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Synopsis 

 

Metacaspases are a family of cysteine proteases found in lower eukaryotes and 

plants. They are considered to be distant relatives of caspases, present only in 

animals. The role of metacaspases is quite diverse, from developmental 

processes involved in tissue formation, to responses against pathogens and other 

environmental stresses. For some members of the family there is ongoing 

research regarding their function and possible substrates and for some others 

they have not been characterized.  

In this study we attempted to functionally analyse Arabidopsis thaliana 

metacaspase 3 (MC3), an uncharacterized metacaspase which was found to be 

expressed in the vascular tissue. We considered that the best way to address this 

challenge was to use a reverse genetics approach in combination with proteomic 

analysis. In Chapter 2, we specifically identified the exact localization of the 

transcript and the protein in planta, we generated mutant plants using the 

CRISPR/Cas9 technology and we analysed their growth in basal conditions. 

Moreover, we performed a whole proteome analysis for different tissues and we 

attempted to identify candidate substrates by N-termini analysis. In Chapter 3, we 

delved into multiple stresses testing how plants with over-accumulation or lack of 

MC3 responded to stress conditions, since multiple proteins related to stress 

responses came up from the proteomic study.  

In Chapter 2 we generated reporter lines to specify the exact localization of the 

gene expression. MC3 was found specifically expressed in the phloem vascular 

tissue. Furthermore, translational fusion to fluorescent proteins verified the same 

pattern for protein localization. Using multiple mutant lines, we performed an 

analysis of the phenotypes caused from the absence, malfunction or 

overexpression of the putative protease in the development of the plant. Overall 

growth and formation of the vascular tissue in particular, were not affected when 

plants were grown upon standard growth conditions. From previous studies, MC1 

reporter lines exhibited expression in the stele in almost every developmental 

stage and MC4 has a high and ubiquitous expression in most of the tissues. 
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Double mutants were generated in order to exclude the possibility of functional 

redundancy and we showed that under normal conditions the overall growth of 

these plant remained similar to wild-type plants. Finally, we checked the total 

proteome of the plants to compare the differentially abundant proteins in different 

expression backgrounds. Overall, the analysis demonstrated that root tissue of 

MC3 overexpressor lines showed differential accumulation of stress related 

proteins, specifically osmotic and hypoxic related.  

Metacaspases have been shown to participate amongst others, in the plant 

responses to biotic and abiotic stresses. In Chapter 3 we analyzed whether MC3 

had a role in responses to different environmental stresses. We found that MC3 

function is associated with drought stress, since plants overaccumulating MC3 

were able to survive more and performed better under low water availability 

conditions. Moreover, compared to wild-type plants, mc3 mutant appeared less 

sensitive to ABA, which is one of the hormones orchestrating drought responses. 

Considering that the vasculature plays a very important role in facilitating ABA 

signalling, we investigated vascular formation upon osmotic stress in plants with 

altered MC3 levels. Overexpressor lines showed a faster formation of the 

vascular tissue under osmotic stress conditions than wild type plants. Finally, we 

observed that in conditions of low oxygen concentrations, the excessive amount 

of MC3 can also be beneficial for plant survival. Additional stresses were tested 

in order to detect if MC3 function was specific of osmotic unbalances. Plants were 

not affected of the presence or absence of MC3 upon light and temperature 

altered conditions, neither upon infection with a vascular pathogen. In conclusion, 

we reported that metacaspase 3 is a phloem-specific metacaspase which 

contributes to drought tolerance possibly due to enhanced metaphloem vascular 

differentiation upon osmotic stress conditions. 
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The world of Proteases- Cysteine 

proteases 

 

Proteolytic enzymes encompass a large group with diversity in 

biochemical and regulatory characteristics. The protease superfamily is 

responsible for a variety of biological processes with proteases present from 

lower (virus, bacteria, and parasite) to higher organisms (animals). Proteases 

cleave protein substrates into smaller fragments by catalysing the hydrolysis of 

peptide bonds. These bonds can be either internal for endopeptidases, C-terminal 

(carboxypeptidases) or N- terminal (aminopeptidases) for exopeptidases (Barrett 

1994). Due to the lack of substrate knowledge, the way to classify proteases is 

according to their catalytic site. In MEROPS they are distributed in five main 

catalytic classes: cysteine (C) proteases, serine (S) proteases, aspartic (A) 

proteases, threonine (T) proteases and metalloproteases (M) (Rawlings et al., 

2018). Additionally, the database has subdivided the proteases into families and 

clans according to relationships formed through evolution. The Arabidopsis 

genome encodes over 800 proteases, which are distributed over almost 60 

families (Van Der Hoorn 2008). 

Proteolysis in plants affects many processes in development and in 

responses to variable environmental stimuli, being also crucial in keeping the 

cellular protein homeostasis and recycling of resources. Apart from the role of 

proteases in maturation of proteins and massive degradation, they also have 

important functions in signalling pathways by processing signalling molecules 

(Buono et al., 2019; Balakireva and Zamyatnin 2019; Liu et al., 2018; Salguero-

Linares and Coll 2019). Cysteine proteases are named as mentioned above, from 

the common cysteine residue in their catalytic active site but regarding structure, 

they are quite diverse. In plants, they can be divided in 5 clans which is an 

evidence of divergent evolution. As an example, clans CA and CE contain 

proteases with a papain-like fold, whereas clan CD proteases have a caspase-

like fold. Their function is spread in many different processes throughout plant 
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life, from programmed cell death in development and disease to regulation of 

tissue architectures and senescence.  

The term proteolytic cascade refers to a biological event characterized 

by proteases that activate other proteases by processing. The tight regulation of 

their activation can be achieved with post-translational modifications, as they are 

in most of the cases produced as a zymogen. The N- or C-terminal inhibitory 

prodomain prevent premature activity of the proteases. Prodomains also 

contribute to the folding of the proteases (Bryan 2002) and often contain signals 

for subcellular targeting (Huete-Pérez et al., 1999). To be activated, they can 

perform auto cleavage in cis or trans, or another upstream protease from the 

same or completely different family is responsible to catalytically activate them. 

Most of the cysteine proteases show an enhanced activity under acidic pH (Jerala 

et al., 1998; Meyer et al., 2016; Zauner et al., 2018). These proteolytic signaling 

cascades are happening quickly and multiply the signal, taking advantage of 

constitutively expressed and highly selective proteases. Proteolytic cascades are 

common in the animal kingdom whereas in plants is quite elusive (Paulus and 

Van der Hoorn 2019).  

Metacaspase Family 

 

Metacaspases are a family of cysteine proteases found only in plants, 

fungi and protozoa. Along with orthocaspases, they were identified as containing 

a caspase- like fold structure (Klemenčič and Funk 2018a; Uren et al. 2000) that 

classifies them in the CD clan of cysteine proteases (Minina et al., 2017). The 

broad phylogenetic distribution of metacaspases and paracaspases across 

distinct kingdoms of life and the large variation of their biochemical and structural 

features complicate their classification. Recently, a universal nomenclature was 

proposed in the scientific community that unifies the way that are represented 

(Minina et al. 2020). Like animal caspases, metacaspases also have a catalytic 

histidine- cysteine dyad with the cysteine residue to function as the nucleophilic 

component for hydrolysis of the substrate peptide bond. They also contain the 

same hemoglobinase fold of caspases which gives them some structural 
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similarities. However, close structural comparison between these two families 

brought into light many differences that reveal different modes of action (Chang 

and Yang 2000; McLuskey and Mottram 2015; Watanabe and Lam 2005). The 

basic differences can be summarized in four main points: 

a) The substrate sequence preference is different. Caspases cleave 

after Aspartic acid residues (Earnshaw et al., 1999) and 

metacaspases show preference for cleavage after the basic residues 

Lysine and Arginine (Minina et al., 2017; Salvesen et al., 2016; 

Vercammen et al., 2004; Watanabe and Lam 2005). 

b) Caspase inhibitors have been used to block metacaspase enzymatic 

activity but not successfully and metacaspases failed to cleave 

caspases substrates. 

c)  Metacaspases due to their structure function as monomers compare 

to the dimerization that has been observed in caspases (Salvesen et 

al., 2016). 

d) Most of the metacaspases have shown dependency on Ca2+ for their 

activation (exception of AtMC9) (Bozhkov et al. 2005; Vercammen et 

al. 2004; Watanabe and Lam 2005, 2011; Zhu et al. 2020).  

 

Figure 1.1: Basic differences between caspase and metacaspase family. Amino acids 

indicated: D Aspartic Acid, R Arginine, K Lysine.  
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  The metacaspase family can be divided in 3 subgroups according to their 

structural arrangement their domains: Type I, II and III. Type I metacaspases 

contain the conserved p20 and p10 catalytic domains similar to caspases but also 

an additional N- terminal prodomain with proline or glutamate- rich repeat and in 

some cases a zinc- finger motif which is lacking from type II metacaspases. Type 

II metacaspases lack the N-terminal prodomain and have an extended linker 

region of ~150 aa between the catalytic p20 and p10 domains (Vercammen et al. 

2004). Type III metacaspases are quite different, bearing only the p20 and p10 

domains but in reverse position with p20 to be in the C –terminal (Choi and Berges 

2013; Klemenčič and Funk 2018b). Type I can be found from Proteobacteria to 

plants, type II are more restricted in plants and algae and type III have been 

identified in haptophyta, cryptophyta and heterokontophyta (including diatoms). 

All types seem to depend on calcium for their function with some exceptions like 

Arabidopsis AtMC9 that has a pH rather than a calcium dependent activity 

(Klemenčič and Funk 2019; Watanabe and Lam 2011; Zhang and Lam 2011). 

Alteration of pH intracellularly and increase of Ca2+ is a common consequence of 

stress conditions which can explain the fulfilment of the conditions needed to 

activate metacaspases. In type II MCs the higher Ca2+ concentration promotes 

their activation by cleavage between the p20 and p10 domain in the linker region 

while in some type I MCs the prodomain must be cleaved for protein activation 

(Coll et al., 2010, 2014; Hander et al., 2019; Vercammen et al., 2004). In yeast it 

has been shown that the prodomain of type-I metacaspases is important for 

formation of protein aggregates (Lee et al. 2010). Like caspases, metacaspases 

and paracaspases are multifunctional proteins regulating diverse biological 

phenomena, such as aging, immunity, proteostasis, and programmed cell death 

(PCD) (Minina et al., 2017; Tsiatsiani et al., 2011).  

 

A. Arabidopsis metacaspases 

 

In the model plant Arabidopsis thaliana, 9 metacaspases have been 

identified; AtMC1-3, which are type I and AtMC4-9, which are type II (Uren et al. 

2000). According to the new established nomenclature they are AtMCA-Ia to 
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AtMCA-Ic (type I) and AtMCA- IIa to AtMCA-IIf (type II) (Minina et al. 2020). 

Although we are aware of this new system of nomenclature for the rest of the 

thesis to avoid confusion, we will follow the previous system. In the Arabidopsis 

genome, all three type I MCs are dispersed in different chromosomes but type II 

are all clustered in Chr.1 apart from MC9 that is located in Chr.5. The sequence 

similarity among the members of the family is not high, with the highest score 

between MC4 and MC7 that share 55-72% and are thought to be created from 

gene duplication. The most distant of all is MC9 that shares 37% identity with the 

rest type II MCs. Differences are also observed in the way the genome sequence 

is organised in introns and exons and the numbers vary from zero introns in MC9 

to 4 in all type I MCs.  

  Transcripts for these nine Arabidopsis MC genes are expressed at 

different levels in various tissues and developmental stages and their role is quite 

distinct throughout the plant life. MC1 and MC2 have been shown to display 

antagonistic roles in regulating the hypersensitive response (HR) triggered by 

pathogens. Under normal conditions MC1 is kept inactive by the protease inhibitor 

Serpin 1 (Coll et al., 2010; Lema Asqui et al., 2018). Furthermore, MC1 

accumulates in protein aggregates, which indicates a potential role in aggregate 

clearance (Coll et al., 2014). A recent study from (Hander et al. 2019) showed 

that MC4 is present in the cell cytosol as a zymogen and is activated upon calcium 

flux due to plasma membrane rupture after wounding. The Ca2+ results in the auto 

cleavage of the protease which subsequently cleaves the PROPEP1 to form the 

functional peptide PEP. Pep1 can be transported through the damaged plasma 

membrane to the extracellular space, bind to the BAK1-PEPR1/2 receptor 

complex and transmit the signal to the surrounding cells to activate defence 

responses. Another MC that is triggered upon abiotic stress conditions is AtMC8 

that shows upregulation upon UV light and hydrogen peroxide, methyl viologen 

and other stress induction factors (He et al., 2008; Tang et al., 2016).  

MC9 participates in a totally different concept of PCD as a final step of a 

differentiation process. Expression analysis showed that MC9 is present in 

cotyledons cells, protoxylem, root cap, tracheary elements and petals prior 

abscission (Bollhöner et al., 2012; Tsiatsiani et al., 2013). It is responsible for the 

post mortem clearance of TE to form the empty tube-like structure of the xylem 
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vascular tissue. The mechanism that MC9 degrades the cytosolic compounds of 

the TEs in not known. The metacaspase is coordinated with other proteases 

function such as Xylem Cysteine Protease 2 (XCP2) which can be processed 

from MC9 in vitro (Tsiatsiani et al., 2013). In vivo this cleavage is not yet proved. 

Another important function is the prevention of ectopic cell death in non-vascular 

tissues by downregulating autophagy in dying TEs and regulating the balance 

between the peptides KRATOS and BIA that can restrict or enhance respectively 

the ectopic cell death in neighbouring cells (Bollhöner et al., 2013; Escamez et 

al., 2016; 2019). For most of the Arabidopsis metacaspase family, the substrates 

are still unknown. Until now it is known as mentioned above, PROPEP1 is cleaved 

by MC4 and MC9 cleaves PEPCK1. In the study of MC9 degradome by 

(Tsiatsiani et al. 2013) the identification of MC9-dependent PEPCK1 proteolysis 

indicated its involvement in gluconeogenesis and in seed development. MC9 has 

also been shown to mediate PCD activation in leaf tissues through cleavage of 

the GRI propeptide to produce a mature smaller peptide in the apoplast, which 

then binds to and activates a receptor kinase on the plasma membrane, although 

GRI didn´t appear in the degradome study (Wrzaczek et al. 2014). The level of 

specificity between the metacaspase and the substrate cleavage is upon 

discussion. (Shen et al., 2019) tested the potential cleavage of PROPEP peptides 

from all 9 metacaspases in protoplasts and discovered that all of type II in a higher 

or lower degree can process them. They obtained with CRISPR-Cas technology 

a quadruplet mutant, mc4/5/6/7, which showed immunodeficiency phenotypes 

upon Botrytis cinerea infection but still shows some residual processing for the 

PROPEP peptides. 
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Figure 1.2: Schematic representation of metacaspase function in various conditions 

proven in vivo, during Arabidopsis plant life. Left, TE in phase of post mortem 

clearance where many proteases get activated to degrade the cytoplasm, among them 

MC9 that also has a role in preventing ectopic cell death by downregulating autophagy. 

Right, upon pathogen attack, MC1 is released from a complex of negative regulators and 

promotes cell death and HR. MC2 acts as a negative regulator of the process. In case of 

tissue wounding, MC4 gets activated by Ca2+ influx, processing PROPEP1 into PEP 

peptide that gets secreted and activates defence responses in the surrounding tissue.  

 

B. Metacaspases in other species 

 

The roles of metacaspases have also been studied in yeast, model plants 

and many economically important crops. Overall, the role of metacaspases have 

not been clarified yet, there is increasing evidence that they are involved in PCD 

initiation or execution under difference conditions.  A great number of them is 

functional upon stress conditions, to ensure that homeostasis is kept.  

Yca1 from yeast (Saccharomyces cerevisiae) was the first metacaspase to 

show multifunctional capabilities. Apart from the regulation of cell death upon 

stress conditions, is also responsible for the degradation of aggregates and the 

cell cycle regulation (Guaragnella et al., 2010; Madeo et al., 2002). In Norway 

spruce (Picea abies), the type II metacaspase McII-PA proteolytic activity is 

essential for the nuclear degradation during developmental PCD for P. abies 
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embryo suspensor. Knock down mutants of the protease resulted in increased 

cell proliferative activity and lack of suspensor differentiation (Bozhkov et al. 

2005). Similar to AtMC9, McII-PA pathway seem to be linked with autophagy 

which has a cell auto protective role (Minina et al. 2013). Two poplar 

metacaspases, PttMC13 and PttMC14, upon activation participate in xylem 

corpse clearance after vacuolar collision but are not essential for the initiation of 

the PCD, as has been shown for AtMC9 (Bollhöner et al. 2018).  

The specific roles of different types of metacaspases in plant resistance to 

pathogens are largely unknown. Numerous studies focusing on different plant 

species have proved the relation of this family to plant defence mechanisms and 

resistance, although the molecular mechanism underlying this process is still 

obscure. In wheat, metacaspase TaMCA4 plays an important role in PCD induced 

by the fungal pathogen Puccinia striiformis f.sp. tritici (Wang et al. 2012), CaMC9 

from pepper (Capsicum annuum), an homologue of AtMC9 acts as a positive 

regulator of cell death upon infection by Xanthomonas campestris pv. Vesicatoria 

(Kim et al, 2013), VvMC2 and VvMC5 from grapevine are upregulated upon 

infection with Plasmopara viticola, executing PCD (Gong et al. 2019). Upon 

infection of Nicotiana benthamiana with Colletotrichum destructivum, NbMCA1 

seem to have role in degradation of virulence factors of the pathogen, processing 

of pro-protein involved in stress responses and eliminating damaged proteins 

created during stress (Hao et al, 2007). The tomato (Solanum lycopersicum) type 

II LeMCA1 gene is upregulated after B. cinerea infection (Hoeberichts et al., 

2003). In maize leaves, ozone treatment and aging resulted in significantly 

enhanced expression of type II metacaspases, suggesting their crucial role in leaf 

response to abiotic stress and age-mediated senescence (Ahmad et al. 2012). A 

recent study for maize metacaspases using mostly a heterologous expression 

system in N. benthamiana, showed that ZmMC1 and ZmMC2 negatively regulate 

the NLR Rp1-D21 mediated HR, a function that shows similarity with AtMC2 

activity (Luan et al. 2021). Another important finding came from a study of diatom 

metacaspases, which shows that PtMC5 (type III) is only activated by Ca2+ and 

ROS in two cysteine residues, the catalytic C259 and C202. The second, when 

oxidised forms a disulphide bond with the first and acts as an enhancer of the 

protease activity to induce PCD (Graff van Creveld et al., 2018). 
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These reports clearly suggested the possible roles of metacaspases during 

growth, development and several biotic or abiotic stress-related responses in 

plants by regulating PCD. Over the past few years many studies have been 

published, trying to identify metacaspases in more species and define their 

phylogenetic relationship. Since the homologues may show different function 

depending on the species studied, it is recommended to study each protease in 

the original species and try to obtain gain and loss of function mutants. Our 

knowledge on the activation mechanism and regulation of metacaspases remains 

scattered. However, substrate identification both in vivo and in vitro could 

definitely help to address better their role in PCD.  

