

DEGRADATION FACTOR 1 (IDF1). IDF1 catalyzes the polyubiquitination of two lysines 

within the IRT1 degron and promotes IRT1 late endocytosis and degradation. As expected, 

the absence of CIPK23 leads to the accumulation of intracellular IRT1 and 

hypersensitivity to heavy metal-rich conditions [20]. 
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Figure 1. Multifaceted Crosstalk between Phosphorylation and Ubiquitination. (A) Phosphorylation of 

the substrates affects the binding of E3 ubiquitin ligase. (B) Phosphorylation of the E3 ubiquitin ligase 

affects the binding to the substrate. (C) Receptor-like kinase regulates its own turnover after activation 

upon ligand binding via phosphorylation of a downstream E3 ubiquitin ligase in the signaling cascade. 

(D) Phosphorylation regulates autoubiquitination of E3 ubiquitin ligase. (E) Dose of stimulus-dependent 

and phosphorylation-mediated ubiquitination and degradation of a PIF3 and its kinase, phyB. Adapted, 

with permission, from [41] (E).Workflow and key improved steps. 

 

Phosphorylation can also disrupt an interaction between an E3 ligase and a 

substrate and, thus, the term ‘phospho-inhibited degron’ was introduced (Figure 1A) 

[22]. Removing the phosphate group (dephosphorylation) using a phosphatase triggers 

(poly)ubiquitination of the substrate. While no such system has been yet described in 

detail, including the actual modified sites, dephosphorylation has been linked to 
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ubiquitin-mediated proteasomal degradation, such as in hormone signaling pathways 

like abscisic acid (ABA) [23] or gibberellic acid (GA) signaling [24]. 

  

 Phosphorylation of E3 Ubiquitin Ligases Controls Interaction with Substrates 

Similar to the phosphodegron of a substrate, phosphorylation of an E3 ligase can 

promote its interaction with a substrate (Figure 1B). Arabidopsis 14-3-3 proteins bind to 

the E3 ligase ARABIDOPSIS TOXICOS LEVADURA 31 (ATL31) following recognition of a 

specific phosphorylation pattern comprising four phosphosites on the C-terminal region 

of ATL31 [25]. This interaction is essential for ATL31-dependent ubiquitination and 

subsequent degradation of 14-3-3 proteins [26]. At least one of the phosphosites, 

threonine 209 (T209), is phosphorylated by CIPK7, CIPK12, and CIPK14 under high 

carbon (C)/low nitrogen (N) conditions [27]. In addition, CIPK-mediated 

phosphorylation of ATL31 is enhanced by Ca2+, suggesting a link between calcium 

signaling and C/N-nutrient response [27]. 

Phosphorylation of an E3 ligase can also antagonize its interaction with its 

substrate (Figure 1B). An important checkpoint for modulation of the GA response 

comprises the TARGET OF GNS KINASE 2 (TAGK2), GA RECEPTOR RING E3 UBIQUITIN 

LIGASE (GARU), and the GA receptor GA INSENSITIVE DWARF1 (GID1). Using the tyrosine 

kinase inhibitor genistein, it was shown that tyrosine phosphorylation of GARU by 

TAGK2 inhibited its interaction with its substrate GID1 [28]. Inhibition of TAGK2 activity 

by genistein led to increased ubiquitination of GID1, its destabilization, and a reduced 

GID1-dependent degradation of DELLA proteins [28, 29]. 

 

 Phosphorylation of E3 Ubiquitin Ligases Controls Stability of E3 Ubiquitin Ligases 

Apart from mediating E3 ubiquitin ligase–substrate interactions, phosphorylation can 

modulate the E3 ubiquitin ligase activity by controlling its stability (Figure 1C) [30, 31]. 

Indeed, autoubiquitination is a common self-regulatory mechanism of E3 ubiquitin 

ligases. In Arabidopsis, phosphorylation of PLANT U-BOX (PUB) E3 ligases can disrupt 

this [30]. Here, MITOGEN-ACTIVATED PROTEIN KINASE 3 (MPK3), activated by 

pathogen-associated molecular patterns (PAMPs), phosphorylates PUB22, a negative 

regulator of PAMP-induced signaling, at T62 and T88 in its U-box domain, thereby 

impeding PUB22 dimerization (Figure 1C). Given that PUB22 can self-regulate its 

degradation by trans-autoubiquitination via dimer formation, phosphorylated PUB22 is 

stabilized. In this respect, a phosphomimetic mutant of PUB22 leads to higher PUB22 

levels and increased susceptibility toward infection [30]. Hence, this negative feedback 

loop controlled by a phosphorylation checkpoint on the E3 ligase is an important 
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modulator of the immune response mediated by MPK3. This crosstalk might work 

independently from substrate recruitment because, in many U-Box type ligases, 

substrate binding does not involve the U-Box domain [32]. 

The major ABA signaling regulator KEEP ON GOING (KEG) exhibits an interesting 

protein structure that contains both an E3 ubiquitin ligase domain and a protein kinase 

domain [33]. Autoubiquitination mediates KEG degradation in the presence of ABA, and 

this process also requires phosphorylation of KEG [34]. Interestingly, the inactive kinase 

domain mutant does not show an altered ability of KEG to ubiquitinate its substrates, but 

does show a significantly decrease in KEG degradation upon ABA treatment. This 

indicates that autophosphorylation by the kinase domain affects KEG autoubiquitination 

activity. However, other kinases may also have a role in this process [35]. 

 

Ubiquitination of (Receptor-Like) Kinases Attenuates Signaling Cascades 

Many signaling pathways depend on input from membrane-associated receptor-like 

kinases (RLKs) following binding of specific ligands. Crosstalk between phosphorylation 

and ubiquitination can take place as soon as RLKs are activated, leading to their 

internalization and possible degradation (Figure 1D) [36]. Turnover of receptor proteins 

soon after their activation is important to attenuate signaling. 

Two prominent examples are the crosstalk-controlled turnover of the RLKs 

FLAGELLIN-SENSITIVE2 (FLS2) and BRASSINOSTEROID INSENSITIVE 1 (BRI1). Ligand 

perception [flagellin and brassinosteroids (BR), respectively] triggers complex 

formation of FLS2 or BRI1 with the BRI1-ASSOCIATED RECEPTOR KINASE 1 (BAK1) to 

activate a cascade of downstream kinases [37, 38]. Importantly, the ligands also mediate 

the interaction of two E3 ubiquitin ligases, PUB12 and PUB13, with FLS2 and BRI1, via 

phosphorylation of conserved residues in PUB12/13. However, the mechanism leading to 

the recruitment of the E3 ligases differs for FLS2 and BRI1. While phosphorylation of 

PUB12/13 solely depends on the activity of BAK1 in the case of FLS2 [37], the BRI1 activity 

is essential for phosphorylation of and its interaction with PUB12/13 [38]. Thus, 

phosphorylation serves as a marker for RLK ubiquitination and turnover after their 

activation to attenuate signaling pathways. 

Such a signaling attenuation mechanism using phosphorylation–ubiquitination 

crosstalk also occurs in cytoplasmic receptor-like or nonreceptor-like kinases [36, 39]. 

For example, ABA treatment promotes phosphorylation and activation of sucrose-

nonfermented-related protein kinases (SnRKs), such as SnRK2.3, and also targets 

SnRK2.3 to F-BOX PHLOEM PROTEIN 2-B11 (PP2-B11) for ubiquitin-dependent 

proteasomal degradation to attenuate ABA signaling and the abiotic stress response [40]. 
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A Unique Case: Multilayered Phosphorylation-Mediated Control of Ubiquitination 

Usually, substrate recruitment to an E3 ligase depends on a preceding 

(de)phosphorylation event (see above). However, the phosphorylation-mediated 

ubiquitination and subsequent degradation of PHYTOCHROME-INTERACTING FACTOR3 

(PIF3), a negative regulator of light signaling, exhibits a unique regulatory mechanism 

(Figure 1E) [41, 42]. PIF3 binds constitutively to the ETHYLENE INSENSITIVE 3 (EIN3)-

BINDING F-BOX proteins (EBFs), and this is independent of its light-induced 

phosphorylation by phytochrome B (phyB) [41]. However, the multisite phosphorylation 

of PIF3 induced by low light mediates the recruitment of the substrate–F-box complex 

(PIF3-EBF) to the core Skp1-Cullin-F-Box (SCF) protein scaffold, possibly via a 

conformational change in the PIF3-EBF complex. PIF3 is then ubiquitinated by the 

SCFEBF1/2 complex, resulting in its degradation to promote photomorphogenesis [41]. 

In parallel, under high light intensity, PIF3 shows increased affinity for the [Light-

Response Bric-a-Brack/Tramtrack/Broad (LRB)]–CULLIN 3 (CUL3)-type E3 ubiquitin 

ligase complex [41, 42]. This catalyzes the assembly of a PIF3-phyB complex and the 

CUL3LRB E3 ligase machinery, and promotes PIF3 and phyB ubiquitination and 

degradation. Hence, this second pathway, occurring in parallel with the EBF-dependent 

pathway, while still allowing a light response due to the degradation of PIF3, also acts as 

a negative feedback to modulate phyB levels. While phosphorylation of PIF3 is essential 

for both EBF- and LRB-mediated ubiquitination, it remains unclear how light levels 

control the phosphostatus of PIF3 and whether different phosphoforms of PIF3 favor one 

or both degradation pathways. 

Furthermore, TOPP4, a type 1 protein phosphatase, interacts directly with PIF5, 

another repressor of photomorphogenesis and a direct target of phyB, and 

dephosphorylates PIF5 in an antagonistic manner to phyB during photomorphogenesis 

to modulate the phosphorylation and ubiquitination of PIF5 [43]. This may provide a 

second layer of fine-tuning control of phyB-dependent phosphorylation and 

ubiquitination of PIF proteins to attenuate light signalling. 

PHOSPHORYLATION–SUMOYLATION CROSSTALK 

In contrast to phosphorylation–ubiquitination crosstalk, coordinated functions of 

phosphorylation and sumoylation in plants are studied to a lesser extent, not only 

because of the less frequent occurrence of sumoylation, but also due to the infancy of our 

understanding of plant SUMO modifications [8]. 

Sumoylation is best characterized for nuclear proteins, especially related to 

abiotic and biotic stresses [44, 45, 46]. The first phosphorylation–sumoylation crosstalk 
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in plants was identified in the basic helix-loop-helix (bHLH) transcription factor CESTA 

(CES), a component of the BR response machinery [47, 48]. Upon treatment with BR, CES 

is strongly sumoylated by SUMO1 and SUMO2 at lysine 72 (K72) and relocalized to nuclear 

bodies, an event essential for its transcriptional activity [48]. Noticeably, CES 

phosphorylation at serine 55 (S75) and S77 by CALCIUM-DEPENDENT KINASEs (CDPKs) 

impairs its sumoylation and nuclear body formation [48]. However, it is unclear whether 

BR triggers an unknown phosphatase to antagonize phosphorylated S75 and S77 or 

whether CDPK activity is merely required to maintain a basal level of CES that can be 

sumoylated. 

 

 

 

Figure 2. Schematic Interpretation of Canonical and Interdependent Modifications of NONEXPRESSER 

OF PR GENES 1 (NPR1) upon Infection in the Salicylic Acid Signaling Pathway. Here, NPR1 is sumoylated 

on multiple positions, but it is not ruled out that NPR1 is poly-sumoylated on the same residue(s). 

  

A more complex interplay between phosphorylation and sumoylation is found in 

NONEXPRESSER OF PR GENES 1 (NPR1), a salicylic acid receptor important for immune 

induction (Figure 2) [49]. Sumoylation of NPR1 is blocked by phosphorylation of two 

serine residues, S55 and S59, to keep the protein quiescent under nonstressful 

conditions. Following exposure to pathogens, salicylic acid mediates phosphorylation at 

S589 and T373 by SnrK2.8 to import NPR1 from the cytoplasm into the nucleus [50]. Here, 

NPR1 is transiently sumoylated by SUMO3, which may alter its affinity for transcriptional 

repressors of defense genes [49]. Furthermore, sumoylation is required for 

phosphorylation at two other serines, S11 and S15, which, in turn, enhances further NPR1 

sumoylation. This proteoform of NPR1 binds to a transcriptional activator and triggers 

the expression of downstream pathogenesis-related genes. Importantly, after 
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activation, phosphorylation-dependent sumoylation eventually leads to ubiquitin-

mediated NPR1 degradation (Figure 2) [49]. This is an excellent example of a system 

where crosstalk between multiple PTMs within a single protein triggers consecutive 

signaling events, from activation to turnover of a protein, ensuring a dynamic but tightly 

controlled regulation. 

Apart from NPR1, the activity of other transcriptional regulators of plant defense 

is also controlled by both sumoylation and phosphorylation [51]. Noticeably, those that 

are targeted by MAP kinases upon immune activation are heavily modified by 

sumoylation. Examples include WRKY DNA-BINDING PROTEINS, ETHYLENE-

INSENSITIVE 3 (EIN3) and its close homolog EIN3-LIKE1 (EIL1), as well as the histone 

deacetylase HDA19. While direct regulation between sumoylation and phosphorylation is 

yet to be demonstrated for these proteins, these observations appear to suggest that a 

complex interplay between both modifications commonly occurs during immune 

signaling [51]. 

UBIQUITINATION–SUMOYLATION CROSSTALK 

Sumoylation and ubiquitination can regulate each other in an antagonistic or a 

synergetic manner [52]. However, while both modifications share similarities in their 

executive apparatus, which involves a E1-E2-E3 conjugation cascade, their crosstalk 

exhibits distinct mechanisms. SUMO and ubiquitin can compete for the same lysine for 

modification (Figure 3A). Upon salt stress, accumulation of the DELLA protein 

REPRESSOR OF GA (RGA) is promoted by sumoylation of the lysine 65 residue (K65) in a 

GA-independent manner [53]. Interestingly, mutating K65 to arginine (R) also has a 

stabilizing effect on RGA. This indicates that K65 in RGA is targeted by both sumoylation 

and ubiquitination, and that sumoylation shields RGA from GA-mediated ubiquitination 

and degradation. In another example, SUMO and ubiquitin compete for the same quartet 

of lysines in the RECEPTOR ACTIVATED C KINASE 1B (RACK1B) [54]. In fact, sumoylation 

of these four lysines increases RACK1B resistance to ubiquitin-mediated degradation in 

response to ABA. [54]. Interestingly, in nonplant organisms, crosstalk with a third 

modification, such as phosphorylation, steers which modification will occur on the same 

lysine residue [55]. 

Similar to phosphorylation, in several systems, sumoylation also serves as a 

marker for subsequent ubiquitination events, albeit with distinct mechanisms (Figure 

3B). This crosstalk is best demonstrated by the activity of SUMO-interacting motif 

(SIM)-containing SUMO-targeted ubiquitin E3 ligases (STUbLs) [56]. STUbLs can 

recognize and bind a sumoylated substrate and mediate the ubiquitination of unoccupied 

lysine residues in a manner similar to a phosphodegron. Furthermore, hybrid conjugates 
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of SUMO and ubiquitin were detected in proteome studies, confirming that SUMO can be 

modified by ubiquitin [4, 57, 58, 59]. Indeed, upon recognition and binding to poly-

SUMO chains, many STUbLs are able to add (poly-)ubiquitins on these poly-SUMO 

chains (Figure 3B) [60]. In this way, the ubiquitin-SUMO hybrid side-chain also directs 

the substrate to proteasomal degradation [56]. In Arabidopsis, six RING-type STUbL 

homologs were identified via yeast two-hybrid using SUMO1, 2, and 3 as baits [61]. Of 

note, STUbL4 interacts with, and potentially targets, CYCLING DOF FACTOR2 (CDF2), a 

transcriptional repressor of CONSTANS (CO), to control floral transition [61]. CDF2 was 

shown to be modified by SUMO1 and overexpression of STUbL4 reduced CDF2 protein 

levels [61, 62]. Overall, SUMO-dependent degradation is increasingly observed in plants 

[49, 63, 64], suggesting an important role of plant STUbLs in signaling events. 

 

 

 

Figure 3. Multifaceted Crosstalk between Sumoylation and Ubiquitination. (A) Antagonistic crosstalk 

on the same lysine residue. (B) small ubiquitin-related modifier (SUMO) as a marker for ubiquitination. 

(C) Mutual modifications of CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) and SIZ1, a E3 ubiquitin 

ligase and a E3 SUMO ligase, respectively, to regulate the stability of ELONGATED HYPOCOTYL5 (HY5), 

a positive regulator of photomorphogenesis. 
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Sumoylation and ubiquitination machineries can modify and regulate the activity 

of the other (Figure 3C) [65]. A positive regulation integrated with a negative feedback 

loop between sumoylation and ubiquitination was observed in the mutual modification 

of the ubiquitin E3 ligase CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1), a repressor of 

photomorphogenesis, and the E3 SUMO ligase SIZ1. In the dark, sumoylation of COP1 by 

SIZ1 enhances COP1 activity, which increases the ubiquitination of its targets, such as 

ELONGATED HYPOCOTYL5 (HY5), to negatively regulate photomorphogenesis [65]. 

However, COP1 in turn induces SIZ1 ubiquitination and proteasomal degradation and, 

upon prolonged light exposure, SUMO-conjugated COP1 levels are decreased. Hence, the 

COP1-SIZ1 interplay serves as a tight regulation to ensure proper photomorphogenic 

development [65]. 

TRIPLE THE FUN: CONFLUENCE OF PHOSPHORYLATION, UBIQUITINATION, AND 

SUMOYLATION 

Ultimately, all three PTMs together (phosphorylation, ubiquitination, and sumoylation) 

can control a single regulatory event. In nonplant organisms, a prominent example is the 

coordinated occurrence of these three PTMs during genotoxic stress to sequentially 

facilitate the nuclear import, activation, and nuclear export of the regulatory subunit 

NEMO of the IκB kinase (IKK) [66]. Such PTM regulatory codes are also found in plants. 

As mentioned above, the integration of phosphorylation, sumoylation, and 

ubiquitination affects NPR1 activity and stability (Figure 2) [49]. In addition, the phyB-

PIF module is controlled by those three PTMs. The phosphorylation-mediated 

ubiquitination of PIF5 is hampered by sumoylation occurring at the C terminus of phyB, 

which may weaken the phyB–PIF5 interaction [67]. Sumoylation of phyB, while being 

enhanced by red and white light, may also serve as a modulator of light signaling, 

because mutation of the SUMO target K996 in phyB leads to a red light-hypersensitive 

phenotype. 

Another example is the Arabidopsis protein kinase SnRK1, which functions as a 

modulator of cellular C status and links it to various stress responses [63]. Activation of 

SnRK1 requires phosphorylation of T175 in its T-loop region. However, this also leads to 

its SIZ1-dependent sumoylation, which eventually dampens SnRK1 signaling by 

targeting the protein for ubiquitination and proteasomal degradation [63]. Nitrate 

reductases (NRs) are not only targets of SnRK1, but also regulated by other PTMs [68]. 

On the one hand, phosphorylation deactivates NRs by promoting binding with 14-3-3 

proteins [69], while on the other hand, sumoylation of NRs by SIZ1 increases their 



60 | CHAPTER 3 

 

activity [70]. Furthermore, new evidence suggests a regulation of NRs by ubiquitin-

dependent proteasomal degradation [68], which is in contrast to an earlier observation 

showing that NRs were not modified by ubiquitin [71]. However, the overall orchestration 

and possible crosstalk of these PTMs in response to nitrogen status remain elusive. 

COMPREHENSIVELY DETECTING PTM CROSSTALK: A CHALLENGE 

Although individual cases have been described, comprehensive data on PTM crosstalk in 

plants are still lacking. This is mostly due to difficulties in identifying PTM crosstalk. 

Indeed, the coexistence of multiple proteoforms complicates the identification of the 

functional ones in a specific biological context. Moreover, because PTM crosstalk is 

usually highly dynamic, a refined spatial and temporal experimental resolution is 

required. Nevertheless, advances in PTM detection, especially in mass spectrometry-

based techniques, allow for large-scale identification of phosphorylation–

ubiquitination–sumoylation crosstalk (Box 2). In addition, indirect approaches have 

also been applied for this purpose. Recently, profiling the phosphoproteome of mutants 

devoid of SUMO E3 and E3-like ligases SIZ1 and PROTEIN INHIBITOR OF ACTIVATED 

STAT-LIKE 1 (PIAL1) and PIAL2 resulted in the identification of phosphopeptides that 

are potentially affected by sumoylation in Arabidopsis [72]. Indeed, a large portion of 

phosphoproteins exhibits sumoylation attachment consensuses. In addition, using 

specific kinase inhibitors in combination with profiling of protein ubiquitination and/or 

sumoylation is also an interesting way to determine PTM crosstalk, as has been shown in 

the study of the phosphorylation–ubiquitination crosstalk underlying GARU activity 

[28]. Furthermore, more direct approaches that are able to capture multiple PTMs 

simultaneously have been successfully applied for nonplant systems, but remain to be 

implemented in plants (Box 2). 

  

CONCLUDING REMARKS 

Cellular functions are not limited by genetic codes, but are vastly expanded by 

modifications of biomolecules, including proteins. While PTMs are increasingly 

investigated in plants, their interplay has thus far been largely ignored. Such crosstalk 

occurs in a range of biological processes. The coordination of multiple PTMs ensures 

quick and tight regulation of signal transduction and, in many cases, mediates both 

activation and attenuation of the same pathway. In addition, crosstalk mechanisms of 

different PTMs can be highly complex, with mutual modification of the PTM machineries 

as well as their substrates. While phosphorylation of plant E3 SUMO ligases has been 

detected [73, 74], its role is yet to be determined. 
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Mass spectrometry-based determination of PTM crosstalk is promising, but the 

dynamic nature of PTMs is a major obstacle to overcome for systematic characterization 

of PTM crosstalk in plants (see Outstanding Questions). Finally, algorithms that enable 

the prediction of PTM crosstalk use validated crosstalk pairs to analyze PTM positions 

and coevolution of those [75, 76, 77]. While not yet implemented in plants, these tools 

can be used as a proxy to identify well-conserved crosstalk modules in plants. However, 

these detection techniques and prediction algorithms are suitable for the identification 

of positive crosstalk, such as phosphodegrons, where both PTMs coexists, but not for the 

identification of negative crosstalk, such as phosphoinhibited degrons. 

 

Box 2. Mass Spectrometry-Based Proteome-Wide Analysis of PTM Crosstalk  

 

   In-depth PTM studies require highly confident identification of modified sites, usually 

using mass spectrometry (MS)-based methods. Most PTMs exist in the cells in 

substoichiometric quantities. Therefore, an enrichment step for modified peptides is 

essential before MS analysis. For phosphorylation, affinity enrichment using metal oxides 

is commonly used [88], whereas immunoaffinity is commonly applied for ubiquitinated and 

sumoylated proteins or peptides [89, 90, 91, 92]. Unlike ubiquitin, SUMO does not leave a 

di-glycine tag on peptides following tryptic cleavage. Thus, fully functional modified SUMO 

proteins that leave a small tryptic remnant that is distinct from that of ubiquitin can be 

conveniently detected in tandem MS analysis when expressed in transgenic plants (Figure 

IA) [6, 58]. 

Furthermore, attempts to globally co-analyze different PTM types have been initiated. 

Large-scale PTM crosstalk analyses usually require serial enrichment (Figure IB) [93]. Here, 

modified peptides are enriched for the first PTM, followed by enrichment for the second 

PTM, resulting in the enrichment of co-modified peptides. Swaney et al. applied two 

complemental strategies for simultaneous analysis of the phosphoproteome and the 

ubiquitinome that includes a serial enrichment of phosphorylated and ubiquitinated 

peptides [94]. By applying a proteasome inhibitor to prevent degradation of ubiquitinated 

proteins, several phosphosites within predicted phosphodegron consensus sequences were 

observed, especially those that were found co-occurring with a ubiquitination site in close 

proximity. A similar approach was applied for sumoylation and ubiquitination profiling in 

human cells overexpressing C-terminally modified SUMOs [59, 95]. The ubiquitin-SUMO 

co-modification was highly enriched in nuclear proteins, suggesting an important role for 

their crosstalk in gene regulation and the DNA damage response. Additionally, an ultra-deep 

analysis of the human sumoylome revealed a large number of peptides co-modified by both 

SUMO and phosphorylation in close proximity, especially in the disordered region of 

proteins [96]. 

Peptide inference methods, such as bottom-up proteomics, have been successfully 

applied to identify individual PTM types, but are not suitable for mapping proteoforms 

because some share the same peptide sequences. Top-down proteomics has made steady 

progress in recent years and is more suitable for this purpose because intact proteins are  
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analyzed instead of peptide surrogates [97]. Alternatively, middle-down proteomics, which 

analyzes larger peptide species (∼50 and more amino acids), is a good compromise, in which 

larger proteoform fragments can be analyzed [98]. In this way, coexisting modifications 

that are not in close proximity in the protein sequence may also be detected [98, 99]. To 

facilitate PTM crosstalk research in plants, a central resource comprehensively visualizing 

MS-identified PTMs on plant proteins (http://www.psb.ugent.be/PlantPTMViewer) was 

recently presented [100]. 

 

 

        

  

Figure I. Strategy to Detect Peptides Co-Modified by Different PTMs. (A) Modified Arabidopsis SUMO1-

H89R with a 6xHis-tag for pre-enrichment for sumoylated proteins. Tryptic cleavage site is marked 

with a scissor symbol. (B) A schematic approach for the enrichment of peptides co-modified by small 

ubiquitin-related modifier (SUMO) and ubiquitin or phosphorylation. Abbreviation: IP, 

immunoprecipitation.  

 

  

OUTSTANDING QUESTIONS 

• How distinct are plant crosstalk motifs compared with other organisms? 

• Crosstalk studies in plants largely focus on the interplay of the ‘writer’ proteins. 

How many crosstalks are there that are mainly controlled by ‘eraser’ proteins 

(phosphatases, ubiquitin proteases, and SUMO proteases)? 

• How expansive is ubiquitination–phosphorylation crosstalk among plant protein 

kinases after their activation as readout for signaling modulation? 

• Since phosphorylation of SUMO E3 ligases has been identified, is there any mutual 

regulation between kinases and E3 SUMO ligases in phosphorylation–

sumoylation crosstalk similar to other PTM crosstalks? 

• Apart from SIMs that recognize poly-SUMO chains, do STUbLs exhibit any 

mechanism for substrate specificity? 

• How can one resolve the temporal and spatial resolution to increase PTM 

crosstalk identification? 
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• Is large-scale crosstalk profiling and prediction that has been successfully 

implemented in other systems also adaptable for plants? 

• How can we tackle large-scale detection and prediction methods for negative 

crosstalk, such as phospho-inhibited degron? 

 

GLOSSARY 

Autoubiquitination and autophosphorylation: self-modification of a modifying enzyme 

can occur either independently of the oligomerization status of the protein, where the 

protein can modify itself (in cis), or in an oligomer, where each protomer can modify 

another protomer (in trans). 

E1-E2-E3 conjugation cascade: ubiquitin/SUMO is activated by an ATP-dependent 

formation of a thioester bond between a catalytic cysteine on the E1 ligase and the 

ubiquitin/SUMO protein, which is transferred to an E2 ligase via trans-thioesterification. 

Finally, the E2 ligase catalyzes the conjugation of ubiquitin/SUMO to the substrate via 

complex formation with the substrate and the E3 ligase core [44, 78]. E1-E2-E3-protein 

conjugation cascades commonly form complex polyubiquitin or polySUMO chains. While 

both SUMO and ubiquitin have various similar nonproteolytic functions in cells, in 

contrast to ubiquitin, no proteasomal machineries have been yet shown to use the 

polySUMO chain directly as a marker for degradation [60]. 

E3 SUMO/ubiquitination ligases: ‘writer’ enzymes that interact with substrates and are 

important for defining substrate specificity; they can exhibit a high diversity in both 

structure and function [79]. However, only a few E3 SUMO ligases have been identified 

and characterized in plants: the SAP and Miz (SIZ) family (one gene in Arabidopsis), the 

HIGH PLOIDY2/METHYL METHANE SULFONATE SENSITIVITY21 (HPY2/MMS21) family 

(one gene in Arabidopsis), and the PROTEIN INHIBITOR OF STAT (PIAS) family (two 

genes in Arabidopsis) [80]. 

Protein kinases: ‘writer’ enzymes catalyzing the phosphorylation of a protein by 

transferring the γ-phosphate group of ATP to a functional group on the side chain of an 

amino acid residue. In plants, the targeted amino acids are mainly serine and threonine, 

and, to a lesser extent, also tyrosine and histidine [81]. Protein kinases often contain 

other domains involved in ligand binding or protein interactions, which ultimately can 

affect, or be affected by, the kinase activity. 

Phosphatases: ‘eraser’ enzymes reversing phosphorylation (i.e., dephosphorylation) by 

hydrolyzing the phosphoester bond and removing the phosphate group as a free ion [81]. 

Skp1-Cullin-F-Box (SCF) protein scaffold 
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a multiprotein E3 ubiquitin ligase complex comprising a Cullin protein serving as a 

scaffold for binding a small RING-box protein (Rbx) and a S-phase kinase-associated 

protein 1 (Skp1). In turn, the Rbx protein serves as the docking site for the E2-ubiquitin 

conjugate and Skp1 holds the recruitment site for the F-box protein [82]. 

SUMO-interacting motif (SIM): contains a hydrophobic amino acid consensus that can 

recognize and directly bind SUMO noncovalently [83]. 

Ubiquitin proteases/SUMO proteases: ‘eraser’ enzymes that cleave the isopeptidyl bond 

between the ubiquitin/SUMO and the lysine of the substrate protein to remove the 

modification [84, 85]. 

 

SUPPLEMENTARY INFORMATION 

The original article can be accessed at 

Vu, L.D. et al. (2018) Protein Language: Post-Translational Modifications Talking To 

Each Other. Trends Plant Sci. 23(12):1068-1080. 

https://doi.org/10.1016/j.tplants.2018.09.004 
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While transcriptional and genetic control of high ambient temperature signaling in 

plants has been extensively studied, temperature-dependent regulation on the protein 

level is not well understood. In this respect, the expansion of the genetic code to the 

plethora of molecular signals is achieved by numerous post-translational modifications 

of proteins. Here, phosphorylation plays a pivotal role in almost every developmental 

process and environmental response, especially in early signalling events. The aim of 

this PhD project is to discover phosphorylation events regulating the high ambient 

temperature response in plants. To achieve this, we optimize a mass spectrometry-based 

phosphoproteome profiling workflow and apply it to Arabidopsis exposed to high 

temperature and identify key signalling components. Interesting candidates will be 

validated in planta using diverse genetic tools. In addition, crop (phospho)proteomics is 

an emerging field. Therefore, we apply the phosphoproteomics pipeline to examine the 

(phospho)proteome in tetraploid and hexaploid wheat, and also apply this to various 

wheat organs that are subject to high temperature stress to capture the thermally 

reprogrammed phosphoproteome in wheat as the groundwork for future functional 

studies. 

In the first part of the Results, Chapter 4 will present a (phospho)proteomics 

pipeline established in our lab that was successfully used to identify phosphoproteome 

changes in maize leaves upon drought stress. Further, we also initiated an online public 

database – the PTM viewer - that can be conveniently consulted for plant PTMs, 

including phosphorylation (Vu et al., 2016, J Proteome Res). 

The next part presents the research on high temperature signalling that was 

performed in Arabidopsis. In Chapter 5, we will discuss the function of TOT3, a protein 

kinase discovered from our phosphoproteome analysis and potentially playing an 

important role in the high temperature response in Arabidopsis. Further, we combined 

temporal phosphoproteome profiling with Bayesian network inference to generate 

dynamic phosphorylation networks that may underlie the regulation of high 

temperature signalling during the dark phase of the photoperiod (Chapter 6) and suggest 

that these networks are rewired in a temperature-dependent manner.  

The (phospho)proteomics pipeline was extended to crops, here wheat, and will be 

presented in the last part of the Results. In Chapter 7, the leaf proteome and 

phosphoproteome of tetraploid and hexaploid wheat cultivars were profiled. Proteome 

analysis is a promising approach to identify putative growth predictors in wheat and/or 

likely candidates explaining differential responses to environmental triggers. This was 

further demonstrated by the salt stress tolerance of the two hexaploid cultivars (Vu et al., 

2017, Frontiers Plant Sci). In Chapter 8, we observed temperature-mediated changes of 

phosphoproteome in vegetative (leaf) and reproductive (spikelet) organs of hexaploid 
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wheat. Further, the high resolution of the dataset also revealed an interconversion of 

phosphoforms of neighboring amino acid residues (Vu et al., 2018, J Exp Bot). 
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The chapter is adapted from the peer-reviewed and revised manuscript: Vu, L.D et al. 

(2016) Up-to-Date Workflow for Plant (Phospho)proteomics Identifies Differential 

Drought-Responsive Phosphorylation Events in Maize Leaves. J Proteome Res. 15, 

12:4304-4317. 

ES, DI, KG, LM, and IDS designed research; ES, LDV, MVB, HN, DM, and FC performed 
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Lam Dai Vu, Elisabeth Stes, Michiel van Bel, Davy Maddelein, Hilde Nelissen, Dirk Inzé, 

Frederik Coppens, Lennart Martens, Kris Gevaert and Ive De Smet 

 

Protein phosphorylation is one of the most common post-translational modifications (PTMs), 

which can regulate protein activity and localization as well as protein-protein interactions in 

numerous cellular processes. Phosphopeptide enrichment techniques enable plant researchers 

to acquire insight into phosphorylation-controlled signaling networks in various plant species. 

Most phosphoproteome analyses of plant samples still involve stable isotope labeling, peptide 

fractionation, and demand a lot of mass spectrometry (MS) time. Here, we present a simple 

workflow to probe, map, and catalogue plant phosphoproteomes, requiring relatively low 

amounts of starting material, no labeling, no fractionation, and no excessive analysis time. 

Following optimization of the different experimental steps on Arabidopsis thaliana samples, we 

transferred our workflow to maize, a major monocot crop, to study signaling upon drought 

stress. In addition, we included normalization to protein abundance to identify true 

phosphorylation changes. Overall, we identified a set of new phosphosites in both Arabidopsis 

thaliana and maize, some of which are differentially phosphorylated upon drought. To provide 

easy access to our model plant and crop data sets, we created an online database, Plant PTM 

Viewer, where all phosphosites identified in our study can be consulted. 

 

INTRODUCTION 

The balanced action of protein kinases and phosphatases determines a proteome’s 

phosphorylation status. Protein phosphorylation may transiently modify protein 

properties such as enzymatic activity, subcellular localization, protein structure and 

stability, and interactions with other proteins. As such, many cellular signaling 

processes, such as transmembrane signaling, intracellular amplification of signals and 

cell cycle control, occur via reversible protein phosphorylation [1]. In plants, 

phosphorylation-mediated signaling is of central importance in various physiological 

processes including hormone signaling and stress responses [2]. However, only a limited 

number of plant kinases and phosphatases (and their targets) have been studied in 

different levels of detail [3]. 

Mass spectrometry (MS)-based proteomics became an essential tool for studying 

protein phosphorylation and has enabled the identification of numerous 

phosphorylation sites on plant proteins [3]. Nevertheless, studies of phosphorylation 

events remain challenging due to their dynamic nature and the substoichiometric levels 

of phosphorylated proteins. Therefore, at least some level of enrichment for 

phosphorylation sites is needed, and this is best done at the peptide level to maximize 

the identification of phosphosites. The most productive approach is based on metal (ion) 

chelation. By exploiting the interaction between negatively charged phosphate groups 

and positively charged metal ions or metal oxides, immobilized metal affinity 
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chromatography (IMAC) and metal oxide affinity chromatography (MOAC) methods, 

respectively, represent efficient ways to enrich phosphopeptides from complex 

mixtures. Enrichment with TiO2 beads became a routine method in plant proteomics 

studies in recent years [4–12]. In an attempt to maximally cover phosphoproteomes, the 

majority of phosphoproteomics approaches make use of peptide fractionation methods 

such as strong cation exchange chromatography, hydrophilic interaction 

chromatography or reversed-phase chromatography [6,13–16]. These however result in 

far more liquid chromatography–tandem MS (LC–MS/MS) measurement time per 

sample to be analyzed and also require large(r) amounts of starting material. 

With the ever-increasing number of phosphorylation sites being identified, for 

nearly every human cellular protein a phosphosite has been reported [17], the 

functionality of these post-translational modifications (PTMs) is questioned. 

Crowdedness effects are hypothesized to give rise to nonfunctional transfer of a 

phosphate group by kinases upon encounter of a random protein [18,19]. Merely 

profiling phosphorylation sites will hence likely lead to the large scale identification of 

nonfunctional post-translational modifications (PTMs). To discriminate these “noisy” 

phosphosites from sites with regulatory significance, it is vital to design experiments 

where differential conditions are compared. Obviously, this requires assessing dynamics 

in the phosphoproteome via quantitative methods. Methodologies for the quantitative 

analysis of phosphoproteomes in plants are most frequently based on stable isotope 

labeling such as 15N/14N metabolic labeling of proteins during plant growth [4,11,15,20,21] 

or postmetabolic labeling of peptides with iTRAQ [9,12,22,23].  Since labeling imposes 

limitations on the number of conditions that can be monitored, label-free methods 

represent a practical alternative. Two label-free methods, spectral counting and 

precursor ion intensity-based quantification, have been applied in plant 

phosphoproteome strategies [7,10,11,13,24–26]. However, label-free approaches often 

suffer from quantitative incompleteness due to stochastic data acquisition (MS/MS 

sequencing) leading to numerous missing values in the data set, which, to some extent, 

can be avoided by matching data between LC–MS(/MS) runs. 

Although missing in most published plant phosphoproteome studies 

(notwithstanding some exceptions [12,14,15,27–29]), parallel and in-depth 

investigation of the overall proteome is recommended for normalization of quantitative 

PTM studies. To determine if phosphopeptide changes are the result of true 

phosphorylation changes or rather general abundance changes of the phosphoprotein, 

phosphopeptide levels need to be normalized to overall protein abundances. Ideally, such 

changes in overall protein levels should be derived from an analysis of 

nonphosphopeptides of the same sample [30].  
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In recent years, the number of phosphoproteome and proteome researches in monocot 

crop species under abiotic stresses has been steadily growing [31,32]. Agricultural plants, 

such as maize, routinely face drought stress, which is one of the worst environmental 

hazards that impacts crop productivity [33,34]. As plants remodel their proteome in 

response to stress, drought-adaptive traits are likely to be reflected at the proteome level 

[35]. Moreover, as a universal biochemical signal in cells, protein phosphorylation 

controls stress responses by transmitting stress signals from the cell surface to the 

nucleus [31]. However, parallel phosphoproteome and proteome analyses, while existing 

[14,28], are not yet standardized for such monocot crop and model plant studies, and 

often the change in phospho-status is not corrected against the protein abundance. 

Taken together, commonly used strategies in plant phosphoproteomics involve 

tedious labeling approaches and fractionation steps, which are time-consuming, 

expertise demanding, and negatively affect reproducibility, robustness, and throughput. 

Here, we present a label-free quantitative workflow for quick and reproducible 

phosphoproteome analysis of plant tissue that requires only small sample amounts and 

no costly expert software for data analysis and integrating steps (such as normalization) 

that are not yet standard in plant phosphoproteomics. We applied our workflow to maize, 

a major monocot crop, to study signaling upon drought stress. In this case study, we 

identified a set of new phosphosites in maize, some of which are differentially 

phosphorylated upon drought. 

RESULTS AND DISCUSSION 

Optimized Quantitative Workflow for Proteomics and Phosphoproteomics in Plants 

To facilitate efficient proteome analyses of plants, we developed a simple workflow, 

which maximizes the coverage and reproducibility of protein and phosphorylation site 

quantification in single LC–MS/MS runs, thus without requiring peptide fractionation 

steps (Figure 1). To optimize the pipeline, we used the fully sequenced and well-

annotated model plant Arabidopsis thaliana. 

First, we provide a brief overview of the key steps in the protocol and the 

improvements that were introduced step-by-step to robustly survey plant proteomes 

and phosphoproteomes (more details can be found in the Materials and Methods). To 

reproducibly capture a comprehensive spectrum of proteins, we opted for a protein 

precipitation approach. Proteins from ground plant material were extracted with a 

sucrose buffer containing protease and phosphatase inhibitors. The extract was 

subsequently purified through a chloroform/methanol precipitation step to eliminate 

compounds (e.g., polysaccharides, phenolic compounds, lipids, and secondary 
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metabolites) that may hinder preparation and analysis of proteome samples [36]. The 

pelleted proteins were reconstituted in a buffer containing guanidinium hydrochloride. 

Cysteine disulfide bonds were reduced with tris(2-carboxyethyl)phosphine 

hydrochloride (TCEP-HCl), which allowed the alkylation reaction with iodoacetamide to 

simultaneously take place [37]. Next, we predigested the proteins with endoproteinase-

LysC, followed by a full digestion with trypsin. The predigestion step was previously 

shown to substantially improve the proteolytic efficiency of trypsin [38]. The resulting 

peptides were desalted and split into two. One part was used for the proteome analysis, 

which left 500 μg of digest material as input for phosphopeptide enrichment. We opted 

for a Ti4+-IMAC-based method, as it was found to perform extremely well in terms of 

reproducibility and provide even greater selectivity and sensitivity than the more 

commonly used TiO2chromatography [39,40]. Both the proteome and phosphoproteome 

samples were analyzed by 3 h gradients on a quadrupole Orbitrap instrument (Q Exactive) 

[41]. 

Second, peptide identification and quantification are important steps following 

LC–MS/MS analysis. We chose a label-free quantitation approach over a labeling 

approach, as it is cost-effective, does not restrict the numbers of samples that can be 

compared, and can span several orders of magnitude of protein concentrations [42]. In 

most label-free studies of plant phosphoproteomes, the raw data are analyzed by a 

combination of expensive expert peptide identification software, like Proteome 

Discoverer or Mascot, and in-house developed algorithms to facilitate label free 

quantification [10,11,24,25] (Supplementary Table S1). Here, peptide identification was 

carried out by the freely available and easy-to-use software package MaxQuant [43]. 

Simultaneously, the label-free quantitation is carried out by MaxQuant in an ion 

intensity-based manner [42]. The number of missing values, due to stochastic peptide 

sequencing inherent to MS, can be reduced by using the “match between runs” feature 

in MaxQuant, which can transfer MS/MS identifications between measurements based 

on a peptide retention time correlation approach [42].  

Taken together, compared to published methods for (phospho)proteomics in 

plants [12–15,22], we reduced the number of sample preparation steps, MS time, and 

data analysis complexity due to the lack of labeling, gel-based steps and prefractionation 

steps and the introduction of MaxQuant in our workflow (Figure 1). With respect to the 

latter, this facilitates and standardizes data analysis but does (not yet) seem to be 

routinely integrated in plant proteomics (Supplementary Table S1). Further, for 

differential studies, it is also important to correct the phosphosite intensities against the 

protein abundance to pinpoint protein level-independent phosphorylation events 

(Figure 1). 



 

 

 

Figure 1. Overview of optimized plant (phospho)proteomics workflow.
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Validating the Optimized Workflow on Arabidopsis thaliana Roots 

Four days after germination (DAG), roots of Arabidopsis seedlings grown on MS/2 media 

were transferred to MS/2 media supplemented with 10 μM 1-naphthaleneacetic acid and 

harvested 5 DAG for (phospho)proteome analysis. The proteome analysis of the 

nonenriched samples amounted to a total of 18 h of MS time, which led to the cumulative 

identification of 34 216 unique peptides that could be mapped on 4903 protein groups 

(Supplementary Table S2). The latter can be defined as protein entries distinguishable 

on the basis of identified peptides [44]. Via the MaxLFQ algorithm, 4847 of those could 

be quantified in at least one biological replicate and 2992 in all replicates. Because label-

free methods are very replicate dependent, reproducibility of the chromatographic 

separation must be very high. The data from the replicate experiments clearly show 

highly accurate quantitative reproducibility with an average Pearson correlation of 0.978 

(Supplementary Figure S1A). 

 

Figure 2. Distribution of cellular compartments among all identified proteins in the proteome analysis 

(blue). GO data was extracted using PLAZA Dicots 3.0 workbench. For comparison, the number of 

Arabidopsis thaliana proteins annotated with the GO terms in the database is presented (orange).  

A common challenge for plant proteomics studies is the difficulty of isolating 

proteins from the different subcellular organelles with sufficient efficiency. Membrane 

proteins represent an additional hurdle, as their large size and hydrophobicity render 

them difficult to isolate. To obtain a wide-ranging snapshot of cellular signaling 

processes, it is vital to capture proteins from not only the cytosol, but also from 

membranes and organelles. GO analysis shows that the applied protocol extracted 

proteins from cytosol, nucleus, plasma membrane, and other organelles (Figure 2; 

Supplementary Table S3). This shows that our approach is not limited by particular 
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experimental difficulties and recovers proteins from all subcellular membranes and 

organelles. 

Next, we monitored the phosphorylation events in the Arabidopsis samples. The 

total of six LC–MS/MS runs of the Ti4+-IMAC enriched samples resulted in the 

identification of 1051 unique phosphopeptides, corresponding to 1331 phosphosites on 

706 protein groups (Supplementary Table S4). The vast majority of these sites occurred 

on serine and threonine residues (90.3% and 9.1%, respectively), whereas 

phosphotyrosines accounted for less than 1% of the identified sites, which is in 

agreement with other reports [9,45]. Accurate site localization (probability >0.75) was 

achieved for 799 of these phosphosites on 552 proteins. Of the 1331 unique phosphosites, 

we could accurately quantify 1022 and 711 in at least one and in all biological replicates, 

respectively. In order to evaluate the quality of the experiment, we assessed the 

correlation of all phosphopeptide intensities between the three biological replicates. An 

average Pearson’s correlation of 0.818 illustrates the high reproducibility of the 

phosphopeptide enrichment strategy (Supplementary Figure S1B). All 

identified Arabidopsis phosphosites were used to search against the PhosPhAt 4.0 full 

data set of experimentally identified phosphosites [46]. This resulted in 169 

phosphosites (13% of the data set) uniquely identified in our study (Supplementary Table 

S5). 

In summary, we have experimental evidence that our workflow successfully 

detects a large portion of the (phospho)proteome and can thus be applied to 

understanding biological processes. 

 

 Applying the (Phospho)proteomics Workflow to Maize Leaves under Drought Stress 

Following the validation of our pipeline in Arabidopsis roots, we applied our workflow to 

a monocot crop under stress. Given the importance of drought-related research [31,47–

49], we profiled the proteome and phosphoproteome of maize leaves subjected to 

drought stress. Since the growth zone of the maize leaf determines to a great extent the 

final leaf length [50] and drought affects cell division and cell expansion in the growth 

zone of the maize leaf [51], we harvested the growth zone of the growing leaf 7 of 21 day 

old plants. Drought treatment was applied by preventing irrigation upon sowing, and 

when the soil water content reached 62.5% of that of the well-watered controls, the 

plants were maintained at the respective watering regime by daily watering. At the 

moment leaf 7 appeared, the effects of the drought were quantified by measuring the 

final leaf length of the youngest fully grown leaf, leaf 4. This leaf showed a significant 

length reduction compared to the control (data not shown), which supported that the 

applied drought affected leaf growth. 
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Proteome and phosphoproteome data were obtained for growth zones of maize 

leaves as described earlier, further emphasizing the importance of moving away from 

gel-based approaches, also in maize and wheat where this is not standard yet 

(Supplementary Table S1). All biological samples were analyzed twice by nanoLC–

MS/MS using 3 h gradients. 

 

 Changes in Abundance of Stress Regulators under Drought Revealed through Proteome 

Analysis 

In the nonenriched samples, a total of 22 093 peptides were identified originating from 

4409 protein groups. A total of 4361 protein groups could be accurately quantified, of 

which 2299 were in at least two of the three biological replicates (Supplementary Table 

S6). The data from the replicate experiments show quantitative reproducibility with an 

average Pearson correlation of 0.856 and 0.892 for control and drought samples, 

respectively (Supplementary Figure S2). Statistical testing (p < 0.05) pinpointed 234 of 

these proteins to be differently regulated, with 156 up- and 78 down-regulated proteins 

upon drought stress (Figure 3A; Supplementary Tables S7,S8). 

The protein that exhibited the largest fold-change is the RuBisCO large subunit 

(21-fold). The abundance of RuBisCO during drought stress has been debated with 

contrasting results in different studies [52]. While it might be the result of impaired 

growth during prolonged stress treatment rather than an immediate response to 

drought, here we showed that an increase in RuBisCO is a distinct read-out for maize 

growing under drought conditions. Furthermore, among the proteins with increased 

abundance we observed proteins associated with water deprivation such as lipoxygenase 

(GRMZM2G015419) [53], keto reductase family 4 member C9 (GRMZM2G059314) 

[54], fructose-biphosphate aldolase (GRMZM2G057823) [55],  and protein-l-

isoaspartate methyltransferase (GRMZM2G423027) [56]. Interestingly, BRI1-associated 

receptor kinase (BAK1) (GRMZM2G089819), known for its role in plant defense 

responses and brassinosteroid signalling [57,58], was found to be down regulated in 

water deprived conditions. The brassinosteroid receptor, BRI1, to which BAK1 binds upon 

brassinosteroid induction, plays an important role in maize leaf growth [59]. Moreover, 

brassinosteroid signaling has previously been linked to abiotic stress [60–62], and 

brassinosteroid application is reported 

to improve drought tolerance in wheat and the resurrection grass Sporobolus stapfianus 

[63]. 

GO analysis of these proteins showed an overrepresentation of proteins involved 

in carbohydrate metabolism (Figure S4; Table S9). This result is in agreement with 

previous transcriptomic and proteomic studies in other species [64–66] that show the 
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abundance of proteins involved in carbohydrate metabolism pathways such as glycolysis 

and pentose phosphate pathway to be greatly induced by drought (Figure 4). In contrast, 

proteins involved in chromatin organization such as several histones showed an overall 

reduced expression, which may be a result of remodeling of chromatin, an important 

epigenetic regulation of stress-induced genes [67]. 

 

Figure 3. Differential (phospho)proteome response upon drought stress in maize leaves. Heat map 

showing average log2 values of MaxLFQ intensities of the significantly differentially expressed proteins 

(A), phosphosite intensities of the significantly regulated phosphosites after normalization to protein 

levels (B), or phosphosite intensities of the significantly regulated phosphosites without correction for 

protein abundance (C). The log2 values of the intensities were Z-scored for graphical representation.  
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Analysis of protein–protein interactions between the 234 proteins with 

significant abundance changes resulted in a network of 141 proteins and 277 interactions, 

whereas each interaction has a combined score of all prediction methods >0.7 (Figure 4). 

The network is approximately centralized around the DNA topoisomerase II 

(GRMZM2G021270/PLAZA identifier ZM05G37510). From the resulted network, we 

identified different groups of interaction between proteins involved in different cellular 

processes. These included the categories DNA/chromatin organization, photosynthesis, 

and glucose metabolism, of which the corresponding GO terms were enriched in the data 

set. Photosynthesis is very sensitive to environmental stresses [68,69]. Unexpectedly, 

while abiotic stresses are known to reduce photosynthesis rate [69], our data exhibited 

an up-regulation of proteins belonging to photosynthetic apparatus. This apparent 

contradiction is in agreement with recent microarray data that showed an upregulation 

in photosynthetic transcripts [70]. While in mature leaves, the downregulation or 

unchanged transcription possibly helps maintain the fully developed photosynthetic 

machinery; in leaves developing under drought, the increase of photosynthetic proteins 

might play a role in resuming the photosynthetic capacity in the later recovery phase. 

 

Figure 4. Protein–protein interaction networks resulted from STRING analysis of maize proteins with 

significant abundance changes. Cytoscape was used for visualization. Subnetworks with fewer than six 

interactors are excluded from the representation. Nodes in red represent upregulated proteins, in green 

downregulated proteins upon drought. Interaction groups are indicated with black circles. The PLAZA 

identifiers for maize proteins were used because of space constraints. 
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Further, we identified a small cluster of seven proteins involved in protein 

folding. Four of them, a member of the heat shock protein HSP70 family 

(GRMZM2G415007/PLAZA identifier ZM04G41380) and three chaperone proteins 

belonging to the Clp protease family (GRMZM2G110023/PLAZA identifier ZM01G09650; 

GRMZM2G123922/PLAZA identifier ZM10G15640; GRMZM2G162968/PLAZA identifier 

ZM09G19730) are upregulated upon drought. It is known that the control of protein 

folding state is crucial for the survival during abiotic stress [71]. The chaperonin subunit 

alpha 60 (AC215201.3_FG005/PLAZA identifier ZM06G23100), involved in the structural 

assembly of chloroplasts, was shown to be transcriptionally stimulated by various abiotic 

stresses [72] and is here also induced on the protein level by drought stress. All in all, our 

data greatly overlap with the observations in other studies including transcriptional 

findings that we can now be confirmed on the protein level. 

 

Analysis of the Maize Leaf Phosphoproteome under Drought Stress 

Ti4+ IMAC enrichment of maize phosphopeptides led to the detection of a total of 980 

unique phosphosites on 686 phosphopeptides, which could be mapped on 536 

phosphoproteins (Supplementary Table S10). The data from the experiments (three 

biological replicates) show quantitative reproducibility with an average Pearson 

correlation of 0.887 and 0.856 for control and drought samples, respectively 

(Supplementary Figure S3). The number of identified phosphoproteins lies in between 

the range published in recent maize phosphoproteomics studies: 282 [22], 858 [9], 2852 

[13], and 3557 phosphoproteins [16]. Important to note is that the latter two studies 

fractionated the enriched phosphopeptides via extensive SCX chromatography, thereby 

greatly increasing MS analysis time per sample to 2 days [13,16]. In our work, 6 h analysis 

time was used per sample (2 technical replicates), hence yielding a relative high number 

of phosphoprotein identifications. However, the number of identifications also depends 

on the experimental design, such as the tissue-specificity or the number and the 

efficiency of treatment conditions, resulting in the above-mentioned large range of 

identification across the studies. 

Overall, the majority (97.4%) were monophosphorylated peptides, while around 

2.6% of the phosphopeptides carried two phosphorylated residues. There were 84.0% 

phosphoserine, 15.2% phosphothreonine, and 0.8% phosphotyrosine containing 

peptides identified, which shared a similar distribution pattern to other maize 

phosphoproteomics studies [9,13,16,22]. All the identified maize phosphosites were 

searched against the retrieved set of phosphosites identified in maize seed from the Atlas 

of Maize Proteotypes and a data set of phosphosites garnered from different 
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developmental zones of maize leaves [16,73]. This resulted in 359 phosphosites (37% of 

the data set) uniquely identified in our study (Supplementary Table S11). 

Overrepresentation of amino acid motifs surrounding the identified phosphosites 

was analyzed using Motif-X (Table 1). Phosphorylated tyrosine sites were excluded from 

the analysis due to their low abundance in the data set. Similar to other studies 

in Arabidopsis and other monocots [74–76], [sP] is the most enriched motif for the S-

phosphorylation as well as its phosphorylated threonine counterpart [tP] for the T-

phosphorylation data set. Further, 20 peptides are enriched with the proline-rich motif 

[sxSP]. Peptides containing the proline-directed [sP] and [tP] motifs are suggested to be 

substrates for MAP-kinases (MAPK); sucrose non-fermenting1-related protein kinase 2 

(SnRK2); receptor-like kinases (RLKs); AGC family protein kinases PKA, PKG, and PKC; 

CDKs (cyclin-dependent kinases), calcium-dependent protein kinases (CDPKs); and 

STE20-like kinases (SLKs) [74]. Only one common acidic motif, [sDxE], resulted from 

the analysis, belonging to 22 peptides that might be potential substrates for casein kinase 

II (CKII) and CDPKs. Further, three basophilic motifs are overrepresented in the data set, 

[Rxxs] and the subtype [RSxs], which are recognized by MAPK kinases (MKKs), and 

[Kxxs], which is targeted by PKA and PKC. No specific protein kinases are found for the 

T-phosphorylation motif [tS]. 

 

Table 1. Motif-X analysis for overrepresented phosphorylation motifs of all identified phosphosites in 

maize leaves. 

Motif 
Motif 

score 

Foreground 

matches 

Foreground 

size 

Background 

matches 

Background 

size 

Fold 

increase 

. . . . . .S . . . . . 16.00 210 784 63261 975876 4.13 

. . . . . .S. SP. . . 13.24 20 415 6516 850139 6.29 

. . . . . .SD. E . . . 19.40 22 437 3450 853589 12.46 

. . .R . .S. . . . . . 16.00 98 535 52077 905666 3.19 

. . .RS. S. . . . . . 22.98 39 574 6949 912615 8.92 

. . .K . .S. . . . . . 6.33 43 395 39892 843623 2.30 

. . . . . .TP. . . . . 6.60 27 140 35595 556423 3.01 

. . . . . .TS. . . . . 6.01 29 113 50857 520828 2.63 



 

Table  2.  Significantly deregulated phosphosites upon drought treatment. Statistical test (p<0.05) were performed on phosphosites that were corrected against the 

protein level.  

 

PLAZA identifier MaizeSequence ID Amino acid Position Protein description 

Upregulated phosphosites 

ZM01G32530 AC234203.1_FG004 S 878 Oligomycin resistance ATP-dependent permease YOR1 
ZM01G33500 GRMZM2G096806 S 1016 No description available 
ZM03G34030 GRMZM2G157317 T 222 RANBP2-like and GRIP domain-containing protein 
ZM10G23890 GRMZM2G114182 T 1042 No description available 
ZM02G06750 GRMZM2G080274 S 82 Histone one (H1) 101 
ZM02G38420 GRMZM2G457889 S 470 Histone deacetylase 6, RPD3 histone deacetylase homolog;probable 

histone deacetylase 19 
ZM03G40140 GRMZM2G078826 S 730 RNA helicase DBP2 

Downregulated phosphosites 

ZM02G47600 GRMZM2G034572 S 741 BRASSINOSTEROID INSENSITIVE 1-associated receptor kinase 1 
ZM03G34030 GRMZM2G157317 S 444 RANBP2-like and GRIP domain-containing protein 
ZM03G34030 GRMZM2G157317 T 440 RANBP2-like and GRIP domain-containing protein 
ZM01G20150 GRMZM2G083173 S 457 Monosaccharide-sensing protein 3 
ZM01G52420 GRMZM2G169671 S 247 Stem-specific protein TSJT1 
ZM04G05250 GRMZM2G015295 S 465 adenosylhomocysteinase 
ZM04G15030 AC207890.3_FG002 S 970 Staphylococcal nuclease domain-containing protein 1 
ZM05G30080 GRMZM2G451314 S 4 Histidine decarboxylase 
ZM05G37350 GRMZM2G027741 S 35 protein transporter, TOM1-like protein 2 
ZM08G18360 GRMZM2G142640 S 84 60S ribosomal protein L24 
ZM10G16510 GRMZM2G050647 S 499 Exocyst complex component SEC5A 
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Differential Analysis of Phosphorylation Sites after Correcting against the Protein Levels 

Earlier differential phosphoproteomics studies of maize leaf tissue, identifying 

differences between stress conditions, lack normalization to the protein abundance 

[9,14,22]. Here, because of our extensive analysis, we can simultaneously take into 

account protein and phosphorylation site profiles. 

In total, 615 phosphosites on 445 phosphoproteins were quantified, of which 536 

phosphosites in at least two biological replicates of one condition. Taking into account 

that differences in protein levels can influence the outcome of the differential 

phosphorylation data, we set out to normalize the intensities of the phosphopeptides to 

the protein intensities. For 224 phosphosites, matching proteins were quantified in the 

proteome experiment allowing normalization. This result demonstrated that 

phosphopeptide enrichment facilitated the identification of low abundance proteins, of 

which nonphosphorylated peptides were likely missed in the proteome scans due to 

different dynamic ranges and crowdedness. A two-sample test (p < 0.05) on the 

normalized phosphosites intensities showed that 18 of those were differentially 

regulated by drought (Figure 3B; Table 2 & Supplementary Table S12). Some of those 

phosphosites, S470 on HISTONE DEACETYLASE 6 (GRMZM2G457889) (8.3-fold down 

regulated upon drought) and S247 stem-specific protein TSJT1 (GRMZM2G169671) (2.5-

fold up regulated upon drought), are mapped on proteins previously shown to be 

regulated during drought signalling [67,77]. In mammalian systems, phosphorylation of 

HISTONE DEACETYLASE 6 was shown to correlate with enzyme activity and consequent 

tubulin deacetylation and microtubule destabilization [78]. A similar mechanism could 

take place during drought signaling, as plant microtubules are known to function as 

sensors for abiotic stress [79]. 

As protein levels for many phosphosites could not be inferred, because no 

nonphosphorylated peptides of the corresponding proteins were detected, we also 

subjected the not-normalized phosphosites data set to a two sample test (p < 0.05). On 

the basis of the phosphoproteome data alone, we found 44 phosphosites to be 

statistically significant between two conditions, of which 32 were up-regulated upon 

drought stress and 12 down-regulated (Figure 3C; Supplementary Tables S13,S14). 

Interestingly, four microtubule-associated proteins were found to be differentially 

phosphorylated upon drought stress: MICROTUBULE-ASSOCIATED PROTEIN 70–2 

(GRMZM2G017525), DYNEIN LIGHT CHAIN 1 (GRMZM2G472231), MICROTUBULE-

ASSOCIATED PROTEIN (GRMZM2G026309), and KINESIN-LIKE PROTEIN KIN12A 

(GRMZM2G034828). Microtubule-associated proteins are involved in microtubuli 

organization, and their binding affinity to microtubules is known to be controlled via 

phosphorylation [80–82]. Furthermore, the phosphorylation of a putative MAP kinase 
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(MAPK) superfamily protein (GRMZM2G044557) [82,83] and a PROTEIN PHOSPHATASE 

2C (PP2C) 64 (GRMZM2G107565; GRMZM2G021610) [84,85] increased and decreased 

upon water deprivation, respectively. Since PP2Cs are known to negatively regulate 

stress-activated MAPK pathways [86], our data suggested the similar regulation in 

maize leaves during drought stress. Further, in stressed conditions, a SPS1-related 

proline-alanine-rich protein kinase (GRMZM2G413544; GRMZM2G073399) was found 

to be less phosphorylated. This serine/threonine kinase is a part of the Sterile 20 

(STE20)-related kinase family that is conserved across the fungi, plant, and animal 

kingdom [87], and its mammalian homologues are known to act as a mediator of stress-

activated signals [88]. To our knowledge, this protein has not been related to drought 

stress. 