 

Programmed Cell Death in Plant 

Development (dPCD) 

 

Developmentally controlled PCD occurs throughout the whole plant life 

to facilitate vegetative and reproductive stages of development (Beers 1997). A 

great number of tissues undergo a terminal differentiation program in which often 

dPCD is involved as a final step in order to be properly formed and functional. 

During vegetative development, cell death occurs to facilitate plants to grow, for 

example in the formation of empty xylem vessels from tracheary elements to 

disperse effectively water and minerals. Another example of vegetative PCD is 

the elimination of cells from the lateral root cap, shaping aerenchyma tissue as 

well as organ abscission (Escamez & Tuominen, 2014; Farage-Barhom e al., 

2008; Kumpf & Nowack, 2015; L. Liu & Fan, 2013). The acquisition of the leaf 

shape and size in some plant species requires PCD to sculpt structures 

(Gunawardena 2008). Furthermore, in order to reproduce successfully and 

germinate, plants need to selectively remove numerous cells involved in many 

steps of the reproductive process. The formation of gametophytes, the 

degeneration of tapetum layer in the anther layer when is no longer needed, the 

proper transmission of the sperm cells into the floral stigma and self-
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incompatibility during fertilization require cell clearance in a tightly controlled 

manner (Bosch & Franklin-Tong, 2018; Daneva et al., 2016; Rogers 2006; Wilkins 

et al., 2015). Seed development is another essential process for the development 

of the plant and PCD facilitates the embryo to emerge from the seed coat and 

subsequently provide nutrients that are released from the endosperm 

(Domínguez & Cejudo, 2014; Smertenko & Bozhkov, 2014).  

In animals, the types of cell death regarding patterns and morphological 

characteristics have been well defined (Galluzzi et al., 2018), whereas in the plant 

kingdom there is an ongoing discussion about the way of classification and 

whether the similarities that can be found are comparable to animals. 

Developmental PCD has been classified from (Van Doorn et al., 2011) as 

vacuolar type of cell death. Vacuolar type cell death combines characteristics 

from autophagy process and the action of many hydrolases released from 

disintegrating vacuoles. The signal that triggers the initiation of the process is 

usually hormones (Ueda et al., 2015; Kunikowska et al., 2013; Trobacher, 2009) 

although the information available regarding their exact connection is not clear. 

Plant hormones comprise a very important part of the plant response against 

biotic and abiotic stresses as well as of the growth and development machinery 

(Gray 2004; He et al., 2018; Milhinhos and Miguel 2013). Subsequently, a 

network of transcription factors is activated and modulate the response of the 

plant in a coordinated manner (Cubría-Radío and Nowack 2019). Once cell death 

is triggered, multiple cellular signals are involved to secure the integration of the 

process, such as reactive oxygen species (ROS), calcium fluxes and cytoplasmic 

acidification (Huysmans et al., 2017). PCD execution occurs when lytic enzymes 

are released and degradation processes take place. The vacuole is critical for the 

release of lytic enzymes that start the degradation of cellular compartments (Van 

Durme & Nowack, 2016; Hara-Nishimura & Hatsugai, 2011; Hara-Nishimura et 

al., 2005). The cytoskeleton is reorganized and permealization of plasma 

membrane and nuclear envelope occurs (Smertenko and Franklin-Tong 2011). 

Mitochondria get swollen, nucleases perform DNA fragmentation and in the end 

of the process, post mortem clearance takes place. The clearance of the dead 

cell is not considered part of the cell death procedure rather than a following 

process. Depending on the cell type, cell clearance can be complete or partial, 
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and persistent corpses of specific cells accomplish vital functions in the plant body 

(Escamez and Tuominen 2014; Fendrych et al., 2014). 

 

Figure 1.3: Schematic presentation of dPCD-associated proteases from 

Arabidopsis, with known or predicted subcellular localization. Before activation, the 

majority dPCD-associated proteases accumulate as inactive zymogen or in specific 

subcellular compartments. Storage spaces can be the vacuole, the ER and ER-derived 

vesicles. Once PCD is primarily triggered from hormonal signals, Ca signaling, ROS 

accumulation and decrease in the p H give the signal for the PCD initiation. Collision of 

the cellular compartments leads to release of these proteases into the same compartments 

as their targets. Abbreviations are: V for Vacuole, N for Nucleus, ER for Endoplasmatic 

reticulum, R for Ricinosome.  

 

Caspases are considered to be the key regulators of animal cell death. 

During plant cell death, papain-like Cys proteases (PLCPs) (Liu et al., 2018) 

vacuolar processing enzymes (VPEs) along with MCs (Bozhkov et al. 2005; 

Suarez et al. 2004) are responsible for elimination of organelles such as plastids, 

ribosomes, ER membranes and peroxisomes. An example of multiple proteases 

participating in terminal differentiation including dPCD is the formation of TEs. In 
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Arabidopsis, xylem cysteine peptidase 1 (XCP1) and XCP2 from PLCP family, 

along with AtMC9 are involved in post mortem clearance, since the triple mutant 

atmc9/xcp1/xcp2 didn´t show disruption of the vasculature development but delay 

in the evacuation of the cytoplasmic content (Avci et al., 2008; Bollhöner et al., 

2013; Escamez et al., 2016). Additionally, the PLCP CEP1 was shown that affects 

the SCW deposition as well as PCD and cep1 plants have delayed growth and 

less number of xylem cells (Han et al. 2019). CEP1 is also expressed in multiple 

tissues such as the suspensor cells and the anther’s tapetum, prior to PCD events 

(Zhang et al., 2014; Zhou et al., 2016). VPE enzymes are cysteine proteases 

sharing enzymatic but not structural characteristic with animal caspases. The 

Arabidopsis genome encodes four different VPE genes, with δVPE being 

specifically expressed in the inner integument of the seed coat and subcellularly 

form aggregates between the cell wall and plasma membrane of shrinking 

integument cells (Nakaune 2005). In the δvpe-1 mutant, PCD characterized by 

nuclear degradation and cellular breakdown is delayed whereas germination or 

dormancy were not affected. In tomato, five VPE genes, named SlVPE1 to 

SlVPE5, were found to be expressed in the seed coat. However, even with the 

downregulation of all five SlVPEs by RNAi, the seed coat is able to differentiate 

normally (Ariizumi et al. 2011).  

Absence of phenotype in single knock out mutants is a common 

phenomenon which make it difficult to clarify the mode of action and the function 

of a protein. The most reasonable explanation is the genetic and functional 

redundancy that plant proteases show. As described previously there are 

numerous protease families with many representatives to ensure that in every 

process will continue without disruption if one enzyme is absent or defective.  

Vascular tissues: The Phloem 

 

For plants as multicellular organisms that don´t have the ability to move 

in their environment, it was mandatory to evolve in such a way that they could 

take advantage as much as possible from their surroundings. A major step in 

plant colonization is the creation of an efficient vascular tissue, which allowed 
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them to develop organs in the most beneficial position but still keep an effective 

communication among them (Niklas and Newman 2013). Furthermore, the 

vascular system provides mechanical support and gives shape to the plant. The 

delivery of multiple necessary resources to the various plant organs had to be 

conducted from tube shaped tissues, effective in intercellular communication. For 

this long distance transportation system there are two types of tissues which 

comprise the vasculature (Lucas et al., 2013): xylem, which transports water and 

minerals provided from the soil from the root to the upper tissues and phloem, 

which transports photosynthetic products, hormone signals and amino acids from 

source to sink organs (Van Bel 2003; Pittermann 2010; Raven 2003). Through 

these tissues, plants are able to communicate and coordinate their growth and 

their responses to biotic or abiotic stresses as well. Xylem and phloem vessels 

are highly specialized cells sharing some common characteristics such as 

modified cell walls, degraded nucleus and cytoplasm and simplified structure, 

although they undergo a separate differentiation program which leads to 

fundamental structural differences. From simpler plant forms of life to the most 

evolved that are the angiosperms, phloem cells lost gradually most of the cell 

compartments during the differentiation that forms the functional pipeline. In 

animals, the blood circulation is supported by the heart that functions as a pump, 

whereas in plants the transport takes place in case of xylem by osmosis and in 

case of the phloem by hydrostatic pressure (Oparka et al., 1994, Geiger 1975).  

Vascular tissues are not comprised by only one type of cell. Xylem contains 

the tracheary elements that conduct the water transport and xylem fiber cells. In 

phloem, there are the sieve elements (SE) that transport the photo assimilates 

and the neighbouring companion cells (CCs) that function as ¨nurse¨ cells. 

Parenchyma cells exist in both vascular tissues to provide mechanical support. 

In the root and shoot apical meristem (RAM, SAM) stem cells differentiate into 

various cell types that comprise the root and the shoot respectively, while still 

regenerate in order to maintain themselves (Weigel and Jürgens 2002). The 

vasculature meristem descent from the SAM and RAM and adds cells to the 

vascular tissues. Therefore, procambial and cambial cells are considered as 

vascular stem cells (Hirakawa et al., 2010; Miyashima et al., 2013). Constant 

communication between vascular stem cells is required to keep the balance in 
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the differentiated cells (Campbell et al., 2016; Hirakawa et al., 2010; Hirakawa et 

al., 2011; Lehesranta et al., 2010).  

 

A. Phloem Proteases 

 

Proteins found in mature sieve elements are originated either from 

companion cells and then get transported in the vascular or from the immature 

SEs before the enucleation. Regarding the second case, these particular proteins 

require high stability characteristics to survive the differentiation process. 

Translation occurring in mature sieve elements is highly improbable, since 

ribosomes have never been observed in mature SEs. The structure and the 

position of the tissue are limitation factors for its study, especially in a proteomic 

level. Attempts performed by some researchers, used the whole vascular or 

phloem sap exudates (reviewed by Carella et al., 2016). The basic impediment is 

to differentiate the SEs from the surrounding CCs and ensure that the phloem 

sap contains proteins only from one cell type. In Arabidopsis phloem, many TFs 

and some signalling peptides that participate in the developmental formation of 

the tissue, have been identified so far. In contrast, the proteases that may 

participate in the terminal differentiation process remain completely unidentified. 

Additionally, little is known about the proteases responsible for the cleavage of 

peptide signalling molecules or their post translational modifications.  

Transcriptomic experiments show expression of proteases specifically in the 

vasculature tissues or the cambium (Zhao et al., 2005). Upregulated in phloem 

tissue were five proteases in total, belonging to different families. The higher 

expression showed metacaspase MC3, followed by two serine proteases, 

SBT4.12 and SBT4.5. Two aspartic proteases, At1g62290 and At4g33490, show 

lower but tissue-specific expression. From the above proteases only the serine- 

like subtilase SBT4.12 has been localized in the root steel and characterized as 

one of the possible upstream regulators of the IDA peptide which has a role in 

flowering time, a signal that travels through the phloem (Kuroha et al., 2009; 

Schardon et al., 2016). CLE peptides are a family of signalling peptides that 

regulate root development and although the proteins responsible for their 
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processing are not known, chemical studies with multiple protease inhibitors show 

that aspartate, cysteine, serine and metalloproteases are capable of cleaving 

them (Ni and Clark 2006). In 2005, Rautengarten et al. performed a large scale 

analysis of T-DNA insertion mutants for all the serine proteases belonging to the 

S8 family but no conclusions were obtained for their function in the vasculature 

tissue due to absence of distinguishable phenotypes. Redundancy of the family 

is one factor that can explain the normal development of the plant. Metacaspases 

seem to be expressed widely in the plant but MC3 as shown from transcriptomic 

data, has a specific expression in companion cells of the phloem tissue yet the 

role of the protease remains unstudied (Otero et al. 2021; Zhang et al., 2008). In 

Tritium aestivum the type II metacaspase TaeMCAII, was shown to be 

upregulated in SE undergoing differentiation and shift localization from cytoplasm 

to the cell wall at the final stage of the cell content degradation (Zhang et al., 

2017). To unravel the proteases´ function an important obstacle must be 

overcome, which is not only the intra- family but also inter- family redundancy. 

Between families, small molecules of protease inhibitors have been used, but the 

lack of specificity make them a much needed primary tool to be used in 

combination with reverse genetic experiments. Multiple knock-out mutants for the 

majority of the vascular-associated proteases could also contribute to determine 

to which extent redundancy occurs, and what is the role of each member of the 

family. Furthermore, another method in order to capture the bigger picture for SE 

proteomic composition, would be to isolate large amounts of protoplasts from SEs 

and perform proteomic analysis but the high turgor pressure they maintain and 

cytoskeletal structure make the sieve elements extremely fragile once are 

removed from the protective cell wall. A novel culture system that gives the ability 

to mesophyll cells to trans- differentiate into xylem, phloem and CCs (VISUAL, 

VISUAL- CC) depending the hormone supply, is a promising option and 

proteomic studies have already appeared using it (Breda et al., 2017; Kondo et 

al., 2015, 2016; Tamaki et al., 2020).  
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B. Developmental formation of phloem in Arabidopsis 

roots 

 
The Arabidopsis root meristem is located at the root tip and consists of a stem 

cell niche. The niche contains the quiescent centre (QC) which are usually four 

cells mitotically inactive and the surrounding stem cells which are divided to give 

the rest of the tissues (Dolan et al. 1993). The root is organised in 4 zones 

according to the growth state of the cells: The meristematic zone is directly upon 

the QC where cells coming from their precursors stem cells, are divided and 

obtain their identity, followed by the transition zone where cells establish their 

differentiation pattern according to the tissue that they belong. Further up, in the 

elongation zone cells are growing and gaining size to enter at last in the 

differentiation zone where all tissues are formed (Ishikawa and Evans 1995). For 

each cell type the transition from cell division to differentiation zone is slightly 

different. Due to the importance of the phloem, it is the first differentiated tissue 

after 18-23 cells from the QC whereas the surrounding cells are formed later. For 

example, the cortex cells enter the elongation zone after 30 cells in 5d old 

seedlings and xylem differentiates in much late stages when root hair formation 

begins (Dello Ioio et al., 2007; Truernit et al., 2012).  

The root vasculature is composed of two phloem poles positioned opposite 

to each other surrounding the xylem pole in the centre of the root. Each phloem 

pole has two different but crucially connected cell types: the sieve elements, 

which perform the actual transportation, and the companion cells, which provide 

essential metabolic functions for the differentiated sieve elements that lack a 

nucleus. Each phloem pole’s SE and CCs derive from different single stem cells. 

The first division of the stem vascular cell is anticlinal followed by two periclinal 

divisions that give rise to proto- and meta- phloem SEs respectively (Mahonen et 

al., 2000). Protophloem is the first form of phloem tissue that differentiates close 

to the root tip being responsible for the distribution of photo assimilates and 

growth factors and metaphloem is created from the second cell of the periclinal 

division but differentiates and replaces protophloem further up. From that point 

on, cells divide several times anticlinal before entering the special differentiation 
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program that makes phloem functional (De Rybel et al., 2016). According to the 

transcriptome present in the protophloem cells from the QC to the enucleation 

point, seven groups of cells can be assembled: (I) “stem cell”, cell in position 1 

(II) “transit amplifying”, cells in position 2-9, (III) “transitioning”, cells in position 8-

11 (IV) “early differentiating”, cells in position 10-15, (V) “late differentiating”, cells 

in position 16-17 (VI) “very late differentiating - NEN4-like”, cells in position 18-

19, VII “enucleating”, cell in position 19 (Roszak et al., 2021). The identity of CCs 

is fully completed with a delay of 2-3 cells compared to protophloem, although 

recently was shown that in earlier stages of development, CCs and PSE maintain 

a plasticity and can switch identities in order to ensure the correct formation of 

the vasculature in case of PSE misidentification (Gujas et al., 2020). Positional 

information is very important to the configuration of cell identity, since many 

surrounding cell types share partially common transcriptomes (Otero et al. 2021). 

 

 

Figure 1.4: Overview of the Arabidopsis root meristem zones. Starting from the QC 

and expanding till the elongation zone. Differentiation zone is further up, not present in the 

figure. Indicated are also in a spatio-temporal way, the events that lead to the protophloem 

sieve element differentiation (cell file marked by white asterisk). Adapted from (Anne and 

Hardtke 2018).  

 

In Arabidopsis, the embryo stage of 16 cells is the initiation 

developmental point in which the cell vascular identity is obtained from non-

vascular precursors as shown recently by (Smit et al., 2020).  Primarily, hormonal 

signalling determines the initial cell fate and regulates the pattern during the 

phloem formation. Auxin response through AUXIN RESPONSE FACTORs 
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(ARFs) is necessary but not sufficient to specify the cell identity. Cytokinin and 

brassinosteroids (BRs) have crucial roles in the cambium and precursor phloem 

cells respectively (De Rybel et al., 2016). BR receptor kinases, BRI1, BRL1 and 

BRL3, are constantly expressed in the developing tissues reassuring the correct 

patterning of phloem (Fàbregas et al., 2013) and act antagonistically with phloem-

specific CLAVATA3/EMBRYO SURROUNDING REGION-RELATED 45 (CLE45) 

peptide signalling in roots. Sieve element differentiation is impaired in mutants 

that lack all three BR receptors although it is proposed that BRs have a more 

systemic impact in root growth, by controlling phloem driven signals (Graeff et al., 

2020, 2021; Kang et al., 2017).  