Because of the small data set of significantly regulated phosphosites, no GO 

classes showed a significant over- or underrepresentation versus the data set of all 

identified phosphorylation sites (p < 0.05). Alternatively, we investigated which GO 

classes were only enriched in the control or the drought stressed samples versus a 

background set of all maize proteins. This analysis showed that pathways involved in 

sodium transport, immune response, and chromatin silencing are exclusively 

overrepresented in the drought samples (Figure 5 and Supplementary Table S15). 

 

A Crop PTM Database 

Comprehensive information on Arabidopsis protein phosphorylation sites can be found 

at the PhosPHAt database [46] and P3DB [89]. However, information on detected 

phosphorylation sites in crop species is only scarcely available in these resources. A very 

specific database, Atlas of Maize Proteotypes, holds proteomics data for maize seed 

tissue and can also be consulted to query phosphorylation sites, but only in limited, seed-

specific data sets [73]. To serve as a general tool for PTMs in all plants, we generated a 

searchable database for plant protein PTMs, called  Plant PTM 

viewer (https://dev.bits.vib.be/ptm-viewer/index.php)*. This database will function as 

an important resource for future functional studies of plant protein PTMs, including 

protein phosphorylation.  

 

CONCLUSION 

Phosphoproteomics workflows traditionally involve tedious labeling and fractionation 

steps for comprehensive quantitative analysis of phosphorylation profiles. Here, we 

present a streamlined and reproducible platform for quantitative phosphoproteomics, 

which (i) does not require specialized equipment nor expert software and can be easily 
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implemented in any molecular biology lab with access to an Orbitrap mass spectrometer, 

(ii) involves limited sample prep time due to the lack of labeling, fractionation, and gel 

separation steps, and requires relatively low amounts of starting material (which varies 

a lot across studies [16,90,91]) needed because of the straightforward and sensitive 

pipeline, (iii) does not require excessive MS analysis time as the samples are not 

fractionated into multiple fractions, and (iv) can be applied to model plants, such as A. 

thaliana, and economically important crops such as maize. While the implementation of 

the MaxQuant package for peptide identification and quantification requires MS data 

generated from an Orbitrap mass spectrometer which is a specialized lab instrument; the 

Orbitrap mass spectrometers have become available in many proteomics research units. 

In addition, wherever possible, protein levels inferred from nonphosphorylated peptides 

should be used to normalize phosphopeptide intensities so that true phosphorylation 

events rather than changes in phosphoprotein amounts can be monitored. This has so far 

been poorly implemented in plant phosphoprotemics but is absolutely essential when 

reporting differential changes in the phosphoproteome. While our workflow is time- and 

cost-effective, more in-depth (phospho)proteome analysis will benefit from additional 

fractionation of peptide samples and longer MS analysis time. 

The largest hurdle for MS-based (phospho)proteomics for many crop species, 

such as wheat, currently is the data analysis. This is mainly due to a lack of fully 

sequenced genomes and also sufficiently annotated databases of crop species with large 

and complex genomes, leading to decreasing efficiency in protein identification and 

subsequently, protein quantification [92]. However, crop (phospho)proteomics is 

continuously being boosted by the rapid advancement of crop genomic resources. This 

will lead to increased knowledge on the crop (phospho)proteome and will help 

understanding better the link between a desired physiological or developmental trait and 

a genotype, and consequently improve breeding strategies [93]. Moreover, advanced 

molecular engineering techniques have been successfully applied in crop species, and 

detailed insight in the dynamic (phospho)proteome will yield new opportunities for crop 

improvement in a more targeted manner, for example, using CRISPR/Cas9 [94–96].  

 

MATERIALS & METHODS 

Plant materials and growth conditions 

Seedlings of Arabidopsis thaliana (ecotype Columbia) were grown on vertically held plates with half-

strength Murashige and Skoog medium solidified with 0.8% agar at 22 °C in continuous light. At four 

DAG, the plants were transferred to 10 μM 1-naphthaleneacetic acid (NAA)-containing plates. Roots 

were harvested at 5 DAG. Maize plants (inbred line B104) were grown in soil in a growth chamber with 

controlled relative humidity (55%) and temperature (24 °C), in a 16 h/8 h (day/night) cycle. Drought was 
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induced by lowering the soil water capacity to 62.5% relative to that of the well-watered control plants. 

Twenty-one days after sowing, the first 4 cm of growing leaf 7 was harvested. 

 

Protein Extraction and Tryptic Digestion 

Plant material was harvested in three biological replicates. One gram of fresh weight material was flash-

frozen in liquid nitrogen and manually ground into a fine powder with a pestle and mortar. Proteins were 

extracted in homogenization buffer containing 50 mM Tris-HCl buffer (pH 8), 0.1 M KCl, 30% sucrose, 

5 mM EDTA, and 1 mM DTT in Milli-Q water, and the appropriate amounts of the complete protease 

inhibitor mixture and the PhosSTOP phosphatase inhibitor mixture (both from Roche) were added. The 

samples were sonicated on ice and centrifuged at 4 °C for 15 min at 2500 × g to remove debris. 

Supernatants were collected, and a methanol/chloroform precipitation was carried out by adding 3, 1, 

and 4 volumes of methanol, chloroform, and water, respectively. Samples were centrifuged for 10 min at 

5000 × g, and the aqueous phase was removed. After addition of 4 volumes methanol, the proteins were 

pelleted via centrifugation for 10 min at 2500 × g. Pellets were washed with 80% acetone and 

resuspended in 6 M guanidinium hydrochloride in 50 mM triethylammonium bicarbonate (TEAB) buffer 

(pH 8). Alkylation of cysteines was carried out by adding a combination of tris(carboxyethyl)phosphine 

(TCEP, Pierce) and iodoacetamide (Sigma-Aldrich) to final concentrations of 15 mM and 30 mM, 

respectively, and the reaction was allowed for 15 min at 30 °C in the dark. Before digestion, the samples 

were buffer exchanged on Illustra NAP columns (GE Healthcare Life Sciences) to 50 mM TEAB buffer (pH 

8), and the protein concentration was measured using the Bio-Rad Protein Assay. One milligram of the 

proteins was predigested with EndoLysC (Wako Chemicals) for 4 h, followed by a digestion with trypsin 

overnight (Promega Trypsin Gold, mass spectrometry grade), both digestions occurring at 37 °C at an 

enzyme-to-substrate ratio of 1:100 (w:w). The digest was acidified to pH ≤ 3 with trifluoroacetic acid 

(TFA) and desalted with SampliQ C18 SPE cartridges (Agilent) according to the manufacturer’s 

guidelines. The eluates were split into two and dried in a vacuum centrifuge. One-half of the samples 

served for proteome analyses and were redissolved in 30 μL of 2% (v/v) acetonitrile and 0.1% (v/v) TFA 

right before LC–MS/MS analysis. 

  

Phosphopeptide enrichment 

The dried eluates were resuspended in 100 μL of loading solvent (80% acetonitrile, 5% TFA) and 

incubated with 1 mg of MagReSyn Ti-IMAC microspheres (ReSyn Biosciences) for 20 min at room 

temperature. The microspheres were next washed once with wash solvent 1 (80% acetonitrile, 1% TFA, 

200 mM NaCl) and two times with wash solvent 2 (80% acetonitrile, 1% TFA). The bound 

phosphopeptides were eluted with three volumes (80 μL) of a 1% NH4OH solution, followed immediately 

by acidification to pH ≤ 3 with formic acid. Prior to MS analysis, the samples were vacuum-dried and 

redissolved in 50 μL of 2% (v/v) acetonitrile and 0.1% (v/v) TFA. 

 

LC-MS/MS analysis 

Each sample was analyzed twice (i.e., in two technical replicates) via LC–MS/MS on an Ultimate 3000 

RSLC nano LC (Thermo Fisher Scientific) in-line connected to a Q Exactive mass spectrometer (Thermo 

Fisher Scientific). The sample mixture was first loaded on a trapping column (made in-house, 100 μm 

internal diameter (I.D.) × 20 mm, 5 μm beads C18 Reprosil-HD, Dr. Maisch, Ammerbuch-Entringen, 

Germany). After flushing from the trapping column, the sample was loaded on an analytical column 
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(made in-house, 75 μm I.D. × 150 mm, 3 μm beads C18 Reprosil-HD, Dr. Maisch). Peptides were loaded 

with loading solvent A (0.1% TFA in water) and separated with a linear gradient from 98% solvent A′ 

(0.1% formic acid in water) to 55% solvent B′ (0.1% formic acid in water/acetonitrile, 20/80 (v/v)) in 170 

min at a flow rate of 300 nL/min. This was followed by a 5 min wash that reached 99% solvent B′. The 

mass spectrometer was operated in data-dependent, positive ionization mode, automatically switching 

between MS and MS/MS acquisition for the 10 most abundant peaks in a given MS spectrum. The source 

voltage was 3.4 kV, and the capillary temperature was 275 °C. One MS1 scan (m/z 400–2000, AGC target 

3 × 106ions, maximum ion injection time 80 ms) acquired at a resolution of 70 000 (at 200 m/z) was 

followed by up to 10 tandem MS scans (resolution 17 500 at 200 m/z) of the most intense ions fulfilling 

predefined selection criteria (AGC target 5 × 104 ions, maximum ion injection time 60 ms, isolation 

window 2 Da, fixed first mass 140 m/z, spectrum data type: centroid, underfill ratio 2%, intensity 

threshold 1.7xE4, exclusion of unassigned, 1, 5–8, > 8 charged precursors, peptide match preferred, 

exclude isotopes on, dynamic exclusion time 20 s). The HCD collision energy was set to 25% normalized 

collision energy, and the polydimethylcyclosiloxane background ion at 445.120025 Da was used for 

internal calibration (lock mass). 

 

Database searching and statistical analysis 

For the Arabidopsis samples, MS/MS spectra were searched against a UniProt database containing A. 

thaliana sequences (34 509 entries, version November, 2014) with the MaxQuant software (version 

1.5.3.8). For the maize samples, the searches were done against a Zea mays database downloaded from 

PLAZA Monocots 3.0 [99] containing sequences (39 305 entries, version 2014) with the MaxQuant 

software (version 1.5.0.30). For all searches, a precursor mass tolerance was set to 20 ppm for the first 

search (used for nonlinear mass recalibration) and to 4.5 ppm for the main search. Trypsin was selected 

as enzyme setting. Cleavages between lysine/arginine-proline residues and up to two missed cleavages 

were allowed. Carbamidomethylation of cysteine residues was selected as a fixed modification, and 

oxidation of methionine residues was selected as a variable modification. For the samples enriched for 

phosphopeptides phosphorylation of serine, threonine and tyrosine residues were set as additional 

variable modifications. The false discovery rate for peptide and protein identifications was set to 1%, and 

the minimum peptide length was set to 7 amino acids. The minimum score threshold for both modified 

and unmodified peptides was set to 30. The MaxLFQ algorithm allowing label-free quantification 

[42] and the “Matching Between Runs” feature were enabled. All MS proteomics data have been 

deposited to the ProteomeXchange Consortium via the PRIDE [100] partner repository with the data set 

identifier PXD003634. For the quantitative maize proteome and phosphoproteome analyses, the 

“ProteinGroups” and ‘Phospho(STY)sites’ output files, respectively, generated by the MaxQuant search 

were loaded into Perseus, the data analysis software available in the MaxQuant package [101]. Only 

proteins or phosphosites that were quantified in at least two of the three biological replicates of at least 

one sample were retained. Log2 transformed protein LFQ intensities or phosphosites intensities were 

centered by subtracting the median of the entire set of protein/phosphosite intensities per sample. A 

two-sample test with p < 0.05 was carried out to test the differences between groups. The statistically 

significant hits were then Z-scored and clustered into groups by a hierarchical clustering analysis based 

on Euclidean distance. 

To identify novel phosphosites (not previously reported ones), we compared our data to the 

PhosPhAt 4.0 full data set of experimentally identified phosphosites [46] (data from April 4, 2016) and 
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to the retrieved database of phosphosites identified in maize seed and leaf tissues from the Maize Protein 

Atlas [16,73] (data from April 4, 2016). 

 

Normalization of Phosphoproteome Data 

We accounted for protein expression changes to allow proper interpretation of the maize quantitative 

phosphoproteomics data. After log2 transformation and centralization, the intensities of the 

phosphosites were normalized by subtracting the log2 transformed and centralized LFQ intensities of 

the corresponding proteins. The latter data set of protein LFQ intensities resulted from the parallel 

protein expression study of all maize samples. 

 

Gene Ontology Analysis 

Gene Ontology (GO) enrichment analysis was performed in the PLAZA 3.0 workbench [99]. For the maize 

proteome data set, 234 proteins with significant changes in abundance were analyzed using the data set 

of 2299 identified proteins as background model. A FDR cutoff ≤0.04 was used to score significantly 

overrepresented or depleted GO terms (Supplementary Table S9). For the maize phosphoproteome data 

set, the identified proteins in each conditions were used for the enrichment, and the whole theoretical 

proteome (based on the genome annotation of Z. mays) was used at background. P-value cutoff was set 

at 0.05, and only terms enriched in either condition were presented (Supplementary Table S15). 

 

Motif-X Analysis 

The Motif-X algorithm [102] was used to extract significantly enriched amino acid motifs surrounding 

the identified phosphosites. The sequence window was limited to 13 amino acids, and foreground 

peptides were prealigned with the phosphosite centered. Zea mays proteome data set from PLAZA was 

used as the background database. The occurrence threshold was set at the minimum of 20 peptides, and 

the P-value threshold was set at <10–6. 

 

STRING Analysis of Protein–Protein Interaction Networks 

Protein–protein interactions were analyzed by STRING [103] using the sequences of differentially 

phosphorylated proteins and proteins with significant abundance changes as input. The required 

confidence score was set as >0.700 for highly confident interactions (STRING protein–protein 

interaction prediction is based on data available for genomic homology, gene fusion, occurrence in the 

same metabolic pathways, coexpression, experiments, database, and text mining. A combined score is 

calculated based on the score of all the methods that were used for the protein–protein interaction 

prediction. The higher the score, the more confident the interaction). The results were visualized using 

the Cytoscape package.  

 

PubMed Search 

A PubMed search was performed on June 21–22, 2016 using “maize proteomics 2016”, “wheat 

proteomics 2016”, or “proteomics Arabidopsis 2016” to identify relevant papers (only research papers 

(no reviews or opinions) with the correct focus (namely those that actually investigated the indicated 

species, that were available, and that actually applied proteomics) were retained). 
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SUPPLEMENTARY INFORMATION 

Supplementary data of this chapter can be accessed at 

https://floppy.psb.ugent.be/index.php/s/2Jw0SWiyrs98Jf3 

 

The original article with all supplementary data can be accessed at 

Vu, L.D. et al. (2016) Up-to-Date Workflow for Plant (Phospho)proteomics Identifies 

Differential Drought-Responsive Phosphorylation Events in Maize Leave. J. Proteome 

Res. 15,12:4304-4317. https://doi.org/10.1021/acs.jproteome.6b00348 

 

Figure S1. Pearson correlation coefficient for Arabidopsis proteome and 

phosphoproteome data. 

Figure S2. Pearson correlation coefficient for maize proteome data. 

Figure S3. Pearson correlation coefficient for maize phosphoproteome data. 

Figure S4. GO enrichment analysis of significantly differential maize proteins, with all 

identified maize proteins as background dataset.  

Table S1. PubMed search. 

Table S2. Identified proteins in whole proteome analysis in Arabidopsis root. 

Table S3. GO categorization in Arabidopsis proteome dataset. 

Table S4. Total phosphosites identified in Arabidopsis roots. 

Table S5. List of phosphosites in Arabidopsis uniquely identified in this study. 

Table S6. Identified proteins in whole proteome analysis in maize leaves under drought 

and control conditions. 

Table S7. Maize proteins after filtering and Student's t-test. 

Table S8. Significantly different protein groups upon drought stress in maize leaves 

(p<0.05). 

Table S9. GO enrichment analysis of significantly differential maize proteins, with all 

identified maize proteins as background dataset. 

Table S10. Total phosphosites identified in maize leaves under control and drought 

conditions. 

Table S11. List of phosphosites in maize leaves uniquely identified in this study. 

Table S12. Significantly different phosphosites upon drought stress in maize leaves 

(p<0.05), after normalization to protein levels. 
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Table S13. Maize phosphosites after filtering and Student's t-test. 

Table S14. Significantly different phosphosites upon drought stress in maize leaves 

(p<0.05), without normalization to protein levels. 

Table S15. GO classes exclusively overrepresented in one of the two phosphoproteome 

samples, either control or drought, with the whole maize annotated genome as 

background set. 

*The current version of Plant PTM Viewer has been updated and improved by Willems 

et al., 2018 (unpublished). 
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So far, transcriptional regulation underlying high ambient temperature signalling and response 

has been extensively studied. Here, we report on the membrane-associated protein kinase TOT3 

as part of a novel regulatory module that controls high temperature-dependent growth. 

Specifically, cold and heat signalling pathways have been largely distinct, but the TOT3 

signalosome may function as an integrator of low and high temperature information, via 

modulating the phosphorylation or protein abundance of the transcription factor ICE1. In this 

way, the TOT3 signalling pathway may connect a membrane localized temperature sensing 

machinery to a nuclear response.  

 

INTRODUCTION 

During their life cycle, almost all organisms are exposed to variation in temperature, 

either on a daily basis or on a seasonal level [1]. To sense and respond to temperature 

changes, several molecular mechanisms have evolved [2–5]. Also, plant growth and 

development are responsive to temperature [2] (Chapter 1). However, while our 

understanding of temperature perception and response has increased in recent years, 

we still know only few players in the thermomorphogenesis signaling network [2]. For 

example, in Arabidopsis thaliana, phytochromes, such as PHYTOCHROME B (phyB) 

[3,4], and the basic helix-loop-helix transcription factor PHYTOCHROME 

INTERACTING FACTOR 4 (PIF4) [6] are central regulators of high temperature-

mediated growth. However, not the whole warm temperature-regulated transcriptome 

is misregulated in phyABCDE quintuple null mutant plants, suggesting that other 

signalling pathways exist [3]. In contrast, much more is known about cold signalling 

pathways [7], where INDUCER OF CBF EXPRESSION 1 (ICE1) and the protein kinases 

OPEN STOMATA 1 (OST1), and the MITOGEN-ACTIVATED PROTEIN KINASE 3 (MPK3) 

and MPK6 are central regulators [8,9], and where membrane-associated proteins, such 

as CRLK1, are upstream regulators of MAPK cascades [9]. However, how plants 

distinguish between small changes in temperature, a few degrees more or less relative 

to the optimal temperature, and adjust their growth accordingly has not been explored. 

Here, we expose a novel protein phosphorylation-based mechanism, regulated by a 

membrane-associated kinase that controls that response.  

RESULTS AND DISCUSSION 

Reversible phosphorylation of proteins plays a key role in signaling [10], but this has 

not been comprehensively investigated in the context of thermomorphogenesis. 
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Overall, we assume that a change in phosphorylation level or phosphorylation signature 

could be a proxy for a role in signalling. Therefore, to identify new and likely specific 

players in temperature perception and signaling, we performed a phosphoproteome 

analysis on seedlings that were grown at 21 °C under continuous light and subsequently 

transferred to 27°C (Figure 1A). To capture early and dynamic changes in protein 

phosphorylation status, we sampled at 0, 12, 24 and 60 minutes after exposure to 27°C 

(Figure 1A), which also aligned with the timeframe in which HSP70, a marker for 

temperature response, is transcriptionally up-regulated (Figure S1). Through this 

phosphoproteome analysis, we identified 1901 phosphosites, which mapped to 804 

proteins. We performed a multiple-sample comparison between the time points, 

revealing that 212 phosphopeptides were significantly differentially regulated in the 

time series (p<0.01) (Figure S2 and Table S1). 

We focused on protein kinase candidates that showed a significant change in 

phosphorylation upon exposure to high temperature (Table S1). Additionally, since a 

high temperature sensing mechanism residing on the plasma membrane is not known, 

we prioritized candidates that are (potentially) membrane-associated (Table S1). An 

interesting candidate is AT5G14720 which we named TARGET OF TEMPERATURE 3 

(TOT3). TOT3 encodes an uncharacterized and conserved member of a clade of protein 

kinases referred to as the mitogen-activated protein kinase kinase kinase kinase 

(MAP4K) family [11]. This family also includes BLUE LIGHT SIGNALING1 (BLUS1) [12], 

which was shown to be involved in stomatal opening, and SERINE/THREONINE KINASE 

1 (SIK1) [13] (Figure S3), which is required for pattern-triggered immunity in plants. 

The MAP4K family is evolutionarily conserved and related to yeast STE20 [14]; and 

MAP4Ks can directly activate MAPK cascades, but can also phosphorylate diverse 

substrates or just serve as protein scaffold [11]. While we identified several 

phosphorylated residues in TOT3, only the serine at position 333 (S333, 

GISAWNFNLEDK) was found significantly more phosphorylated at 60 min after transfer 

to 27 °C (p<0.01) (Figure 1B). Overall, this also suggested that the TOT3 protein level 

remained largely unaltered, and this was in line with the TOT3 expression level that 

remained stable during a high temperature time course (Figure S4). To define the TOT3 

expression domain, we generated pTOT3::GUS and pTOT3::NLS:GFP lines, which revealed 

that TOT3 is expressed throughout the whole seedling (Figures S5 and S6). Gene 

ontology (GO) annotations suggested that TOT3 localizes to both the cytoplasm and 

plasma membrane (UniProt ID: Q84WU5) [15]. To confirm these localizations, we 

analyzed a pTOT3::GFP:TOT3 expressing line (which also complements the tot3-2 

mutant, see below). This revealed that TOT3 localizes to both plasma membrane and 

cytoplasm in the hypocotyl (Figure 1C). TOT3 is predicted to contain no membrane-
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associated structural domains [16]. However, the membrane localization may be 

achieved, for example, by interaction with another membrane-associated protein or by 

a PTM that facilitates protein-phospholipid interaction [17]. Taken together, the above 

data pinpoint TOT3 as a protein kinase that is associated with the plasma membrane 

and differentially phosphorylated when seedlings are exposed to high temperature. 

 
Figure 1. Identification of TOT3 as a potential candidate regulator for thermal response in Arabidopsis 

(A) Overall experimental set-up. (B) Phosphorylation at S333 of TOT3. (C) Localization of TOT3. Here, 

the GFP signal in pTOT3:GFP:TOT3 overlapped with the signal of the plasma membrane marker FM4-

64. 

 

To assess if TOT3 plays a central role in the temperature response, we identified 

2 loss-of-function tot3 alleles, referred to as tot3-1 and tot3-2 (Figures 2A and S7). In 

addition to its kinase domain, TOT3 contains a C-terminal domain that is predicted to 

be largely intrinsically disordered (Figure 2A and S8). In tot3-2, the T-DNA insertion is 

located in exon 2 in the middle of the coding sequence for the kinase domain while in 

tot3-1, the T-DNA insertion is located in exon 8 before the codon of S333, which lies in 

the intrinsically disordered domain (Figure S8). As an elongated hypocotyl is a typical 

growth read-out of increased temperature in wild type seedlings as part of their 

thermoresponsive growth [2] (Figure 2B), we probed this phenotype in tot3 mutants. 

tot3 loss-of-function lines displayed a significantly shorter hypocotyl at 28 °C, 

compared to Col-0 under the short-day condition (8 h light / 16 h dark) (Figure 2B). 

Hypocotyl growth of tot3-2 starts to significantly deviate from Col-0 already at 2 days 

after germination (Figure S9). In contrast, these lines did not display any obvious 

morphological differences at 21 °C, compared to Col-0 (Figure 2B). To further support 

that loss of TOT3 activity underlies these phenotypes, we complemented the tot3-2 
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hypocotyl phenotype with a pTOT3::GFP:TOT3 construct (Figure 2C), which also 

supported that the GFP:TOT3 fusion is functional. These results suggested that TOT3 is 

a positive regulator of temperature-triggered growth responses. Next, we analyzed if 

increased TOT3 levels impacted on seedling growth at 21 °C and 28 °C. Two independent 

35S::GFP:TOT3 lines (referred to as TOT3OE) showed no obvious change in hypocotyl 

 

Figure 2. TOT3 is a kinase involved in thermomorphogenesis. (A) CDS and protein model of TOT3 

with indicated T-DNA insertion in the CDS. Light red indicates predicted disordered regions, the 

kinase domain is marked in yellow. (B) Loss-of-function tot3 mutants show reduced hypocotyl 

elongation compared to Col-0 (ANOVA, Tukey post-hoc test, *, p<0.01, **, p<0.001). (C) 

Complementation of tot3-2 mutant with pTOT3::GFP:TOT3 shows a rescued thermomorphogenic 

hypocotyl elongation phenotype. 
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length compared to Col-0 (Figure 2C).  This indicates that TOT3 may require other 

components for its activity. Taken together, these results suggest that TOT3 only 

regulates growth in specific temperature conditions and is not a general regulator of 

growth. To further support this hypothesis, we measured the impact of other growth 

triggers, such as auxin and darkness, on hypocotyl elongation. This revealed that tot3-2 

still responded to these cues similar to WT plants (Figure S10), indicating that TOT3 is 

likely a temperature-specific regulator of growth.  

 

 
 

 

Figure 3. TOT3 potentially regulates high temperature signalling independently from known 

components.  (A) Genetic interaction between TOT3 and phyB, demonstrated by hypocotyl elongation 

of tot3-2 phyb-9 double mutant. (B) Relative expression of heat responsive genes in tot3-2 loss-of-

function mutant. 

A

B
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To position TOT3 with respect to the known temperature signalling cascade(s) 

[2], we aimed to evaluate the genetic interaction between TOT3 and known temperature 

signalling components and hypocotyl growth regulators, such as PHYB [3,4], PIF4 

[18,19] and BZR1 [20,21]. The tot3-2 phyb-9 double mutant is intermediate in hypocotyl 

length between both single mutants where tot3-2 and phyb-9 display a short and long 

hypocotyl, respectively (Figure 3A). In the meantime, double mutants of tot3-2 with 

35S::PIF4:GFP and the dominant mutation bzr1-1D are being generated (work in 

progress). We also investigated the (temperature-induced) expression of a core set of 

genes previously shown to be affected by increased temperature and to be involved in 

thermomorphogenesis, such as PIF4, ATHB2, YUC8, and IAA29 (Figure 3B) [2]. Although 

some of these genes displayed a slightly lower expression level in tot3-2, their 

temperature-triggered upregulation was not obviously affected (Figure 3B). Overall, 

these observations, together with the fact that TOT3OE lines did not display a long 

hypocotyl like phyb-9, support that TOT3 may regulate temperature-triggered growth 

in parallel to known pathways. 

Given that TOT3 acts in a novel thermomorphogenesis pathway, we explored 

downstream changes. Since the MAP4K family is highly diverse, for example MAP4Ks 

that belong to the same monophyletic clade either phosphorylate MAP2Ks, or have been 

shown to be involved in other signalling pathways, or function as adaptors rather than 

kinases [11], we first evaluated if TOT3 is an active kinase and if its kinase activity is 

required for its function. To evaluate if TOT3 is an active kinase, we performed in vitro 

kinase assays using NGSrhino:TOT3 immunoprecipitated from Arabidopsis cell 

suspensions [22] and the generic substrate myelin basic protein (MBP). This revealed 

that immunoprecipitated NGSrhino:TOT3 displays kinase activity (Figure S11). 

However, as a negative control, we included NGSrhino:TOT3D157N, in which aspartate 157 

was replaced with asparagine (D157N), which should be kinase inactive [12,23]. 

Surprisingly, immunoprecipitated NGSrhino:TOT3D157N samples also displayed kinase 

activity (Figure S11). However, GFP:TOT3D157N could not rescue the tot3-2 hypocotyl 

phenotype at 28 °C (Figure 4), indicating that TOT3D157N is not active and TOT3 kinase 

activity may be required for its function. These observations also might suggest that 

TOT3 is part of a larger complex of protein kinases, which was co-immunoprecipitated 

with NGSrhino:TOT3D157N from Arabidopsis cell suspension. 
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 To identify such possible TOT3-interacting kinases, we performed a protein-

protein interaction study using NGSrhino:TOT3 expressed in Arabidopsis cell culture 

[22]. This indeed revealed that TOT3 interacted with 5 closely related MAP4Ks (Table 

S2), which we called TOT3-LIKE (TOT3L) proteins (Figure S3). To validate these 

interactions, a pull-down experiment using pTOT3::GFP:TOT3-expressing Arabidopsis 

seedlings was performed and this could confirm the interaction between TOT3 and 

TOT3L4 (AT4G10730) and TOT3L5 (AT4G24100) (Table S3). These interactions were 

subsequently proven to be direct interactions as both TOT3L4 and TOT3L5 interacted 

with TOT3 in a Y2H analysis (Figure 5A). We could further demonstrate that the 

interaction between TOT3 and TOT3L4/5 in the Y2H requires the intrinsically 

disordered domain of TOT3 (TOT3297-674) (Figure 5A). Taken together, our results 

demonstrate that the intrinsically disordered domain plays an important role in TOT3 

interaction and probably in TOT3 function. Interestingly, while TOT3L4 and TOT3L5 are 

similar to TOT3, with a conserved N-terminal kinase domain and a C-terminal 

disordered domain (Figure S12), TOT3L4 and TOT3L5 are unable to interact with each 

other in a Y2H hybrid, indicating their interaction with TOT3 is specific (Figure 5A). To 

expose the role of TOT3L4 and TOT3L5 in temperature signalling, we are currently 

Figure 4. Kinase activity and 

phosphorylation of S333 is 

necessary for TOT3 activity. A 

two-way ANOVA was 

performed with Tukey post-hoc 

test, black asterisk: p<0.001, vs. 

Col-0; red asterisk: p<0.001, vs 

tot3-2 
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generating single and higher order TOT3L4 and TOT3L5 loss-of-function mutants by 

genome editing using CRISPR/Cas9 and are selecting for homozygous lines (work in 

progress). 

 
Figure 5. Interaction of TOT3 with its homologues, TOT3L4 and TOT3L5 and potential downstream 

regulators in MAP kinase cascade (A) Y2H confirms the interaction of TOT3 and TOT3 intrinsically 

disordered domain (297-674) with TOT3L4 and TOT3L5, while truncated TOT3 proteins containing 

only the kinase domain (1-296, 1-340) show no interaction. Further, no interaction between TOT3L4 

and TOT3L5 was observed. AD: GAL4 activation domain, BD: GAL4 binding domain. Truncation of TOT3 

protein is indicated in detail in Figure 2A (B) Phosphoproteome profiling shows reduced 

phosphorylation of TOT3L4 and TOT3L5 at different sites in the tot3-2 background. Here, centralized 

log2 intensity values are shown. (C) Phosphorylation of T39 in MAPKKK3 and T266 in MPK8 could only 

be detected in Col-0 samples and not in tot3-2 samples. 
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Next, we explored the importance of the S333 residue that was found 

phosphorylated in the temperature-induced TOT3 phosphopeptide and that is part of 

the intrinsically disordered domain (Figures 1B and 2A). S333 and, by extension the 

RGISAWNF sequence in which it resides, is evolutionarily conserved in TOT3-related 

sequences in numerous plant species (Figure S13), suggesting that this serine could be 

important for protein function. Phosphorylation of a similar consensus sequence, 

RRISGWNF, being important for the activity of another MP4K, namely BLUS1 [12]. As 

S333 is located in the intrinsically disordered domain in proximity of the kinase 

domain, its phosphorylation may contribute to the regulation of kinase activity and/or 

substrate recognition. Therefore, we investigated the importance of S333 

phosphorylation in TOT3. The wild-type TOT3 gene complemented the tot3-2 

phenotype, but a mutation of S333 to Ala (S333A) failed to complement the mutant 

phenotype (Figure 4). In addition, a mutation of S333 to glutamate did not display any 

additive hypocotyl growth at 28 °C compared to Col-0 (Figure 4). We further tested if an 

S333A and S333E variant of TOT3 would be affected in its interaction with TOT3L4 or 

TOT3L5, but – at least in a Y2H assay – this was not the case (Figure S14). We concluded 

that the TOT3 intrinsically disordered domain and phosphorylation of S333, as well as 

the TOT3 kinase domain and its activity are essential for TOT3 signaling. However, S333 

is likely not involved in regulating TOT3 interactions with TOT3L4 or TOT3L5.  