Mutant analyses have identified various genes involved in the formation 

of vascular tissues. In addition to upstream transcriptional regulators and 

signalling pathway components required for overall vascular morphogenesis, 

these screens have also identified factors that are specifically involved in phloem 

development. Transcriptomic analysis combined with VISUAL culture system, 

has facilitated the identification of many regulatory TFs. With this system was 

confirmed that BES1 and BZR1 promote redundantly bi-directional differentiation 

of procambial cells into xylem and phloem cells (Saito et al., 2018). APL was the 

first gene regulator identified to be specifically expressed in phloem precursor 

cells and is required for cell division and vascular identity (Bonke et al., 2003). In 

bes1 CRISPR mutants APL was downregulated, suggesting that BES1 can 

positively regulating phloem differentiation upstream of APL. Similarly, NAC020 

was proved to be an early, SE-specific NAC TF that potentially acts as a negative 

regulator of APL (Kondo et al., 2016). Using fluorescence-activated cell sorting 

(FACS) and subsequently single cell transcriptomics (Roszak et al., 2021) verified 

six PEAR transcription factors that positively regulate APL expression, whereas 

in a sextuple mutant APL expression was not detected. By ChIP-qPCR was also 

shown that the regulation is a result of a direct binding on the APL promoter 

region. Another target of PEAR genes appeared to be PINEAPPLE, a newly 

characterised DOF TF that seem to be important for the sucrose allocation within 

the root meristem in order seedlings to be able to turn to autotrophy (Otero et al., 

2021).  
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OCTOPUS (OPS) and OCTOPUS-LIKE2 (OPL2) are membrane proteins 

of the same family expressed in precursor phloem cells before APL. In ops 

mutants, individual protophloem cells fail to differentiate and result in 

discontinuous phenotype (known as ¨gap¨) indicating disrupted phloem strand 

integrity, a phenotype that could be reversed by expression of GSK3-BIN2 which 

acts antagonistically in determine phloem identity (Anne et al., 2015). The effect 

of the double mutant ops opl is more severe that in the single ones, indicating 

functional redundancy (Ruiz Sola et al., 2017; Truernit et al., 2012). Similar 

phloem defects have been described in BREVIS RADIX (BRX) mutant, which is 

another mainly polar membrane located protein, target of ARF5 

(MONOPTEROS) gene (Mouchel et al., 2006). These factors promote sieve 

element identity and help cells to maintain it, opposite to CLE45 peptide and 

BARELY ANY MERISTEM 3 (BAM3) receptor- like kinase function. The two 

pathways seem to keep the balance and the timing in cell specification (Depuydt 

et al., 2013). In addition, COTELYDON VASCULAR PATTERN2 (CVP2) acts 

upstream of OPS regulating the level of phosphatidylinositol-4,5- biphosphate 

(PIP2). A double mutant of CVP2 and its homolog CVP2-like1 (CVL1) shows the 

“gap” phenotype, similar to the ops and brx mutants (Rodriguez-Villalon et al., 

2015). 

Apart from the VISUAL system, in the past three years many single-cell 

RNA-sequencing root studies have revolutionized our knowledge for individual 

cell types  (indicative works from: Graeff et al., 2021; Ryu et al., 2019; Wendrich 

et al,. 2020; Zhang et al., 2019). The combination of these techniques with 

multiple mutant analysis could offer enormous potential in unravelling the 

developmental programs of many root cell types and more specifically for phloem 

and xylem which are difficult tissues to work with due to their position in the plant.  

 

A.1 Terminal differentiation of SEs 

 

  SEs undergo a unique differentiation process, during which most of the 

cellular components are partially distorted and rearranged, leaving free lumen 

space for the loading processes. Characteristic subcellular events are the 
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enucleation, fortification of the cell wall by callose deposition to withstand 

hydrostatic pressure, accumulation of P protein bodies and the establishment of 

sieve plates (SP) structures for intracellular communication (reviewed in Heo et 

al., 2017). After losing the nucleus, protophloem SEs immediately become part 

of the ‘phloem unloading zone’, accommodating the translocation of small 

molecules towards the entire root meristem starting from the neighbouring 

pericycle cells (Ross-Elliott et al. 2017).  

 

Figure 1.5: Schematic representation of the crucial relationship between CCs and 

SEs. Photoassimilates and signalling molecules are loaded from source tissues, through 

CCs to the phloem (differentiated proto- and meta-phloem cells) and travel to the sink 

tissues where they get unloaded. The unloading starts from the phloem pericycle cells. 

CCs have enlarged nucleus and numerous cytoplasmic organelles. The ER is full of 

ribosomes in contrast with the SEs, where is shrunk and translocated to the periphery. The 

cytoplasm of SEs is quite empty, organelles like chloroplasts, mitochondria and small lytic 

vacuoles exist close to the cell wall, along with P protein filaments. 



 Chapter 1 

39 
 

SE nuclear degradation is considered the peak moment of the 

differentiation and is marked by the deformation of the nucleus. First, the nuclear 

envelope becomes disorganized and the nucleus shrinks. During enucleation, the 

nuclear contents diffuse into the cytoplasm, where they get degraded, leaving 

behind a remnant of the nuclear envelope. The whole process is completed within 

10 min. When the nucleus deforms, the nucleolus becomes fragmented. The 

mitochondria also gradually change shape during nuclear degradation, and the 

ER undergoes structural changes by making stacks, losing ribosomes and 

migrating towards cell periphery. No signs of a large central vacuole have been 

observed, but small lytic vacuoles were present before and after enucleation. 

Modified organelles such as the plastids and mitochondria are moving towards 

the cell wall (Furuta et al., 2014; Oparka & Turgeon, 1999; Sjölund, 1997; Truernit 

et al., 2012).  

The molecular mechanism that is responsible for complete protophloem 

differentiation, nor the initial signal is still not completely known but it seems to be 

a cell autonomous process although the surrounding cells express 

simultaneously multiple genes forming a ring pattern to support the cells 

undergoing enucleation (Otero et al., 2021). Furuta et al., at 2014 showed that 

two members of the NAC TF family, NAC45/86, are expressed in differentiating 

SEs and in the phloem pole pericycle cells. ALTERED PHLOEM 

DEVELOPMENT (APL), a MYB TF, acts upstream controlling their expression. 

APL, as mentioned above, is a key regulator and promoter of SE differentiation 

since the apl loss-of-function mutant showed mixed identity of SE and TE cells 

and is seedling lethal (Bonke et al., 2003). NAC45/86 redundantly regulate the 

expression of NAC-DEPENDENT EXONUCLEASE 1, 2 and 4 (NENs) and control 

the translocation of NEN1 and 2 from the cytosol to the nucleus. The NAC–NEN 

pathway was shown to regulate nuclear degradation during SE differentiation. 

Similar to the apl mutant, a double knockout mutant, nac45- nac86, exhibited 

seedling lethality and nuclei was present in PSEs, while some cytoplasmic 

changes such as mitochondrial reshaping or callose deposition in the cell wall 

formation remained intact despite the connection that they seem to have with the 

upstream APL function. In nen4 mutant seedlings, the root length was only slightly 

reduced and cytoplasmic clearance, nuclear envelope disorganization or 
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organelle clustering occurred normally. The nuclear content was present although 

the shape was disturbed showing formed masses. In contrast with TE formation 

where several proteases are known to participate in post mortem clearance of the 

cell, in phloem until now no enzyme has been identified to degrade the 

cytoplasmic content. For both tissues the initiation of PCD in case of xylem and 

the special differentiation of phloem is remaining elusive.  

 

 

Figure 1.6: Known and unknown TFs and execution enzymes in the differentiation 

process of a phloem sieve element. With grey colour are highlighted the upstream TFs, 

with orange the execution enzymes such as NEN nucleases and with green colour are the 

individual events that result in the final form of the sieve phloem cell. Adapted from 

(Geldner 2014).  

 

Choline levels are crucial for the proper transformation of PD into SPs, 

which depends on the expression of CHOLINE TRANSPORTER LIKE 1 

(CHER1), a protein present in many cell types (Dettmer et al., 2014). However, 

the detailed cellular processes regulated by CHER1 and the choline level are not 

specified. Callose deposition by CALLOSE SYNTHASE 7 (CalS7) is also required 

for the formation of SPPs. CalS7 is specifically expressed in phloem tissue and 

knock out mutants failed to create multiple elaborate pores for functional SPs (Xie 

et al., 2011). 
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A.2 Supporting Companion Cells 

 

In angiosperms, once SEs differentiate are heavily depended on the 

specialized CCs. Unlike SEs, which lose the nucleus and the majority of their 

organelles, CCs are characterized by their increased cellular density. A large 

nucleus and an increased number of ribosomes, mitochondria, ER, and plastids 

are observed in CCs (Oparka and Turgeon 1999). The main function of CCs is to 

support SEs and keep them viable. Apart from their role as nurses to the adjacent 

SE, they are responsible for many more activities for the plant growth from 

determining the flowering time by controlling the expression and transport of long 

sought florigen FT to the SAM, to defending the entry point for many pathogens 

that try to invade phloem tissue (Jaeger and Wigge 2007; Tsuwamoto and Harada 

2011; Zhu et al., 2016). The CC function in leaves consists of loading 

photoassimilates into the SE but their role in the root still remains obscure.  

Most of proteins found are related to transport events, confirming their 

importance in loading and unloading the phloem, such as Arabidopsis H+-

ATPase isoform 3 (AHA3), a membrane proton pump (DeWitt and Sussman 

1995), SUC2 which is a sucrose transporter (Gottwald et al., 2000). In leaf CCs 

the amino acid/ H+ symporter AAP2 (Zhang et al., 2010), the potassium channel 

KAT1 (Schachtman et al., 1992), the hexose uni- porters SWEET1 and SWEET4 

(Chen et al., 2012) and the tonoplast peptide transporter PTR4/NPF8.4 (Weichert 

et al., 2012), are also specifically expressed. All the proteins mentioned above 

were also confirmed by (Kim et al. 2021) and  separated from phloem SE in leaf 

tissue by single cell transcriptomics. The transcriptomic networks responsible for 

the differentiation of CCs initials are not yet determined but several proteins 

expressed in formed CCs are quite specific indicating that these cells have a 

unique proteome (reviewed by Otero et al., 2016). 

CLAVATA 1 (CLV1) has been shown to be expressed in CCs and 

regulates the activity of the meristem and differentiation in the SAM. Additionally, 

many genes seem to have a specific expression in the PSE and after the 

differentiation to change their expression in CCs (reviewed by Otero et al., 2016). 

Examples are APL and LATERAL ROOT DEVELOPMENT 3 (LRD3) which is also 
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important for the early phloem formation and the correct delivery of phloem 

content in long distant tissues (Ingram et al., 2011). Otero et al., 2021 dissected 

the phloem tissue trying to identify genes that are specifically expressed in each 

cell category, offering new insights in marker genes for PSE, MSE, CCs and PPP. 

 



 

43 
 

   Objectives 

 

 

The general objective of this study was to characterize the mode of action and 

the functional role of Arabidopsis thaliana metacaspase 3 (MC3). 

 

 

To this end, the following specific objectives were proposed: 

1. To determine the gene expression patterns of MC3 gene and localize the 

MC3 protein  

 

 

2. To identify potential MC3 proteolytic substrates and changes occurring in 

the proteome caused by altered MC3 levels.  

 

 

3. To investigate the role of MC3 during development of the plant by 

phenotypical analysis of the effects caused by altered MC3 levels. 

 

 

4. To investigate the role of MC3 in stress responses by phenotypical 

analysis of the effects caused by altered MC3 levels when plants are 

challenged with a stress factor 
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Summary  

 

Metacaspases are a family of cysteine proteases found in lower eukaryotes and 

plants. They are considered distant relatives of animal caspases. In Arabidopsis 

thaliana, the metacaspase family is composed by nine genes divided in two sub-

groups depending on their domain architecture. Metacaspase 3 belongs to type I 

metacaspases and was found to be expressed in the vascular tissue and more 

specifically in the differentiating protophloem of the root and the supporting 

phloem companion cells. We used confocal microscopy to localize the protein at 

a subcellular level. Furthermore, we analysed the phenotype derived from 

absence or overexpression of the gene during plant development. Phloem tissue 

formation was also analysed with specific focus on the differentiation process of 

the protophloem cells and the formation of the vascular tissue. We also checked 

the hypothesis of functional redundancy with other proteases of the same family 

that appear to have overlapping expression pattern. We showed that under 

normal conditions the overall growth of the plant is not affected. Furthermore, we 

checked the total proteome of the plants to compare differences in protein 

abundance in different expression backgrounds and in different tissues. Overall, 

the analysis showed that the root tissue of the protein overexpressor is enriched 

in stress-related proteins, specifically osmotic and hypoxia-related, whereas in 

the leaf tissue the differences were not as clear.  
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Metacaspase 3 is a Type I metacaspase from Arabidopsis 

Metacaspases in Arabidopsis can be divided into two types regarding 

their domain architecture. Type I metacaspases have an N-terminal prodomain 

containing a proline-rich repeat motif and a zinc finger motif. Type II 

metacaspases lack such a prodomain but harbour a linker region between the 

putative large (p20) and small (p10) subunits. We analysed the sequence of MC3 

to identify by similarity the conserved domains and the amino acids that are part 

of the catalytic dyad, which characterizes the family (Fig 2.1).  

 

Figure 2.1: Protein structure of Arabidopsis thaliana metacaspase family (A) 

Schematic representation of the metacaspases protein domains in A. thaliana. (B) Protein 

domains of MC3 with indicative motifs.  

 

 

In metacaspase 3, the prodomain contains a glutamine-rich region 

comparable to the proline-rich region that is appearing in the rest of Type I 

metacaspases (Vercammen et al. 2004). The polyQ motif is also present in the 

yeast metacaspase Yca1 and seem to be necessary for the formation of 

aggregates (Lee et al., 2010). Another difference with MC1 and MC2 is the fact 

that only one putative CXXC-type zinc finger structure is found in MC3 prodomain 

(position indicated at Fig 2.1B), similar to the lesion-simulating disease-1 protein 

(LSD1), a negative regulator of the hypersensitive response with homology to 

GATA type transcription factors. The second zing finger motif, at position 11, is 

missing an amino acid to be complete. The catalytic residues are a Histidine (H) 

in position 174 and a Cysteine (C) in 230 of the p20 domain. The total predicted 

size of the protein that contains 362 amino acids (aa), is 40.49kD. The prodomain 

is 10.53 kD, p20 domain is 16.70 kD and p10 domain is 13.8 kD. Since MC1 is 
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auto- cleaving the prodomain in order to be active (Lema et al., 2018), we 

hypothesized that MC3 might behave in a similar fashion, and contain conserved 

Arginine (R) residues indicating putative cleavage sites. According to the protein 

sequence and the comparison with MC1, there is an R in position 91 that could 

be processed in order to remove the prodomain for the activation of the protein.  

 

Localization of MC3 in the phloem vascular tissue 

MC3 has a phloem specific gene expression pattern  

To identify the expression of the MC3 gene in Arabidopsis tissue, a 

genomic fragment of 1kb upstream of the CDS sequence that contain the 

promoter region was cloned and fused to β-glucuronidase GUS reporter system. 

Seedlings were collected after 4 and 7 days growing on MS media and analysed 

histochemically to detect GUS (Fig 2.2). 

 

In Figure 2.2A the expression of pMC3:GUS in 4 days-old seedlings is 

shown. Promoter activity starts close to the root tip but it is largely absent in the 

meristematic zone. Seedlings are showing expression thoughout the whole 

vascular tissue in root, hypocotyl and cotyledons. Furthermore, when 7 or 12 

days-old seedlings were used (Figure 2.2B, 2.3A), the expression was also 

detected in the first true leaves of the rosette which were emerged. Looking into 

more details in the root tissue, it is clear the expression in the two strands of the 

vascular tissue (Figure 2.3B).  
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Figure 2.2: Expression of MC3 in Arabidopsis roots. Histochemical GUS staining of 

transgenic Arabidopsis lines expressing GUS fusions under control of the MC3 

endogenous promoter. Expression profile of MC3 in the whole seedling of 4 and 7 days-

old seedlings. (Pictures were taken from Planas M., “Caracterització de la metacaspasa-

3 (AtMC3) en els processos de desenvolupament i resposta a pathogen", TFG thesis, 

University of Barcelona, 2014). 
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Figure 2.3: Expression of MC3 in Arabidopsis. Histochemical GUS staining of 

transgenic Arabidopsis lines expressing GUS fusions under control of the MC3 

endogenous promoter. Expression profile of MC3 in the (A) whole seedling of 12 and (B) 

root vasculature of 4 days-old seedlings. (Pictures were taken from Planas M., 

“Caracterització de la metacaspasa-3 (AtMC3) en els processos de desenvolupament i 

resposta a pathogen", TFG thesis, University of Barcelona, 2014). 

 

To analyse the expression pattern of MC3 at a more detailed cellular level 

the same promoter sequence was fused to Venus fluorescent protein targeted to 

the nucleus and visualized under confocal microscope. Roots of 7-day-old 

seedlings were analysed showing that the expression was companion cell-

specific, identified from their elongated nuclei to support the enucleated sieve 

elements in the whole root (Fig 2.4). The next step was to determine the site at 

the CCs where MC3 expression started taking place. Remarkably, when the 

meristematic zone was analysed with propidium iodide (PI) staining, expression 

was detected also in the three protophloem cells that are entering the enucleation 

process (Fig 2.4). In the root, PI staining allows to distinguish phloem due to the 

fortified secondary cell walls that sieve elements have during differentiation. 

Calcofluor White Staining was also used, since it binds with non- cellulose and 

chitin contained in the plant cell walls. After the enucleation, the expression is 

changing to the pericycle cells that have more round nuclei and CCs. This pattern 

is quite common for genes that have been shown to have a function in phloem 
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development such as APL, NAC45/86 (Bonke et al., 2003; Furuta et al., 2014). 

CCs, pericycle and protophloem cells are derived from different precursor cells 

but all are considered part of the vasculature. In the XZ-image three to four spots 

of VENUS signal are visible and correspond to the CCs when the stack was taken 

in the elongation zone and only two that corresponds to the proto- phloem poles 

were seen when the stack was taken in the meristematic zone (Fig 2.4). 