To pinpoint how TOT3 impacts on temperature-responsive growth, we probed 

the phosphoproteome of tot3-2 and Col-0 in 3 DAG seedlings grown at 28 °C (Figure 

S15). Interestingly, we found that a homologous phosphoserine in the disordered 

domain, S514 (APSFSGPLNLPNR) and S499 (APSFSGPLNLSTR) in TOT3L4 and TOT3L5, 

respectively, and S654 in TOT3L5 were less abundant in the tot3-2 mutant (Figure 5B 

and Table S4). Together with the protein-protein interaction data, this supports that 

TOT3L4 and TOT3L5 form a complex with TOT3 and require TOT3 to regulate their 

phosphorylation status. Furthermore, we also found absence of phosphorylation on 

MAPKKK3 (T39, SSAVVVDPPLTPTR) and MPK8 (T266, VSFNDAPTAIFWTDYVATR, part 

of the activating TDY motif [24]) in the tot3-2 mutant (Figure 5C and Table S5). This 

seems to position TOT3 upstream of a MAPK signalling cascade. 

Finally, GO analysis of the significantly upregulated phosphoproteome revealed 

an enrichment for proteins involved in response to freezing (Figure S16). A closer 

inspection of the results revealed an increase in phosphorylation of S403 in INDUCER 

OF CBF EXPRESSION 1 (ICE1) (EELCPSSLPSPK) in tot3-2 (Figure 6). ICE1 controls the 

expression of COLD-REGULATED (COR) genes, and phosphorylation status and 

abundance of ICE1 play an important role in this [8,9,25]. Previously, the substitution of 

S403A in ICE1 was shown to increase ICE1 transactivation activity and to enhance cold-
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regulated gene expression and cold tolerance [26]. It was later shown that S403 belongs 

to a set of residues in ICE1 that are phosphorylated by MPK3 and MPK6 during cold 

signalling to promote ICE1 degradation in a feedback signalling mechanism. Here, we 

demonstrated that ice1-2 has a high temperature hypocotyl length phenotype (Figure 

6). Taken together, these results identify ICE1 as a novel regulator of 

thermomorphogenesis, acting downstream of TOT3. Since ICE1-S403 phosphopeptide 

levels were higher in tot3-2, this suggested that this effect was indirect and that TOT3 

either negatively regulates another kinase or positively controls a phosphatase 

upstream of ICE1. 

  

    

Figure 6. ICE1 plays a role in thermomorphogenesis. (A) Phosphoproteome profiling shows ICE1 

phosphorylation at S403 in the loss-of-function tot3-2 mutant. (B) Relative expression of ICE1 in Col-0 

and tot3-2 and Col-0 background. (C) Hypocotyl elongation growth in ice1-2 mutants is less sensitive 

to 28 °C treatment than Col-0 (**, p<0.001). 

 

CONCLUSION 

Climate change has already caused measurable changes in plant physiology, 

morphology and behavior (Chapter 1). The importance of the effects of climate change 

on yield is highlighted by the significant detrimental effects of increasing temperatures 

on yield [27]. Plants that incorporate temperature information into their life cycles 

appear to be able to adapt to warmer conditions more effectively than those that 

primarily rely on the photoperiod to synchronize their lifestyles [28]. Here, we present 

the membrane-associated protein kinase TOT3 as a new key player in plant response to 

high temperature, demonstrated by thermomorphogenic phenotypes in various TOT3 

mutants. We also demonstrate that TOT3 functions likely in a complex with other 

MAP4K kinases of the same family to control downstream responses. Interestingly, 
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phosphoproteome data also show a link between TOT3 and the phosphorylation of ICE1, 

which is a major transcriptional response in cold signalling. Since ICE1 also plays a role 

in thermomophogenesis, this may reveal a unique signalling module composed of 

TOT3-ICE1 that have a dual role in both cold and warm temperature signalling. We also 

put forward a working model of the TOT3-ICE1 module that may involves different MAP 

kinase cascades or ABA-signalling protein kinases that is discussed in more detail in the 

General Discussion (p. 201).  

 

MATERIALS & METHODS 
 

Plant materials and growth conditions 

All of the plants used in this study were in the Col-0 ecotype. For phosphoproteome profiling of Col-0 

plants at high temperature, Col-0 seeds were gas sterilized, sown on horizontal plates and vernalized 

at 4 °C for 24 h, and then transferred to 21 °C for germination for 48 h. Plates were then transferred to 

the continuous light, 21 °C for 10 d before undergoing temperature treatment at 27 °C (100 μE m-2 s-1 

photosynthetically active radiation, supplied by cool-white fluorescent tungsten tubes, Osram). For 

comparative phosphoproteomics of Col-0 and tot3-2 plants, after seed germination, plates were 

transferred to short day condition, 28 °C for 3 d. Samples were collected at the end of the third night. 

For hypocotyl measurement, after germination, seeds on vertical plates were transferred to 

the short-day condition of 8 h light/16 h dark either at 21 °C or 28 °C and plates were scanned at 7 DAG. 

 

Generation of constructs and transgenic lines 

PCR was performed using the Q5® High-Fidelity according to the manufacturer’s instructions (New 

England Biolabs).  The coding sequence (CDS) of TOT3 and fragment of 1999 base pairs upstream of 

TOT3 CDS (called TOT3 promoter or pTOT3) were amplified by PCR from reverse-transcribed RNA and 

genomic DNA extracted from Col-0 seedlings, respectively. The CDS of TOT3L4 and TOT3L5  was 

synthesized using the BioXP3200TM system (SGI-DNA) with DNA sequence being modified so that the 

coding information is still preserved. For Golden Gate cloning, TOT3 promoter and TOT3 CDS were 

cloned into pGGA000 and pGGC000 [29]. To generate 35S::GFP:TOT3 and pTOT3::GFP:TOT3 construct, the 

respective fragments were assembled into the destination vector pP-GA, using previously described 

protocol [29] (Table S7). Plant vectors were transformed in Agrobacterium tumefaciens C58C1 using 

freeze thaw method [30]. Plant transformation was performed using floral dip method [31]. All 

transgenic plants contains BastaR resistance marker. For site-directed mutagenesis, the pGGC000 

(TOT3-CDS) was used as a template for PCR using specific primers containing the mutation site; after 

that, the DNA template plasmid was digested with DpnI for 1 h before being transformed in to DH5α 

cells. For Y2H assay and TAP analysis, the CDS of interest was cloned into the Gateway entry vector 

pDONR221 and then recombined into the desired destination vector. All the primers are listed in 

Supplementary Table S6. 

 

Editing of genomic TOT3L4 and TOT3L5  

In order to generate loss-of-function tot3l4 and tot3l5 mutants, we apply the FAST CRISPR-Cas9 

system combining with Golden Gate cloning [32]. Two different guide RNAs (gRNAs) were designed for 

each gene (TOT3L4 or TOT3L%) (Table S6). The oligo pair with the same gRNA sequence was 

assembled and ligated into the BbsI-digested entry vector [32] containing the compatible DNA-
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overhang using T4 DNA ligase (New England Biolabs) (Table S6 and S7). The entry modules were 

assembled into the destination vector pFASTRK24GW which contains the red fluorescent FAST marker 

(Table S7) [32]. After plant transformation, transgenic T1 seeds that showed red fluorescent signal 

were selected. T2 seeds devoid of red fluorescence were selected and T2 seedlings with desired gene 

editing were retained for further seeds propagation and selection of homozygous tot3l4 and tot3l5 lines. 

  

Yeast two-hybrid assay  

Y2H assay was performed using the GAL4 system as described previously [33]. The prey and bait CDS 

were recombined into pGAL424gate or pGBT9gate, respectively. The Saccharomyces cerevisiae PJ69-4A 

strain was co-transformed with the bait and prey plasmid using the polyethylene glycol (PEG)/lithium 

acetate method. Yeast transformants were selected on Synthetic defined (SD) media devoid of leucine 

(Leu) and tryptophan (Trp) (SD-LeuTrp). Three individual colonies were grown overnight in liquid 

media at 30 °C. The interaction assay were performed by dropping 10-fold dilution of the overnight 

cultures on SD media lacking Leu, Trp and histidine (His) (SD-LeuTrpHis) as well as SD-LeuTrp as 

control. Plates were scanned after 3 d incubation at 30 °C. 

 

RT-qPCR 

Three biological replicates were performed for each condition. RNA was extracted and purified with the 

RNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions for plant RNA extraction. DNA 

digestion was done on columns with RNase-free DNase I (Promega). The iScript cDNA Synthesis Kit 

(Biorad) was used for cDNA synthesis from 1 μg of RNA. qRT-PCR was performed on a LightCycler 480 

(Roche Diagnostics) in 384-well plates with LightCycler 480 SYBR Green I Master (Roche) according to 

the manufacturer's instructions. Two housekeeping genes, the ACTIN-RELATED PROTEIN 7 (ARP7) and 

the TRANSLATIONAL ELONGATION FACTOR ALPHA (EF1α), were used for normalization of the expression 

level of the tested genes. All the primers are listed in Supplemental Table S5. 

  

Phosphopeptide enrichment and LC-MS/MS analysis 

For the time course experiment, 1 g of seedlings was used for the preliminary phosphoproteome 

analysis, and 1 mg of proteins was processed for phosphopeptide enrichment using previously 

described procedure [34]. For the comparative phosphoproteome analysis of Col-0 and tot3-2 

seedlings, 3 mg total protein extract was used and phosphopeptide enrichment was conducted on four 

biological replicates for Col-0 and tot3-2, respectively, according to an improved procedure [35]. LC-

MS/MS analysis was performed as described previously [34,35]. 

  

Database searching and data analysis 

MS/MS spectra were searched against the TAIR10 database for Arabidopsis thaliana (34509 entries, 

version November, 2014) [36] with the MaxQuant software (version 1.5.7.4), a program package 

allowing MS1-based label-free quantification [37,38]. MaxQuant settings can be found in the 

Supplementary Information. Next, the ‘Phospho(STY).txt’ output file generated by the MaxQuant 

search was loaded into the Perseus data analysis software (version 1.5.5.3) available in the MaxQuant 

package. 

 For the time-dependent phosphoprofiling data of Col-0 seedlings transferred to 27 °C, 

phosphosites that were quantified in at least two out of three biological replicates for at least one time 

point were retained. log2 phosphopeptide intensities were centred by subtracting the median of the 

entire set of protein ratios per sample. A multiple sample test with a p-value cut-off of <0.01 was 

carried out to test for differences between the time points (Table S1). 
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For comparative phosphoproteome profiling of Col-0 and tot3-2, phosphosites that were 

quantified in at least three out of four replicates from at least a genotype were retained (reproducibly 

quantified phosphosites). Among these phosphosites, the phosphosites not detected in one of the two 

genotype are designated as “unique” phosphosites for the other genotype (Table S5). For the rest of 

reproducibly quantified phosphosites, log2 phosphopeptide intensities were centred by subtracting the 

median of the entire set of protein ratios per sample. A two-sample test with a p-value cut-off of <0.01 

was carried out to test for differences between the genotypes (Table S4). 

Representative MS/MS spectra of phosphopeptides discussed in the Chapter were extracted 

using the MS Viewer integrated in MaxQuant (Figure S17).  

  

Tandem affinity purification and protein complex data analysis 

For TAP analysis, Gateway system was used to recombined the TOT3 CDS in to pGNGSrhino vector 

(Invitrogen). The constructs were transformed into PSB-D cells as described previously [39]. Three 

pull-downs were performed on NGSrhino-TOT3 expressing transgenic cultures using the cell culture 

TAP extraction protocol [22] with 1% digitonin added, and a shortened benzonase treatment time of 15 

min. To isolate protein complexes, 25 mg total protein extract was incubated 45 min with 50 mL 

magnetic IgG bead suspension, prepared in-house as described [40]. Beads were washed three times 

with 500 mL TAP extraction buffer and one time with 500 mL TAP extraction buffer without detergent. 

For on-bead protein digestion, the beads were washed with 500 mL 50 mM NH4HCO3 (pH 8.0). The 

wash buffer was removed and 50 mL 50 mM NH4OH was added together with 1 mg Trypsin/Lys-C and 

incubated at 37°C for 4 h in a thermomixer at 800 rpm. Next, the digest was separated from the beads 

and overnight incubated with 0.5 mg Trypsin/Lys-C at 37 °C. Finally, the digest was centrifuged at 

20800 rcf in an Eppendorf centrifuge for 5 min, the supernatant was transferred to a new 1.5 mL 

Eppendorf tube, and the peptides were dried in a Speedvac and stored at -20 °C until LC-MS/MS 

analysis. 

The peptides were analyzed on a Q Exactive (ThermoFisher Scientific) as previously reported 

[41]. After MS-based identification of co-purified proteins, specific proteins were detected by 

comparison against a list of non-specific proteins, built from 213 pull-downs with 42 different bait 

proteins, similar as previously described [22]. True interactors that might have been missed because of 

their presence in the list of non-specific proteins were retained through a semi-quantitative analysis. 

In this approach, average normalized spectral abundance factors (NSAF) of the identified Arabidopsis 

proteins in the TOT3 samples were compared against the corresponding average NSAF deduced from 

the control pull-down dataset. For stringent filtering of specific proteins, only proteins identified with 

at least two peptides were retained that were highly (at least 10-fold) and significantly [-log10(p-

value(T-test)) ≥10] enriched compared to the control dataset. 

 

Co-immunoprecipitation 

Col-0, pTOT3::GFP:TOT3 seedlings and 35S::GFP seedlings were grown in the similar conditions used for 

the time-dependent phosphoproteome profiling. 10 DAG light-grown seedlings were collected at 0 min 

at 21 °C and at 60 min after being transferred to 28 °C. For each condition and genotype, three 

biological replicates were performed. 1 g of finely ground plant materials was mixed thoroughly with 

2.2 ml extraction buffer (50 mM TRIS-HCl, 150 mM NaCl, 0.5 mM EDTA, 0.5% NP40) and sonicated. 

Debris were removed from the samples by centrifugation. 2 mL of samples were diluted 5-fold with 

extraction buffer without NP40, then mixed with 50 μL pre-equilibrated GFP-Trap®_MA beads 

(Chromotek) and rotated for 2 hours at 4 °C to maximize the protein binding. After that, the solution 

were removed and beads were washed three times with wash buffer (50 mM Tris-HCl pH 7.5, 250 mM 
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NaCl) and then washed once with 1 mL 50 mM TEAB (pH 8.0) (Thermo Fischer). On-bead digestion 

were performed on the bound proteins in 50 μL TEAB and 0.5 μg trypsin (Promega) for 2 h at 37 °C. The 

supernatant was retained. Beads were washed twice with 23 μL 50 mM TEAB and the wash solutions 

were pool with the previous supernatant. Disulfide bonds were reduced by adding TCEP and 

iodoacetamide (Thermo Fisher) to a final concentration of 10 mM and 15 mM respectively and 

incubated for 30  °C. The remained iodoacetamide was quenched by adding DTT to a final concentration 

of 4 mM. 0.5 µg trypsin was added to the sample and incubated overnight at 37°C to complete the 

digestion. The digestion was stopped by adjusting the sample to 1% TFA and samples were desalted 

using C18 Bond Elut tips (Agilent Technologies). MS analysis of the peptides was performed identically 

to TAP analysis. 

After MS-based identification of co-immunoprecipitated proteins, proteins were selected if 

they were present in pTOT3::GFP:TOT3 samples and not in the other samples; or if the fold-change of 

the LFQ intensity was 10-fold higher in the pTOT3::GFP:TOT3 samples, compared to Col-0 and 35S::GFP 

samples, either at 21 °C or 28 °C. These proteins are designated as potential interactors of TOT3. 

  

Kinase assay 

For in vitro kinase assays, the NGSrhino-TOT3 and NGSrhino-TOT3D157N were TAP-purified from a PSB-

D cell culture as described previously [22]. Hereby, PhosSTOP™ phosphatase inhibitor tablets (Roche) 

were added to all buffer solutions according to the manufacturer’s instructions. After standard washing 

of Streptavidin beads, the beads were washed with 250 μl kinase wash buffer (25 mM HEPES, pH 7.4, 20 

mM KCl). Washed beads were dissolved in 100 μl kinase assay buffer (25 mM HEPES, pH 7.4, 50 mM 

KCl, 10 mM MgCl2). Kinase reactions were performed using ADP-Glo™ Kinase Assay kit (Promega). The 

unrelated CDKA;1 kinase that was TAP-purified using a C-terminal GSTEV fusion were included in the 

kinase assay as a positive control. For each kinase reaction, 10 μg MBP (as substrate), 1 μM ultrapure 

ATP and 5 μl from the resuspended kinase-bound beads were used in a total volume of 10 μl on a solid 

white plate. Plates were incubated at room temperature for 1 h. 5µl of ADP-Glo™ Reagent were added 

in each reaction solution and incubated for 40 min at room temperature to stop the kinase reaction and 

to deplete the unconsumed ATP. 10 uL of Kinase Detection Reagent were added in each well and 

incubated for 30 min to convert ADP to ATP and to introduce luciferase and luciferin to detect the newly 

synthesize ATP. The luminescence signals were measure with the in-house plate-reading luminometer 

(VIB Compound Screening Facility). 

 

SUPPLEMENTARY INFORMATION 

All supplementary Tables can be accessed at: 

https://floppy.psb.ugent.be/index.php/s/Es0NISqq78AiHl2 

Table S1. Significantly deregulated phosphosites from temperature-dependent 

phosphoproteome profiling of Col-0 (multiple sample test, p<0.01) 

Table S2. List of TOT3 interactors identified from TAP analysis. 

Table S3. List of TOT3 interactors identified from GFP pull down. 

Table S4. List significantly deregulated phosphosites in tot3-2 seedlings (Students’ t-

test, p<0.01). 

Table S5. List of phosphosites that were uniquely detected for Col-0 or tot3-2 samples 

Table S6. List of primers and nucleotide oligomers used in this study 
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Table S7. List of Golden Gate entry plasmids and destination plasmids for generating 

constructs in this study 

 

 

 

 

 

Figure S2. Hierarchical clustering of 

212 significantly regulated 

phosphosites. For each time point, 

samples were sampled in 3 biological 

replicates, and for each biological 

replicate, 3 technical replicates were 

analyzed.  

Figure S1. Relative expression of the heat stress 

marker HSP70 shows a maximum at 60 min after 

transfering 10 DAG plants to higher temperatures (27 

°C). 
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Figure S3. Phylogenetic tree of the TOT3 protein kinase clade. Tree was reconstructed in CLC 

Workbench, using default settings of UPGMA algorithm. Jukes-Cantor distance are indicated. 

 

 

 

 

 

 

 

 

 

 

Figure S4. Relative expression of TOT3 at 27 °C in 10 DAG 

seedlings across the time course. 
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Figure S5. GUS staining of pTOT3::GUS demonstrates the expression of TOT3 in 7 DAG seedlings. #1 

and #2 are plants from two different transformants. 
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Figure S6. GUS staining of pTOT3::nls-GFP demonstrates the expression of TOT3 in 3 DAG etiolated 

seedlings. #1 and #2 are plants from different transformants. 
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Figure S7. tot3-1 and tot3-2 are TOT3 

loss-of-function mutants. Upper 

panel, the position of T-DNA insertion 

in tot3-1 and tot3-2 in TOT3 genomic 

DNA, CDS sequence is marked in green. 

Below panel, TOT3 expression in tot3-2 

and tot3-1, using different RT-qPCR 

primers as indicated in the upper panel. 

Figure S8. Intrinsic structural 

disorder prediction for TOT3, using  

the ESpritz X-Ray prediction 

algorithm [42],  

(http://protein.bio.unipd.it/espritz/). 

The cutoff threshold of 0.065 is 

indicated by a horizontal orange line 

Figure S9. Hypocotyl elongation of 

Col-0 and tot3-2, measured in a time 

course of 7 days post germination. 

The difference is significant (*, 

p<0.01) from 2 DAG and reach a 

maximum at day 3. 



126 | CHAPTER 5 

 

 

 

 

 

 
Figure S12. Intrinsic disorder prediction for TOT3L4 and TOT3L5 using EsPritz. The area above the 

score cutoff (0.065) (orange horizontal line) indicates disordered region in the sequence. 

 

 

Figure S10. tot3-2 loss-of-function 

mutant still responds to the auxin 

analog picloram (A) and darkness (B). 

Plants were grown for 7 DAG on MS/2 

medium supplemented with 1 μM 

picloram (A) or etiolated for 4 DAG in 

darkness. 

Figure S11. An ADP-Glo assay points to 

both kinase activity of TOT3 and the 

kinase-dead TOT3D157N. The protein 

kinase CDKA;1 was included as the 

positive control. Kinase activity is 

represented by the detected 

luminescence which correlates with 

the amount of ADP produced by the 

kinase reaction. 



TARGETS OF TEMPERATURE | 127 

 

 
Figure S13. S333 (shown in yellow) in A. thaliana TOT3 is evolutionary conserved in land plants. The 

TOT3 amino acid sequence was blasted in PLAZA 4.0 platform. The top hit in each plant species 

presented in the figure was used for sequence alignment in CLC workbench using the default settings 

(gap open cost: 20.0, gap extension cost: 1.0). 

 

 

Figure S14. Both the phosphomutant TOT3S333A and the phosphomimetic TOT3S333D can still interact 

with TOT3L4 and TOT3L5 using Y2H system. –LT: SD medium devoid of leucine and tryptophan. –

LTH: SD medium devoid of leucine, tryptophan and histidine 
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Figure S15. Hierachical clustering of significantly regulated phosphosites from phosphoproteome 

profiling of tot3-2 vs. Col-0 (Students’ t-test, p < 0.01). Unique hits that are only present in one 

genotype are excluded from the clustering due to missing values in the other genotype.  
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Figure S16. GO enrichment for biological process of phosphoproteins that are upregulated in tot3-2 

background (Fisher exact test, p<0.05). The GO enrichment was performed using PLAZA platform, all 

phosphoprotein with reproducibly quantified phosphosites are used as the background dataset.  
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Figure S17. Representative MS/MS spectra of phosphopeptides containing the phosphosites 

mentioned in the chapter. The mass spectra were extracted using the MS Viewer integrated in the 

MaxQuant program. The posterior error probability (PEP) is indicated for each peptide-spectrum 

match. 
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Figure S17. (cont.) 
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Cellular signalling is best represented by signalling networks, which show connections between 

their nodes as mechanisms to drive the response of the organism to external stimuli. In this 

study, we applied an integrative framework combining MS-based phosphoproteomics and 

dynamic Bayesian network inference to observe changes in the phosphorylation landscape of 

Arabidopsis upon exposure to high ambient temperature. Our networks predicted that multiple 

protein kinases and phosphatases display temperature-dependent rewiring of their regulatory 

components. Therefore, these kinases and phosphatases may play a central role in high 

temperature signalling in Arabidopsis. Our study highlights the potential of this approach as a 

discovery tool for new regulatory hubs of post-translational modifications in environmental 

responses in plants.  

 

INTRODUCTION 

So far, the transcriptional regulatory network of high temperature signalling in 

Arabidopsis has been studied in-depth [1,2]. Most of the temperature-dependent 

transcriptional response converges on PHYTOCHROME-INTERACTING FACTOR 4 

(PIF4), which integrates photoperiod and temperature information and hormonal 

regulation to control thermoresponsive growth (Chapter 1). However, very often the 

complexity of a biological process cannot be explained merely by transcriptional 

regulation, but also requires information about regulation on other molecular levels, 

such as post-translational modifications of proteins. Hereby, phosphorylation play an 

important role in many cellular processes (Chapter 3). For example, sucrose non-

fermenting related kinases (SnRKs) and mitogen-activated protein kinase (MPK) 

phosphorylate the transcriptional factor INDUCER OF CBF EXPRESSION1 (ICE1) to 

control cold to regulate cold response in Arabidopsis [3–5]. In the context of high 

temperature signalling, the role of phosphorylation is highlighted by the thermosensors 

that have been identified in plants, the phytochromes and phototropins, as both can act 

as protein kinases (Chapter 2) [6,7] and by the potential important role of the TOT3 

kinase (Chapter 5). Despite this fact, temperature-induced (de)phosphorylation, the 

causal relationship between the executive proteins (kinases and phosphatases) and their 

downstream targets has hardly been investigated. 

Mass spectrometry-based phosphoproteomics is a powerful tool to discover 

regulatory phosphorylation events [8]. However, generating a comprehensive 

phosphorylation network (or phosphonetwork), is very challenging, considering the 

substoichiometry and dynamics of phosphorylation and the many different proteoforms 

that need to be assessed (Chapter 3). Protein-protein interaction (PPI) data have been 
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used to reconstruct phosphonetworks by overlaying them with phosphorylation motifs 

[9–11]. However, this PPI approach limits the prediction to direct kinase–target pairs, 

and often combines datasets that are not necessarily generated under the same 

conditions. Further, many dynamic kinase/phosphatase–target interactions are short-

lived and are hard to capture by conventional PPI methods. Therefore, deriving a 

phosphonetwork directly from temporal quantitative phosphoproteome measurements 

is expected to reflect more realistic and accurate dynamics of the network [12–17]. A 

systematic description of omics data should reveal (a) the identity of the regulatory and 

regulated elements, (b) their dynamic behavior in the biological context of interest, and 

(c) the interaction or functional relationship among these elements [18]. The first two 

can simply be direct read-outs from the data, for example gene ID or expression level 

(descriptive analysis). For (c), the analysis will require an additional computing strategy. 

Here, network inference uses the identity and behavior ((a) and (b)) of the system’s 

elements to predict interactions and relationships between them (predictive analysis) 

[18]. In plants, this strategy has been frequently applied for transcriptomic data using 

two main approaches: gene co-expression network (GCN) or gene regulatory network 

(GRN) inference [19]. The GCN is an undirected graph which shows no direction of the 

edges and nodes in the network, and aims for discovering co-expression of different 

genes. In contrast, the GRN contains directed edges that inform the functional 

relationship between two nodes such as activation or inhibition (directionality). In 

transcriptomic data, this can be interpreted as the regulation between transcriptional 

activators or inhibitors and their target genes.  

Predictive strategies similar to GRNs have been designed using PTM omics data 

[20]. Bayesian network inference which is based on Bayes’ theorem (Box 1) is a 

framework that calculates posterior probabilities of the relationships between different 

components or nodes to generate an optimal directed network. Further, a dynamic 

Bayesian network (DBN) extends the standard Bayesian network by relating different 

variables of the system across adjacent time steps. This is not only restricted to temporal 

data, but other dynamic parameters, such as spatial information, can also be integrated 

in the prediction, increasing the quality of the data. Dynamic Bayesian network inference 

also allows inference of feedback regulation which is not possible otherwise. 

In this study, we sampled seedlings during a time course, which enabled us to 

capture temporal phosphoproteome changes during high temperature signalling in the 

dark phase of the photoperiod. We further used machine learning to exploit these data by 

applying dynamic Bayesian network inference [21]. Since phosphorylation and 

dephosphorylation are carried out by kinases and phosphatases, respectively, this was 

added as a priori knowledge that directs the network to more likely models. 
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         Box 1. Bayes’ Theorem in a Nutshell 

         Bayes’ theorem can be represented by the below equation 
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where P(A|B) represents the conditional probability (posterior probability) or the likelihood 

that “A” is true when “B” is true. P(B|A) is the reverse conditional probability of A or the 

likelihood that “B” is true when “A” is true. P(A) and P(B) are the prior probability (or 

marginal probability) that “A” is true and “B” is true, respectively, independently from the 

other condition. Of note, this rule can also be expanded to more than two variables. 

For example, P(A) is the chance of having cancer, P(B) is the probability of getting a 

positive cancer prognosis and P(B|A) is the probability to get a positive cancer prognosis given 

that the person actually has cancer. If the three probabilities are measurable, it is possible to 

answer the question: how big is the chance that a person actually has cancer when he or she 

gets a positive cancer prognosis (which is P(A|B))?  

RESULTS AND DISCUSSION 

Determining time points for phosphoproteome analysis 

Previous analysis of the day-night growth circle (8 h light / 16 h dark) at high 

temperature showed that thermoresponsive elongation growth mainly peaks at the 

beginning and the end of the night period, while light-mediated repression of elongation 

growth stays almost at the same level for both high and low temperature [22]. This 

growth dynamics is also reflected in the expression levels of the major regulator of 

thermomophorgenesis, PHYTOCHROME INTERACTING FACTOR4 (PIF4), and with the 

temperature information mainly transmitted by EARLY FLOWERING3 (ELF3), a 

component of the evening complex (EC). However, the transcriptional regulation alone 

does not fully explain this response. For example, the transcript levels of PIF4 and its 

targets, such as the ARABIDOPSIS THALIANA HOMEOBOX  PROTEIN2 (ATHB2), only 

increase gradually towards dawn and this alone does not explain the increased peak of 

growth at the beginning of the night period. We hypothesized that a more rapid 

molecular mechanism underlying thermomorphogenesis may precede the 

transcriptional response. Since phosphorylation mediates many early signalling events, 

we attempted to capture temperature-induced phosphorylation changes during the long 

night at 21 °C and 28 °C. 
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Transcriptional analysis and growth dynamics analysis was previously 

performed on plants grown continuously at both temperatures [22]. Since 

phosphorylation is highly dynamic, altered levels of phosphopeptides may also result 

from slower responses, such as changes in protein levels (Chapter 4) [23]. Therefore, an 

experimental setup with a short temperature treatment should be more suitable for 

phosphoproteome profiling. To achieve this, Col-0 seedlings grown in a short day 

condition at 21 °C for seven days, were transferred to 21 °C or 28 °C at the beginning of 

the seventh night (Figure 1A). In this set-up, the transcription of clock and temperature 

marker genes responds to 28 °C in a similar manner to seedlings grown continuously at 

high temperature (Figure 1B) [22].  

 

Figure 1. Transcriptional response in the dark phase of the photoperiod during 16 h of the tempearature 

treatment. (A) Experimental setup. (B) Relative expression of several marker genes. 

To identify time points for collecting samples for the phosphoproteomics 

experiment, a preliminary phosphoproteome analysis was performed using the above-

mentioned set-up. After transfer to the dark, single samples were collected at 0, 15, 30, 

60, 120, 240, 480 and 960 min at 21 °C or 28 °C. The standard phosphoproteomic 

workflow was applied without analysis of changes in protein levels. In total, 336 

phosphosites on 306 phosphopeptides were identified. This analysis revealed several 

clusters with different phosphopeptide abundance profiles. The biggest cluster (cluster 

I) contained 54 phosphosites that were up-regulated already after 30 min. This cluster 
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not only contained fast responsive proteins, such as heat-shock proteins (HSPs) and 

HSP-interacting proteins (for example HSP81.4, HSP81.3 or HSP70-INTERACTING 

PROTEIN 1 (HIP1)) [24], but also numerous proteins involved in cytoskeleton 

organization (Figure 2, Table S1) [25]. In contrast, a second cluster (cluster II, 22 

phosphosites) exhibited a phosphopeptide abundance profile that largely stayed stable 

at 21 °C but decreased at 28 °C after 30 min (Figure 2). A third cluster (cluster III, 32 

phosphosites) only exhibited strong upregulation of phosphorylation at 960 min after 

transfer to 28 °C, implying a late response to the high temperature at the end of the night 

(Figure 2). Several proteins involved in shoot and root developmental processes were 

found in this cluster (Table S1). Finally, a fourth cluster (cluster IV, 32 phosphosites) 

showed a profile in which the abundance of the major phosphopeptides started to 

increase after 120 min (Figure 2). 

 

 

In depth temperature dependent phosphoproteome analysis at during the night 

Based on the preliminary findings, we selected 15 min as the reference time point (no 

obvious changes yet compared to 0 min and simplifies statistics) and collected samples 

at 30, 120 and 960 min, where major changes were observed in protein phosphorylation, 

for our in-depth phosphoproteome analysis. We hypothesized that this should allow us 

to explore the thermal responses of the Arabidopsis phosphoproteome at different stages 

during the night. In addition, we also performed a proteome analysis for the same set of 

Figure 2. Major clusters extracted from the preliminary 

phosphoprofiling experiment that exhibit different 

change of the phosphoproteome over time at 21 °C or 28 

°C within 960 min of the dark phase of the photoperiod. 

Heat map generated by K-means clustering. 
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time points and temperature treatments to normalize the phosphoproteome data, as 

discussed in Chapter 4. 

Using the previously established phosphoproteomics workflow [23,26], we 

identified 10484 phosphosites mapped onto 7322 phosphopeptides and 3172 

phosphoproteins. Among these, 5946 phosphosites were identified with high confidence 

(localization probabilities ≥ 0.75). Phosphosites with at least 3 valid values out of 4 

biological replicates of at least one treatment (at one time point and at one temperature), 

representing reproducibly quantified phosphosites, were retained. Two-way ANOVA 

tests were performed in GenStat v19 using a linear mixed model fitted by residual 

maximum likelihood (REML). A statistical cutoff of p < 0.05 resulted in 353 significantly 

deregulated phosphosites (Supplementary Table S2).  

To identify phosphosites that were deregulated independently from protein 

abundance, a proteome analysis was performed in parallel, which allowed normalization 

of the phosphoproteome (Chapter 4). The proteome analysis identified 4150 protein 

groups, to which 1484 reproducibly quantified phosphosites could be mapped. Both the 

phosphoproteome data and the proteome data were jointly subjected to a two-way 

ANOVA test using an extended linear mixed model (see Materials & Methods). From the 

phosphosites that were mapped to the proteome data, 57 phosphosites were significantly 

deregulated independently from the protein level (p<0.05). An example is the progressive 

phosphorylation of the mRNA decapping protein DECAPPING5 (DCP5) at S491 

throughout the time course, while no significant changes on the protein level was 

observed (Figure 3A). DCP5 functions in association with DCP1, DCP2 and VARICOSE 

(VCS) to control mRNA decapping in processing bodies (P-bodies) [27], which can be 

triggered by heat [28]. Importantly, the DCP1-DCP5 interaction is promoted by 

phosphorylation of DCP5 by the MITOGEN-ACTIVATED PROTEIN KINASE6 (MPK6) 

during drought stress to induce mRNA decay [29]. However, temperature-induced 

phosphorylation of plant mRNA decapping machineries has not been reported, thus our 

data hint to the fact that phosphorylation of DCP5 may also play a role in thermal 

induction of mRNA decapping. In contrast to DCP5 phosphorylation, phosphorylation at 

S464 and S467 of the protein AT3G54760 shows a progressive decrease during the 16 

hours of treatment (Figure 3B). The protein, as well as the sequence window around S464 

and S467, is highly conserved among Brassicaceae (Figure S1), however the function of 

AT3G54760 remains uncharacterized. 

Besides proteins exhibiting progressive phosphorylation or dephosphorylation 

throughout the high temperature treatment, several proteins showed significant 

changes very early or late in the time course. At 21 °C, phosphorylation at S134 of the 

SERINE/ARGININE-RICH PROTEIN 34A (SR34A), a pre-mRNA splicing factor, increases 
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slightly from 15 min to a maximum at 120 min, and subsequently decreases at 960 min. 

However, at 28 °C, S134 phosphorylation was significantly upregulated by high 

temperature very early at 15 min, peaked at 30 min and decreased afterwards (Figure 3C). 

In mammals, phosphorylation of SR splicing factors is rapidly upregulated upon 

exposure to high temperature, but this has not yet been demonstrated in plants (Chapter 

2) [30,31]. On the other hand, at 21°C, the TETRATRICOPEPTIDE REPEAT4 (TPR4) 

protein showed a significant decrease in phosphorylation of S88 at 960 min, while 

phosphorylation of this site at 28 °C did not change (Figure 3D). Phosphorylation of heat 

shock proteins, such as HSP70 and HSP90, has been demonstrated to promote their 

interaction with the TPR co-chaperone [32]. However, the function of TPR 

phosphorylation is not known. Further, the late response of TPR4 phosphorylation 

suggests that high temperature does not affect TPR4 directly, but likely via other 

regulatory components that control TPR4. Last but not least, for several 

phosphoproteins, deregulation of phosphorylation only started at the intermediate time 

point of 120 min, as observed for WEAK CHLOROPLAST MOVEMENT UNDER BLUE LIGHT 

1 (WEB1) and LOW TEMPERATURE WITH OPEN-STOMATA 1 (LOST1) (Figure 3E,F, Table 

S3). WEB1 phosphorylation at the plasma membrane has been reported previously,  but 

the function of the phosphosites, including S744, remains unknown [33]. Since WEB1 is 

involved in photorelocation of chloroplast movement, it was suggested that WEB1 may 

be phosphorylated by the blue light receptor phototropins, which also function as a 

thermosensor in Marchantia [6]. However, there has been no experimental data 

supporting this hypothesis.  

Collectively, our phosphoproteome analyses revealed high temperature-

mediated reprogramming of protein phosphorylation in Arabidopsis seedlings at 

different stages during the dark phase of the photoperiod, possibly also independently 

from transcriptional regulation or other regulation that might affect protein abundance. 

This suggested a complex network of protein kinases and phosphatases that underlie 

phosphorylation and that convey temperature information to control the thermal 

response in Arabidopsis.  

 

Deregulated phosphoproteins potentially involved in thermal responses in Arabidopsis  

Since only 25% of the reproducibly quantified phosphosites could be mapped to the 

proteome data, the normalized phosphoproteome analysis likely underestimated the 

deregulated phosphorylation events involved in high temperature signalling. Here, 

several phosphoproteins that could not be mapped to the proteome data, but may be 

involved in thermomorphogenesis, will be highlighted. 
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Phosphorylation at S36 of the transcriptional factor ELONGATED HYPOCOTYL 5 

(HY5) was significantly downregulated at 28 °C at the end of the night (Figure 4A). A 

slight decrease of the same phosphosite was also observed at 21 °C, but not to the same 

extent. Phosphorylation of this residue inhibits the interaction of HY5 with the E3 

ubiquitin ligase CONSTITUTIVE PHOTOMORPHOGENIC1 (COP1) and therefore 

suppresses proteasomal degradation of HY5 and promotes photomorphogenesis [34]. 

Further, when short-day grown seedlings were transferred from 22 °C to 27 °C for 24 h, 

no changes in HY5 protein levels were observed [35]. However, our data suggested that 

dephosphorylation and subsequently destabilization of HY5 may be an additional layer 

of regulation of thermomophogenesis by preventing competition of HY5 for DNA binding 

with PIF4. 

At 21 °C, EARLY FLOWERING 4 (ELF4), a component of the Evening Complex (EC) 

that integrates circadian and environmental information in Arabidopsis, showed an 

increase of phosphorylation at S45 that peaked at 120 min and decreased to the starting 

level at 960 min (Figure 4B). Oscillatory phosphorylation of ELF4 has been observed 

previously [36]. Further, a shortening of the circadian period was observed in plants 

grown at 28 °C compared to plants grown at 22 °C. This phenotype could be partially 

rescued by a non-phosphorylatable S45L mutation of ELF4 [36]. Here, we showed for the 

first time direct evidence that temperature modulates the circadian clock by affecting 

phosphorylation of clock components such as ELF4. Specifically, the ELF4 

phosphopeptide containing S45 remains highly abundant at the end of the night at high 

temperature.  

Regulation of cell wall biogenesis and remodeling is an important mechanism in 

plant response to stress [37]. For example, PIF4 and BZR1 regulate thermomorphogenic 

growth partially via promoting expression of genes involved in cell wall modifications 

[38]. Moreover, loss-of-function of cell wall biogenesis genes, such as CELLULOSE 

SYNTHASE1 (CESA1), leads to a temperature-hypersensitive phenotype [39]. 

Importantly, phosphorylation of CESAs affects their interaction with microtubules and 

as such regulates anisotropic cell expansion [40]. Here, we found that, compared to 21 

°C, phosphorylation of S151 in CESA3 is constantly decreased at 28 °C throughout the time 

course (Figure 4C). Further, COMPANION OF CELLULOSE SYNTHASE 1 (CC1), which 

interacts with both CESAs and microtubules to regulate cellulose synthesis and 

microtubule dynamics during salt stress [41], also showed a decrease in phosphorylation 

at S20 and S30 (Figure 4D,E). This indicated that proteins involved in cell wall biogenesis 

may be modulated by temperature-dependent phosphorylation to control 

thermoresponsive growth.



 

                   

 

Figure 3. Representative phosphoproteins with phosphosites deregulated independently from the protein level. (A) DCP5 (S491, 

STTLDGDEDDDSPTVDEAELPK) (B) AT3G54760 (S464 and S467, ADVLSEDSPGEGRK) (C) WEB1 (S744, NLKESFEGGK) (D) LOST1 (S355, VCSELNVDGLR) (E) 

SR34A (S134, GLPSSASWQDLK) (F) TPR4 (S88, DELGFEIERPPSPPMHLAAGLGIDK). p-values from the joint two-way ANOVA tests are indicated.
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Finally, while no deregulated phosphorylation of TARGET OF TEMPERATURE 3 

(TOT3, Chapter 5) was found in this analysis, phosphorylation of S674 of TOT3-LIKE 5 

(TOT3L5) exhibited a rapid upregulation at 15 min and 28 °C and subsequently decreased 

to the same level of phosphorylation at 21 °C at 960 min (Figure 4E). This observation 

also strengthened the hypothesis that the TOT3 signalosome functions in early high 

temperature signalling to control thermoresponsive growth. 

 

 

 

Figure 4. Temperature-induced changes in phosphorylation of proteins potentially involved in 

thermomorphogenesis. (A) HY5 (S36, EGIESDEEIRR) (B) ELF4 (S45, NRSLIQQVNDNHQSR) (C) CESA3 

(S151, QDTSGEFSAASPER) (D), (E) CC1 (S20, TDSEVTSLAASSPARSPR) and (S30, RPVYYVQSPSR) (F) 

TOT3L5 (S674, RAPSFSGPLNLSTR) The same phosphosite may be downregulated in the tot3-2 mutant 

background. p-values from the two-way ANOVA tests are indicated. 
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Dynamic Bayesian inference reveals temperature-dependent rewiring of phosphonetwork 

The machine learning algorithm used for the dynamic Bayesian network inference has 

been described previously and successfully applied for transcriptional data that 

combined both spatial and temporal gene expression [21]. Given the small size of the 

phosphoproteome dataset corrected for protein abundance, the non-normalized 

significantly deregulated phosphosites (353 phosphosites) were used. Here, protein 

kinases and protein phosphatases are given as a priori knowledge, so that inferred 

interactions will be directed from the kinases or phosphatases. In this context, a change 

in phosphorylation status of 21 protein kinases and 2 phosphatases in the dataset was 

assumed to correlate with a change in their activity and subsequently with the 

phosphorylation status of their potential downstream targets. The inferred regulatory 

relations are categorized as early, intermediate or late responses (blue, red and green, 

respectively, in Figure 5-7). 

In total, this approach could infer 320 nodes in the networks for both 

temperatures and 1179 regulatory relations between a kinase/phosphatase and a 

potential downstream target were inferred. Among these, only 49 were commonly found 

for both 21 °C and 28 °C and the same time windows (Figure 5, Table S4), while 500 were 

uniquely inferred for 21 °C (Figure 6, Table S6) and 630 uniquely for 28 °C (Figure 7, 

Table S7). At 21 °C, 137 edges for the early time points (between 15 and 30 min), 155 edges 

for the intermediate time points (between 30 and 120 min) and 208 edges for the latest 

time points (120-960 min) were identified. At 28 °C, 248 edges for the early time points, 

186 for the intermediate, and 196 for the latest time points were identified.   

 

 

 

Figure 5. Inferred regulation network with common interactions at both 21 °C and 28 °C. The edge 

thickness is proportional to the confidence of the prediction (0.0-1.0). 
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Figure 6. Inferred regulation network demonstrates the phosphorylation dynamics over the time 

course at 21 °C. The edge thickness is proportional to the confidence of the prediction (0.0-1.0). 

 

The small number of common edges and much larger number of distinct edges 

between the two temperatures (Figure 5-7) suggested a major change of the 

phosphorylation landscape in Arabidopsis upon high-temperature exposure. This is 

reflected in changes in two different molecular processes: (1) the temperature-

dependent appearance of new kinase-target interactions or (2) a temperature-

dependent temporal shift of the common kinase–target pairs. 

For example, in the first case, the protein kinase LysM RLK1-interacting kinase 1 

(LIK1) was commonly inferred for both 21 °C and 28 °C in the same time window (120-

960 min for LIK1). Common edges originating from LIK1 existed for both temperatures 

(Figure 5, Table S4). However, LIK1 displayed a distinct set of potential downstream 

targets for each temperature (Figure 6-7). Another example is the phytochrome-
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associated protein phosphatase type 2C (PAPP2C). At 21 °C, PAPP2C was predicted to be 

the common target of several kinases in both the early and intermediate time window 

(Figure 6, overlap between red and blue zone). However, at 28 °C, PAPP2C was predicted 

to be a central hub that regulates phosphorylation of numerous targets (Figure 7). The 

two examples demonstrated that the appearance of new regulatory edges might be one 

of the mechanisms involved in thermal reprogramming of the Arabidopsis 

phosphosphoproteome. 

 

Figure 7. Inferred regulation networks demonstrate the phosphorylation dynamics over the time 

course at 28 °C. The edge thickness is proportional to the confidence of the prediction (0.0-1.0). 

 

Further, high temperature also induced temporal rewiring of regulatory regions 

already present at lower temperature. For example, at 21 °C, TOT3L5 exhibited regulatory 

edges for the intermediate and the late time windows (Figure 7, overlap between red and 

green zone). However, at 28 °C, TOT3L5 was shifted to the earliest time windows, 
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correlating with the observation that TOT3L5 phosphorylation peaked at 15 min at this 

temperature (Figure 4F). This suggested a role for TOT3L5 as an early regulator of high 

temperature signalling. Interestingly, in addition to a set of distinct potential targets 

induced by high temperature, a set of connected nodes were commonly inferred for 

TOT3L5 at both 21 °C and 28 °C, but found at different time windows. Therefore, 

temperature may induce a temporal shift of phosphorylation of these proteins, likely via 

a temperature-dependent protein kinase such as TOT3L5. Opposite to TOT3L5, a shift 

from early to late response upon high temperature exposure was found for the 

uncharacterized protein kinase AT5G56890. At 21 °C,  AT5G56890 exhibited regulatory 

edges between 15 min and 30 min (Figure 6, blue), while at 28 °C, the regulations for the 

same kinase are inferred only for the later time windows, with several potential targets 

common for both temperatures (Figure 7, overlap between red and green zone). 

Taken together, dynamic Bayesian network inference was successfully 

implemented to predict the rewiring of phosphonetworks controlled by temperature.  

 

CONCLUSION 

So far, network inference for post-translational protein modifications based on large-

scale data has not been routinely performed in plants. In this study, dynamic Bayesian 

network inference and MS-based phosphoproteomics were integrated to predict 

regulatory phosphonetworks underlying the high temperature response. The protein 

kinase TOT3L5, which has been identified as an interactor of the protein kinase TOT3, 

emerged as a regulatory hub for temperature-dependent phosphorylation. The inferred 

networks also provide other potential regulatory kinases for validation in future high 

temperature signalling research. Despite several limitations (see General Discussion, p. 

201), the results paved the way for similar integrative approaches to be implemented in 

future studies. 

 

MATERIALS & METHODS 

 

Plant materials and growth conditions 

Col-0 seeds were gas sterilized, sown on horizontal plates and vernalized at 4 °C for 24 h, and then 

transferred to 21 °C for germination for 48 h. Plates were then transferred to the short-day condition of 

8 h light/16 h dark (100 μE m-2 s-1 photosynthetically active radiation, supplied by cool-white fluorescent 

tungsten tubes, Osram), and 65–75% air humidity.  
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Temperature treatment 

After 7 DAG, temperature treatment was performed by tranferring seedlings to 21 °C and  28 °C at the 

beginning of the dark phase of the photoperiod. Seedlings were collected for RT-qPCR analysis or for 

phosphoproteome analysis. 

 

RT-qPCR 

Three biological replicates were used per time point. RNA was extracted and purified with the RNeasy 

Mini Kit (Qiagen) according to the manufacturer’s instruction for plant RNA extraction. DNA digestion 

was done on columns with RNase-free DNase I (Promega). The iScript cDNA Synthesis Kit (Biorad) was 

used for cDNA synthesis from 1 μg of RNA. qRT-PCR was performed on a LightCycler 480 (Roche 

Diagnostics) in 384-well plates with LightCycler 480 SYBR Green I Master (Roche) according to the 

manufacturer's instructions. Two housekeeping genes, the ACTIN-RELATED PROTEIN 7 (ARP7) and the 

TRANSLATIONAL ELONGATION FACTOR ALPHA (EF1α), were used for normalization of the expression level 

of the tested genes. All the primers are listed in Supplemental Table S8. 

  

Protein extraction and phosphopeptide enrichment 

1 g of seedlings was used for the preliminary phosphoproteome analysis, and 1 mg of proteins was 

processed for phosphopeptide enrichment. For the full experiment, 5 mg total protein extract was used 

and phosphopeptide enrichment was conducted on four biological replicates per time point per 

temperature according to our previously described procedure [26].  

 

LC-MS/MS analysis 

The LC-MS/MS analysis for the preliminary phosphoproteome analysis was performed as described 

before with a short LC gradient and MS/MS analysis time [42]. For the full experiment of the four selected 

time points, a longer LC gradient and MS/MS analysis time were applied [26].  

 

Database searching 

MS/MS spectra were searched against the TAIR10 database for Arabidopsis thaliana (34 509 entries, 

version November, 2014) [43] with the MaxQuant software (version 1.5.4.1), a program package allowing 

MS1-based label-free quantification [44,45]. MaxQuant settings can be found in the Supplementary 

Information. Next, the ‘Phospho(STY).txt’ output file generated by the MaxQuant search was loaded into 

the Perseus data analysis software (version 1.5.5.3) available in the MaxQuant package. Proteins that were 

quantified in at least two out of three replicates from each temperature were retained. Log2 protein ratios 

of the protein LFQ intensities were centred by subtracting the median of the entire set of protein ratios 

per sample. All the phosphosites with at least 3 valid values out of 4 biological replicates of at least one 

treatment (at one time point and at one temperature) were retained (reproducibly quantified 

phosphosites) for statistical analysis. 

 

Statistical analysis 

The experiment was laid out in a completely randomized design with four replicates. Each phosphosite 

was analyzed separately by fitting a linear mixed model of the following form:  

yjkl = µ + βj + γk + (βγ)jk + δl + εjkl , where  
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yjkl = the log-transformed intensity measured in the l-th replicate (l = 1…4)  at the j-th temperature (j = 

1…2; 21 °C and 28 °C) at the k time point (k = 1…4; 15, 30, 120 and 960 min).  

 

The fixed part of the model consists of 

µ  = the overall constant (general mean) 

βj = the main effect of the j-th temperature 

γk = the main effect of the k-th time, and  

 (βγ)jk  , their interaction. 

 

The random model terms, assumed to follow a normal distribution with zero mean and variance σ2, are 

 

δl = the effect of the replicate l, and 

εjkl = the random error (i.e. residual) for sample jkl. 

  

To examine to what extent significant changes observed in phosphorylation abundances in 

response to temperature and time were independent from changes in protein level, phosphosite 

intensities and LFQ intensities quantities were analyzed jointly and the linear mixed model described 

above was extended as follows:   

 

yijkl = µ + αi + βj + γk +  (αβ)ij +(αγ)ik + (βγ)jk + (αβγ)ijk + δl + εijkl , where  

yijkl = the log-transformed LFQ intensity of the peptide or phosphopeptide quantity measured in sample 

jkl.  

αi = is the additional main term modeling the phosphorylation effect, (αβ)ij , (αγ)ik , (βγ)jk  and (αβγ)ijk are 

the additional interactions, and εijkl  the random error (i.e. residual) for sample ijkl. 

Both linear mixed models were fitted by the residual maximum likelihood (REML) approach as 

implemented in Genstat v19 (www.genstat.co.uk). Significances of the fixed main effects and their 

interactions were assessed by an F-test and corresponding false discovery rates (FDR) were calculated 

by modelling the probabilities as a mixture distribution as implemented in Genstat v19. 

  

Network Inference 

The machine learning algorithm used for the dynamic Bayesian network inference has been described 

previously [21]. Here, protein kinase and protein phosphatase identities are given as prior knowledge for 

the network inference. First, phosphosites are grouped according to the time point and temperature 

where the phosphorylation abundance peaked. Dynamic Bayesian inference was then applied to calculate 

probabilities of the relation between the phosphosites within each group. The resulted networks were 

visualized in Cytoscape v3.7.0 [46]. 

SUPPLEMENTARY INFORMATION 

Supplementary data of this chapter can be accessed at 

https://floppy.psb.ugent.be/index.php/s/EiCMjHGSJOeEssX 

Table S1. Phosphosites and phosphoproteins found in the four major clusters of the 

preliminary phosphoprofiling experiment 
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Table S2. Significantly deregulated phosphosites from two-way ANOVA (p<0.05).  

Table S3. Significantly deregulated phosphosites from two-way ANOVA (p<0.01), when 

analyzed jointly with the proteome data 

Table S4. Common edges of inferred networks for 21 °C and 28 °C 

Table S5. Unique regulatory edges inferred for 21 °C 

Table S6. Unique regulatory edges inferred for 28 °C 

Table S7. Predicted targets of TOT3L5 at 21 °C (left) and 28 °C (right). Common targets 

of both temperatures are highlighted in bold and italic. 

Table S8. List of primers used in this work 

 

 
Figure S1: The sequence window around S464 and S467 in AT3G54760 are highly conserved among  

Brassicaceae 
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Wheat is a cereal grain and one of the world's major food crops. Recent advances in wheat genome 

sequencing are by now facilitating its genomic and proteomic analyses. However, little is known 

about possible differences in total protein levels of hexaploid versus tetraploid wheat cultivars, 

and also knowledge of phosphorylated wheat proteins is still limited. Here, we performed a 

detailed analysis of the proteome of seedling leaves from two hexaploid wheat cultivars (Triticum 

aestivum L. Pavon 76 and USU-Apogee) and one tetraploid wheat (T. turgidum ssp. durum cv. 

Senatore Cappelli). Our shotgun proteomics data revealed that, whereas we observed some 

significant differences, overall a high similarity between hexaploid and tetraploid varieties with 

respect to protein abundance was observed. In addition, already at the seedling stage, a small set 

of proteins was differential between the small (USU-Apogee) and larger (Pavon 76) hexaploid 

wheat cultivars, which could potentially act as growth predictors. Finally, the phosphosites 

identified in this study can be retrieved from the in-house developed plant PTM-Viewer, making 

this the first searchable repository for phosphorylated wheat proteins. This paves the way for 

further in depth, quantitative (phospho)proteome-wide differential analyses for a specific 

trigger or environmental change. 

 

WHY WHEAT (PHOSPHO)PROTEOMICS? 

The widespread cultivation since centuries has firmly established wheat (Triticum ssp.) as 

one of the most important human food sources as well as livestock feed, especially in 

temperate climate areas. Currently, worldwide wheat agriculture is overwhelmingly 

composed of the common wheat (Triticum aestivum) which accounts for 95% of wheat 

production, whereas most of the remaining 5% is attributed to durum wheat (Triticum 

turgidum ssp. durum) [1,2]. The genome of domestic wheat consists of DNA from two 

progenitor species in the case of T. turgidum (AABB), which gives rise to the hexaploid T. 

aestivum (AABBDD) by hybridization with the diploid grass Aegilops tauschii [1]. The crop 

has shown to be sensitive to a wide range of environmental stresses [3–5]. Despite its 

significance in agriculture, the complex polyploid nature and its large genome size have 

remained a challenge for the acquisition of the domestic wheat sequence, which in turn 

brings difficulties to high-throughput, omics-type of experiments. However, recent 

advances in wheat genome analysis (http://www.wheatgenome.org/) now provide a 

starting point for detailed and global analyses. 

The unique character of protein dynamics, defined by protein-protein 

interactions and post-translational modifications of various amino acids, makes 

proteins the key controllers or regulators in a vast number of cellular processes. It is 

therefore important to understand plant growth, development and responses to the 
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environment on the protein level. The recent years have witnessed a steady increase in 

the application of mass spectrometry (MS)-based proteomics in wheat. Such studies 

were mostly aiming at revealing key pathways and regulators involved in developmental 

processes or in stress response [6–8]. Recent advances in bioinformatics have enabled 

label-free protein quantification (LFQ), which circumvents metabolic labelling of plant 

proteomes such as stable isotopic labelling in planta (SILIP) which uses growth media 

enriched in 14N- or 15N-coded salt [9–11]; or post-metabolic labelling of proteins and 

peptides (e.g., using isobaric tags for relative and absolute quantitation (iTRAQ) or 

tandem mass tags (TMT)), and further allows for the simultaneous analysis of higher 

numbers of samples [12–14]. Label-free protein quantification is not limited to shotgun 

proteomics experiments, but proved to allow quantifying post-translational 

modifications (PTMs) in plant proteomes, thus allowing integrative in-depth analyses 

of protein levels and their modifications [15–17]. This approach of simultaneously 

analyzing the phosphoproteome and the proteome was demonstrated in several studies 

[18–22], whereas the actual proteome dataset was rather rarely used for correcting 

changes in phosphopeptide levels to changes in the overall protein levels [21,22]. 

Plant (phospho)proteome databases have accumulated a large amount of 

information on the dicot model plant Arabidopsis thaliana and the cereal crop plant Oryza 

sativa, largely due to their completely sequenced genomes, and, to a much lesser extent, 

also for several other species [21,23–25]. However, while (phospho)proteomics in wheat 

is emerging [7,8,26–29], it is still in its infancy and information on the wheat proteome 

and phosphoproteome remains limited. Recently, however, an important step forward 

came from an extensive Triticum aestivum proteomic map of different organs and 

developmental stages [30]. 

To gain insight into the proteome of tetraploid versus hexaploid wheat cultivars, 

and potentially into the contribution of the genome to protein abundance, and to extend 

our knowledge of phosphorylated wheat proteins, we applied our recently developed 

(phospho)proteomics workflow [21]. We report on the limited differences between the 

proteomes of the wheat selected cultivars, suggesting that candidate protein discovery 

for further characterization can be done in either of these. In addition, we aimed to assess 

the possibility of identifying protein-level growth predictors by comparing a small and a 

large wheat cultivar, at a seedling stage where they are largely similar. Finally, there is – 

to the best of our knowledge – no searchable plant database available that holds 

information about wheat phosphoproteomes and that can further be readily queried by 

the general research community. In order to accommodate the growing interest in crop 

PTM-proteomics and we added the phosphorylated wheat proteins identified in this 
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study to our previously initiated plant PTM Viewer (https://dev.bits.vib.be/ptm-

viewer/index.php). 

RESULTS AND DISCUSSION 

Experimental setup  

For our analyses, we chose to focus on three wheat cultivars, namely the traditional 

tetraploid durum wheat (Triticum turgidum ssp. durum cv. Senatore Cappelli) and two 

hexaploid bread wheats (T. aestivum L. USU-Apogee and T. aestivum L. Pavon 76). T. 

aestivum L. Pavon 76 is semi-dwarf wheat cultivar that is commonly used in breeding and 

crossing programs [31]. USU-Apogee is a common spring wheat cultivar developed for 

high yields in controlled environments [32,33]. Compared to other dwarf wheat variants, 

USU-Apogee shows advantageous features for laboratory-scale research such as a rapid 

growth rate and an early flowering time (23 days after seedling emergence in continuous 

light at a constant temperature of 25°C). In addition, this cultivar is resistant to leaf tip 

chlorosis that usually occurs in wheat under rapid growth conditions. The autumnal 

cultivar T. turgidum ssp. durum cv. Senatore Cappelli, an indigenous and ancient variety 

of durum wheat, was the only durum variant with brittle rachis used in the Italian 

breeding program [34]. 

 

Figure 1. Different wheat cultivars used in this study. Seedlings are depicted at 5 days after germination. 

 

To compare the different variants, we opted to sample shoot (leaf) material from 

7 day-old seedlings (Figure 1). We then subjected this material to our recently developed 
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(phospho)proteomics workflow [21] to map the proteome and the phosphoproteome in 

the leaves (Figure 2). 

 

Figure 2. (Phospho)proteomic workflow used in this study. Wheat seedling leaves were sampled. 

 

Comparative proteome data analysis 

Shotgun proteomics resulted in 282460 identified MS spectra that could be matched to 

22578 peptides which were assigned to 4450 protein groups. Further filtering for 

proteins present in at least 3 out of 6 replicates in one of the cultivars and in at least one 

cultivar resulted in 2449 quantifiable proteins (Supplementary Table S1). A majority, 

namely 1944 of these reproducibly quantified proteins (79.3%), was found in all three 

cultivars (Figure 3). 
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Figure 3. Venn diagram representing the number of reproducibly quantified proteins for each wheat 

cultivar. 

 

To obtain insight into the content of the wheat proteome dataset, we performed 

GO analyses using the PLAZA 3.0 workbench for monocots, a versatile and freely 

accessible online tool for analysis and visualization of plant omics data [35]. When 

functional annotation for an analysed species is lacking, processing of proteome data 

usually involves searching for sequence homologs (via BLAST) of identified proteins in 

databases of related species with a sufficiently annotated genome to extract functional 

information. Whereas the genome sequence and annotation for other members of the 

Triticum genus does (at the moment) not exist in PLAZA 3.0, the database includes 

members of the Pooideae (true grass) family (such as Brachypodium distachyon and 

Hordeum vulgare) and also the cultivated rice (Oryza sativa) from the Oryzoideae 

subfamily in the Bambusoideae, Oryzoideae and Pooideae clade. O. sativa ssp. japonica 

exhibits the highest numbers of GO terms as well as GO terms inferred from experimental 

evidences, and hence provided the most suitable database for the BLAST searches. In 

total, 2438 out of 2449 quantified wheat proteins could be matched to 1964 Oryza sativa 

proteins (e-value < 10-5). The lower number of O. sativa proteins that could be linked to 

the identified wheat proteins might be explained by the polyploidy of the domestic 

wheat, which often expresses homoeologous genes from two or three homoeoloci [36], 

or by the quality of the search database. The results revealed that proteins involved in 

biological processes, such as response to abiotic stimulus, amino acid metabolism and 

carbohydrate metabolism, are among the most present; while molecular functions were 

predicted to be involved in nucleotide binding, protein binding, RNA binding, transport 
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activity, kinase activity, phosphatase activity and enzyme regulator activity. Among all 

cellular components, ‘plastid’ was predicted to have the largest number of identified and 

quantified proteins (Figure 4).  Overall, we were able to gain insight into the proteome 

data, which is covering the expected protein groups. 