 

 

 

Figure 2.4: Expression pattern of MC3 monitored with pMC3:NLS-3XVenus 

construct in promoter marker line. Nuclear-localized mVENUS signals (green) are co-

visualized with propidium iodide or calcofluor staining. Pictures were taken in different root 

zones, differentiation (A) and meristematic (B) and in the hypocotyl area (C). Top right 

picture presents orthogonal views of the differentiated (upper) and non-differentiated 
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(lower) vascular. Below is a magnification of the vasculature tissue from the meristematic 

zone picture. Scale bar, 50 μm. 

 

Recent advances in single-cell gene expression studies have contributed 

to the understanding of transcriptional regulation in dynamic development 

processes and highly heterogeneous cell populations such as the Arabidopsis 

root. Root cells are highly heterogeneous, even within a single cell type. In order 

to confirm the specificity of the gene expression found for MC3, an in silico 

analysis was performed using available online datasets from previous 

publications. All the data found, confirmed the specific phloem expression of MC3 

in both root and leaf vasculature as shown in Table 1. 

 

Table1: MC3 gene expression from single cell or cell sorting transcriptome 

sequencing data. 

 

Publication MC3 presence Tissue 

(Ryu et al., 2019) + Phloem, LRC 

(Zhang et al., 2019) + Phloem 

(Shulse et al. 2019) + Phloem 

(Brady et al. 2007) + Sieve elements, CCs 

(Kim et al. 2021) + Companion Cells 

(Otero et al. 2021)  
+ 

Sieve elements, CCs 

 

 

MC3 protein is localized in the cytoplasm of the phloem vascular 

tissue  

The Arabidopsis metacaspase family has been attributed many different 

roles throughout the plant life, with quite diverse tissue-localization and conditions 

necessary for their function. To reveal the localization of MC3 protein in the plant, 

the full length CDS sequence was fused to green fluorescent protein (GFP), under 
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the control of a 2 kb fragment of the endogenous promoter upstream from the 

start codon (pMC3:MC3-GFP). CDS was used as plants transformed with the 

constructs containing the genomic sequence did not show detectable MC3 

protein levels. Localization of the protein fusions was analysed in the T3 

homozygous stable plants grown for 6-7 days in MS media. Similar to gene 

expression, protein expression was also very specific for the companion cells of 

the phloem tissue and appeared to localize mostly in the cytosol (Fig 2.5A and 

B). The same expression pattern was detected in cotyledons (Fig 2.6). Lines with 

the predicted cysteine catalytic site of MC3 mutated to an alanine were also 

generated and analysed (pMC3:MC3-C230A-GFP) to identify possible 

differences due to an inactive catalytic centre. As shown in Figure 2.5C, the 

catalytic cysteine did not seem to affect the localization of the protein since it also 

localized in the cytosol as in the active version. 

 

Figure 2.5: Expression pattern of MC3 protein. Translational fusion of MC3-GFP under 

its native promoter was monitored by confocal microscopy. Pictures were taken in two 

different root zones. (A) Differentiation zone of the root and a radial view from the top. (B) 

Meristematic zone. (C) Translational fusion of catalytic inactive MC3 C230A-GFP under 

its native promoter. Differentiation zone was visualized. The GFP green fluorescent signal 

was co-visualized with propidium iodide (PI, grey). Scale bar, 50 μm. 
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Figure 2.6: Expression pattern of MC3 protein in cotyledons. Translational fusion of 

MC3-GFP under its native promoter was monitored. Pictures were taken in cotyledons of 

7-days old seedlings.  

 

At the subcellular level, MC3 seems to be expressed and evenly 

distributed throughout the cytoplasm of the cell. MC3 overexpressing lines under 

the UBQ10 constitutive promoter were also generated both to increase the 

amount of the MC3 protein in the plant and to determine whether overexpression 

had an effect on the plant. The transgene was introduced to both Col-0 and mc3 

#13.3 CRIPSR background (see below the section describing generation of MC3 

mutants). Analysis of the overexpressing lines shows a localization pattern 

extended to the whole root tissue with an enhanced expression in the vascular 

tissue as expected from the pMC3:MC3-GFP line (Fig 2.7A, C). Differences with 

the overexpressed catalytic inactive form of the protein in terms of localization 

were also not observed. Interestingly, the MC3 levels decrease when the 

overexpressing construct was introduced into an mc3 mutant background and 

both the active (MC3) and putatively inactive (MC3-C230A) form shows protein 

aggregate formation. Focusing on the centre of the root tissue the expression 

could be detected more intensely in the protophloem sieve elements and the 

strand of surrounding CCs. Since the GFP was not detected in the differentiated 

phloem cells as the nucleus is absent, it is not likely that the protein can be 

transferred from the surrounding cells (Fig 2.7C, D). 
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Focusing on the epidermal cells of the root that are bigger in size, conclusions 

were made regarding the subcellular localization. No signal was detected in the 

nucleus, nor in the vacuoles that appear as dark cycles occupying the largest part 

of the cell (Fig 2.7E, F). The differences observed depending on the background 

of the plant could be explained by the stabilization of the protease. In Col-0 plants 

the natural variant of the protease is present and could affect the overexpression 

of the transgene. 

 

 

Figure 2.7: Expression pattern of MC3 overexpressor lines. (A), (B) Differentiation 

zone of the root. Upper panel (A) shows the active version of the protease and the lower 

one (B) is the catalytic inactive form. (C), (D) Protein expression in the root tip focused in 

the vascular tissue and the adjacent cell layers. (E), (F) Meristematic zone of the root: 

View of the epidermal cell layer. (G), (H) Expression pattern in the mc3 mutant background. 

Meristematic zone of the root: View of the epidermal cell layer. Scale bar 50μm. Stain with 

PI. 
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Activation of the protease 

In Arabidopsis it has been shown that type I metacaspases are behaving 

quite different regarding the necessity of the prodomain removal. MC1 can be 

auto-cleaved and the catalytic cysteine is necessary for the process of the 

zymogen and the activation of the protease. On the other hand, MC2 does not 

need to be processed to function in the suppression of HR (Coll et al., 2010). 

From type II metacaspases, only MC4 and 9 have been thoroughly studied. 

(Vercammen et al., at 2004) obtained recombinant type II metacaspases in 

bacteria, and showed that autocatalytic processing is depending on a defined 

catalytic cysteine which results in the formation of p20-like and p10-like 

fragments. Recently it has also been shown that Ca2+ influx is necessary for the 

activation of MC4, which takes place upon wounding (Hander et al. 2019; Zhu et 

al. 2020).  

To determine the protease properties of MC3 and its cleavage pattern we 

used the Nicotiana benthamiana system for transient expression. Over-

expressing MC3 constructs were transiently expressed in N. benthamiana leaves 

and protein extracts were immunoblotted with anti- GFP antibody. Interestingly, 

two bands appeared at 70kD and a lower one at 60-65 kD. The size of the two 

bands correspond in the full length of the protein including the fluorescent tag and 

probably an N-terminally cleaved version, as has been shown for MC1 (Lema et 

al., 2018). We observed that there is signal also in lower molecular weight (MW), 

multiple bands around 25-30kD. Bands were present in both active and inactive 

form (Fig 2.8A). The most intense band could correspond to cleaved GFP (27kD). 

The remaining bands could correspond to additional cleaved MC3 fragments or 

could be unspecific background. 

Considering that N. benthamiana possesses its own set of metacaspases 

and additional proteases that could process MC3 unspecificaly, we analysed by 

immunoblot stable over-expression of the protein variants in Arabidopsis 

transgenic lines (wild-type and mc3 mutant background). We observed that when 

the endogenous version of the protease is present in the plant, we were able to 

detect a band that corresponds to the full-length protein with GFP tag (70 Kd) and 

two additional bands with slightly reduced MW (above 60kD). Furthermore, more 
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bands were present with lower molecular weight (MW), around 45kD (orange 

arrow in Fig 2.8B) but also a band at 25kD that corresponds most likely to free 

GFP. These multiple bands could indicate cleavage sites for the activation of the 

protease, although it does not seem to be dependent on the catalytic cysteine 

since the catalytic inactive form of MC3 has the same pattern of protein bands 

(Fig 2.8B).  

 

Figure 2.8: MC3 processing in Nicotiana benthamiana and Arabidopsis. (A) 

Immunoblot for samples collected from transient expression in N. benthamiana plants for 

UBQ10:MC3 and UBQ10:MC3 C230A constructs. (B) Immunoblot using anti-GFP 

antibodies of three independent UBQ10:MC3 T3 lines and three UBQ10:MC3 C230A lines 

in wild-type background.  

 

To exclude that the natural version of MC3 in wild-type plants could 

perform part of the cleavage in the overexpressor lines, we analysed the cleavage 

pattern in mc3 mutant background for lines carrying the transgene under the 

endogenous promoter. Due to the specificity of the localization of MC3, detection 

of protein levels by WB in transgenic lines containing constructs with native 

promoter can be challenging. The abundance of the protein is very low and the 

signal is diluted especially in leaf samples, considering the phloem-specific 

localization of the protein. For this reason, we tried to maximize the ratio of 

vascular/total tissue by collecting 7d old seedlings to perform protein extraction 

for these lines. Indeed, MC3 could be detected in the 70kD along with the lower 

band at 60kD, similar to the overexpressor lines when the exposure time 

increases. In addition to this, the bands corresponding to 30 and 35kD are present 
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and there are more even below 25kD. Furthermore, the band at 45kD is also 

present. Mutation of the putative catalytic site did not have an effect on the 

cleavage pattern, confirming previous observations that indicate that MC3 is not 

self-processed (Fig 2.9). Unspecific bands do not appear when wild-type plants 

were used as control, demonstrating that the bands observed are most likely 

cleavage products from MC3 processing (Fig 2.9B).  

 

 

Figure 2.9: The predicted catalytic cysteine is not necessary for MC3 

processing. (A) Immunoblot using anti-GFP antibodies of two independent mc3 

pMC3:MC3 T3 lines compared with homozygous mc3 pMC3:MC3 C230A and mc3 

pMC3:MC3 G175E lines. (B) Immunoblot using anti-GFP antibodies of independent mc3 

pMC3:MC3 T3 lines compared with homozygous mc3 pMC3:MC3 C230A and mc3 

pMC3:MC3 G175E lines including an overexpressor line of MC1 as positive and wild-type 

extracted proteins as negative controls. 

 

To conclude, MC3 seems to be cleaved in multiple sites. From our results 

we can still not conclude which of the different forms of the protein is the active 

version and/or relevant for the MC3 function. However, our results clearly 

demonstrate that MC3 is not auto- processed from the predicted catalytic cysteine 

at position 230, revealing a mode of action that differs from previously 

characterized metacaspases in plants. Moreover, the mutation of the TILLING 

version didn´t interfere with cleavage events since the pattern of bands observed 

was identical to the rest lines (TILLING mutant is described in the following 

section).  
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Generation of mutants for the MC3 functional analysis 

Different approaches to obtain mc3 mutant lines 

 

To study the function of the protein, two different methods were followed 

to generate mutant versions. First, a TILLING (Targeting Induced Local Lesions 

in Genomes) strategy was used where the use of reverse-genetics provides an 

allelic series of induced point mutations in genes of interest. High-throughput 

TILLING allows the rapid and low-cost discovery of induced point mutations in 

populations of chemically mutagenized individuals (Till et al., 2003). The mutation 

obtained is leading to a single amino acid substitution in position 175 in the 

proximity of the catalytic histidine. The change is from glycine (Gly) which is ideal 

for accommodating changes in the polypeptide chain, to glutamic acid (Glu) which 

is negatively charged and has higher molecular weight (Fig 2.10A). Therefore, 

the mutation could potentially affect the enzyme in a kinetic level for proteolysis 

since the surrounding amino acids could either interfere with the active site or 

affecting the proper folding of the protein domains. To understand the changes in 

the protein structure, three dimensional models can be useful tools. SWISS-

MODEL homology-based structure prediction (Biasini et al., 2014) was used to 

generate a predicted tertiary structure for the wild type MC3 and the TILLING 

version of the protein (mc3 G175E). It is important to mention that the structure 

prediction might not be directly translated to the actual structure of the protein 

and therefore it should be tested in vivo to be verified any potential interference. 
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Figure 2.10: 3D analysis of TILLING mutant. (A) Amino acid substitution in the WT 

version. (B) Top: Prediction for the WT sequence from SWISS-MODEL. In the picture, Cys 

residues are highlighted by yellow color and a green ball is present where His is located. 

The Cys 230 is shown by a black arrow. The pictue is focused on the catalytic active site 

(WT; upper panel, mc3-TIL; lower panel), highlighting the potential interference of GLU-

175 in the catalytic dyad of MC3 G175E and changes in the total protein structure. 

 

Once the mutant is obtained, several backcrosses to wild-type plants are 

necessary to eliminate background mutations. Homozygous mutants from the M5 

generation of backcrosses were used to identify if the phenotypes due to the 

amino acid substitution in the MC3 gene. In addition, complementation lines were 

obtained by transforming a wild-type version of the gene into the mutant 

background.  

In parallel, CRISPR/Cas9 genome editing technology was employed to 

create specific mutations in the gene of interest (Fauser et al., 2014). The 

advantage of CRISPR compared to other gene editing methods relies in the fact 

that the mutations occur in a more controlled way since the targeted sequence is 

defined. It can cause different point mutations but also deletion of multiple 

fragments. In this study multiple homozygous lines were obtained with different 

CRISPR mutations, in which Cas9 had been removed. Two of them were selected 

to continue with the analysis. 

The mc3 #6.10 mutant possesses a one base insertion, two nucleotides 

after the triplet that codes for the catalytic cysteine resulting in the appearance of 

a premature stop codon due to a frameshift at position 236 aa (Fig 2.11). On the 

other hand, mc3 #13.3 and #27.1 mutants have deletions of 763 bases spanning 
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from the 5’ end in the beginning of the coding sequence resulting in a premature 

stop codon and production of a peptide of a 11 aa (Fig 2.11). The mc3 #13.3 

mutant was chosen to be complemented with the coding sequence for MC3 under 

its native promoter to ensure that any observed phenotype can be inverted when 

the correct copy of the gene is replaced in the plant genome.  

 

 

Figure 2.11: Generation of mc3 CRISPR mutants. (A) Schematic overview of the gene 

structure and the sequence around the selected site targeted by CRISPR/Cas9. Coding 

sequences for the prodomain, p20 and p10 domains are illustrated by boxes. Dotted lines 

are representing 5´and 3´UTR sequences. Exon and intron sequences in the wild-type are 

written in lower green and upper case letters, respectively. The protospacer adjacent motif 

(PAM) sequences of the target and the resulting mutations are highlighted in blue and red, 

respectively. (B) Theoretical amino acid sequences of MC3 around the mutated sites in 

the wild-type and the three mutated lines obtained. Asterisks represent premature stop 

codons. 

 

Redundancy with phloem proteases and metacaspase 

family proteins 

Redundancy among proteases can be a secure mechanism for the 

organisms to control processes that are essential for life. Unfortunately, regarding 

the study of the protease function, redundancy can mask the effect of the absence 

in mutant plants. To investigate a possible case of redundancy from other 
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proteases, first a bibliographic analysis was conducted to identify proteases that 

are co- expressed with MC3 in the phloem. The number of proteases that are 

upregulated in vascular tissues and especially in phloem is not clear and only a 

few predicted proteases have been found in phloem sap studies. Lately with 

single cell sequencing we are beginning to have more detailed information for the 

expression patterns. Determining the extent to which redundancy obscures the 

functions of individual proteases within vascular tissues is a challenging task, 

especially in Arabidopsis that the vascular tissue has limited size. According to a 

transcriptome study performed some years ago (Zhao et al., 2005) some 

proteases were found to be upregulated only in the phloem, two subtilases 

(SBT4.12, SBT4.1), two aspartyl proteases (PASPA2, At4g33490) and the 

metacaspase MC3. Some proteases were also found to be upregulated in phloem 

and surrounding non-vascular tissue and these too may be important for phloem 

function. For example, ASPG-1 has been shown to confer drought avoidance 

when overexpressed by enhancing sensitivity of guard cells to ABA (Yao et al., 

2012). From these proteins, four potential candidates were chosen to analyse the 

differential expression in the mc3 background separate in the roots and the 

cotyledons of 7-days old seedlings. The ASPG-1, the cysteine protease 

At3g45310, which seems to be expressed ubiquitously in the root; the subtilisin-

like serine protease SBT4.12 (At5g59090), which is involved in stress responses 

and specifically expressed in the stele (Kuroha et al., 2009; Meyer et al., 2016; 

Otero et al., 2021). As shown in Figure 2.12B, there is no significant differences 

in the transcriptional levels of these proteases when MC3 is absent from the plant.  
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Figure 2.12: Analysis of the proteases co- expressed with MC3 in the phloem tissue. 

Relative expression analysis of the proteases expressed in the vascular. Roots of 7-days 

old seedlings were collected. Total RNAs were isolated and reverse-transcribed into 

cDNAs, which were used for quantitative PCR with primers corresponding to specific 

regions of STB4.12, ASPG-1 and At3g45310. Data are means (±SE) of three biological 

replicates. Significant differences from wild-type within each treatment were determined 

by Student’s t-test: P<0.05. 

 

 
The rest of metacaspases were also analysed to identify if there is 

compensatory transcriptional regulation within the family members due to MC3 

absence. It has been shown that some of the metacaspases can also have 

expression patterns in the vascular tissue and that could lead to high redundancy 

levels. We first decided to analyse the relative expression for all the different 

metacaspases in the mc3 mutant which did not show significant changes in the 

expression levels between mc3 and wild-type plants. In the mutant plant the 

levels of MC3 were also analysed and it was confirmed the absence of expression 

in the CRISPR line (Fig 2.13). Since metacaspases are regulated by other 

proteases for activation and  
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Figure 2.13: Analysis of the metacaspases co-expressed with MC3. Relative 

expression analysis of the 9 metacaspases. Roots of 7-days old seedlings were collected 

from Wt Col-0 and mc3 mutant plants. Total RNAs were isolated and reverse-transcribed 

into cDNAs, which were used for quantitative PCR. Data are means (±SE) of three 

biological replicates. Significant differences from wild-type within each sample were 

determined by Student’s t-test: P<0.05. 

 

some of them need processing to change from the zymogen into the active state, 

it is possible that the regulation occurs at the translational and not transcriptional 

level. 

 

Interestingly, we found that MC1-GFP under the control of its 

endogenous promoter can be detected in the root and the signal is stronger 

around the vascular tissue (Fig 2.14). This result is more clear in the 

differentiation zone but also can be visible in the root tip. In addition, MC1 is visible 

in the last cell before enucleation with a change and an enhanced signal in the 

differentiated companion cells. The similar localization pattern of MC1 and MC3 

could lead to redundant function of the two type I metacaspases. Double mutant 

of combinations for MC1, MC3, MC4 were created to continue with phenotypical 

characterization of the mc3 mutant. MC4 was included because of the ubiquitous 

expression that displays in the root. For MC1 and MC4 available individual T-DNA 

insertion lines (mc4 mutant was kindly provided by Van Breusegem lab) were 

used to be crossed with the mc3 #13.3 CRISPR mutant (all in Arabidopsis Col-0 

background). 
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Figure 2.14: Expression pattern of MC1 protein. Translational fusion of MC1-GFP under 

native promoter (mc1 pMC1:MC1-GFP) was monitored by confocal microscopy. Pictures 

were taken in two different root zones, meristematic (A), (B) and differentiation (C). The 

GFP green fluorescent signal was co-visualized with calcofluor staining (grey) to reveal 

protophloem strands. In (A) and (B) are presented the channels separate for easier 

visualization and in (C) the channels are merged in a single image. Yellow arrows are 

indicating the last protophloem cell before enucleation. Scale bar, 50 μm. 
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 Phenotypical Characterization of mc3 mutants 

To further characterize the function of MC3 in the plant, general characteristics of 

the plant life were investigated. For this, the CRISPR mutant lines and 

complementation lines were compared to their wild-type and overexpressor lines 

of the protein. In the characterization the double mutants mc1mc3 and mc3mc4 

were included as well as the TILLING mc3 mutant. The more obvious 

macroscopic features of the plant shoot and inflorescences were checked. Seeds 

were germinated in MS- media and were transferred to soil after 9 days. At 21-

days, the rosette leaves were studied. The mc3 TILLING plant showed inhibited 

growth, which is reflected by the measured leaf area and the shapes of the leaves 

that are thinner and helical. The rest of the genotypes didn´t show significant 

differences in their morphology and surface of the leaf area that reaches above 4 

cm2 for all of them. At 40 days the shoot heights were measured and only mc3 

TILLING (mc3 G175E) showed a shorter shoot phenotype (Fig 2.15A). Overall, 

no significant differences were observed between Wt, overexpressor and  

 

 

Figure 2.15: Plant phenotypes regarding development upon long day (LD) 

conditions. (A) Plants were photographed at 3-week-old stage to measure their rosette 

leaf area. The graph represents the mean value of the surface measured and error bars 

represent the SE (n>60). (B) Plants were photographed at 40 days. Graph represents the 

length of the shoot measured (n>40). 
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CRISPR mutants and surprisingly only the TILLING mutant was severely affected 

regarding the plant growth. 

Furthermore, a phenotypical analysis of the reproductive structures was 

conducted. When investigating the single flowers from above, as seen in the 

upper row of Figure 2.16, both the double mutants and the mc3 G175E seem to 

have a more closed organization of the sepals, although presenting an already 

mature stigma. The mc3 G175E mutant showed an elongated and thick carpel 

with developed stigma visible, but the stamens were very short and not releasing 

pollen at this stage, whereas in the rest of the genotypes pollen grains were 

already released. In the third row of the figure there is a brief display of the 

developing siliques of the respective genotypes. They are presented from older 

siliques to younger fertilized floral organs, picked from the lower shoot upwards 

to the inflorescence. Clear differences in elongation were detected in the mc3 

G175E, which were overall much shorter. When the siliques were opened (last 

row Fig 2.16), only approximately 1-5 developing seeds were found per silique 

and most ovules were aborted while the wild-type, CRIPSR mutants, 

overexpressor line and double mutants were filled with seeds. These abortions 

could be explained by the absence of proper fertilization. Indeed, work with the 

TILLING mutant was challenging in terms of propagation because of two main 

reasons: (i) Seeds for experiments were a limiting factor as only little amounts of 

seeds could be collected per plant; and (ii) crossing with other plants had a low 

success rate, since the poor pollen quantity (pollen sacs were not dry) made the 

plant a difficult pollen donor. Altogether, these observations suggest that the self-

fertilization in mc3 G175E is affected. 
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Figure 2.16: Inflorescence, flower and silique phenotypes. Top row shows a single 

flower from the top, followed by the view of the shoot tip in the middle row. In the third row 

the siliques are shown, as they develop from the fertilized stigma in younger flowers, 

displayed from older to younger stage from the left to the right. Bottom rows show opened 

siliques revealing seed content.  

 

Regarding the macroscopic morphology of the plant, absence of 

metacaspase 3 in the CRISPR lines, overexpression or combination of two 

metacaspases absence did not seem to affect the plant development. On the 

other hand, the TILLING copy severely affected growth. The reason for the 

controversial phenotypes observed is hard to be determined. A possible 

explanation could be that in TILLING populations, background mutations are not 

easily eliminated and can affect another gene that is responsible for the 

phenotypes observed, despite the multiple backcrosses. In that case, the 

complemented line should remain affected. From the complementation lines (with 

pMC3:MC3-GFP construct) in the mc3 G175E background, we obtained multiple 

lines. At T1 generation some plants have showed recovered phenotype and some 

kept having the phenotype of the TILLING. Since the complementation was not 

clear, we introduced the mutated version of the TILLING line of MC3 in the 

CRISPR background that is lacking MC3 (mc3#13.3) and analyse the phenotypes 

in these plants. The mutation G175E was also analysed in the heterozygous 

plants to determine if the mutation was dominant. As shown in Figure 2.17, the 
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heterozygous plants were like WT and the correct copy of the gene possibly 

contributed to complementation. Transformed CRISR plants with the wild-type 

and the TILLING- G175E version were analysed in T2 generation and surprisingly 

the mc3 G175 mutant phenotype was not reproduced. The conclusion was that a 

possible background mutation co- segregating with the one in MC3 could be 

responsible for the affected plant growth.  

 

 

Figure 2.17: Phenotype of 3 week-old plants grown in LD conditions. Left panel shows 

wild-type plants, heterozygous and homozygous TILLING G175E mutants of MC3. Right 

panel shows T2 generation of CRISPR plants transformed with pMC3:MC3-GFP and 

pMC3:MC3 G175E-GFP constructs. Scale bar 4cm.  

 

For the rest of the experiments of this thesis CRISPR mutants of the line #13.3 

were used, as they are knock-out for MC3 (and referred to as mc3 hereafter). The 

experiments that include the line #6.10 are indicated specifically.  

 

Flowering time is not affected in mc3 mutant plants 

A crucial moment in the plant life is the decision for the time of flowering. 

The transition from the vegetative phase to flowering is considered one of the 

most tightly regulated developmental programs. During evolution, the time of 

flowering has been adapted to a range of environments to maximize reproductive 

success, seed production and fitness in general. The two main factors that control 

the process are the environmental signals and the internal gene pathways 

(Amasino 2010; Putterill et al., 2004). Plants can perceive light and temperature 

signals due to an internal core of genes, regulated by the circadian clock. Proteins 
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of the clock can oscillate in a periodic 24 h waves and regulate their expression 

in a self- sustainable way.  

The importance of the vascular tissue in the photoperiodic regulation of 

flowering is well known (Endo et al., 2014; Shim et al., 2017). A recent study by 

(Shimizu et al., 2015) confirmed the importance of the companion cells in the 

flowering timing control regarding LD or SD photoperiod, whereas the clock genes 

expressed in the epidermal layer have more crucial roles in regulating the 

hypocotyl length upon temperature signals. These results suggest that the 

circadian clock is responsible for different physiological responses depending on 

the tissue of expression. One of the most important molecules controlling flower 

regulation is FT (FLOWERING LOCUS T), which is regulated by the transcription 

factor CO (CONSTANS). FT is synthetized in the leaf companion cells and moves 

through phloem sieve elements to the shoot apical meristem (SAM) in order to 

initiate the flowering process. Responsible for the FT transport are two proteins, 

FTIP1, which is localized in the plasmodesmata and facilitates the movement 

from CCs to SE and NaKR1, which is responsible for the actual long distance 

movement of FT through sieve elements to the SAM (Abe et al., 2015; Liu et al., 

2012; Song et al., 2015; Zhu et al., 2016).  

Using DiURNAL online repository with gene expression data 

(http://diurnal.mocklerlab.org), MC3 expression was shown to oscillate during the 

day independently from the photoperiod. The highest expression was detected in 

morning hours followed by a sudden reduction in the afternoon hours (Fig 2.18A). 

Regulation of hypocotyl elongation is a well- known response regulated by 

circadian clock. We wanted to test if the photoperiod and the light intensity 

affected the hypocotyl length in overexpressor and mc3 compared to wild-type 

plants. Seedling were vernalized for 2 days and grown for 7 days in SD conditions 

in high and low light intensity, respectively. As shown in Figure 2.18B, the 

hypocotyl length depends on the condition used, but is not significantly affected 

depending on the genotype tested.  
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Figure 2.18: Circadian rhythms in MC3 expression do not affect the hypocotyl length 

in SD photoperiod. (A) Expression data from DiURNAL. LLHC refers to continuous light 

(blue line) and LD- long day conditions (red line). (B) Seedlings were grown in SD 

conditions at 22oC for 7 days in High (HL) and Low (LL) light conditions. Boxplots are 

indicating the length of the hypocotyls of 7-days- old seedlings grown id SD (8h light/16h 

dark) conditions. HL stands for High Light intensity (170 μmol/m2/s) and LL for Low Light 

intensity (50 μmol/m2/s).  

 

 

To investigate the putative connection between MC3 and floral 

emergence, we analysed the transition from vegetative to flowering stage in all 

the different genotypes. Two different characteristics were used to determine the 

flowering time. First, the days that the plants needed to bolt or the first flower to 

appear and second, the number of the rosette leaves above 0.5 cm were counted 

the day of bolting/flowering. Our results showed that mc3 plants reach the 

flowering stage earlier than the rest of the genotypes, although the total number 

of the rosette leaves is not different. The complementation of the mc3 mutant 

plant with MC3 under the endogenous promoter is able to bring the flowering time 

to wild-type levels, whereas overexpression of the protein did not affect the 

transition at all. Interestingly the double mutants mc3mc1 and mc3mc4 were the 

last to flower, also by not displaying significantly altered number of rosette leaves 

(Fig 2.19). That could indicate that although the developmental stage at which 

that the plants are flowering is not different between the genotypes, but mc3 

reaches that stage earlier than the rest.  
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Figure 2.19: Analysis of the flowering time upon LD conditions. The experiment was 

repeated at least 3 times (N of plants >10 per replicate) with similar results. The graphs 

are representing a representative replicate. (A) Representation of the number of plants 

bolted (upper panel) and flowered (lower panel) over time. (B) Four-week-old plants of 

MC3 variant backgrounds, Wt, overexpressor, mc3 and the complemented line (mc3 

pMC3:MC3-GFP), grown in LD conditions. (C) Number of rosette leaves the day that the 

plants were counted as flowered.  

 

MC3 does not severely affect phloem formation 

Since MC3 showed a phloem-specific expression pattern, phloem 

formation was investigated in detail to detect phenotypes that could be caused 

by the absence of the protein. Reported phenotypes associated with incorrect 

phloem differentiation are among others, short roots, incomplete cotyledon 

venation pattern and gap cells appearing in the phloem strand (Gujas et al., 2017; 

Ruiz Sola et al., 2017; Wallner et al., 2017). Since phloem is responsible for the 

transport of photosynthetic products and signalling molecules, multiple changes 

in gene expression can be detected if the tissue is not properly functional 

(Bishopp et al., 2011; Yoo et al., 2013). Therefore, defects in phloem 

development can have a systemic adverse impact on the root meristem and root 

growth in general. In addition to gap cells phenotype, mutants of genes involved 

in phloem formation display defects in cell division and elongation during 
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embryogenesis—cells divide in a position where they would normally undergo 

elongation (Truernit et al., 2012). Long-distance transport is also impaired, and 

auxin transport from fully differentiated SEs to immature SEs is affected as well, 

leading to a secondary phenotype in the meristem in which the division that gives 

rise to meta-/proto-phloem sieve elements occurs at a lower frequency 

(Rodriguez-Villalon et al., 2014). The increase in number of lateral roots observed 

in phloem-defective mutants has been attributed to the accumulation of auxin at 

higher regions due to the impaired long distance transport. Similar phenotypes 

have been reported in brx, cvp2 cvl1, and CLE45-treated roots (Depuydt et al., 

2013; Rodriguez-Villalon et al., 2014; Scacchi et al., 2009).   

First, the cotyledons venation pattern was investigated. Cleared 

cotyledons revealed the vascular vein structure. All genotypes checked showed 

a complete four loop pattern without disruptions of the vascular (Fig 2.20A). Also, 

root length was analysed to identify differences in the first days of development. 

Overexpression line and the mc3 knock out mutant were the two lines with 

significantly longer roots in comparison to the rest of the genotypes that didn´t 

show any difference. The complementation line of the mc3 was, as expected, 

similar to wild-type plants. Lateral root (LR) formation was also analysed, 

measuring the number of visible LR emerging in wild-type, mc3 and 

overexpressor lines. Three independent replicates of 7-days old seedling roots 

were measured under the stereoscope. No significant differences were detected 

among the lines (Fig 2.18D).    
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Figure 2.20:  Phloem related phenotypes to detect developmental defects in the 

vascular formation. (A) Picture of 7-day-old seedlings of wild-type, two overexpressor 

lines, two CRISPR mc3 mutants, mc1mc3, mc3mc4 and the individuals mc1 and mc4. 

Seedlings were grown in MS media under LD conditions. (B) Boxplots indicate the 

distribution of the 7-day old root length. (C) Cotyledon vein pattern comparing wild-type, 

overexpressor of MC3, double mutants and mc3 single mutant. (D) Measurements of the 

amount of visible lateral roots for each genotype.  

 

 

In the root of Arabidopsis, stem cells are organized in a stem-cell niche 

at the apex of the root meristem generating transit-amplifying cells, which 

undergo additional division in the proximal meristem and differentiate in the 

elongation/differentiation zone. For meristem maintenance, and therefore 

continuous root growth, the rate of cell differentiation must equal the rate of 

generation of new cells. This balance is maintained by the antagonistic effects of 

cytokinin, which promotes cell differentiation, and auxin, which promotes cell 

division. Cytokinin antagonizes auxin in a specific developmental domain (the 

vascular tissue transition zone) from where it controls the differentiation rate of all 

the other root tissues. Owing to a stereotyped division pattern, columns or files of 
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cells develop, in which the spatial relationship of cells in a file reflects their age: 

younger cells lie near the root tip; older cells are higher up in the root. Therefore, 

all developmental stages are present in every root and anatomy reflects 

ontogeny. The Arabidopsis root can be viewed as a set of concentric cylinders: 

epidermis, cortex, endodermis and pericycle surrounding the vascular tissue in 

the middle of the root. The epidermis is made up of two different cell types, hair 

and non-hair, organized in contiguous cell files. The inner tissues are all 

composed of a single cell type (Benfey and Scheres 2000). Root meristem size 

can be measured as the number of meristematic cortex cells in a file extending 

from the QC to the first elongated cell excluded. The cortex is the best suitable 

tissue to count meristematic cells because it is composed of a single cell type and  

 

 

Figure 2.21: Meristem size in different MC3 backgrounds (A) Confocal images of 6-

day-old wild-type, overexpressor, mc3 mutant, complemented line and double mutants 

stained with PI. Arrows indicate the boundary between the proximal meristem and the 

elongation zone of the root. Scale bars: 50 μm. (B) Meristem cell number at 6 days after 

germination. Four independent replicates were analysed (n of roots >20 per replicate). 
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its cell number is constant between different roots. Inner tissues are difficult to 

count owing to their smaller size. To determine meristem size, 6-day-old 

seedlings were used for measurements. The overexpressor and the mutant 

showed a bigger meristematic zone with a difference of 4-5 cells compared to the 

wild-type (Fig 2.21), which may explain the longer size of the root that was 

observed in these lines. 

From all the experiments performed, we concluded that MC3 does not 

cause any severe developmental phenotype related to phloem development. 

Taking into account the specificity of the protein expression and the fact that mc9 

mutant also does not display any developmental phenotype in the plant but was 

found to be responsible for the post-mortem tracheary element clearance to form 

xylem tissue (Bollhöner et al., 2013), we speculated that MC3 might have a 

specific role in the phloem terminal differentiation or in the identity of the phloem 

cell lines that requires additional experiments for detection. To be able to study 

the pattern of the formation, crosses between the mc3 #13.3 and different PSE 

markers such as COTYLEDON VASCULAR PATTERN 2 (CVP2) and CC 

markers such as SUCROSE-PROTON SYMPORTER 2 (SUC2) were made. 

Homozygous for the mutation and the marker seedlings were grown in MS media 

for 6 days before confocal analysis and the marker line pCVP2:NLS-Venus or 

pSUC2:GFP were used as control. We didn´t observe any defects in the 

progression of protophloem continuity, a notion confirmed by the continuous 

expression of the protophloem specific identity marker CVP2 or any defect that 

could lead to defects in transport from surrounding CCs as SUC2-GFP signal was 

distributed in the root tip (Fig 2.22).  
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Figure 2.22: MC3 does not affect the identity of vascular cells. (A- D) 6-days old 

seedlings of marker line pSUC2:GFP and mc3 mutant line crossed with the marker. PI 

staining, scale bar 1000μm. In (A) and (B) the root tips of 6-day-old seedlings of marker 

line are shown in (A) and the mutant crossed with the marker line in (B). In (C) the upper 

part of the root of the marker line is shown and (D) shows mc3 crossed with the marker. 

(E), (F) Root tip from 6-day-old seedlings of marker line pCVP2:NLS-3XVenus (E) and 

mc3 mutant line crossed with the marker (F). Calcofluor staining, scale bar 100 μm. 

 

 

Proteome Analysis 

Identifying the proteome of a group of cells or a tissue has always been 

a challenging process. With advanced technologies in recent years, several 

proteomic methodologies have been developed that can make possible to 

identify, characterize, and comparatively quantify the relative level of expression 

of proteins that are co-expressed.  