 

 
Figure 4. GO categorization of quantifiable proteins in the three wheat cultivars. 

 

In total, 7150 missing intensities were replaced by values derived from the normal 

distribution. Subsequently, statistical multiple-sample testing (p < 0.05) on the imputed 

data revealed 73 proteins (out of 2449) that were significantly differentially abundant 

between the wheat cultivars (Figure 5 and Supplementary Table S2). Hierarchical 

clustering of these 73 proteins based on their Z-scored log2 LFQ intensities showed a 

distinct difference in abundance of these proteins between T. turgidum ssp. durum cv. 

Senatore Cappelli samples and the hexaploid wheat samples. As expected, the two 

hexaploid cultivars exhibit a great similarity in abundance of these proteins with a few 

exceptions. A mean distance threshold for clustering of 0.30 divided the 73 proteins into 

5 terminal nodes representing 5 distinct sub-clusters holding proteins with differences 

in their abundance. The largest cluster (cluster II) contained 39 proteins that are less 

present in T. turgidum ssp. durum cv. Senatore Cappelli. Subsequent GO analysis of cluster 

II – using all the quantified proteins as background model (p ≤ 0.01) – showed a 40-fold 

enrichment of proteins involved in oxylipin biosynthesis (Supplementary Table S3). 

Oxylipins, for example jasmonic acid, are known as important signalling molecules 

during growth and especially in stress responses and innate immunity [37]. Noticeably, 

four putative linoleate 9S-lipoxygenases (W5BZ90, W5BBF4, W5G4K3 and W5F9D7; 

Supplementary Table S2) that might play a role in stress-responsive oxylipin 

metabolism were more abundant in the hexaploid cultivars. In contrast, cluster V (24 

proteins) contains proteins with higher abundance in the tetraploid wheat. Here, GO 

analysis on cluster V resulted in lignin biosynthesis as the only enriched specific term of 

biological processes, representing proteins with higher abundance in T. turgidum ssp. 

durum cv. Senatore Cappelli (Supplementary Table S3). 
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Figure 5. Heat-map representing the proteins with significant different abundances in the technical 

replicates with the respective biological replicates of the wheat variants from the proteome analysis. 

Imputed Log2-Intensities of the proteins were Z-scored for the clustering. Wheat IDs are shown and 

protein description taken from the orthologs in Oryza sativa can be found in Supplementary Table S2. 

 

Three much smaller clusters, cluster I (2 proteins), III (4 proteins) and IV (4 

proteins), displayed proteins with different levels between the two hexaploid wheat 

cultivars. Possibly, these differences represent different response potential to 

environmental triggers, or underlie the growth potential of the two T. aestivum variants, 

making them useful growth predictors at an early seedling stage. For example, cluster I 

contained an HSP70-family DnaK chaperone (D3YE92) and the salt stress root protein 

(RS1) (W5DJR4) that were more present in T. aestivum L. USU-Apogee compared to T. 

aestivum L. Pavon 76 (8.3- and 17.2-fold, respectively) and compared to T. turgidum ssp. 

durum cv. Senatore Cappelli (10.2- and 18.8-fold, respectively), possibly helping the 
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plants to anticipate and/or survive stressful growth conditions. On the other hand, 

cluster IV contained two redox-active enzymes, an isoflavone reductase homolog 

(W5A5F4) and an quinone-oxidoreductase homolog (W5APP4) that were more abundant 

in T. aestivum L. Pavon 76 compared to T. aestivum L. USU-Apogee (3.4 and 5-fold, 

respectively) and compared to T. turgidum ssp. durum cv. Senatore Cappelli (4.7 and 3.8-

fold, respectively). In this context, it has, for example, been shown in rice that the 

expression of the isoflavone reductase gene OsIRL is induced by oxidants [38]. Hence, 

accumulation of isoflavone reductase proteins might increase oxidative stress tolerance 

in the cultivar. Overall, it seems thus tempting to speculate that the difference between 

the wheat cultivar proteomes might result from distinct developmental or physiological 

traits, reflected for instance in the different abundance of proteins involved in secondary 

metabolism, but this might also hint to differences in the resistance to environmental 

stresses of different wheat cultivars, especially between tetraploid and hexaploid wheat 

[39–41]. 

Some of the differences identified in this study might allow increasing our insight 

into genome interaction in protein expression. Although for some proteins large 

differences between tetraploid and hexaploid wheat varieties have been detected [42], 

our study seems to suggest that this cannot be generalized. 

 

 Salt stress tolerance of USU-Apogee and Pavon 76 seedlings 

It has been previously shown that hexaploid wheat is more tolerant to salt than the 

tetraploid cultivar [43,44]. This has been attributed – in part – to the HIGH-AFFINITY 

K+ TRANSPORTER 1;5 (HKT1;5) [44]. Strikingly, cluster I also shows a remarkable 

difference between the hexaploid cultivars in RS1 levels, which plays a role in salt 

response in barley and tomato [45,46]. There might thus also be a salt response 

difference between T. aestivum Pavon 76 and USU-Apogee. We therefore tested this 

hypothesis in view of the physiological response of seedlings from the two cultivars 

under salt stress. T. aestivum Pavon 76 and USU-Apogee seedlings were grown in the 

presence of 100 mM salt, which is considered an intermediate osmotic stress, but for 

young seedlings this concentration might present an osmotic shock [47]. Based on the 

order of magnitude of the difference in RS1 protein abundance we detected between the 

cultivars, it was expected that the T. aestivum USU-Apogee cultivar would be more 

tolerant to salt stress, whereas the T. aestivum Pavon 76 cultivar would be less tolerant. 

Indeed, while the development of T. aestivum USU-Apogee seedlings was rather mildly 

reduced, salt stress strongly arrested the development of T. aestivum Pavon 76 seedlings 

(Figure 6A). Shoot length quantification showed a strong decrease in shoot growth, 

namely almost 95% in T. aestivum Pavon 76 seedlings under salt stress versus the control 
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condition, while the T. aestivum USU-Apogee seedlings showed a much less severe 

decrease of just 40% (Figure 6B). In conclusion, our comparative proteomics approach 

and dataset is a powerful tool to predict growth and stress responses of T. aestivum 

cultivars, and for the discovery of genes and proteins associated with these responses. 

 

Figure 6. Salt stress tolerance in T. aestivum Pavon 76 and USU-Apogee seedlings. (A) Representative 

picture of 14 day-after-treatment seedlings of the cultivars under control and salt stress conditions. (B) 

Shoot length quantification of T. aestivum Pavon 76 and USU-Apogee seedlings (n = 8 for USU-Apogee 

and 4 for Pavon 76). Error bar indicates standard error. 

 

 Identification of phosphorylated proteins 

Through Ti-IMAC enrichment and subsequent LC-MS/MS analysis, we identified 376 

phosphopeptides containing 483 phosphorylated sites, representing 291 

phosphoproteins in the samples of all three wheat cultivars (Supplementary Table S4). 

In general, we detected 85% pS, 13% pT and 2% pY phosphosites. Compared with another 

study that was performed on young seedling leaves of two T. aestivum cultivars [48], 

there was an overlap of 128 phosphosites, implying that 355 phosphosites were uniquely 

identified in our experiment (Supplementary Table S5). Filtering for phosphosites with 

at least 3 intensities out of 6 replicates in at least one of the samples resulted in 289 

phosphosites. The overlap of these sites between the three wheat varieties was large with 

152 phosphosites common to all three cultivars (Figure 7A), and none of the 

phosphosites were statistically significantly different between the wheat variants 

according to a multiple sample test (FDR<0.05). 



168 | CHAPTER 7 
 

To date, many kinase-specific phosphorylation motifs have been identified in 

plants. We used the identified phosphosites to reveal potential phosphorylation motifs 

and associated active kinases through a Motif-X analysis (Figure 7B). Due to the small 

number of identified sites, no motif-enrichment for phosphothreonine and 

phosphotyrosine was found. Among the motifs for phosphoserine, the proline-directed 

motif [sP] was the most enriched. Peptides containing this motif are known as important 

substrates for MAP-kinases (MAPKs), sucrose non-fermenting1- related protein kinase 

2 (SnRK2), receptor-like kinases (RLKs), AGC family protein kinases PKA, PKG and PKC, 

CDKs (cyclin-dependent kinases), CDPKs (calcium-dependent protein kinases) and SLKs 

(STE20-like kinases). Furthermore, the common acidic motif [sD] and its submotif 

[sD.E], which are known to be the target of CDPKs among others, were also enriched; 

while [R..s] was the only basic motif found in the analysis. 

 

Figure 7. (A) Venn diagram representing the numbers of reproducibly quantified phosphosites in each 

wheat variant. (B) Motif-X analysis for amino acid motif enrichment around the identified phosphosites. 

. 

 Recently, we developed the PTM Viewer  [21] which we keep up to date and which 

can be used to query PTMs in plants (https://dev.bits.vib.be/ptm-viewer/index.php). The 
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phosphorylated proteins identified in wheat in this work have been added to that 

database and are publically available. As such, this is the first repository for identified 

phosphorylated wheat proteins. 

 

CONCLUSION 

The objective of this research was to perform proteome analysis in wheat and to estimate 

the differences between T. aestivum and T. turgidum ssp. durum at the proteome level. 

Furthermore, we also aimed to apply our phosphoproteomics pipeline to report a number 

of phosphosites, some uniquely identified in this study, which now can be consulted in 

the plant PTM Viewer. Using a straightforward and streamlined platform that was 

previously adapted for quantitative (phospho)proteomics in Arabidopsis and maize, we 

identified 4450 proteins by shotgun proteomics and 483 phosphosites by 

phosphoproteomics, from which 2449 proteins (51.8%) and 289 phosphosites (59.8%) 

allowed for quantitative analysis. In addition, our results suggested a large overlap 

between the wheat cultivars with respect to detectable (phosphorylated) proteins, 

suggesting research-focused discovery does not necessarily have to be on the 

economically most relevant wheat variety. Furthermore, our shotgun proteomics 

allowed identifying putative growth predictors in wheat and/or likely candidates 

explaining differential responses to environmental triggers. Finally, our dataset 

comparing tetraploid and hexaploid wheat proteomes is the starting point to look at 

genome interactions in protein expression. 

 

MATERIALS & METHODS 

Wheat plant materials and growth conditions 

Seeds of two common bread wheat cultivars (T. aestivum), the dwarf USU-Apogee and the semi-dwarf 

Pavon 76, and the durum wheat (T. turgidum ssp. durum) cultivar Senatore Cappelli were surface 

sterilized by washing with 70% ethanol, followed by immersion in 5% sodium hypochlorite for 30 min 

and were finally washed 3 times with MilliQ water. Seeds were submerged in water and stratified in the 

dark at 4°C for 7 days to synchronize the germination process. Next, seeds were put in plastic boxes 

containing half-strength Murashige and Skoog (1/2 MS) supplemented with 0.8% agar and seedlings 

were grown at 21°C and under constant white light (100 μE m–2 s–1 photosynthetically active radiation, 

supplied by cool-white fluorescent tungsten tubes, Osram) for 5 days. The shoots of seedlings from 

uniformly germinated seeds were collected and frozen in liquid nitrogen. 

 

Salt treatment 

Surface sterilized T. aestivum cv. USU-Apogee and Pavon 76 seeds were germinated on 1/2 MS medium 

containing 0.8% agar. Two days after germination, seedlings uniform in size were transferred to test 

tubes containing full strength MS medium with 30 g/L sucrose and 0.8% agar with or without 100mM 

NaCl. Plant growth was evaluated 14 days after the transfer. Shoot length (top of the longest leave up to 
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junction with primary root) was recorded as representable measures for plant growth in the 

presence/absence of salt. 

  

Protein extraction and phosphopeptide enrichment 

Protein extraction was performed on three biological replicate samples (leaf material from independent 

plants) per wheat cultivar. One gram of finely ground plant material was suspended in homogenization 

buffer containing 50 mM Tris-HCl buffer (pH 8), 30% sucrose, 5 mM EDTA and 1 mM DTT in Milli-Q 

water, to which the appropriate amounts of the cOmplete™ protease inhibitor mixture (Roche) and the 

PhosSTOP phosphatase inhibitor mixture (Roche) were added. The samples were sonicated on ice and 

centrifuged at 4°C for 15 min at 2500×g to remove debris. Supernatants were collected and a 

methanol/chloroform precipitation was carried out by adding 3, 1 and 4 volumes of methanol, 

chloroform and water, respectively. Samples were centrifuged for 10 min at 5000×g and the aqueous 

phase was removed. After addition of 4 volumes of methanol, the proteins were pelleted via 

centrifugation for 10 min at 2500×g. Pellets were washed with 80% acetone and re-suspended in 6 M 

guanidinium hydrochloride in 50 mM triethylammonium bicarbonate (TEAB) buffer (pH 8). Alkylation 

of cysteines was carried out by adding a combination of tris(carboxyethyl)phosphine (TCEP, Pierce) and 

iodoacetamide (Sigma-Aldrich) to final concentrations of 15 mM and 30 mM respectively, and the 

samples were incubated for 15 min at 30°C in the dark. Before digestion, the samples were buffer-

exchanged to 50 mM TEAB buffer (pH 8) using Illustra NAP-10 columns (GE Healthcare Life Sciences). 

The protein concentration was measured using the Bio-Rad Protein Assay. One mg of protein material 

was digested with the mass spectrometry grade trypsin/endoproteinase-Lys-C mix (Promega) 

overnight at 37°C at an enzyme-to-substrate ratio of 1:100 (w:w). The digest was acidified to pH ≤ 3 with 

trifluoroacetic acid (TFA) and desalted using SampliQ C18 SPE cartridges (Agilent) according to the 

manufacturer’s guidelines. For phosphopeptide enrichment, the desalted peptides were fully dried in a 

vacuum centrifuge and then re-suspended in 130 µl of loading solvent [80 % (v/v) acetonitrile, 5 % (v/v) 

TFA]. For shotgun proteome analysis, 30 µl was vacuum dried and re-dissolved in 30 μl of 2% (v/v) 

acetonitrile and 0.1% (v/v) TFA. 

For phosphopeptide enrichment, 100 µl of the re-suspended peptides was incubated with 1 mg 

MagReSyn® Ti-IMAC microspheres for 20 min at room temperature. The microspheres were washed 

once with wash solvent 1 (80% acetonitrile, 1% TFA, 200 mM NaCl) and twice with wash solvent 2 (80% 

acetonitrile, 1% TFA). The bound phosphopeptides were eluted with three volumes (80 µl) of a 1% NH4OH 

solution, immediately followed by acidification to pH ≤ 3 using formic acid. Prior to MS analysis, the 

samples were vacuum dried and re-dissolved in 50 μl of 2% (v/v) acetonitrile and 0.1% (v/v) TFA. 

 

LC-MS/MS analysis 

Each sample was analysed twice (i.e. in two technical replicates) via LC-MS/MS on an Ultimate 3000 

RSLC nano LC (Thermo Fisher Scientific) in-line connected to a Q Exactive mass spectrometer (Thermo 

Fisher Scientific). The sample mixture was first loaded on a trapping column (made in-house, 100 μm 

internal diameter (I.D.) × 20 mm, 5 μm C18 Reprosil-HD beads, Dr. Maisch, Ammerbuch-Entringen, 

Germany). After flushing from the trapping column, the sample was loaded on an analytical column 

(made in-house, 75 μm I.D. × 150 mm, 3 μm C18 Reprosil-HD beads, Dr. Maisch). Peptides were loaded 

with loading solvent A (0.1% TFA in water) and separated with a linear gradient from 98% solvent A’ 

(0.1% formic acid in water) to 55% solvent B′ (0.1% formic acid in water/acetonitrile, 20/80 (v/v)) over 
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170 min at a flow rate of 300 nL/min. This was followed by a 5 min wash reaching 99% of solvent B’. The 

mass spectrometer was operated in data-dependent, positive ionization mode, automatically switching 

between MS and MS/MS acquisition for the 10 most abundant peaks in a given MS spectrum. The source 

voltage was 3.4 kV and the capillary temperature was set to 275°C. One MS1 scan (m/z 400-2000, AGC 

target 3 × 106 ions, maximum ion injection time 80 ms) acquired at a resolution of 70000 (at 200 m/z) 

was followed by up to 10 tandem MS scans (resolution 17500 at 200 m/z) of the most intense ions 

fulfilling predefined selection criteria (AGC target 5 × 104  ions, maximum ion injection time 60 ms, 

isolation window 2 Da, fixed first mass 140 m/z, spectrum data type: centroid, under fill ratio 2%, 

intensity threshold 1.7x104, exclusion of unassigned, 1, 5-8, >8  charged precursors, peptide match 

preferred, exclude isotopes on, dynamic exclusion time 20 s). The HCD collision energy was set to 25% 

Normalized Collision Energy and the polydimethylcyclosiloxane background ion at 445.120025 Da was 

used for internal calibration (lock mass). 

 

Database searching and statistical analysis 

MS/MS spectra were searched against the UniProtKB Triticum aestivum database (100641 entries, version 

08.2015) with the MaxQuant software (version 1.5.3.8) with a precursor mass tolerance set to 20 ppm for 

the first search (used for nonlinear mass re-calibration) and to 4.5 ppm for the main search. Trypsin was 

selected as enzyme setting. Cleavages between lysine/arginine-proline residues and up to two missed 

cleavages were allowed. S-carbamidomethylation of cysteine residues was selected as a fixed 

modification and oxidation of methionine residues was selected as a variable modification. The false 

discovery rate for peptide and protein identifications was set to 1%, and the minimum peptide length 

was set to 7. The minimum score threshold for both modified and unmodified peptides was set to 30. The 

MaxLFQ algorithm allowing for label-free quantification [49] and the ‘matching between runs’ feature 

were enabled. For calculation of protein ratios, both unique and razor peptides (non-unique peptides 

that are assigned to a protein group with the largest number of identified peptides) were selected. It is 

important to note that it is a challenge to determine the exact contribution of each chromosome to the 

abundance of homeologous proteins due to the highly homologous sequences, because it usually 

requires unique peptides for protein identification and quantification to distinguish these homeologs. 

All mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the 

PRIDE partner repository [50,51] with the dataset identifier PXD005437. Next, the ‘ProteinGroups’ 

output file generated by the MaxQuant search was loaded into the Perseus (version 1.5.2.6) data analysis 

software available in the MaxQuant package. Proteins that were quantified in at least 3 out of 6 replicates 

of at least one cultivar were retained. Log2 protein ratios of the protein LFQ intensities were centred by 

subtracting the median of the entire set of protein ratios per sample. Missing LFQ values were replaced 

by random, though low numbers that are drawn from the normal distribution, as such numbers point to 

rather low intensities of a protein or a phosphosite in the analyzed sample. A one-way ANOVA, with 

permutation-based FDR<0.05 and 250 randomizations to correct for multiple-hypothesis testing, was 

carried out to test for differences between cultivars. Grouping of the technical replicates was preserved 

in randomizations for the ANOVA test. The statistically significant hits were then Z-scored and clustered 

into groups by a hierarchical clustering analysis using Pearson correlation metric and visualized using 

MultiExperiment Viewer (MeV, version 4.9.0). 
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GO categorization 

Protein sequences of the wheat (phospho)proteome dataset were loaded in the PLAZA monocot 3.0 

workbench [35] using the BLASTP function against the Oryza sativa ssp. Japonica database. The E-value 

threshold for BLASTP was set at < 1x10-5. GO categories of the BLASTP results were extracted from the 

functional annotation view and analysed. 

  

Motif-X analysis 

Protein The Motif-X algorithm [52] was used to extract significantly enriched amino acid motifs 

surrounding the identified phosphosites. The sequence window was limited to 13 amino acids and 

foreground peptides were pre-aligned with the phosphosite in the centre of the sequence window. The 

T. aestivum UniProtKB proteome dataset was used as the background database. The occurrence threshold 

was set at the minimum of 20 peptides and the P-value threshold was set at < 10-6. 

 

SUPPLEMENTARY INFORMATION 

Supplementary data of this chapter are available on google drive and can be accessed at 

https://floppy.psb.ugent.be/index.php/s/99imulqul8oGqvC 

 

The original article with all supplementary data can be accessed at 

Vu, L.D. et al. (2017) Proteome Profiling of Wheat Shoots from Different Cultivars. Front. 

Plant Sci. 13,8:332 

 https://doi.org/10.3389/fpls.2017.00332 

 

Table S1. List of reproducibly quantified proteins 

Table S2. List of proteins from proteome analysis with significantly different 

abundance among the cultivars 

Table S3. GO enrichment of subcluster II and V of significantly deregulated proteins  

Table S4. List of all identified phosphosites 

Table S5. List of unique identified phosphosites in this study 
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Preface: ThermoWheat was first proposed by Prof. Ive De Smet as a project which aims to establish a 

comprehensive, high resolution phosphoproteome dataset that can be used to map temperature 

signalling components for wheat. The end goal is to produce valuable knowledge for improvement of 

wheat thermotolerance and production in warming environments.  

 

Wheat (Triticum ssp.) is one of the most important human food sources. However, this crop is 

very sensitive to temperature changes. Specifically, processes during wheat leaf, flower and seed 

development and photosynthesis, which all contribute to the yield of this crop, are affected by 

high temperature. While this has to some extent been investigated on physiological, 

developmental and molecular levels, very little is known about early signalling events associated 

with an increase in temperature. Phosphorylation-mediated signalling mechanisms, which are 

quick and dynamic, are associated with plant growth and development, also under abiotic stress 

conditions. Therefore, we probed the impact of a short-term and mild increase in temperature 

on the wheat leaf and spikelet phosphoproteome. This resource on the high temperature-

mediated wheat phosphoproteome will be valuable for future studies. Our analyses also revealed 

a core set of common proteins between leaf and spikelet, suggesting some level of conserved 

regulatory mechanisms. Furthermore, we observed temperature-regulated interconversion of 

phosphoforms, which probably impacts protein activity. 

 

INTRODUCTION 

Wheat (Triticum ssp.) is one of the most important staple food crops around the world [1]. 

However, the current production of wheat is predicted to be insufficient to satisfy the 

future demands of the increasing world’s population [1-3]. In addition, global 

temperature is predicted to rise throughout the 21st century (IPCC, 2014) and it has been 

estimated that for each degree (°C) of temperature increase, global wheat production will 

reduce by 6%, thus impacting food security [2]. 

Wheat is sensitive to heat stress during all stages of its growth and development 

[3,4]. During wheat vegetative development, traits affected by high temperature include 

plant height, specific leaf weight, leaf width, relative water content, chlorophyll content, 

and secondary metabolites [3]. Furthermore, generative wheat growth and development 

are also very susceptible to increased temperatures [5–8]. Specifically, when wheat 

flowers are exposed to heat stress (10 °C above the optimum condition) between ear 

initiation and anthesis (i.e. when anther development goes through meiosis), this causes 

abnormal development of the pollen grains in the anther and subsequently results in 
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grain yield reduction [7–10]. Heat can activate multiple signalling cascades, resulting in 

transcriptome, proteome and metabolome changes [11–18]. This leads to biosynthesis of 

HEAT SHOCK PROTEINs (HSPs), synthesis of antioxidants, and accumulation of 

osmoprotectants and solutes to reduce the negative effects of heat stress [19]. For 

example, levels of various compounds that are beneficial for the plant during heat stress 

and known to protect the photosynthesis system increase in conditions of elevated 

temperature in Arabidopsis thaliana, wheat and maize [20–22].  

Lately, insight into the molecular and genetic control of plant 

thermomorphogenesis, a combination of morphological changes that contribute to 

adaptive growth acclimation to high ambient temperature conditions, has been growing 

(see Chapter 1) [23]. However, our knowledge of high temperature-associated signalling 

in crops, especially wheat, remains limited.  

So far, transcriptome and proteome profiles have been investigated in wheat 

under heat stress, revealing differences in gene expression and protein levels, 

respectively [13–15,24–26]. However, protein post-translational modifications (PTMs) 

are linked with plant stresses, and reversible protein phosphorylation in particular 

functions as a crucial regulatory mechanism in many biological processes [27], including 

the regulation of abiotic stress signalling in crops [24,28–34]. For example, 

phosphoproteome analyses of wheat under drought stress revealed a network of protein 

kinases and proteins involved in starch biosynthesis and grain development, the 

phosphorylation status of which is altered under these conditions [34,35]. In the context 

of temperature, examples include phosphorylation of late embryogenesis-abundant 

(LEA) proteins, which have been associated with wheat and barley tolerance to low 

temperatures [36], SNF1-RELATED PROTEIN KINASE 1 (SNRK1)-mediated 

phosphorylation of FUSCA3 (FUS3) under high temperature in A. thaliana [37], and OPEN 

STOMATA 1 (OST1) and MITOGEN-ACTIVATED PROTEIN KINASE (MAPK)-mediated 

regulation of INDUCER OF CBP EXPRESSION 1 (ICE1) during cold signalling [38–40]. 

Taken together, PTMs – and specifically phosphorylation have hardly been investigated 

in the context of high temperature stress [27,41], especially in vegetative and 

reproductive organs of crop plants during development under high temperature [42]. 

Nevertheless, understanding PTM-mediated signalling cascades associated with an 

elevated temperature response is essential to gain insight into thermal tolerance and to 

facilitate future breeding [43].  

Here, we monitored phosphorylation events in leaves of wheat seedlings and 

wheat spikelets exposed for 1 h to higher temperature, and further analysed the data for 

biological processes potentially affected by phosphorylation. We identified a large 

number of phosphosites for proteins associated with diverse cellular and developmental 
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functions, of which a subset showed a deregulated phosphostatus upon exposure to high 

temperature. Since research on PTMs of plant proteins, on temperature signalling, and 

on wheat has been booming lately, we wanted to share this large resource of identified 

and temperature-regulated phosphorylation sites in wheat with the research 

community. Considering the number of phosphosites identified in our study, our results 

will be valuable for wheat (and by extension crop) research. This information already 

improved our understanding of the role of phosphorylation-mediated early signalling in 

wheat under high temperature stress. For example, we observed temperature-regulated 

interconversion of phosphoforms, especially of neighbouring phosphosites, which likely 

probably impacts protein activity. 

RESULTS AND DISCUSSION 

Experimental set-up for early leaf and spikelet phosphoproteome analyses 

So far, our knowledge on changes in the wheat proteome upon elevated temperature is 

largely limited to long-term exposures (day- or week- long treatments) [19,44,45]. We 

were interested in early signalling associated with a milder increase in ambient 

temperature, and therefore we wanted to profile changes in the phosphoproteome. To 

determine a suitable time point for proteome sampling, we first probed the expression 

levels of two HSP genes, since early thermal sensing is largely reflected in the 

transcription of HSP genes [46]. Here, we exposed 7 day-old wheat seedlings (Fielder) 

grown at 24°C for a short-term treatment of 34°C and harvested whole shoots at different 

incubation times (Figure 1A). Recent evidence in cereal crop plants has demonstrated a 

link between high temperature sensitivity at the booting stage and seed yield [6,47]. 

Hence, we used booting wheat plants (Cadenza) grown at 21°C and exposed to increased 

ambient temperature (34°C), after which we harvested spikelets at different incubation 

times (Figure 1B). Since developmental stages differ in optimal growth temperature [48], 

we chose different optimal growth temperatures as the control conditions for our 

experiment. We analysed the transcription of TaHSP70d and TaHSP90.1, which are 

markers for temperature response [49], in both leaf and spikelet samples. We found that 

the transcriptional response of TaHSP70d and TaHSP90.1 peaked in both samples at 60 

min, indicating a maximum of early high temperature response (Figure 1C,D). Therefore, 

to identify early phosphorylation-controlled signalling components in wheat that are 

associated with a mild increased temperature, we subjected both leaf and spikelet 

samples from the 60 min time point to our phosphoproteomic workflow [50]. 
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Figure 1. Different wheat cultivars and organs used in this study. (A) Fielder seedlings are depicted at 7 

d after germination. Scale bar=2.2 cm. (B) A Cadenza spikelet (inset) is depicted from plants at the 

booting stage. A red asterisk indicates a representative ear used for sampling. Scale bar=7.5 cm. (C and 

D) Analysis of HSP70 and HSP90 expression in both leaf and ear as a proxy for the heat sensing shows a 

maximum increase at 60 min after transferring to high temperature. 

 

New wheat reference sequence improves protein identification 

Advances in the wheat reference sequence assembly provide a solid basis for proteome 

studies in wheat [51–53]. Through Ti-IMAC enrichment and subsequent LC-MS/MS 

analysis, we identified 3822 phosphopeptides containing 5178 phosphorylated amino 

acids, representing 2213 phosphoproteins in the leaf samples using the IWGSC RefSeq 

v1.0 assembly [54] (Figure 2; Supplementary Table S2). In spikelet samples, our 

workflow led to the identification of 5581 phosphopeptides containing 7023 

phosphosites located on 2696 proteins (Figure 2; Supplementary Table S3). As a 

comparison, we performed a second search using the earlier published protein sequence 

database based on the draft genome sequences of bread wheat [51]. The new protein 

database, based on the unpublished IWGSC RefSeq v1.0 assembly, resulted in an increase 

of 30% and 34% of identifications compared to with the search using the previous search 

database that identified 3975 and 5234 phosphosites for leaf and spikelet samples, 

respectively. This seems to correlate with the increase of 36.5% in the number of entries 

in the new database compared to with the old database, supporting the quality of the new 

wheat reference sequence assembly. To our knowledge, this is currently the largest set of 
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identified phosphosites in the Triticum family. The identified phosphosites in this study 

were added to the PTMViewer (https://dev.bits.vib.be/ptm-viewer/index.php/) [50]. In 

addition, we found several phosphosites that were differentially regulated between 

normal (21 °C or 24 °C) and increased ambient temperature (34°C) in wheat leaves and 

spikelets (Figure 2). 

 

 

 

Figure 2. Summary of the phosphoproteome analysis in wheat leaf and ear. T-test significant hits and 

phosphosites with valid values reproducibly present in only one condition in each organ are collectively 

analysed and called up-regulated or down-regulated phosphosites. 

 

A temperature-regulated wheat leaf phosphoproteome 

Phosphosites that exhibited valid values in one condition and none in the other indicate 

a massive change in phosphorylation levels. For the wheat leaves, we could identify 13 

phosphosites that only occurred in the 34 °C condition and 32 phosphosites that only 

occurred in the 24 °C condition (Figure 2; Supplementary Table S4). On the rest of the 
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wheat leaf data set, we performed a Student’s t-test (P<0.01) on phosphosites with at 

least two valid values in any condition (2810 phosphosites), and this resulted in 33 

significantly up-regulated phosphosites and 63 significantly down-regulated 

phosphosites upon high temperature (Supplementary Table S5). Proteins with 

phosphosites uniquely identified in either condition and significantly deregulated 

phosphoproteins from the statistical test were combined and analysed for over-

represented GO terms in biological processes (Figure 3) and molecular function 

(Supplementary Figure S3). As expected, up-regulated phosphoproteins are highly 

enriched in the GO terms of stress-induced processes such as response to heat, protein 

folding [55], response to hydrogen peroxide [56], and glucose transport [57]. On the 

other hand, down-regulated phosphoproteins were mainly enriched in positive 

regulation of translational elongation/termination and ribosome biogenesis [58]. 