Two different strategies can be followed to identify the composition and 

the dynamics of the proteome, called bottom-up and top-down approaches. In the 

bottom-up approach, commonly referred to as shotgun proteomics because of its 

similarity to shotgun sequencing as used in genomics (Claassen et al., 2012), a 
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protease such as trypsin is used to cleave a protein mix, followed by fractionation 

by liquid chromatography (LC), and then Mass spectrometry (MS) analysis. Then 

the peptide identification algorithm reports a set of peptide-spectrum matches 

(PSMs) by searching the MS/MS spectra against a protein database. From these 

peptide identifications, the existence of proteins is detected with protein inference 

algorithms and the relative or absolute abundances of proteins are calculated with 

protein quantification approaches. (MS)- based shotgun proteomics is widely 

used to identify precursor proteins in a sample and quantify them. The 

disadvantages of the technique are that the homologous proteins or alternative 

splicing products can mislead the analysis. Also, during the experiments most of 

the PTM are lost, which makes it challenging for the protein identification. In the 

top-down approach, intact proteins are characterized by MS without previous 

proteolysis treatment. This type of approach although it provides larger sequence 

coverage, resolution of sequence ambiguities, and preservation of PTMs, 

however, is technically more challenging, so it is not widely used. Some of the 

shortcomings of the bottom-up approach have been overcome by the 

development of computational methods and use of data repositories to facilitate 

the identification of peptides. Technology advances are also implemented to 

reduce the time of the analysis. Recently it was shown that the use of gas 

separation instead of LC reduces significantly the time of peptide quantification 

(Meyer et al., 2020). 

Since the phenotypical analysis did not show severe developmental 

defects in the plants described and MC3 is predicted to be a protease, which may 

affect the levels of the proteome, we analysed the protein abundance and 

changes caused depending on the levels of MC3 present. Also, substrate 

analysis techniques can provide useful insights into the role of a particular 

protease.  

 

Proteome Composition Analysis in Leaf tissue 

 

To understand better how the plant behaviour is affected by MC3 we 

wanted to get a global view of protein differential abundance. Ideally, phloem 
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proteomes would have been analysed. We considered several techniques to 

enrich in phloem cells, but they all proved too challenging and/or did not yield 

sufficient protein levels for proteomic analyses. Therefore, we used leaf samples. 

Proteomes extracted from four biological replicates of leaf samples from 3-week 

old wild type, overexpressor and mc3 knock out mutant plants were analysed. A 

label-free quantitative mass spectrometry was performed and allowed the 

identification of a total of 2970 proteins (Supplementary Table 1). This included 

MC3, which highly accumulated in the overexpressor line, but its abundance was 

below the detection limit in the wild-type and mutant line, as indicated by intensity-

based absolute quantification (iBAQ) values. In the case of wild-type this could 

be explained by the tissue-specificity of the protein, which can lead to a reduction 

of the signal from CCs of the vasculature when the whole leaf sample is collected. 

The quantitative proteome analysis further indicated changes in proteome 

composition in MC3 transgenic plants, although only 225 of the 2970 quantified 

proteins exhibiting significant differences in abundance (ANOVA with T-test, p-

value<0.05, followed by Tukey´s honest significance test). Because of the small 

number of significant protein differences, we decided to compare the genotypes 

pairwise. The proteins that came up statistically significant and with a fold change 

higher that 50% between the comparisons are showed in Table 2.  
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Table 2: Proteins with a fold change higher that 50% between the 

comparisons, statistically significant. In the table is presented the gene name, the locus 

in the genome, fold change (FC) in the dual comparison performed and significance. In the 

last column is presented the biological function associated, according to TAIR database.  

 

 

 

 

 

Gene names

Gene 

names  

(ordered 

locus )

FC 

oe_ko

 T-test 

Signifi

cant 

oe_ko

FC 

wt_ko

T-test 

Signifi

cant 

wt_ko

FC 

oe_wt

 T-test 

Signifi

cant 

oe_wt

Gene ontology (biological process)

PNSL2 At1g14150 4.69 + 3.50 + 1.19 photosynthetic electron transport chain 

T14P8.18 At1g02816 3.34 + 0.00 3.63 +

F11M15.26 At1g51400 3.28 + 2.65 0.63 response to ozone, UVB, wounding 

PAPP2C At1g22280 2.97 + 0.00 1.66 protein dephosphorylation, red light signaling pathway

ECA4;ECA1 At1g07670;At1g078102.29 + 1.78 + 0.51 + calcium ion transmembrane transport, transport, homeostasis 

At5g16400 At5g16400 1.89 + 1.81 + 0.08 cell redox homeostasis, response to light intensity

AtMC3;MC3 At5g64240 1.88 + 0.00 2.46 +

OEP37 At2g43950 1.64 + 0.00 1.05 cation transport

F23H11.27 At1g59960 At1g59960/F23H11.271.56 + 0.00 1.61 +

UREG At2g34470 1.51 + 1.55 + -0.04

nitrogen compound metabolic process, positive regulation of 

urease activity 

F3C3.6 At1g32160 1.04 + 1.21 -0.18

RPS29A At3g43980;At3g44010;At4g33865;At4g338850.88 + 0.36 0.52 translation

At5g22580 At5g22580 0.87 + 0.68 + 0.19

At1g27752 At1g27752 0.74 + 0.00 0.50

At5g19860 At5g19860 0.71 + 0.63 + 0.09

At2g27290 At2g27290 -0.90 + -0.09 -0.82

F27H5_130 At3g60340 -0.97 + -0.35 0.00

GAE1-6 At1g02000;At2g45310;At3g23820;At4g00110;At4g12250;At4g30440-1.34 + -0.25 0.00

carbohydrate metabolic process;cellular response to 

hypoxia;defense response to fungus, Gram negative bacteria 

CML20 At3g50360 -1.55 + -0.35 0.00

abscisic acid-activated signaling pathway involved in stomatal 

movemen

SMT2 At1g20330 -1.56 + -0.46 -1.09

multidimensional cell growth;negative regulation of DNA 

endoreduplication ;xylem and phloem pattern specification 

process;sterol biosynthetic process 

At3g15095 At3g15095 -3.43 + -1.10 0.00 photosystem II assembly 

AVA-P4 At1g19910;At1g75630;At2g16510;At4g34720;At4g389201.13 -2.74 + 3.87 +

At1g32550 At1g32550 0.88 -2.10 2.98 +

At3g43540 At3g43540 0.90 -1.25 2.15 +

AtMC6 At1g79320 0.70 -0.24 0.94 +

GLP1 At1g72610 -0.29 0.56 -0.85 +

GASA1 At1g75750 -0.14 0.95 + -1.09 +

gibberellic acid mediated signaling pathway, response to 

abscisic acid, response to brassinosteroid 

RAD23C At3g02540 -0.73 0.44 -1.17 +

proteasome-mediated ubiquitin-dependent protein catabolic 

process 

RPS15D At5g09510 -0.46 0.92 -1.38 + ribosomal small subunit assembly 

CML10 At2g41090 -0.63 0.84 -1.47 +

cellular response to hypoxia, cellular response to oxidative 

stress, regulation of L-ascorbic acid biosynthetic process 

KIN2 At5g15970 0.00 1.55 -2.45 +

response to abscisic acid, response to osmotic stress, 

response to water deprivation 

At2g43770 At2g43770 1.69 2.82 + -1.13

PAE12 At3g05910 0.00 2.39 + -1.03 cell wall organization 

At5g16400 At5g16400 1.89 + 1.81 + 0.08 cell redox homeostasis;response to light intensity 

RABE1D;RABE1EAt3g09900;At5g03520-0.19 -1.31 + 1.12 protein secretion;regulation of exocytosis 

At2g25950 At2g25950 -0.47 -1.61 + 1.14

At5g14120 At5g14120 -0.52 -2.14 + 1.62

GDH2 At2g35120 -0.91 -2.82 + 1.91 glycine decarboxylation via glycine cleavage system
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Comparison of overexpressor vs wild-type (Supplementary Table 3):  

A protein that was found upregulated in both overexpressor and mutant 

lines in comparison to the wild-type plants is the plasma membrane V-ATPase 

(AVA-P4), which can have a role in signalling transport (Ratajczak 2000). Most of 

the differentially abundant proteins were of uncharacterized biological function. 

Significantly downregulated in the plants over-accumulating MC3 was KIN2 which 

responds to ABA and cold and reduces osmotic stress tolerance (Kurkela and 

Borg-franck 1992), but also CML10 which was found to be expressed quickly  

 

 

Figure 2.23: Identification of differentially abundant proteins in overexpressor 

compared with wild-type plants. Volcano plots shows the relation between the log10 p-

value and the log2 fold change for the compared lines. Peptides with significantly reduced 

or increased abundance are considered those having -Log10 (P-value)>1.3 and log2 FC<–

0.55 or >0.55 respectively and are highlighted with blue and red colour. 

 

following exposure of the plant to hypoxic conditions. CML10 might be also 

related to several responses for long- term persistent stresses (Cho et al., 2016). 
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Another interesting downregulated protein is GASA1 that responds to hormones 

as ABA, GA and BRs (Bouquin et al., 2015). 

 

Comparison overexpressor vs mc3 mutant (Supplementary Table 2): 

Upregulated proteins were divided in groups showing differential 

expression only in both overexpressor vs mutant and overexpressor vs Wt but 

not between mutant and Wt. That could be explained as differences observed 

because of very high upregulation of MC3. The second category includes proteins 

following a similar pattern of higher abundance in the comparisons attempted 

(Overexpressor>Wt, Overexpressor >mc3 mutant, Wt> mc3 mutant). 

In this first category we found proteins with unknown function, but also 

PAPP2C which phosphorylates PIF3 in response to light stimuli (Phee et al., 

2008), At2g43950 responsible for the chloroplast ion channels and At1g59960 an 

NAPDH oxidoreductase. In the second category we found significant for the two 

comparisons the proteins PNSL2 which is a component of the chloroplast 

membrane and regulates the electron transport chain, ECA1; ECA4 which is 

responsible for protein trafficking and response to ion imbalances (Ca2+) (Nguyen 

et al., 2018) and At2g34470 for urea catabolism. From these proteins we could 

not conclude anything specific for the MC3 function.  

On the other hand, downregulated in the overexpressor was the SMT2 

protein, a sterol methyl transferase 2, which is one of the key enzymes of 

brassinosteroid biosynthesis in Arabidopsis thaliana (Chung et al. 2010). SMT2 

has a crucial role in balancing the ratio of C28 (CR) and C29 sterols (sitosterol) 

(Schaeffer et al., 2001). smt2 mutant showed discontinued vein cotyledon pattern. 

Additionally, CML20 is expressed in lower levels only in overexpressor line. 

Mutants of this protein exhibit enhanced sensitivity to ABA and increased drought 

tolerance (Wu et al., 2017). Finally, At3g15095 (Serine-Threonine kinase like 

protein) is responsible for the assembly of the photosystem II.  
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Figure 2.24: Identification of differentially abundant proteins in overexpressor 

compared with mc3 mutant plants. Volcano plots shows the relation between the log10 

p-value and the log2 fold change for the compared lines. Peptides with significantly 

reduced or increased abundance are considered those having -Log10 (P-value)>1.3 and 

log2 FC<–0.55 or >0.55 respectively and are highlighted with blue and red colour. 

 

Comparison wild-type- mc3 mutant (Supplementary Table 4): 

In the upregulated proteins we detected also the At2g34470 (UREG) for urea 

catabolism and GASA1. This is only upregulated in Wt and less expressed when 

MC3 is highly abundant or absent. ECA4 is also more expressed in overexpressor 

and Wt in contrast to the mutant and is important for the Ca2+ signals transport 

which can facilitate stress signals responses. Photosynthesis-related peptides 

were also upregulated. Finally, TRXF2 was also found upregulated, which is 

localized in the chloroplast and trxf2 proteomic analysis showed defects in 

processes such as metabolism, photosynthesis and stress related responses. 

Importantly, ferredoxin NADPH was found to be negatively affected in the trxf2 
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mutants, which is consistent with our results (Fernández-Trijueque et al., 2019). 

Downregulated proteins in the wild-type plants did not show any specific category 

of biological function. 

 

 

Figure 2.25: Identification of differentially abundant proteins in wild-type compared 

with mc3 mutant plants. Volcano plots shows the relation between the log10 p-value and 

the log2 fold change for the compared lines. Peptides with significantly reduced or 

increased abundance are considered those having -Log10 (P-value)>1.3 and log2 FC<–

0.55 or >0.55 respectively and are highlighted with blue and red colour. 

 

N-terminome analysis 

Proteases can be particularly challenging to study because of the high 

levels of redundancy among family members mentioned above. Despite the 

amount of proteases and proteolytic events discovered in plant species, only a 

few connections protease-substrate have been identified. Furthermore, many 

proteases are regulated at multiple levels, transcriptionally, translationally and 

post- translationally. To gain knowledge regarding the protease function, 
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identification of the substrate is an important step. In vitro studies have managed 

to find and verify the responsible protease for a substrate cleavage using the 

correct treatments and controls (such as protease inhibitors) function to prove the 

connection. Unfortunately, not all the proteases are easily purified or secreted 

and in vivo analysis requires more different approaches to overcome the 

limitations such as overexpression, loss of function, specific inhibitors (Overall 

and Blobel 2007).  

Targeted quantitative analysis of protein termini identifies precise 

cleavage sites in protease substrates with exquisite sensitivity and dynamic range 

in in vitro and in vivo systems. The most used strategies nowadays are the 

following approaches: COmbined FRActional DIagonal Chromatography 

(COFRADIC), Terminal Amine Isotopic Labeling of Substrates (TAILS) and High-

efficiency Undecanal-based N-Termini EnRichment (HUNTER) (Canbay and auf 

dem Keller 2021; Kleifeld et al., 2010; Savickas et al., 2020; Staes et al., 2008; 

Weng et al., 2019). In contrast with most proteomic approaches, HUNTER is a 

proteomics technology that replaced precipitation-based protein purification by 

reversible high-efficiency binding to hydroxylated magnetic beads that allows a 

robust, sensitive and scalable method for the analysis of previously inaccessible 

microscale samples.  

Here, this so-called N-terminome consisted of all peptides that 

possessed the mature protein N termini and the neo-N-termini that had been 

generated upon proteolysis by MC3. We analysed the in vivo N-terminome in 

leaves from 3-week old plants of wild-type, MC3 overexpressor line and loss of- 

function mc3 mutant plants using four independent replicates. By mass 

spectrometry were identified approximately 1600 N-terminal peptides, with 409 

dimethylated peptides representing N termini with free α-amines in vivo 

(Supplementary Table 5).  

From the peptides identified we examined those that fell into the non-

canonical produced peptides and were dimethylated. The canonical peptides 

resulted from the analysis normally contain post-translational modifications (such 

as methionine cleavage from the N-termini of the protein), cleavage of signal 

peptides, alternative translation initiation sites and protein maturation events. The 

non- canonical peptides are those that will contain the substrate cleavage. In 
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addition to this, acetylated peptides are most likely by-products of the treatments 

and the dimethylated are those which arise from proteolytic events (Perrar et al., 

2019). To determine significantly altered protein termini abundance that may 

indicate differential cleavage between two genotypes, we excluded the acetylated 

peptides and focused only in the differences observed in the dimethylated ones. 

The threshold of important change in abundance was set at 0.6 log change (more 

than 60% abundance) and the peptides were filtered for this difference supported 

by a LIMMA-moderated t-test (P-value<0.05). Dual comparisons were again 

made to identify changes between different backgrounds and test consistency 

since we are looking for a possible substrate candidate.  

Application of these criteria to compare plants with highest and lowest 

abundance of MC3 (overexpressor Vs mutant), identified only a few N-terminal 

peptides with significant changes (Fig 2.26 and Supplementary Table S6), most 

of them belonging to plastid proteins. Positional analysis showed that in all of 

them the amino-acid in P1 position was an R, which is the cleavage preference 

identified for metacaspases. The most visible and consistent difference found was 

GLU1, a ferredoxin dependent glutamate synthase that is expressed highly in 

leaves and more specifically in the phloem CCs-SEs complex as well as in the 

mesophyll. Recently it was shown that GLU1 helps the plant with iron deficiency 

(Cui et al., 2020). In our dataset this protein appeared in all the comparisons 

performed and was detected in higher levels in the mc3 mutants, less in the wild-

type plants and even less in the overexpressor. Regarding other peptides, 

At5g01260 is coding for a protein that was more abundant in the mutant in 

comparison to the overexpressor and has been associated with starch binding 

processes. In contrast, more peptides of the plastid protein rbcL were detected in 

the overexpressor, an indication that photosynthesis might be affected, although 

rbcL is also involved in ABA responses apart from photorespiration.  
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Figure 2.26: Identification of differentially abundant N-termini peptides in the 

different genotypes. Volcano plots shows the relation between the log10 p-value and the 

log2 fold change for the compared lines. Peptides with significantly reduced or increased 

abundance are considered those having -Log10 (P-value)>1.5 and log2 FC<–0.55 or 

>0.55 respectively and are highlighted with blue and red colour. With green colour letters 

are indicated the down-regulated peptides that they behave consistent in the dual 

comparisons. 

 

In the comparisons between wild-type and mutant or overexpressor and 

wild-type (Fig 2.26, Supplementary Tables S7;8) the results were in the majority 

similar. A candidate-peptide that appeared significantly upregulated only in the 

wild-type is RBG7, which is related to stomatal movement and responses to 

osmotic stresses. Expressed highly in guard cells and subcellularly in the 

cytoplasm, is highly induced by cold environments. RBG7 seems to promote 

stomatal opening and reduce tolerance under salt and dehydration stress 

conditions, but promotes stomatal closing and thereby increases stress tolerance 

under conditions of cold tolerance (Kim et al., 2008). Surprisingly, most of the 

photosynthetic proteins from the plastids that were detected higher in the 

overexpressor when compared to the mutant, in this comparison show higher 

abundance in the wild type plants. Due to this inconsistency, we decided to 

consider these proteins as noise from the experimental execution. Higher 

abundant in the overexpressor we detected for CP29B which is a chloroplast 

RNA-binding protein. From transcriptomic and proteomic available data, it has 

been detected in phloem exudates and shows response to ABA signalling.  
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Overall, the amount of N-terminal peptides detected was sufficient to 

consider the experiment valid, but the significant changes between the MC3 

backgrounds did not provide any strong candidate to consider as a direct 

proteolytic cleavage mediated by the protease. Peptides that were more present 

in the overexpressor could appear because of higher cleavage events, hence the 

lack of MC3 leads to less peptide detection in the mutants. Most of these peptides 

though belong to proteins localized in the chloroplasts, which did not coincide with 

MC3 subcellular localization and could be a consequence of indirect changes in 

N-terminome.  