Expression of HSP genes is rapidly induced in the leaf by increased temperature 

(Figure 1C), as the resulting proteins play crucial roles when plants are exposed to 

increased temperature [59,60]. In our leaf data set, we identified several differential 

phosphorylation sites of HSPs at 34°C (Supplementary Table S4,S5), for example HSP90 

(TraesCS2A01G033700.1, TaHSP90) and HSP60-3A (TraesCSU01G009200.1, TaHSP60-

3A) were 10.4- and 4.6-fold up-regulated at S224 and S577, respectively. However, for 

both proteins, another phosphosite, namely S93 of TaHSP90 and T420 of TaHSP60-3A, 

was not differentially phosphorylated after 1 h exposure to 34 °C. This suggested that 

HSP90 and HSP60-3A protein abundance is probably not the basis for the increase in 

S224 and S577 phosphopeptide, respectively.  

Noticeably, our dataset indicated that the phosphoproteome of the 

photosynthesis machinery in wheat leaves is severely affected by high temperature, even 

under short-term exposure (Supplementary Tables S4, S5). For example, 

phosphorylation of T33, T37 and T39 of the subunit P of photosystem I (PSI, 

TraesCS2A01G235000.1) was 3.2-fold downregulated after 1 h exposure to 34°C 

(Supplementary Table S5). In addition, an actin-binding protein 

(TraesCS1D01G422700.2), whose homologue in Arabidopsis [CHLOROPLAST UNUSUAL 

POSITIONING 1 (CHUP1)] is important for proper chloroplast positioning [61], was found 

to be considerably less phosphorylated at S157 upon high temperature (Supplementary 

Table S4). In addition, a kinesin-like protein [TraesCS7D01G176200.1, homologous to 

Arabidopsis KINESIN LIKE PROTEIN FOR ACTIN BASED CHLOROPLAST MOVEMENT 1 

(KAC1)] is highly phosphorylated in its kinesin motor domain (S444) in response to high 

temperature (Supplementary Table S4). Both CHUP1 and KAC1 regulate the accumulation 

of chloroplast actin filaments in Arabidopsis, thus facilitating the anchorage of 

chloroplasts on the plasma membrane. Lastly, phosphorylation of kinases involved in 
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chloroplast movement, such as the phototropin homologues TraesCS5D01G389200.2 

and TraesCS2B01G290500.3 (S525 and S294, respectively), was also elevated by heat 

(Supplementary Tables S4, S5). 

 

Figure 3. GO enrichment for biological process in up-regulated (A) and down-regulated (B) 

phosphoproteins in leaf samples (Fisher’s exact test, p<0.05). All identified leaf phosphosites were used 

as the background data set. Fold change is indicated. 

 

The post-translational import of chloroplast proteins is a highly regulated 

process [62]. Our dataset shows several components of this process to be affected by high 

temperature. Increased temperature also highly induced the phosphorylation of a wheat 

homologue (TraesCS5D01G132600.1) of Arabidopsis SERINE/THREONINE/TYROSINE 
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KINASE 46 (STY46) at S31 (Supplementary Table S4). In Arabidopsis, STY46 and its 

homologues STY8 and STY17 facilitate the import of chloroplast preproteins by 

phosphorylation of their N-terminal transit peptide [63]. On the other hand, many 

chloroplast proteins are integrated into the chloroplast outer membrane (COM) without 

any cleavable signal sequence [64]. The ANKYRIN REPEAT-CONTAINING PROTEIN 2 

(AKR2) interacts with chloroplast-specific lipid markers and facilitates the insertion of 

proteins into the COM [65]. It is speculated that the regulatory mechanism of this process 

involves conformational changes of AKR2 via PTMs [65]. Here, we showed that 

phosphorylation of the AKR2 homologue in wheat (TraesCS4A01G328600.1) at S404 is 2-

fold up-regulated in response to higher temperature (Supplementary Table S5). While 

protein import in chloroplasts has been shown to be altered under stress conditions 

[66,67], our data set indicated that this response, especially to high temperature, is 

highly regulated by phosphorylation. 

In conclusion, our temperature-mediated leaf phosphoproteome pinpointed 

photosynthesis as a central target of higher temperature and identified several 

phosphorylated residues on key components for further functional characterization. 

 

A temperature-regulated wheat spikelet phosphoproteome 

For the wheat spikelet, we identified 79 phosphosites that were only present in the 34°C 

samples and 51 phosphosites that were only present in the 21°C samples (Figure 2 and 

Supplementary Table S6). A Student’s t-test (p<0.01) was performed on the rest of the 

wheat spikelet dataset (phosphosites with at least two valid values in one temperature 

condition; 3949 phosphosites), and this resulted in 114 and 110 significantly up- and 

down-regulated phosphosites at elevated temperature, respectively (Supplementary 

Table S7). Proteins with phosphosites uniquely identified in either condition and 

significantly deregulated phosphoproteins from the statistical test were combined and 

GO analysis was performed in a similar way as for the leaf samples (Figure 4 and 

Supplementary Figure S4). The biological processes enriched in leaf samples were also 

increased here, such as protein folding, response to heat, response to hydrogen peroxide. 

Similar to the leaf GO enrichment (Figure 3), terms associated with translation were 

predominantly enriched for downregulated phosphoproteins. 

Several phosphopeptides assigned to the auxin transporter PIN-FORMED1 (PIN1) 

homologue TraesCS6A01G308600.1 were identified in our data set (Supplementary Table 

S3). PIN-mediated auxin transport is controlled by phosphorylation, and several PIN1 

phosphosites and associated regulatory kinases have been identified [24,68–74]. Upon 

high temperature, phosphorylation of S268/S269 and T284 showed increased 

abundance (Supplementary Table S7). These residues are conserved among different 
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plant species (Supplementary Figure S5). In Arabidopsis, the corresponding phosphosite 

for S269 belongs to a phosphorylation motif of the D6 protein kinases (D6PKs) [69] and 

the corresponding phosphosite for T284 has been shown to be one of the direct targets 

of the mitogen-activated protein kinases MPK4 and MPK6 [70,71]. Interfering with the 

corresponding AtPIN1 phosphosites of S269 shows an impaired auxin efflux activation 

by D6PKs [69], and phosphomimetic mutants of the MPK4/6-regulated PIN1 

phosphosites show an intracellular relocalization of PIN1 from the plasma membrane 

[71]. Since MAPK cascades are activated by various abiotic stresses [75], this might 

provide a link between stress-induced regulation of auxin transport that affects plant 

development, in this case a high temperature stress-induced alteration of inflorescence 

development that largely depends on PIN1 activity [76,77]. Further, reproductive 

development in plants is known to be greatly dependent on the epigenetic control of 

expression of flowering genes [78]. This often involves histone modifications such as 

(de)acetylation, methylation and ubiquitination [79]. Here, we found that the 

phosphorylation of several histone-modifying enzymes was deregulated in response to 

heat. For example, the phosphoserine 297 of the histone deacetylase 

TraesCS1A01G445700.3 was 7.1-fold down-regulated and the phosphorylation of 

S762/S763 in the histone lysine N-methyltransferase TraesCS2A01G262600.1 was 2.4-

fold decreased (Supplementary Table S7). In contrast, a ubiquitin protease, 

TraesCS4D01G266600.3, was 2.2-fold more phosphorylated at S31 and T32. Its 

Arabidopsis homologue, UBIQUITIN-SPECIFIC PROTEASE 26 (UBP26), deubiquitinates 

the histone H2B to regulate floral transition by controlling the expression of FLOWERING 

LOCUS C (FLC) [80]. Furthermore, it has been demonstrated that phosphorylation is 

crucial for the activity of histone-modifying enzymes [80–82].  

Another important step in epigenetic control of gene expression is the ATP-

dependent restructuring of nucleosomes [83]. Phosphorylation of two homologous 

SWI2/SNF2 class of chromatin remodelling ATPases, TraesCS7D01G206700.3 (at T2492) 

and TraesCS7B01G110600.1 (at S1668 and S1671), was massively induced by heat 

(Supplementary Table S6). The Arabidopsis homologue, SPLAYED (SYD), is known to be 

a co-repressor during floral transition [84]. In contrast, phosphorylation of S1728 in the 

SNF2 ATPase TraesCS6B01G048200.2 is 1.7-fold downregulated (Supplementary Table 

S7). Its homologue in Arabidopsis, BRAHMA (BRM) plays a pivotal role in controlling 

flowering time by regulating the expression of FLC and inflorescence architecture, 

mainly via interaction with the transcription factor KNOTTED-LIKE FROM 

ARABIDOPSIS THALIANA 1 (KNAT1) [85]. Interestingly, a wheat homologue of KNAT1, 

TraesCS5B01G410600.1, was also less phosphorylated at high temperature 

(Supplementary Table S7). 
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In conclusion, our data suggested that an increase in ambient temperature can 

alter the phosphorylation status of chromatin remodelling proteins as an important 

mechanism to control gene expression during the reproductive stage. Further, other 

proteins involved in pollen, pistil or gametophyte development (Supplementary Tables 

S6,S7) also exhibited altered phosphorylation in response to increased temperature. 

 

Figure 4. GO enrichment for biological process in up-regulated (A) and down-regulated (B) 

phosphoproteins in ear samples (Fisher’s exact test, p<0.05). All identified ear phosphosites were used 

as the background data set. Fold change is indicated. 
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Comparison of leaf and spikelet phosphoproteome 

In total, we identified 2491 identical phosphosites in both organs, which account for 48% 

and 35% of all identified phosphosites in leaf and spikelet samples, respectively (Figure 

5). Only seven phosphosites were found commonly upregulated at high temperature in 

both organs and eight were commonly downregulated in both organs (Figure 5 and 

Supplementary Table S8). Notwithstanding the considerable overlap between the 

phosphosites identified in both organs, the limited overlap between similarly regulated 

phosphosites indicated distinct responses in the leaf and spikelet phosphoproteomes at 

the early stages of thermal signalling.  

Among the common higher temperature-induced phosphosites, 

phosphorylation of S464 of the pseudouridine synthase TraesCS2B01G177000.1 was 

increased 1.6-fold and 1.9-fold in leaf and spikelet samples, respectively. 

Pseudouridylation of mRNA as well as of non-coding RNAs can be induced in stress 

conditions and is important for the regulation of gene expression, and involved in 

splicing, translation and decay of mRNA [86]. On the other hand, three different 

translation initiation factors are present among the commonly regulated proteins with 

down-regulated phosphosites (Supplementary Table S8). This is in agreement with heat 

stress-triggered overall pausing of translation elongation, and with heat-induced 

HSP70 protecting cells from heat shock-induced pausing [87,88]. In particular, 

dephosphorylation of translation initiation factors correlates with the reprogramming 

of translation following thermal stress in wheat [89]. 

 

Figure 5. Venn diagrams showing the number of common identified phosphosites as well as 

deregulated phosphosites in leaf and ear samples. 

 

Leaf and spikelet phosphoproteome Motif-X analyses reveal distinct regulation of 

phosphorylation motifs 

So far, little is known about the protein kinases and phosphatases involved in 

temperature signalling [38–40,90]. Therefore, we used the identified phosphosites to 
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reveal potential phosphorylation motifs and associated kinases that may act in a high 

temperature-responsive manner. The Motif-X algorithm was applied on the set of 

regulated phosphosites in leaf and spikelet samples separately, using the sequences of 

all identified phosphoproteins in either organ as a reference (Figure 6). In the spikelet, 

the common SP motif was enriched in both up-regulated and down-regulated 

phosphosites. This suggested that kinases (and phosphatases) targeting those sites are 

tightly regulating the protein phosphorylation signatures (meaning the specific 

combination of phosphorylated and non-phosphorylated residues), which impacts on 

overall protein behaviour, such as protein activity and localization [91]. The acidic SD 

motif was significantly overrepresented among the up-regulated phosphosites (3.61-

fold). In contrast, the down-regulated phosphosites showed enrichment in the basic 

RxxS motif (4.37-fold) (Figure 6). This latter trend was also found in the leaf samples 

(Figure 6). Despite the fact that no motif enrichment was obtained for the up-regulated 

phosphosites in leaf samples, due to the small size of the data set, we identified six SD 

motifs among these sites, which account for 13% of the up-regulated phosphosites in 

leaves. This was comparable with 14% of the up-regulated phosphosites in the spikelet 

samples which also show the SD motif. This possibly indicated a common molecular 

mechanism of higher temperature response via phosphorylation across different organs 

and different growth stages. 

  

Figure 6: Motif-X analysis show an enrichment of an acidic phosphomotif among up-regulated 

phosphosites and of a basic motif among down-regulated phosphosites in leaf and ear. Fold change of 

the enrichment compared with the background data set is indicated. N/A, not available. 

 

While local intracellular parameters such as the pH can slightly vary in a 

temperature-dependent manner and thus affect the property of amino acid residues 
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around the phosphosites [92,93], we do not rule out the possibility that certain 

phosphosites are targeted by a specific set of high temperature-activated kinases. The 

acidic motif SD is known to be targeted by MAP kinases (MPKs), receptor-like kinases 

(RLKs) and calcium-dependent protein kinases (CDPKs), while RxxS is a motif 

commonly targeted by MAP kinase kinases (MAP2Ks) [94]. In support of this, we found 

six RLKs among 10 kinases with a higher phosphorylation level at 34°C in the ear, 

whereas three out of seven kinases with a decreased phosphorylation level are predicted 

to have MAP3K or MAP4K activity (Supplementary Table S9). 

  

Phosphoproteins with multiple deregulated phosphosites 

Since the protein phosphosignature will determine protein behaviour [91], we probed the 

leaf and spikelet phosphoproteome data for proteins that displayed a combination of up- 

and down-regulated phosphosites. We found 13 phosphoproteins in the spikelet samples 

and one in the leaf samples that contained both significantly up- and downregulated 

phosphosites (Table 1). It is thus very likely that the status of these phosphosites is not 

affected by changes in the protein level, but rather by higher temperature-dependent 

activity of associated kinases and phosphatases. These protein phosphatases and kinases 

might be activated by higher temperature and target the phosphosites independently to 

generate different phosphoforms of the target protein (Figure 7A). However, the 

phosphorylation and dephosphorylation events might also occur in an interdependent 

manner upon higher temperature (Figure 7B) [91,95]. Crosstalk between different types 

or the same type of PTMs is very common [95,96], but is still not widely explored in 

plants.  

A complex example is the putative protein kinase TraesCS6B01G377500.3 (Table 

1), which exhibited two phosphosites S711 and S762 that are, respectively, 2.6- and 2.1-

fold up-regulated in the spikelet samples treated at 34°C. In contrast, a doubly 

phosphorylated peptide (DFPIpSPSpSAR, S227 and S230) was detected at a 2.5-fold 

higher level in the 21°C samples. Further, a single peptide (pSSGIETTPAEAEALSK or 

SpSGIETTPAEAEALSK) could only be detected for all 21°C samples, albeit the phosphosite 

could not be exactly localized (either S768 or S769). 

In addition, we also found proteins with multiple phosphosites that showed the 

same deregulation across different temperatures (Supplementary Table S10). A large 

portion of these sites are detected together on the multi-phosphorylated peptides. These 

phosphosites may work synergistically to control the protein function at elevated 

temperature or may generate a phosphorylation code for crosstalk between different 

protein kinases or phosphatases as discussed above. However, in this case, a change in 

protein level may result in a general change in abundance of the phosphopeptide pool. 
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Hence, studying the co-regulation of these phosphosites will require additional 

investigation on the abundance of the associated proteins, for example by analysing 

intact proteins or rather the different proteoforms. 

Altogether, our data indicated that multiple phosphorylation/dephosphorylation 

events of a single protein induced by stress are common and add another level of 

complexity to our understanding of stress signalling mechanisms in plants. 

 

Figure 7. Heat-dependent phosphorylation and dephosphorylation on a single target protein. (A) Heat 

activates both the kinase and the phosphatase to target different serine or threonine residues 

simultaneously, generating different phosphoforms of the protein. (B) First, heat activates the 

phosphatase or kinase. The dephosphorylation or phosphorylation of the protein serves as a crosstalk 

signal for a second kinase or phosphatase to operate, generating one single phosphoform of the protein. 



 

Table 1. List of phosphoproteins exhibiting multiple up-regulated and down-regulated phosphosites 

Wheat ID Upregulated  
Fold change 

(upregulation) 
Downregulated 

Fold-change 
(downregulation) 

Arabidopsis 
homologues 

Arabidopsis homologue description 

TraesCS2A01G209100.1 T1371 5.5 S969 2.7 AT3G60240 CUM2, protein synthesis initiation factor 4G 

TraesCS2D01G281200.1 S12* Unique for 34 °C S12* 3.4 AT5G51300 ATSF1, nuclear localized splicing factor, involved in 
alternative splicing of some mRNAs.   S10 3.4  

TraesCS3A01G538200.1 S1297 Unique for 34 °C S1126 2.4 AT3G09670 Tudor/PWWP/MBT superfamily protein 

TraesCS3B01G212100.3 
S771 Unique for 34 °C T606 Unique for 21 °C AT5G21160 

LARP1a, involved in mRNA degradation in response to 
heat stress.  

TraesCS3D01G178100.1 S5 Unique for 34 °C S203 5.1 
AT3G62330 OXS2, zinc finger family protein 

S6 Unique for 34 °C   

TraesCS3D01G205900.4 

S648 Unique for 34 °C S672 1.6 AT3G06670 
SMEK1, forms complex with PP4 proteins to target 
and dephosphorylate HYL1 which in turn promotes 
miRNA biogenesis.  

TraesCS3D01G230600.1 T4 Unique for 34 °C S210 Unique for 21 °C AT1G60690 NAD(P)-linked oxidoreductase  
TraesCS4D01G034300.1 S152 1.5 S575 3.5 AT2G41900 CCCH-type zinc finger protein  

TraesCS5B01G387800.1 S3236 Unique for 34 °C T3238 Unique for 21 °C AT1G03060 SPIRRIG, WD/BEACH domain protein  

TraesCS6B01G208900.5 S363 2.0 S439 1.5 
AT3G63400 Cyclophilin-like peptidyl-prolyl cis-trans isomerase  

T360 2.0   

TraesCS6B01G377500.3 S711 2.6 S768 /S769 Unique for 21 °C 

AT5G57610 
kinase superfamily protein 
 
 

S762 2.1 S227 2.5 
  S230 2.5 

TraesCS6D01G167200.1 S791 13.9 S424 1.5 AT3G63400 

Cyclophilin-like peptidyl-prolyl cis-trans isomerase  
 

S794 13.9    

S348 2.0    

T345 2.0    

TraesCS7B01G002900.1 S460 Unique for 34 °C S249 3.41 AT5G43310 COP1-interacting protein-like protein 

TraesCS5A01G291600.1 S572 Unique for 34 °C S485 1.38 AT2G33490 
hydroxyproline-rich glycoprotein family protein   S486 1.38  
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Temperature-induced interconversion of neighbouring phosphorylation residues 

 

Interestingly, in the spikelet samples, TraesCS5B01G387800.1 (Table 1), which is a 

homologue of the WD40/BEACH domain protein SPIRRIG in A. thaliana, exhibited two 

phosphosites in close proximity with opposite differential regulation upon high 

temperature. The phosphosite S3236 (pSPTTTYGGPGLDVQTLEYR) could only be 

detected at 34°C, whereas the phosphosite T3238 (SPpTTTYGGPGLDVQTLEYR) could 

only be detected at 21°C (Supplementary Figure S6). The phosphosites are located in the 

WD40-repeat domain (Figure 8A), which is crucial for interaction of SPIRRIG with the 

decapping protein DECAPPING 1 (DCP1) to regulate mRNA decay upon salt stress in 

Arabidopsis [97]. 

Inspecting the protein sequence, we found the two phosphorylation sites 

localized in a sequence window of 10 amino acids of which four are either serine or 

threonine (Figure 8B). Neither phosphorylation of the two other threonine residues or a 

hyper-phosphorylated species of the same peptide could be detected. Hence, a combined 

effect of phosphorylation of individual sites is probably not relevant. The S3236 residue 

was and the T3238 residue was not conserved among SPIRRIG homologues, but we found 

a high frequency of serine and threonine residues in the same sequence windows in other 

seed plants (Figure 8B). While the high occurrence of phosphorylatable residues might 

help to preserve the functional phosphorylation pool of a particular sequence during 

evolution, we suspect that the conformational change of the protein upon stimuli such 

as heat could lead to the preference for one phosphosite over the other by the same 

kinase. This might provide a buffering mechanism to maintain the function of the 

protein by differential phosphorylation of neighbouring amino acid residues depending 

on the environmental conditions. However, we also do not rule out allosteric or 

orthosteric regulation between the two phosphosites that might affect the activity of the 

protein [98]. 

For the splicing factor TraesCS2D01G281200.1 (Table 1), the phosphorylated 

peptide containing only S12 (ASAETLARSPpSREPSSDPPR) is uniquely detected at 34°C, 

while the doubly phosphorylated peptide of S10 and S12 (ASAETLARpSPpSREPSSDPPR) 

was 3.4-fold downregulated at the same temperature in the spikelets. We speculate that 

the phosphoforms of TraesCS2D01G281200.1 may co-exist in a temperature-dependent 

stoichiometry.  

Such interconversion of neighbouring phosphorylation residues (Figure 8C) has 

until now seldom been observed. One example can be found in the cyanobacterium 

Synechococcus elongatus, where the circadian clock is controlled by the oscillating 

phosphorylation equilibrium between a neighbouring serine and threonine in the 
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protein kinase KaiC [99]. This phosphorylation switch between the two residues is 

modulated by the stoichiometric interaction of KaiC with KaiA and KaiB, in which the pS-

KaiC form antagonizes KaiA activity, whereas the pT-KaiC form does not. Similarly, a 

dual phosphorylation switch has been studied in human [100]. To our knowledge, similar 

phosphorylation modules have not been reported in plants, especially not in the context 

of stress responses. It is possible that temperature serves as a signalling switch for such 

a phosphorylation toggle via regulated interaction with at least a protein kinase and/or 

phosphatase. 

 

Figure 8. Interconversion of neighbouring phosphosites (A) Structural model of the WD40 domain of 

Triticum aestivum SPIRRIG (TraesCS5B01G387800.1). The Ser/Thr-rich sequence is highlighted in green, 

showing the two phosphosites detected in the study. (B) Alignment of SPIRRIG homologues from 

different plant species. The Ser/Thr-rich window is marked, with the Ser/Thr residues highlighted in 

yellow. Domain prediction was performed in Interpro (http://www.ebi.ac.uk/interpro/). (C) Model of 

temperature-induced interconversion of neighbouring phosphosites. 

 

CONCLUSION 

In conclusion, we provide the scientific community with the first large-scale 

phosphoproteome in plants under the control of higher ambient temperature across 

different temperature-sensitive organs. An in-depth analysis showed that the 

photosynthetic machinery in the leaf is highly responsive to increased temperature, 

while epigenetic regulation in the spikelets seems to be tightly regulated by higher 

temperature in a phosphorylation-dependent manner during reproductive 

development. In future, it will be exciting to explore the functional role of specific 

phosphorylation events in controlling conserved physiological processes, such as PIN-
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mediated auxin transport and photosynthetic activity, upon exposure of wheat plants to 

high temperature. Furthermore, we observed a core set of common proteins between 

both leaf and spikelet, suggesting some conserved mechanisms in these organs when 

responding to higher temperature. Nevertheless, we also observed a large portion of 

organ-specific regulation. Given that temperature has a major impact on plant fertility 

at various levels, including pollen abortion, formation of sterile pollen, malformation of 

the spindle during meiosis impacting viability and ploidy of gametes, and degeneration 

of tapetum tissue [7,101–106], our data set identifies phosphorylated proteins likely to 

be involved in these processes. Finally, we exposed a, so far, not reported mechanism of 

interconversion of neighbouring phosphorylation residues, which probably plays a key 

role in temperature signalling. Taken together, our data set increases the understanding 

of temperature signalling in plants and provides the wheat community with putative 

phosphoprotein-based biomarkers that can facilitate breeding to improve temperature-

related agronomic wheat properties. 

 

MATERIALS & METHODS 

 

Wheat plant materials and growth conditions 

The seeds used in this study were from two bread wheat (Triticum aestivum, AABBDD, 2n = 6x = 42) 

cultivars, Fielder and Cadenza. The seeds were put on wet paper enclosed by plastic wrap and vernalized 

as such at 4°C for 3-4 d, and then transferred to room temperature for germination. Seeds that 

germinated uniformly were selected and grown in plastic pots containing soil at 21°C (Cadenza) or 24°C 

(Fielder) under 16 h light/8 h dark (100 μE m-2 s-1 photosynthetically active radiation, supplied by cool-

white fluorescent tungsten tubes, Osram), and 65–75% air humidity.  

 

Temperature treatment 

Temperature treatment was performed 8 h after the start of the light period. For the leaf material, Fielder 

plants at 7 d post-germination growing in separate pots were transferred to two incubators and grown 

at 34°C (high temperature treatment) or 24°C (control temperature) under constant light (100 μE m-2 s-

1 photosynthetically active radiation) for 60 min. For the spikelet samples, Cadenza plants were 

cultivated in the greenhouse until the booting stage (stage 45 in Zadoks Decimal Code), then transferred 

to two incubators at 34°C (high temperature treatment) and 21°C (control temperature), respectively, 

under constant light (100 μE m-2s-1 photosynthetically active radiation) for 60 min. The leaves of Fielder 

seedlings and the spikelets in the middle section of the ears from individual Cadenza plants were 

collected in three separate biological replicates and frozen in liquid nitrogen.   

 

qRT-PCR 

Three biological replicates were used per time point. RNA was extracted and purified with the RNeasy 

Mini Kit (Qiagen) according to the manufacturer’s instruction for plant RNA extraction. DNA digestion 

was done on columns with RNase-free DNase I (Promega). The iScript cDNA Synthesis Kit (Biorad) was 
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used for cDNA synthesis from 1 μg of RNA. qRT-PCR was performed on a LightCycler 480 (Roche 

Diagnostics) in 384-well plates with LightCycler 480 SYBR Green I Master (Roche) according to the 

manufacturer's instructions. Two housekeeping genes, ACTIN (GenBank locus AB181991.1) and the CELL 

DIVISION CONTROL PROTEIN (CDC, GenBank locus Ta.46201) were used for normalization of the 

expression level of the HPS genes. All the primers are listed in Supplemental Table S1. 

  

Protein extraction and phosphopeptide enrichment 

Total protein extraction was conducted on three biological replicate samples (leaf and spikelet material 

from independent plants) per wheat cultivar according to our previously described procedure with minor 

modifications [107]. Details can be found in the Supplementary Information. Phosphopeptides were 

enriched as previously described [107].  

 

LC-MS/MS analysis 

Each sample was analysed via LC-MS/MS on an Ultimate 3000 RSLC nano LC (Thermo Fisher Scientific, 

Bremen, Germany) in-line connected to a Q Exactive mass spectrometer (Thermo Fisher Scientific). The 

peptides were first loaded on a trapping column [made in-house, 100 μm internal diameter (ID) ×20 mm, 

5 μm beads C18 Reprosil-HD, Dr. Maisch, Ammerbuch-Entringen, Germany]. After flushing the trapping 

column, peptides were loaded in solvent A (0.1% formic acid in water) on a reverse-phase column (made 

in-house, 75 µm ID ×250 mm, 1.9 µm Reprosil-Pur-basic-C18-HD beads, Dr Maisch, packed in the 

needle) and eluted by an increase in solvent B (0.1% formic acid in acetonitrile) using a linear gradient 

from 2% solvent B to 55% solvent B in 120 min, followed by a washing step with 99% solvent B, all at a 

constant flow rate of 300 nl min–1. The mass spectrometer was operated in data-dependent, positive 

ionization mode, automatically switching between MS and MS/MS acquisition for the five most 

abundant peaks in a given MS spectrum. The source voltage was set at 4.1 kV and the capillary 

temperature at 275 °C. One MS1 scan (m/z 400−2000, AGC target 3×106 ions, maximum ion injection 

time 80 ms), acquired at a resolution of 70 000 (at 200 m/z), was followed by five tandem MS scans 

(resolution 17 500 at 200 m/z) of the most intense ions fulfilling pre-defined selection criteria (AGC 

target 5×104 ions, maximum ion injection time 80 ms, isolation window 2 Da, fixed first mass 140 m/z, 

spectrum data type: centroid, under-fill ratio 2%, intensity threshold 1.3×E4, exclusion of unassigned, 

1, 5–8, >8 positively charged precursors, peptide match preferred, exclude isotopes on, dynamic 

exclusion time 12 s). The HCD collision energy was set to 25% normalized collision energy and the 

polydimethylcyclosiloxane background ion at 445.120025 Da was used for internal calibration (lock 

mass). 

 

Database searching 

MS/MS spectra were searched against the IWGSC RefSeq v1.0 database for Triticum aestivum (137052 

entries) [54] with the MaxQuant software (version 1.5.4.1), a program package allowing MS1-based 

label-free quantification acquired from Orbitrap instruments [108,109]. For comparison, a second 

search against the earlier version of the IWGSC PopSeq PGSB/MIPS v2.2 database (100344 entries), 

downloaded from wheatproteome.org, was performed. Detailed MaxQuant settings can be found in 

Supplementary Information. All MS proteomics data have been deposited to the ProteomeXchange 

Consortium via the PRIDE partner repository [110,111] with the dataset identifier PXD008703. Next, the 

‘Phospho(STY).txt’ output file generated by the MaxQuant search was loaded into the Perseus data 

analysis software (version 1.5.5.3) available in the MaxQuant package. Phosphosites that were quantified 
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in at least two out of three replicates from each temperature were retained. Log2 phosphopeptide 

intensities were centred by subtracting the median of the entire set of protein ratios per sample. A two-

sample test with a p-value cut-off of <0.01 was carried out to test for differences between the 

temperatures. Phosphopeptides with three valid values in one condition and none in the other were also 

retained and designated “unique” for that condition. 

 

In silico analyses 

For Gene Ontology (GO) analysis, the protein sequences of all identified phosphoproteins were loaded in 

the BLAST2GO software and blasted against the NCBI non-redundant protein sequence database of 

green plants (Viridiplantae) with a cut-off E-value of 10-5. Afterwards, the results were examined for GO 

annotation and a Fisher’s exact test (p<0.05) was performed to extract enriched GO terms in the 

regulated phosphosite dataset. For Motif-X analyses, the Motif-X algorithm [112] was used to extract 

significantly enriched amino acid motifs surrounding the identified phosphosites. The sequence window 

was limited to 13 amino acids, and foreground peptides were pre-aligned with the phosphosite in the 

centre of the sequence window. All identified proteins were used as the background dataset. The 

occurrence threshold was set at the minimum of 20 peptides and the P-value threshold was set at <10-6. 

Structural modelling of the WD40 domain of TaSPIRRIG was performed in SWISS-MODEL [113,114]. The 

templates for the modelling studies were identified in the automated mode against the SWISS-MODEL 

template library (PDB: 5HYN). Structure representations were generated using the PyMOL Molecular 

Graphics System, Version 1.7.4, Schrödinger, LLC (www.pymol.org).  

 

SUPPLEMENTARY INFORMATION 

Supplementary data of this chapter can be accessed at 

https://floppy.psb.ugent.be/index.php/s/QDcpTtSCSEji1eV 

 

The original article with all supplementary data can be accessed at 

Vu, L.D. et al. (2018) Temperature-induced changes in the wheat phosphoproteome 

reveal temperature-regulated interconversion of phosphoforms. J. Exp. Bot. 69:4609-

4624 

 https://doi.org/10.1093/jxb/ery204  

 

 

Table S1. Primers used in this study. 