 

Proteomic Analysis in root tissue 

We tried to perform the same N-termini analysis taking only root samples 

of 7-days old seedlings in order to avoid masking the effect of the protease from 

the total amount of proteins that can be detected in leaf samples since the 

expression of MC3 is very specific for the CCs. Unfortunately, HUNTER did not 

provide robust results. On the other hand, a step before the final collection of N-

termini, a sample was extracted from the analysis that allows efficiency 

calculations and detection of protein abundance in the different MC3 

backgrounds. This sample is called preHUNTER and could provide information 

of total protein levels. The disadvantage of this analysis is that peptides should 

be labelled in order to be detected and we might have lost information. Therefore, 

this analysis cannot be considered as accurate as total quantitative proteomic 

analysis.  

A similar approach was used to evaluate the resulting peptides as described 

before. From a total amount of 1072 proteins that were identified (Supplementary 

Table S9), same change threshold was applied in the dual comparisons, following 

T-test p-value analysis to discard non-significant differences. Taking into account 

the significant changes when comparing the overexpression line with mutant 

plants, a total of 27 proteins appeared (Fig 2.27 and Supplementary Table S10). 

The comparison of overexpressor with wild-type plants gave similar results (Fig 

2.28 and Supplementary Table S9), which is an indication of consistency in the 

change of protein abundance when there is over-accumulation of MC3. Since, 
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many of the proteins identified did not have any specific biological function 

described yet, we tried to focus on the functional groups that came up from the 

rest.  

 

Figure 2.27: Identification of differentially abundant proteins in overexpressor 

compared with mc3 mutant plant roots. Volcano plots shows the relation between the 

log10 p-value and the log2 fold change for the compared lines. Peptides with significantly 

reduced or increased abundance are considered those having -Log10 (P-value)>1.3 and 

log2 FC<–0.55 or >0.55 respectively and are highlighted with blue and red colour. 

 

 Significantly downregulated in the overexpressor summarised from the two 

comparisons, are:  

A) Peroxidase proteins such as PER3, PER29 and PER45, which respond 

mostly to oxidative stress and catabolism of hydrogen peroxide. PER29 

was recently identified as one of the five peroxidases essential for the 

formation of the Casparian strip (Rojas-Murcia et al., 2020). 
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B) Overexpressor roots also express less SKU5, a protein involved in the 

directional root tip growth by possibly regulating cell wall expansion 

(Sedbrook et al., 2002). Related to cell wall expansion is also CEL5 that 

was found downregulated in the overexpressor line compare to wild type 

plants.  

C) Furthermore, proteins related to ABA signalling such as BGLU22, 

BFRUCT4 affected. Both are directly activated by downstream signalling 

and specifically BFRUCT4 acts by closing the stomata upon ABA 

signalling (Chen et al., 2016). Interestingly we found the subtilase SBT1.4 

(SASP) which has been associated to drought response to be less 

expressed in the overexpressor line. sasp mutants exhibit higher 

tolerance of the stress by modulating ABA signalling (Wang et al., 2018).  

 

 

Figure 2.28: Identification of differentially abundant proteins in overexpressor 

compared with wild-type plant roots. Volcano plots shows the relation between the 

log10 p-value and the log2 fold change for the compared lines. Peptides with significantly 

reduced or increased abundance are considered those having -Log10 (P-value)>1.3 and 

log2 FC<–0.55 or >0.55 respectively and are highlighted with blue and red colour. 
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D) NAI2 is a major component for the ER bodies formation and it has been 

reported that nai2 mutants had increased growth and proline 

accumulation at low water potential (Kumar et al., 2015).  

 

 

Upregulated appeared in the overexpressor line: 

A) Four proteins that positively regulate the response to hypoxia and 

oxidative stress (ACX1, At4g19880, FAD-OXR, DJ1A). ACX1 is also 

upregulated upon ABA (Ebeed et al., 2018). Also, DOX1 which is a cell 

death associated dioxygenase that has a protective role upon oxidative 

stress, responding to salicylic acid (SA) (De León et al., 2002).  

B) A glutamine synthetase (At1g6620, GLN1;2/ GSR2). GLN1;2 has a 

specific expression for the CCs of the phloem but didn´t exhibit any 

phenotype upon abiotic stresses as did GLN1;1 (Lothier et al., 2011).  

Recent reports indicated that GLN1;2 is crucial for N assimilation of 

Arabidopsis plants grown in ample nitrate conditions (Guan et al., 2016) 

C)  We identified BGLU18 for which the mutant line has shown less 

resistance to drought stress (Lee et al., 2006). BGLU enzymes 

depending on the tissue and the abiotic stress can be activated differently 

and catalyse different reactions with distinct substrates (Ahn et al., 2010). 

D) KTI4 is a protein involved in PCD responses and defence against 

bacterial pathogens. It has also shown that upon hydrogen peroxide 

upregulation.  

 

We also performed a comparison of the wild-type/mc3 mutant results only to 

detect differences derived from the absence of the protease. Filtering for the 

significant differentiated proteins (Supplementary Table 11), only two came up 

and CGEP was the one behaving opposite in the mutant and the overexpressor 

line. CGEP is an auto-catalytic serine peptidase, located mostly in the plastids. 

Comparative proteomics and genetic interactions show that CGEP is part of the 

chloroplast proteostasis network and is directly or indirectly involved in the 

regulation of starch metabolism (Bhuiyan et al., 2020). The cgep mutants grow 
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similar to wild-type plants upon normal growth or high light and drought 

conditions.  

 

To summarise, small differences were observed between absence and 

endogenous levels of MC3 which can be caused from redundancy by other 

proteases. On the contrary, over-accumulation of the protease results in an 

increase of many proteins related to hormone signalling, in the majority ABA, 

responses to stress conditions such as osmotic and oxidative stress were up- or 

down- regulated in abundance. From the results that we obtained, we 

hypothesised that it is possible that MC3 is having a role in stress responses. 
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Summary  

 

Environmental stresses, such as low or high temperature, deficient or 

excessive water, high salinity, UV radiation and pathogens are hostile to plant 

growth and development, leading to great crop yield decrease worldwide. It is of 

great importance to study the plant responses and defence mechanisms against 

these stresses and their strategies of tolerance in order to strengthen crops 

against the increasing pressure of environmental changes due to climate change. 

The increasing food demands imposed by a growing population together with the 

crop yield losses are not sustainable for the future of the planet. Metacaspases 

have been shown to participate amongst others, in the plant responses to 

stresses.  

In this part of the study we wanted to determine whether altering the 

levels of MC3 in the plant had any impact on environmental stress responses in 

the plant. Since the modulating the levels of MC3 did not cause any obvious 

developmental phenotype in the plant, and proteomic analysis of the different 

mutant and overexpressing lines showed a potential involvement of the protein in 

abiotic stress responses, we suspected that the protein could be involved in the 

response network that is activated when plants are under threat. We found that 

upon severe drought stress the overexpressor plants of metacaspase 3 survived 

more than the wild-type plants and mc3 mutant plants behaved the opposite. The 

latter seemed less sensitive to ABA, the main hormone regulating the drought 

responses. We investigated formation of the vasculature upon osmotic stress and 

we found that the overexpressor lines were forming the metaphloem tissue 

earlier. In low oxygen conditions the excessive amount of MC3 contributed to 

plant survival. We also investigated the performance of mutant and 

overexpressing MC3 lines upon vascular pathogen infection and heat combined 

with light stress. The response was not altered in these conditions, which shows 

that MC3 was more specifically involved in stresses causing osmotic unbalance.  
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Promoter analysis shows transcription factor (TF) binding 

motifs related to stress responses 

 

The gene promoter region can provide information regarding the motifs 

present and the possible transcription factors (TFs) that could potentially bind to 

it. Transcriptional regulation is of great interest since TF are proteins that regulate 

and thus orchestrate plant growth and responses. However, defining the exact 

cis- regulatory elements that are functional in a promoter sequence is quite 

difficult and usually additional sites are present and should be taken into account. 

Multiple online tools have been developed to facilitate research and provide the 

most accurate possible analysis. The next step after identifying the motifs present 

in a sequence for the TF to bind, is to clarify the co-expression of these genes 

spatiotemporally to elucidate the network of regulation and the cascade of events.  

To identify the motifs in the MC3 promoter region, we selected an area 

of 1.5Kb upstream the ATG of the first exon. In a first approach we compared the 

cis elements of all Arabidopsis metacaspases to identify potentially different 

regulation using PlantCARE. The region upstream that was chosen for all of them 

was at least 1000bp. As shown in Table 3, most of the motifs identified are related 

to hormone signalling and stresses, either biotic or abiotic. MC3 promoter 

contains the EIRE motif and the Box W1 that are associated with fungal elicitor 

and pathogen induced response, respectively. Although MC1 has a role in HR, 

its promoter region did not show any motif related to pathogens, whereas MC4 

that is activated upon wounding, contains the WUN motif accordingly. Most of the 

metacaspases have predicted motifs responding to SA and JA. Interestingly, 

regarding responses to ABA and osmotic stress, the ABRE motif is present in 

MC1, MC3, MC4, MC7 and MC9 that have shown expression in the vascular 

tissue. Also MC1 and MC3 contain the GARE motif that is associated with 

gibberellin (GA) response and MC3 and MC9 share a motif that responds to 

auxin. At last, ARE motif that participates in anaerobic-related responses can also 

be found in the promoter sequence of MC3. 
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Table 3: Analysis of promoter regions for all members of the metacaspase family in 

Arabidopsis from PlantCARE database. Motifs have been organised according to the 

associated function that regulate the TF binding on them.  

 

 

To confirm that the motifs were identified correctly we performed another 

promoter analysis for MC3 using AGRIS. In silico analysis can often provide 

different results in every individual run, so the comparison of all the results can 

help to have more robust predictions. In Table 4 all the motifs found are displayed 

with the exact binding site (BS) in MC3 promoter and the family of TFs that binds 

to them.  Those related to abiotic stress responses are highlighted in yellow and 

in blue are those related to pathogens. For the family of bHLH, which is one of 

them, it was recently shown that participated in plant responses to stress 

conditions, mostly drought, salt and cold (Sun et al., 2018). Another osmotic 

stress-related family is bZIP and more specifically the group ATB2 that binds to 

the ACTCAT sequence (Satoh et al., 2004). The MYB family is quite diverse and 

has been related with development as well as abiotic stresses. In the promoter of 

MC3 a motif where the MYB4 TF could potentially bind was found. The MYB4 

AtMC1 AtMC2 AtMC3 AtMC4 AtMC5 AtMC6 AtMC7 AtMC8 AtMC9
endosperm expression Skn-1

endosperm expression GCN-4

RNApol binbing site TCT motif

light, senescence G-Box 

light ACE

heat HSE

light Sp-1

salt TC repeats

senescence -Li Liu et al. 2016 W box 

Circadian 

cis elements, MBS, MBSI, MRE MYB TFs MBS MBSI-CCAAT BOX MBS-MRE MRE MBS

pathogen Box W1

wound respons. Element WUN motif

Giberellic Acid GARE 

Ethylene ERE 

Absisic Acid response, osmotic stress ABRE

Giberellin P-Box 

Auxin AuxRR

Auxin TGA Box

SA response TCA element

MeJA response CGTCA motif

MeJA response TGACG motif

Anaerobic induction ARE

Zein metabolism regulation O2 site

elicitor responsive EIRE 
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loss-of-function mutant shows UV-B tolerance due to increased accumulation of 

hydroxycinnamate esters, and on the contrary, MYB4 overexpression caused a 

reduction in UV-B absorbing compounds, resulting in UV-B hypersensitivity (Jin 

et al., 2000). Finally multiple binding sites were detected for HSE (Heat Shock 

Element) TFs, which are responsible for heat signalling (Nover et al., 2001). For 

the rest of the motifs, not all the TFs that can bind are characterized or they have 

a more general function.  
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Table 4: Analysis of promoter region motifs for MC3 with AGRIS database. 

 

BS Name

BS 

Genome 

Start

BS 

Genome 

End

Binding 

Site 

Sequence

Binding 

Site 

Family/TF

Publication Reference

AtMYC2 BS in 

RD22
25712470 25712475 cacatg BHLH

Role of Arabidopsis MYC and 

MYB homologs in drought- and 

abscisic acid-regulated gene 

expression.

Plant Cell 9:1859-

1868 (1997)

ATB2/AtbZIP

53/AtbZIP44

/GBF5 BS in 

ProDH

25711367 25711372 actcat bZIP

A Novel Subgroup of bZIP 

Proteins Functions as 

Transctiptional Activators in 

Hypsosmolarity-Responsive 

Expression of the ProDH gene 

in Arabidopsis

Plant Cell Physiol. 

45(3):300-317. 

(2004)

W-box 

promoter 

motif

25712133, 

25712284, 

25711804

25712138, 

25712289, 

25711809

ttgacc WRKY

Evidence for an important role 

of WRKY DNA binding proteins 

in the regulation of NPR1 gene 

expression

Plant Cell 13: 

1527-1540 

(2001).

ATHB2 

binding site 

motif

25712703 25712711 taataatta HB
ATHB2 is a negative regulator 

of germination in Arabidopsis 

thaliana seeds

SCI REP 11,1: 

9688-9692 

(2021)

CCA1 binding 

site motif
25712139 25712146 aaaaatct MYB-related

A myb-related transcription 

factor is involved in the 

phytochrome regulation of an 

Arabidopsis Lhcb gene

Plant cell 9:491-

507 (1997)

DPBF1&2 

binding site 

motif

25711160, 

25712119

25711166, 

25712125
acacaag bZIP

Negatively regulates drought 

and salt tolerance, promote 

flowering and defence 

responses to virus.

MOL BIOL REP 

47, 3585–3592 

(2020), Planta 

243, 623–633 

(2016), PlosOne 

E 9(3): e90734

HSEs binding 

site motif

25711312, 

25712291, 

25712290, 

25711311

25711321, 

25712300, 

25712299, 

25711320

agaaatttct HSF

Arabidopsis and the heat 

stress transcription factor 

world: how many heat stress 

transcription factors do we 

need?

Cell Stress 

Chaperones. 

2001 

Jul;6(3):177-89. 

Review.

MYB4 binding 

site motif
25712750 25712756 accaacc MYB

Expression profile matrix of 

Arabidopsis transcription factor 

genes suggests their putative 

functions in response to 

environmental stresses.

Plant Cell. 2002 

Mar;14(3):559-

74.

RAV1-A 

binding site 

motif

25711852, 

25711898, 

25712165, 

25712835, 

25711947, 

25711384

25711856, 

25711902, 

25712169, 

25712839, 

25711951, 

25711388

caaca ABI3VP1

Arabidopsis RAV1 transcription 

factor, phosphorylated by 

SnRK2 kinases, regulates the 

expression of ABI3,ABI4, and 

ABI5 during seed germination 

and early seedling 

development

The Plant Journal 

80,4: 654-668 

(2014)

BoxII 

promoter 

motif

25712443 25712448 ggttaa ...

Transcriptional activation by 

Arabidopsis GT-1 may be 

through interaction with TFIIA-

TBP-TATA complex

Plant J. 1999 

Jun;18(6):663-8.

GATA 

promoter 

motif [LRE]

25711154, 

25711399, 

25711416, 

25711827, 

25712551, 

25712625, 

25712683

25711159, 

25711404, 

25711421, 

25711832, 

25712556, 

25712630, 

25712727, 

25712688

tgataa ...

Arabidopsis thaliana GATA 

factors: organisation, 

expression and DNA-binding 

characteristics

Plant Mol Biol. 

2002 

Sep;50(1):43-57.

Ibox 

promoter 

motif

25711828, 

25712723

25711833, 

25712728
gataag ...

An evolutionarily conserved 

protein binding sequence 

upstream of a plant light-

regulated gene

Proc Natl Acad Sci 

USA 85:7089-

7093 (1988)
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The analysis was performed using two different platforms: PlantCARE 

and AGRIS. AGRIS currently contains two databases, AtcisDB (Arabidopsis 

thaliana cis-regulatory database) and AtTFDB (Arabidopsis thaliana transcription 

factor database). These are databases of cis-elements on the promoters of all 

genes in the Arabidopsis genome. The results have not been verified 

experimentally and are based on simply presence of the putative regulatory cis 

element. These putative promoter sequences are somewhat different from those 

from TAIR cis element motif tool because AGRIS has incorporated the 

information of full-length cDNA sequences from RIKEN and SALK.  

Overall, we noticed that in both independent analysis of the promoter 

sequence and the binding motifs present, many of the TF sets that appeared are 

related with abiotic stresses and most of them are more specific for osmotic stress 

and ABA signalling, which is consistent with our proteomics data hinting towards 

a function of MC3 in these processes. Also there are W-box motifs that are an 

indication of biotic responses.  

MC3 function upon Abiotic Stresses 

 

Heat stress  

Temperature is a factor that can vary during different seasons but also 

during the day and plants have evolved mechanisms to cope with these 

fluctuations. In a cellular level, upon heat stress, proteins are not folding properly 

and proteostasis is challenged. Effects on the rhythm of protein synthesis, folding 

and degradation lead to aggregate formation. This phenomenon affects the 

stability and the proper function of protein complexes. As a defence mechanism 

cells activate chaperone proteins that will contribute to the aggregate clearance 

and restore the balance. Prolonged elevated temperatures can lead the plant to 

activate PCD, but short heat shock waves can actually enhance the “memory” 

against the stress factor and provide tolerance. 