Table S2. Phosphosites identified in wheat leaves. 

Table S3. Phosphosites identified in wheat spikelets. 
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Table S4. Phosphosites uniquely present at either 24 °C or 34 °C in wheat leaves. 

Table S5. Phosphosites significantly deregulated at 34 °C (Students’ t-test P<0.01) in 

wheat leaves. 

Table S6. Phosphosites uniquely present at either 21 °C or 34 °C in wheat spikelets. 

Table S7. Phosphosites significantly deregulated at 34 °C (Students’ t-test P<0.01) in 

wheat spikelets. 

Table S8. Phosphosites commonly up-regulated or down-regulated at 34 °C in both 

leaves and spikelets 

Table S9. Kinases with deregulated phosphosites in this study. 

Table S10. List of proteins with multiple up-regulated or multiple down-regulated 

phosphosites. 

Figure S1. Summary of the phosphoproteomic workflow. 

Figure S2. Histograms show normal distribution of log2 intensity of quantifiable 

proteins (proteins present in only one of two temperatures or having at least two valid 

values per temperature) in leaf (A) and spikelet (B) 

Figure S3. Over-represented GO terms for molecular functions among leaf proteins 

with (A) up-regulated or (B) down-regulated phosphosites. Fold changes are indicated. 

Figure S4. Over-represented GO terms for molecular functions among spikelet proteins 

with (A) up-regulated or (B) down-regulated phosphosites. Fold changes are indicated. 

Figure S5. Conserved high temperature-regulated Triticum aestivum PIN1 phosphosites. 

Figure S6. Mass spectrum of phosphopeptides containing S3236 (A) and T3238 (B) in 

SPIRRIG homologue TraesCS5B01G387800.1. 
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PLANTS AT HIGH TEMPERATURE – AN EMERGING SUBJECT 

Global warming is one of the biggest challenges that humans need to tackle. In parallel 

to the efforts to counter the rapid increase of global temperature, it is also important to 

develop strategies for crops to cope with the consequences of global warming. Air 

temperatures have been warming in most of the major cereal cropping regions around 

the world, with the recent years having continued to set new records for the highest 

annual average temperature [1,2]. Together with the fact that many (crop) plants are 

sensitive to increasing temperature at every stage of development (see Chapter 1), this 

trend certainly has a negative impact on crop production and will severely affect future 

food security. In addition, since plants cannot move to avoid and respond to changes in 

their environment, including heat, many plant species are also threatened to go extinct 

in the near future [3]. 

Despite its importance, research on the impact of high temperature on plants was 

initiated relatively late compared to research on other developmental processes or 

adaptation to other environmental changes. Nevertheless, the recent years have 

witnessed a surge of new findings on the subject. Future studies need to focus on 

answering these questions: (1) How do plants sense temperature changes; (2) How do 

plants respond to high temperature and how does the response serve as a strategy to 

adapt to a warming environment; (3) What are the mechanisms to convey the 

temperature information received by the sensing machineries to generate the response 

by downstream components; and (4) Do the response machineries also generate 

feedback signals to modulate the thermosensing? Moreover, studies on combined 

stresses, which represent more realistic growth conditions, are emerging, and reveal 

overlapping components between high temperature signalling and other stresses [4,5].  

 

EXPLORING THE POST-TRANSLATIONAL PROTEOME OF PLANTS DURING ABIOTIC 

STRESS USING MS-DRIVEN PROTEOMICS 

Post-translational modifications (PTMs) are an important molecular means to 

expand the signalling repertoire of cells. Many PTMs are reversible and can thus be 

switched on and off by “writer” and “eraser” proteins. Additionally, many PTMs display 

crosstalk to regulate each other (see Chapter 3). Therefore, the occurrence of PTMs is 

highly dynamic and serves as a fine-tuner in most signalling pathways. However, this 

dynamic nature of PTMs is also a challenge for their detection. Many PTMs are activated 

quickly during a short time window before being abolished by an eraser protein or via 

protein degradation. Moreover, PTMs also often occur on a subset of the protein pool in 
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a specific cellular compartment, cell type or even organ, and in some cases also affect the 

re-localization of proteins. It is hence important to have a proper temporal and spatial 

resolution to capture the changes of PTMs that are meaningful. 

Among all PTMs, phosphorylation is the most studied, and has been reported to 

play diverse functions from plant development to environmental response [6–8]. In the 

temperature context, several phosphorylation pathways have been explored in detail in 

cold signalling [9–11]. In contrast, little is known on plant protein phosphorylation in 

high temperature signalling. In the past, it has been demonstrated that the RIBOSOMAL 

PROTEIN S6 PROTEIN KINASE 2 (S6K2), which phosphorylates ribosomal protein S6 in 

Arabidopsis and also ectopically in mammalian cells, is heat-sensitive and loses its 

activity when the temperature is increased from 25 °C to 37 °C, which coincides with 

translational stalling upon heat shock [12]. Recently, it was reported that heat can inhibit 

casein kinase 1-mediated phosphorylation of DEHYDRATION-RESPONSIVE ELEMENT-

BINDING PROTEIN 2A (DREB2A) to stabilize DREB2A and increase thermotolerance [13]. 

In rice, the leucine-rich repeat-receptor-like kinases Thermo-Sensitive Genic Male 

Sterile 10 (TMS10) and TMS10-like (TMS10L) are important for maintaining male 

fertility under fluctuating temperatures [14]. Further, the thermosensory function of 

phytochromes [15,16] as well as phototropins [17], which also can act as protein kinases, 

highlight the potentially important role of phosphorylation in high temperature 

signalling.  

Mass spectrometry-based phosphoproteomics has emerged as a powerful 

approach to expand knowledge on (early) signalosomes in plant development and stress 

response (see Introduction, Chapter 4). Bioinformatic algorithms have allowed reliable 

identification and quantification of phosphopeptides/phosphosites [18,19]. Especially, 

implementation of label-free quantification (LFQ) in plant (phospho)proteomics has 

been growing due to its advantages versus other quantitative methods, such as a higher 

analytical depth and dynamic range as well as essentially no limitation on the number of 

conditions or treatments in differential phosphoproteome studies [20–22]. However, 

LFQ also comes with several shortcomings such as poorer accuracy in quantification as 

well as often missing values in the data which is a challenge for statistical analysis or 

predictive analysis, which usually is intensity-based [20,21]. Of note, very recently, 

research on temperature signalling using MS-based phosphoproteome profiling has 

been initiated [23–25], paving the way for follow-up future studies. 
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AN INTEGRATIVE APPROACH OF PHOSPHOPROTEOMICS AND NETWORK INFERENCE: 

ADVANTAGES AND LIMITATIONS 

Gene regulatory networks (GRNs) are directed graphs that represent causal influence 

between different genes [26,27]. Machine learning algorithms have been extensively 

applied in transcriptomics and genomics, also in plant research, to infer GRN maps as 

useful tools to facilitate the selection of candidate genes for further characterization [27]. 

However, in proteomics, especially PTM proteomics, similar approaches are far from 

being routinely implemented in the overall workflow. This also places proteome 

scientists at a disadvantage when prioritizing candidates for functional studies, 

especially in PTM studies, where the number of phosphosites to select from is always 

much higher than the number of proteins, as typically proteins harbour multiple 

phosphosites. Nevertheless, in Chapter 6, we carried out the first attempt to infer a causal 

network for protein kinases and phosphatases that potentially participate in high 

temperature signalling. The temperature-dependent rewiring of the phosphonetworks 

reveals interesting protein kinases and phosphatases as potential regulatory hubs for 

high temperature signalling. 

However, our workflow also holds some limitations. First, the detection of 

phosphopeptides can be influenced by the actual abundance of the respective proteins 

which might be affected by altered transcriptional regulation, translational activity as 

well as protein degradation [28]. The relative large discrepancy especially between the 

last two time points (120 min and 960 min) might increase the likelihood of these 

regulations to have occurred. We attempted to circumvent this problem by an integrative 

analysis of the phosphoproteome and proteome to pinpoint temperature-induced 

changes in the phosphoproteome that were not resulting from altered protein levels 

(Chapter 4 and Chapter 6). Unfortunately, the size of the dataset is not sufficient to infer 

a meaningful network, partially due to a poor coverage of the proteome. Therefore, we 

opted to use the dataset of significantly deregulated phosphosites without correction 

against the proteome data for network inference. For future studies, a higher resolved 

time-course is expected to increase the reliability of the inferred networks. Further, 

many phosphorylated components may respond very quickly. For example, the immune 

response is initiated when the receptor protein kinase FLAGELLIN-SENSITIVE 2 (FLS2) 

is rapidly activated by autophosphorylation after binding to flagellin [29]. FLS2 

activation is immediately followed by its degradation (Chapter 3), and the FLS2 protein 

level decreases noticeably within 30 min after ligand binding [30]. Hence, changes in 

phosphorylation of such proteins can thus only be detected and inferred in a network 

when the temporal resolution of the experiment is high enough. 
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In addition to temporal data, spatial information can also be very useful for 

dynamic network inference. In the developmental context, de Luis Balaguer et al., 2017 

combined both temporal and spatial transcriptomics data from different stem cell 

populations to predict interactions between genes involved in stem cell regulation [31]. 

For proteins, subcellular localization is often affected by post-translational 

modifications and plays an especially important role in controlling their activity [32]. 

However, combined temporal and subcellular phosphoproteomics are technically very 

challenging. Nevertheless, subcellular localization can also be imposed as a priori 

information in the network inference to increase data quality [33]. For example, a high 

resolution subcellular map has been generated for the human proteome [34]. In 

Arabidopsis, subcellular information can only be extracted from manually curated 

databases [35]. 

Further, in our approach to infer networks, we grouped phosphosites according 

to the time points where their intensities peaked. In this way, we only focused on the 

positive regulation under the assumption that changes in phosphorylation of the kinase 

or phosphatase correlates with changes in the phosphorylation of their potential targets. 

This also means that we assumed that phosphorylation would activate kinases and 

inactivate phosphatases to alter phosphorylation levels of their targets. However, this 

assumption is not always correct since phosphorylation can both switch on and off 

protein activity. For future studies, functional data on the phosphosites should also be 

taken into account. Considering the large number of uncharacterized phosphosites in 

Arabidopsis, it might be useful to infer networks with the opposite assumption, meaning 

that phosphorylation inactivates kinases and activates phosphatases, then overlay both 

types of networks to predict the most likely functional model for the biological question. 

In our study, the causal network inference may encompass both direct and 

indirect interactions. Therefore, the regulatory network does not give any insights into 

direct kinase/phosphatase-target pairs. However, in Saccharomyces cerevisiae, a 

framework combining selective chemical inhibition, quantitative phosphoproteomics 

and machine learning allowed discrimination of direct and indirect kinase substrates 

[36], where direct substrates were expectedly dephosphorylated more quickly than 

indirect ones following kinase inhibition. Besides, global interactome analysis allows 

detection of more labile and transient protein-protein interactions by using more 

advanced techniques, such as chemical cross-liking or proximity labelling of interacting 

proteins. In the future, combining these techniques might also help to identify direct 

kinase targets [37]. In turn, the hierarchy of known kinase-target interactions, especially 

in complex kinase cascades, such as the mitogen-activated protein kinase (MAP) 
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signalling [38], can be imposed as a priori knowledge in the dynamic inference to improve 

the quality of the networks. 

PHOSPHOPROTEOMICS AS A TOOLKIT TO EXPLORE EARLY HIGH TEMPERATURE 

SIGNALLING IN CROPS 

Translational research from Arabidopsis to crops has always been a challenge for plant 

scientists, largely because the conservation in molecular mechanisms underlying growth 

and stress response can vary considerably from species to species [39]. However, in 

recent years, interest in crop (phospho)proteomics has been growing, especially to 

investigate stress response mechanisms. For example, (phospho)proteomics has been 

carried out in wheat in the context of drought stress [40,41], salt stress [42], immune 

response [43], cold tolerance [44] and also high temperature response [25]. The recent 

release of the fully annotated genome sequence of hexaploid wheat will facilitate future 

wheat (phospho)proteomics studies [45]. In our work, we applied the new reference 

database to explore key phosphoproteins in vegetative (leaf) and reproductive organs 

(spikelet) of wheat exposed to high ambient temperature (Chapter 8) [25]. The high 

resolution of the workflow helped us to observe for the first time an interconversion of 

neighboring phosphosites on the same phosphopeptide induced by an abiotic stimulus. 

Further, several candidate phosphoproteins will be selected and characterized in the 

future. 

However, wheat (phospho)proteomics also faces some challenges, largely due to 

the polyploid nature of the plant. For example, how allopolyploidy influences the 

proteome and its PTMs in wheat remains uninvestigated [46]. Homoeology is very 

common in the wheat genome which contains more than 85% repetitive DNA sequences 

[45,47]. As large-scale MS-driven proteomics in plants is almost exclusively performed 

in a bottom-up manner, this might pose a problem for peptide identification and 

quantification, since peptides might not be able to unambiguously assigned to one of 

homoeologous proteins. Comparing the transcriptome and proteome of the wheat 

progenitors and the wheat itself may provide us with the first indication on the 

contribution of the subgenome to the proteome. However, caution needs to be taken 

when interpreting these data since the proteome does not always mirror the 

transcriptome. The interaction between the subgenomes also has to be considered as it 

is not always simply an additive effect [48]. Further, until now the majority of the wheat 

genome remains uncharacterized and therefore, functional analysis of proteome data 

would largely rely on the homology with other proteins. 



210 | GENERAL DISCUSSION  

 

Finally, functional characterization in wheat is still a very challenging task. First, 

genetic tools for wheat are still limited with the Wheat Target Induced Local Lesions In 

Genome (TILLING) population being the only widely available resource of wheat mutants 

[49]. However, genome editing in wheat has gained fruitful results in recent years [50–

52]. Especially, CRISPR/Cas9 techniques also allow simultaneous editing of homeoalleles 

[53] and, if widely implemented, will make functional characterization more time- and 

cost-effective. Of note, the conventional strategy to validate homeoallelic phosphosites 

using phosphomutants and phosphomimetics needs to be planned carefully, since here 

all the corresponding homeoallelic proteins might need to be taken into account. 

THE TOT3 SIGNALOSOME AS A POTENTIAL REGULATOR FOR HIGH TEMPERATURE 

SIGNALLING 

Our first temperature-dependent phosphorylation profiling has identified TARGET OF 

TEMPERATURE 3 (TOT3) as a potential regulator of thermomorphogenic growth in 

Arabidopsis that potentially works independently of known thermomorphogenic 

pathways (Figure 1, Chapter 5). Loss-of-function tot3 seedlings display less sensitive 

thermoresponsive hypocotyl elongation, while overexpression of TOT3 leads to a similar 

response as wild-type seedlings. This indicates that TOT3 may require other components 

for its activity. Using tandem affinity purification (TAP), co-immunoprecipitation and 

yeast two hybrid assays, we could identify two other protein kinases in the same clade of 

TOT3, TOT3-LIKE 4 (TOT3L4) and TOT3L5, as TOT3 interactors (Figure 2). Further, 

phosphoproteome analysis in tot3-2 plants indicates that the homologous serines S514 

in TOT3L4 and S499 in TOT3L5, as well as S654 in TOT3L5 are potential substrates of 

TOT3 (Figures 2 and 3). Of note, the TOT3L5 S654 is also conserved in TOT3L4 (S654), 

however this phosphosite in TOT3L4 has not been detected by MS analysis. This 

observation may indicate a central regulatory role of TOT3 and TOT3-LIKE proteins in 

phosphorylation-mediated high temperature signalling pathways. In mammals, the 

formation of MAP kinase heterodimers has been elucidated and has been proposed to be 

a paradigm for regulation of protein phosphorylation [54,55]. In plants, interaction of 

closely related kinases has been observed for several receptor-like kinases, which act 

together in ligand perception and downstream phosphorylation [56,57], and which was 

also observed for OPEN STOMATA 1 (OST1)/SUCROSE NON-FERMENTING RELATED 

KINASE 2.6 (SnRK2.6), which forms a complex with SnRK2.2, SnRK2.3 and SnRK2.8, 

potentially amplifying SnRK2 phosphorylation through transphosphorylation upon salt 

stress or osmotic stress [58]. Future studies need to be performed to answer whether 

temperature affects the TOT3-TOT3L4/TOT3L5 complex formation or the structural 
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organization of the complex and how this would be converted to downstream signals. For 

example, the structural information of the protein complex can be derived from mass 

spectrometry-driven chemical cross-linking analysis which uses the identity of cross-

linked peptides as a probe for structural modelling [59]. To determine their role in the 

TOT3 signalosome, functional characterization of TOT3L4 and TOT3L5 is being carried 

out using loss-of-function tot3l4 and tot3l5 mutants generated by CRISPR/Cas9.  

 

  

 

What is the TOT3 pathway that regulates thermoresponsive growth? 

Since TOT3 is predicted to belong to the MAP4K kinase family [60], we first intuitively 

hypothesize its upstream position in a MAP kinase cascade. Indeed, our phosphoprofiling 

data of tot3-2 seedlings shows a downregulation of MAPKKK3 (T39) and MPK8 (T266, 

part of the activating TDY motif) phosphorylation (Figure 2). However, no deregulated 

phosphorylation of a MAPKK (MKK) could be detected in the same data. Recently, 

MAPKKK3 was revealed as the upstream kinase of MKK4/5 in the pathogen-associated 

molecular patterns (PAMP)-triggered MAPKKK3/5-MKK4/5-MPK3/6 cascade which 

acts antagonistically to the brassinosteroid-triggered YODA (YDA or MAPKKK4)-

MKK4/5-MPK3/6 cascade [61]. Further, the MKK4/5-MPK3/6 pathway is also activated 

during cold signalling to phosphorylate the transcription factor INDUCER OF CBF 

EXPRESSION1 (ICE1) and promote its proteasomal degradation [9,11]. Interestingly, one 

of the ICE1 serines phosphorylated by MPK3/6, S403 is pivotal in regulation of cold 

tolerance [62] and was found to be highly upregulated in tot3-2 seedlings (Chapter 5). 

This indicates that TOT3 does not directly mediate ICE1 phosphorylation but likely via 

regulation of other kinase(s) or phosphatase(s). However, it is also possible that the 

inhibition of the degradation machineries that specifically target ICE1, including the E3 

Figure 1. Simplified working 

model. The hypothetical 

TOT3 high temperature 

signalling pathway is 

positioned next to the well-

studied pathways centered 

around PIF4. 
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ubiquitin ligase HIGH EXPRESSION OF OSMOTICALLY RESPONSIVE GENE 1 (HOS1), is 

relieved in tot3-2 background, leading to higher ICE1 protein abundance and 

consequently, higher phosphorylation level of S403 (Figure 2). Interestingly, the loss-

of-function ice1-2 mutant also displays less sensitive high temperature-induced 

hypocotyl elongation, suggesting a function of ICE1 in thermomorphogenesis. Future 

work needs to investigate how S403 phosphorylation affects this phenotype, for 

example, by introducing an ICE1 protein variant with the S403A phosphomutation or 

S403D phosphomimetic mutation into the ice1-2 background 

 

 

Figure 2. Hypothetical working model for the TOT3 signalosome. The type of supporting data, 

deduced from this thesis or literature, is indicated for the relation between the component using 

colored squares. The thermal inhibition of phot1/2 is based on thermosensory dark inversion in 

Marchantia [70]; phot1/2 may phosphorylate TOT3, similarly to BLUS1 [69]. 
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Further, cold stress also activates the MEKK1-MKK2-MPK4 kinase cascade which 

acts antagonistically to the MKK4/5-MPK3/6 module [9,63]. Interestingly, S549 in TOT3 

is downregulated in mpk4 plants, and therefore is a potential target of MPK4, assumingly 

in a feedback signalling pathway considering the MAP kinase hierarchy. In addition, S539 

(not T266) of MPK8 is downregulated during cold signalling [9]. It is possible that TOT3 

may act via one of these alternative pathways instead of the MKK4/5-MPK3/6 route 

(Figure 2). 

 Additionally, our TAP analysis also identified WITH NO LYSINE 4 (WNK4)/ZIK2 

as a potential interactor of TOT3. WNK4 was predicted to belong to a distinct clade of 

MAPKKK kinases [64], which are characterized by anomalous position of the catalytic 

lysine in the kinase domain [65]. Few WNKs have been demonstrated to regulate 

components of circadian clock and floral transition [65]. However, so far WNK4 has not 

been characterized. In Arabidopsis, WNK4 transcription is rapidly induced by Botrytis 

cinerea infection [66]. Further, phosphorylation of TOT3 and WNK4 was similarly 

deregulated during hormonal signalling (unpublished data, S. Vanneste). TOT3 also 

interacts with WNK4 in bimolecular fluorescence complementation assay in tobacco 

leaves (unpublished data, S. Vanneste). Altogether, these data indicate WNK4 as a 

potential downstream kinase of TOT3 (Figure 2). However there has not been any data 

suggesting a temperature-dependent regulation of the TOT3-WNK4 module. 

Collectively, the link between of TOT3 and ICE1 suggests a unique function for 

TOT3 as a rheostat mediating both cold and high temperature signalling. Alternatively, 

the point of convergence is ICE1, which generates different temperature-dependent 

read-outs, depending whether the signalling input comes from cold signalling or high 

temperature pathways. Future work needs to answer the following questions:  

(1) Is TOT3 also involved in cold signalling? As the first step to answer this 

question, we are now phenotyping cold tolerance of different tot3 mutants. If these data 

underpin the TOT3 rheostat model, it will be interesting to further investigate whether 

TOT3 regulates a kinase module that controls ICE1 activity. 

(2) How does ICE1 and ICE1 phosphorylation regulate thermomorphogenic 

hypocotyl elongation? Considering that common marker genes for hypocotyl elongation 

respond normally to high temperature in the tot3-2 background, we expect a similar 

response of the same set of genes in ice1-2 seedlings. It is possible that 

thermomorphogenesis is regulated by the TOT3-ICE1 module via a unique mechanism 

independently from the usual auxin, BR and GA signalling pathways (Chapter 1).  

(3) What is the connection between TOT3 and ICE1 during high temperature 

signalling? Here, we do not exclude the possibility that TOT3 transduces temperature 

information via other pathways instead of the proposed routes via a MAP kinase cascade. 
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Figure 3. Phosphosites of TOT3, TOT3L4, TOT3L5 identified by mass spectrometry with potential 

upstream regulators. All the phosphosites were curated from phosphoproteomic experiments 

performed in this thesis as well as from PhosphAt database [67]. 

Potential upstream regulators of TOT3 

Additionally, we also need to address how TOT3 perceives (high) temperature, either 

directly or indirectly. If TOT3 is a thermosensor, a temperature-mediated 

conformational change associated with an altered protein activity should be 

demonstrated. In order to do this, one of the structural analyses introduced in Chapter 2 

can be implemented. For example, a short (few minutes) temperature treatment can be 

carried out on TOT3 or a TOT3 protein complex sample, followed by limited proteolysis 

and mass spectrometry-driven analysis [68]. Subsequently, conformation-specific 

peptides (or conformotypic peptides) can be identified and quantified to probe for 

possible conformational changes. 

If TOT3 does not perceive temperature directly, what is its upstream regulator? 

The conserved motif of TOT3 S333 is also present in the closely related protein kinase 

BLUE LIGHT SIGNALING1 (BLUS1) at S348 (RISGWNFREDDL) [69]. Phosphorylation of 
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BLUS1 S348 by phototropin 1(phot1) and phot2 is essential to activate plasma membrane 

H+-ATPase in guard cells, causing stomata to open in response to blue light [69]. Since 

phototropin functions as a thermosensor in Marchantia [70], it is tempting to speculate 

that thermosensory phototropins may phosphorylate TOT3 to control 

thermomorphogenic growth (Figure 2). To test whether phototropin can phosphorylate 

TOT3, we apply a substrate labelling approach using a phototropin that is modified at the 

“gatekeeper” residue that can bind and use a specific ATP analog for phosphorylation 

[71]. However, preliminary data show that phot1phot2 seedlings do not show abnormal 

thermoresponsive hypocotyl elongation (unpublished data, L. Pan), suggesting the 

hypothesized model an unlikely one. Alternatively, the PHOT1/2-TOT3 module acts in 

another aspect the temperature signalling or thermomorphogenesis. 

 

Figure 4. Phosphorylation of several ABA signalling proteins. Data are taken from comparative 

phosphoproteome profiling of Col-0 and tot3-2 seedlings (Chapter 5). 

In addition, published interactome data suggests that OST1 (SnRK2.6) can 

interact with TOT3 in an ABA-dependent manner [58]. Further, phosphoproteome 

profiling of ost1 snrk2.2 snrk2.3 seedlings also suggests that SnRK2 kinases phosphorylate 

TOT3 at T429 in response to ABA (Figure 2,3) [72], thus positioning OST1 and SnRK2s as 

potential upstream regulators of TOT3. Dephosphorylation of the plasma membrane H+-

ATPase promoted by ABA suppresses hypocotyl elongation [73]. Indeed, the H+-ATPase 

AHA1 shows a decreased phosphorylation level in the tot3-2 mutant (Figure 4), which 

may contribute to the less responsive tot3-2 thermomorphogenic phenotype. Two other 

SnRKs, SnRK1.1 and SnRK3.13, are less phosphorylated in tot3-2 seedlings, whereas 

phosphorylation of a PP2C family protein phosphatase can only be detected in tot3-2 

seedlings (Figure 4). PP2C phosphatases are inhibited by binding to ABA-bound ABA 

receptors as the primary step of ABA signalling [74]. Interestingly, cold-activated OST1 

phosphorylates ICE1 at distinct residues and enhances ICE1 stability and cold tolerance 

[10], providing a connection between OST1 and temperature signalling. Taken together, 

these data hint at a potential link between ABA signalling and TOT3 that will be 

interesting to explore in the future. 
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A regulatory role of TOT3 intrinsically disordered (ID) domain 

A lack of a compact 3D structure makes ID regions highly accessible for post-

translational modifications [75–77]. Especially, multisite protein phosphorylation 

controls the function of ID proteins, via regulating the folding [78], protein degradation 

[79], or their binding to other cellular components, such as other proteins [80,81], DNA 

[82] or phospholipids [83,84]. Expectedly, TOT3, TOT3L4 and TOT3L5 are extensively 

phosphorylated in their ID domains (Figure 3). Especially, in TOT3L5, S674 

phosphorylation was very early upregulated (15 min) after high temperature treatment 

during the dark phase of the photoperiod Chapter 6). Further, the TOT3 ID domain is 

important for protein-protein interactions with TOT3L4 and TOT3L5, while TOT3L4 and 

TOT3L5 were not found to interact with one another in a Y2H assay. TOT3L4 and TOT3L5 

are highly conserved in their sequence including the ID domain as well as a majority of 

identified phosphosites, suggesting both proteins may interact with TOT3 in a similar 

way and have therefore redundant functions. Their ID domains show little sequence 

overlap with TOT3, except the N-terminal part of the ID domains, including the 

conserved sequence window around TOT3 S333. This suggests that while the kinase 

domain is conserved across all MP4K family members, the different ID domains may 

define distinct regulatory roles for each protein. 

In plants, dehydrins are the best characterized ID proteins [85,86]. In solution, 

dehydrins are hydrophilic proteins and have no defined secondary structure and only 

gain structure when bound to the periphery of the plasma membrane upon drought or 

cold stress [83,87,88]. This is an important strategy to stabilize the membrane to protect 

the cell from potential damage caused by the stressful environment. Interestingly, the 

membrane binding ability of dehydrins is modulated by pH via protonation of flanking 

histidines as well as by phosphorylation at multiple serine residues [83]. Further, a 

closely related MP4K with similar domain organization, SERINE/THREONINE KINASE 1 

(SIK1), is membrane-associated and phosphorylates the membrane-localized proteins 

BOTRYTIS-INDUCED KINASE1 (BIK1) and NADPH/respiratory burst oxidase protein D 

(RbohD) to promote an extracellular burst of reactive oxygen species during immune 

response [89]. It would be interesting to investigate the relation between TOT3 

membrane localization in the hypocotyl and its activity as well as whether the protein is 

also relocalized in a temperature-dependent manner. 

 The TOT3 protein family in plants 

Sequence homology analysis of A. thaliana TOT3 in other land plants resulted in a large 

family of proteins with a highly conserved N-terminal protein kinase domain (Figure 5). 

In contrast to the N-terminal domain, the largely intrinsically disordered domains on 



GENERAL DISCUSSION | 217 

 

 

the C-terminus display much less similarities in their sequences (Figure 5). 

Interestingly, the region immediate around S333 in TOT3, which lies in the proximity of 

the protein kinase domain and itself is intrinsically disordered, shows a strict 

conservation not only among Arabidopsis TOT3 and TOT3-like proteins (except TOT3L2) 

(Chapter 5), but also across different species. It will be interesting to investigate how this 

phosphosite regulates the activity of the proteins in the family which might be involved 

in the signal transduction between the ID domain and the protein kinase domain. 

 

Figure 5. Alignment of A. thaliana TOT3 with several homologous proteins in both dicots and 

monocots. The highly conserved kinase domain is marked in red, and the conserved 

phosphopeptide GIS(A/G)WNFNLE(D/E)LK (corresponding to S333 in TOT3) in blue. 

SEARCHING FOR NEW THERMOSENSORS: A PERSPECTIVE 

Since temperature sensing is the primary step of all responses to high temperature, 

identification of plant thermosensors will provide us a comprehensive understanding in 

high temperature signalling in plants. Temperature does not “bind” to a receptor to 

trigger signalling, but acts as a thermodynamic factor that can directly alter the structure 

and activity of biomolecules. Consequently, temperature sensing mechanisms are 

supposedly highly diverse and could ramify into very complex signalling networks 

(Chapter 2). Since PTMs often occur very early in signalling pathways, observing early 

PTMs (e.g. phosphorylation) during temperature changes can provide useful information 

to identify thermosensing proteins. However, for the “writer” or “eraser” enzymes of 

PTMs, conformational change is the primary step prior to the PTM events. The 

conformational change will activate the protein, but will also define the specificity of the 

protein activity (Chapter 3). Therefore, large-scale analysis of structural changes, not 

only of proteins but also of other biomolecules, is a promising approach to identify 

thermosensing machineries. Further, recent technical advances also allow performing in 

vivo structurome probing. This advantage allows us to “freeze” the structural changes 
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occurring in the cells without additional effects from temperature fluctuation during 

sample preparation. 

Recently, a first attempt of in vivo thermal RNA structurome probing has been 

carried out in rice seedlings subjected to heat (42 °C) in parallel with RNA sequencing and 

ribosome profiling analysis [90]. This study concluded that in contrast to observations 

in prokaryotes, the thermosensing RNA structurome in plants mainly promotes 

transcript degradation and does not affect translation. However, the heat treatment (22 

°C vs 42 °C) might be so severe that the rate of heat-induced mRNA decay [91,92] and 

heat-impaired translation [93,94] dominate the response. Therefore, it is important to 

investigate structuromes in different temperature ranges, since temperature responses, 

which are highly temperature range-specific (cold stress response, 

thermomorphogenesis, acquired thermal tolerance,…) (Figure 6) [95], may require 

different thermosensors. 

 

 

 

Figure 6. Responses to ambient temperature are specified by different temperature ranges. This 

figure is based on Penfield, 2008 [95]. 
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