We wanted to test how MC3 behaves upon heat stress. First, 7-day-old 

seedlings were kept at 45oC for 45min, then they were left for 1 hour to recover 
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and placed again at 37oC for 1 hour. We analysed the seedlings after fixation with 

confocal microscopy, using Proteostat Aggregosome Detection, a dye that binds 

to aggregate and misfolded proteins and gives fluorescence. In Figure 3.1A and 

B, different parts of the seedling root are shown after the second incubation at 

37oC. From the root tip to the upper differentiation zone the aggregate 

accumulation of MC3 is evident, although the aggregates do not seem to co-

localize with those stained by Proteostat. We also tested if the aggregates 

disappear upon recovery of the seedling. Heat shock was performed for 1h at 

37oC and seedlings were observed with confocal microscopy. All the expression 

of the protein was observed in masses all over the root (Fig 3.1C) but upon 

recovery of 1hour at 22oC the aggregates are reduced and the ubiquitous pattern 

of expression is getting slowly restored all over the root. 

 

Figure 3.1: Formation of aggregates of MC3 upon heat stress. The construct 

UBQ:MC3-GFP was detected using confocal microscopy. Hoechst to stain the nuclei is 

visualized as blue and Proteostat dye is visualized as red. (A) Representative picture of 

the root tip (A) and differentiation zone (B) from 7d old seedlings. Seeds were vernalized 

for 2 days at 4oC, grown at LD/22oC conditions for 7 days and placed at 45oC for 45min. 

They were left at 22oC to recover for 1h before placed again at 37oC for 1h. They were 

fixed and stained with Proteostat Aggregosome Detection kit and imaged with confocal 

microscopy. Representative picture form the differentiation zone of the root of 7d old 

seedlings, grown at LD/22oC conditions for 7 days and placed at 37oC for 1h (C) and after 

1h of recovery at /22oC (D). 
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Thermo- and photo- morphogenesis is the effect that temperature and 

light respectively, have on plant development (Erwin et al., 1989; Franklin and 

Quail, 2010). Many physiological traits are altered as plants perceive signals from 

their environment of multiple temperatures or light intensities. Regarding 

temperature, the most common feature is the elongation of hypocotyl and the 

different size of plant organs such as cotyledons and leaves (Quint et al., 2016). 

The molecular mechanism behind the response of shoots to ambient 

temperatures is well studied but for the root responses little is known. Recently a 

connection between root and shoot thermomorphogenesis was discovered, 

which was proposed to be mediated by auxin as major regulator (Gaillochet et 

al., 2020). During photomorphogenesis, high light intensity inhibits growth in the 

hypocotyl, but increases growth and development in cotyledons and emerging 

true leaves, as well as in roots. The fact that different tissues can respond 

individually to the environmental signal relies on the type and the amount of 

photoreceptors promoting or inhibiting growth in different plant organs 

(phytochromes and cryptochromes) (Montgomery 2016). 

MC3 showed promoter regions that could potentially bind factors that are 

related to heat stress. Furthermore, in the proteome analysis performed, there 

were proteins in higher abundance in the overexpressor that are related with 

responses to heat stress. In order to address how ambient temperature in 

combination with light modulate shoot and root development in the different 

mutant backgrounds of MC3, we used low and high light growth conditions in 

chambers with 22 and 28oC. Seeds of wild-type, overexpressor and mutant plants 

were vernalized for 2 days at 4oC, placed for 3 days under LD conditions (16h:8h) 

in order to have simultaneous germination and then the 3-day-old seedlings were 

transferred to four different conditions. The growth chambers used were: 1) 22 oC 

and 40 μmol/m2/s, 2) 22 oC and 170 μmol/m2/s, 3) 28 oC and 40 μmol/m2/s, 4) 28 

oC and 170 μmol/m2/s. Roots were measured in all the different conditions as 

shown in Figure 3.2B, with no significant difference observed between the 

genotypes in none of the conditions. Hypocotyl length was also calculated in 22 

oC and 28 oC, under low light conditions when elongation defects are more 

evident. In that case significant differences were observed. At 28oC, mutant plants 
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lacking MC3 did not elongate their hypocotyl more than 7mm whereas wild-type 

and overexpressor plants could reach the 9mm length (Fig 3.2A). That could 

mean that temperature could affect the mutant line but since the changes are 

minor, the phenotype cannot be translated into a major influence of MC3 in plant 

responses to heat.   

 

Figure 3.2 Effect of light and temperature on root and hypocotyl length of mc3 

mutants. (A) Hypocotyl growth (28°C (green)/22°C (pink)) in wild-type, overexpressor and 

mc3 mutants under low light intensity growth conditions-170 μmol/m2/s. (B) Root growth 

(28°C/22°C) in wild type, overexpressor and mc3 under low and high light intensity (40 and 

170 μmol/m2/s respectively) growth conditions. Statistics: one-way ANOVA, Tukey HSD 

test p-value<0.05 is represented in the graphs and was calculated separately for each 

condition.  

 

Hypoxia  

 Hypoxia stress in plants is the lack of molecular oxygen and can occur 

usually under flooding conditions. It can appear as soil saturation with water or 

plant submergence. Upon lack of O2 plant cells activate a metabolic 

reprogramming and the whole organism adopts morphological changes that 

enables tolerance mechanisms to counter the stress. The most devastating 

effects of hypoxia are the limitation of ATP production due to the lack of oxygen 

that leads to a decrease in energy production, the acidification of cytoplasm by 

malfunction of H+-ATPase and organic acid production (Perata and Alpi 1993). 
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The mechanism of sensing primary hypoxic signals has been studied the past 

years with hormone signals being crucial in activating downstream signalling 

pathways. JA, ABA, gibberellins (GA) and ethylene are crucial hormones for the 

LOES (Low Oxygen Escape Syndrome) response by promoting or inhibiting 

growth, formation of aerenchyma structures and increasing fitness. The family of 

ERF VII (Ethylene Response Factors VII) TFs has been shown to receive the 

initial stress signal and modulate the expression of hypoxia-related genes (Bui et 

al., 2015; Weits et al., 2014). These TFs contain a specific N- terminal residue 

and removal of the first Met allows them to become modified by PCOs (Plant 

Cysteine Oxidases). With this process, which is called N-end rule or N- degron 

pathway, the N-terminal Cysteine changes to a Cys-sulfinic acid and passes 

through a lot of modifications. Recently reviewed were these so called “core- 

hypoxia genes” and the importance of the Cys N- degron pathway, which is the 

conserved complex pathway in higher plants to transduce signal upon limited 

oxygen conditions (Gibbs et al., 2011; Gibbs and Holdsworth 2020; Hsu and Shih 

2013).  

Roots and shoots can differ in their responses to hypoxia. Root tissue 

activates signalling that can be characterized as autonomous, whereas shoot 

tissue mostly relies on systemic signalling that comes from the lower parts of the 

plant. Ethylene and ABA were shown to be involved in this long distance 

communication establishment between aerial and root parts of the plant. In 

particular, ABA biosynthesis was increased in the shoots and completely the 

opposite in the roots and helps the plant recovery (Bui et al., 2020; Hsu et al., 

2011). If ethylene and ABA are acting in an antagonistic manner still is unclear 

and can be different depending on the species studied. Furthermore, analysis of 

metabolic pattern between the root and shoot tissues showed distinct 

accumulation patterns of C% and N% but also stanch and sugar metabolites upon 

stress. This fact was explained by the altered phloem sugar transportation which 

was observed after analysis of the different phloem sap in the tissues (Lothier et 

al., 2020).  



 Results
  
  

108 
 

From public available data, MC3 showed an upregulation upon hypoxic 

stress and according to the promoter region analysis, ARE motif is related to 

anaerobic conditions. We wanted to test how the survival was affected in the 

different MC3 backgrounds. Nowadays, most of the studies regarding hypoxia 

use either roots or whole seedlings kept in darkness in a N2 atmosphere or under 

submergence. In the experiments conducted for this study a desiccator (hypoxia 

chamber) was used. Nitrogen was introduced at a flow rate of 4L/min in the dark, 

for 4hrs at which the oxygen in the desiccator was at approx. 0.5% at the end of 

the experiment. Our control for this experiment were seedlings in a similar 

desiccator with light excluded but in still air (conditions of normoxia). Before and 

after the treatment, plants were grown in LD conditions in plates. Root tip survival 

was scored after 3 days of recovery. Extension of primary root tips beyond the 

marked point was scored as root tip survival for each seedling. Survival threshold 

was determined following this procedure. Root tip survival is measured by scoring 

the seedlings whose primary root has grown below marked point as survival and 

those that did not grow as dead (Fig 3.3B). All seedlings survived at 98-100% in 

normoxia hence the data is not shown here. As expected, the root tips of the 

positive control prt6-1 survived better in hypoxia than wild type (Fig 3.3C). 

Interestingly, root tips of the overexpressor line survived significantly better than 

wild-type seedlings, with statistically significant results. Another unexpected 

result was the higher survival rate shown by the mutant line, which displayed 

better performance than wild-type, although not as strong as the overexpressor.  
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Figure 3.3: MC3 is involved in seedling survival upon hypoxia stress.  (A) Rate of 

oxygen decline in the hypoxia chamber used for the treatments. (B) Root tip survival was 

measured by scoring the seedlings whose primary root (PR) grew below marked point 

after 3 days of recovery from the hypoxic stress. (C) Plant survival rates after 3 days of 

recovery in LD/22oC conditions in normal oxygen rate. Averages of three independent 

biological replicates (± SE), (n >80). Statistics: one-way ANOVA, Tukey HSD post-hoc test 

P<0.05 is represented in the graphs. 

 

In order to determine which genes and pathway mediated the higher 

tolerance to low oxygen availability observed in plants with altered MC3 levels, 

we analysed expression of some of the main “core hypoxia genes”. Seedlings 

were grown in MS plates under normal conditions for 7days before roots and 

shoots were collected separately to analyse the expression pattern of ACO1 

(ACC Oxidase 1), SUS4 (Sucrose Synthase 4), PCO1 (Plant Cysteine Oxidase 

1), PCO2 (Plant Cysteine Oxidase 2), ADH (Alcohol dehydrogenase 1) and AHb 

(Arabidopsis Haemoglobin). ACO1 is an ethylene biosynthesis gene, SUS4 

increases sucrose levels for anaerobic catabolism, PCO1 and 2 are enzymes 

which oxidize the cysteine of ERF VII TFs by using oxygen as a co-substrate in 
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the N- degron pathway, ADH is responsible for fermentation and AHb also is a 

typical up regulated gene is hypoxic conditions.  

 

Figure 3.4: Expression analysis for six hypoxia related genes. Quantitative RT-PCR 

was performed on 7-day-old shoots (A) and roots (B) of seedlings grown under normoxic 

conditions. Wild-type plants are compared with overexpressor of MC3 and mc3. Total RNA 

was extracted and used for cDNA synthesis. EIF4a gene was used as a housekeeping 

gene, to normalize the expression of the genes analysed. Statistics: Student T-test was 

performed to detect significant difference in expression (* p- value< 0.05).  
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 From the analysis performed in separated root and shoot samples, only 

ADH showed significant upregulation in the overexpressor plants. ADH is the last 

gene in the pathway of the reversible transformation of acetaldehyde to alcohol 

by oxidizing NAD+ to NADH. This fermentation process is upregulated in hypoxic 

conditions but also upon hypoxic events during development such as seed 

development and germination (Ventura et al., 2020). In general, plants with higher 

amount of ADH show enhanced tolerance to hypoxia and that could be an 

indication for the higher survival of overexpressor of MC3 plants (Fig 3.4). The 

rest of the genes tested did not show any differential expression upon normal 

conditions, thus we cannot exclude the possibility that differences appeared 

under stress conditions only.  

 

Drought 

Water is one of the most crucial elements for plant growth. Thus, when 

the availability of water decreases, plant development is limited. Drought is an 

emerging environmental stress due to climate change which is becoming 

increasingly prevalent. Crop yields all over the world are affected severely from 

limited precipitation and extensive water loss, with the reduction of crop yield to 

be estimated at 40% annually. Since plants are sessile organisms and they 

cannot run away from the stress, they developed during evolution mechanisms 

to cope with it. Drought “resistance” is a very general term used to describe the 

ability of the plant to survive during prolonged drought stress with two main 

mechanisms, drought tolerance and drought avoidance. Tolerance can be 

translated to drought escape or hardness and the plant is able to complete its life 

cycle before the severe stress thus do not experience drought. At an organism 

level, plants reduce their root growth, leaf size, seed production and promote 

early flowering and develop morphological traits that enable them to escape. On 

the other hand, in drought avoidance the plant is able to endure the stress by 

altering evapotranspiration, reduce soil water uptake, accumulate 

osmoprotectant molecules such as proline, raffinose, trehalose etc. in its tissues 

and protect the osmotic balance in their cells (Basu et al., 2016).  
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Photosynthesis is the major parameter to identify the plant productivity 

hence water deficit impairs photosynthetic rate and transpiration. Upon mild 

drought the CO2 levels are significantly reduced mainly due to stomata closure 

and damaged plastids but upon severe drought stress the factor that leads to CO2 

limitation is the direct reduction of gas diffusion that afterwards results in reduction 

of stomata and photosynthetic capacity in mesophyll (Flexas et al., 2008). Light 

import and usage balance is compromised, which leads to overproduction of 

reactive oxygen species and oxidative burst and finally decline the effectivity of 

photosystem II. As a response, plant cells trigger expression of genes related to 

chloroplast metabolism and peroxidase enzymes to maintain redox homeostasis.  

The responses of a plant to drought stress start shortly after the first 

signal transduction for water limitation. Hormonal pathways are activated 

including abscisic acid (ABA), ethylene, gibberellic acid (GA), jasmonic acid, 

auxin and brassinosteroids. The complex crosstalk of these hormones regulate 

the adaptation to stress. ABA is synthesized de novo in root tissue and 

translocated to the aerial parts, leading to stomata closure, while auxin regulates 

negatively the plant responses to the stress. GA and ethylene have an important 

role in balancing the yield when water is limited (Basu et al., 2016). The 

mechanisms that the plants deploy to deal with the stress can vary depending on 

the species studied and the availability of water in the environment. For example, 

root architecture plasticity is an important trait for the adaptation. Roots are the 

first tissue that senses the stress but behave differently in completely dry and 

slightly moisture soil. Arabidopsis showed root growth inhibition, reduced lateral 

root formation through ABA and auxin signalling when osmotic stress was tested 

in plates but many plants develop longer and thinner roots for maximum 

exploitation of water when tested in completely dry surface soil with moisture in 

further depth (Deak & Malamy, 2005; Dinneny, 2019).  

Given the stress-related proteins that are differentially expressed in the 

overexpressor line, we wanted to test the possible role of MC3 in osmotic stress 

by exposing adult plants in severe drought stress. Plants were grown for 3 weeks 

in individual pots and water was withholded for 8-9 days. All genotypes showed 
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to be affected by the stress. Then, plants were re-watered and survival rate was 

calculated. We observed that two independent overexpressor lines tested 

showed increased drought tolerance than the wild-type plants, reaching a 15% 

higher survival rate (Fig 3.5B). Furthermore, both mc3 mutants were less able to 

survive when at very low water levels. As expected, in the complementation line 

of the mc3 knock out mutant with the MC3 under the control of its endogenous 

promoter (mc3 pMC3:MC3-GFP), the ability to withstand drought was recovered 

similar to wild-type levels (Fig 3.5A, B). Most of drought tolerant phenotypes are 

usually due to growth arrest when plants lose les water because of their leaf 

surface and growth is compromised in order to favourite abiotic stress tolerance. 

Neither overexpressor or mc3 mutant are exhibiting visible growth phenotypes, 

so we wanted to test their behaviour in a time course of drought stress. To ensure 

that all the plants are in the same stress level conditions, we weighted daily the 

pots and calculated for each one individually the field capacity. The overexpressor 

plants along with the complementation line took 7-8 days to arrive to 10% field 

capacity (water availability) whereas wild-type and mutant plants needed only 6-

7 days which could indicate less water losses through evapotranspiration (Fig 

3.5C).  
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Figure 3.5: MC3 is involved in drought tolerance. (A) Phenotypes from plants before 

drought stress in well-watered conditions (left column) and post-stress, after 5 days of re-

watering and recovery (right column). From top to bottom 3-week-old rosettes of Wt, 

overexpressor lines #10.6 and #5.2, mc3 #13.3, complementation line of the mutant and 

mc3 #6.10 are shown. (B) Plant survival rates after 5 days of re-watering. Averages of six 

independent biological replicates (±SE) (n >200). Asterisks indicate significant differences 

(p-value < 0.05) in a chi-squared test for survival ratios compared to wild-type. (C) Results 

for the days needed to reach different percentages of the field capacity for wild-type, 

overexpressor, knock-out mutant and complemented line are shown in bar plots for five 

independent replicates (n >70). 

Plant water content was measured as an indicator for the water status 

upon specific soil water contents. Relative water content (RWC) did not show 

significant differences as drought progresses between the different lines but in 

well- watered conditions – field capacity 100%, the overexpressor and the 

complementation line contained already more water than the wild-type plants (Fig 

3.6). The maximum quantum yield of photosynthesis (Fv/Fm) is often used as a 
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stress indicator and is related to the maximum capacity of photosynthesis since 

the electron transport is not active. On the other hand, the operating efficiency of 

PSII is measured after a light pulse has activated the photosynthetic centre which 

is an indication of the actual light used from the plant to perform photosynthesis 

(Murchie and Lawson 2013). The overexpressor seemed to maintain higher 

photosynthetic activity upon severe drought stress both upon dark adaptation and 

without. Fv/Fm ratio was similar for all the lines upon watered conditions but when 

the stress was present the overexpressor was able to perform photosynthesis 

better than the wild-type plants. In comparison to the other two lines, there is a 

tendency from the overexpressor and the complemen- 

 

Figure 3.6: Relative water content (RWC) measurements upon drought stress. For 

RWC experiments, mature rosettes were collected at 100%, 40% and 6% field capacity. 

Experiments were repeated four times (n >16). Different letters depict significant 

differences within each genotype calculated for each FC separately with one-way ANOVA 

plus a Tukey’s HSD test. 
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-ted to perform better than the mutant but these differences were not statistically 

significant (Fig 3.7A). On the contrary, wild-type plants showed a better actual 

photosynthetic capacity under basal conditions, which became reduced upon 

stress. At 6% FC the mutants appeared more stressed than the rest of the lines, 

agreeing with the survival rates from the drought experiments (Fig 3.7B).  

 

 

Figure 3.7: Photochemical parameters upon drought stress are affected. (A) 

Maximum Quantum Yield of photosynthesis (Fv/Fm) ratio for Wt, overexpressor, mc3 

mutant and complemented line at different percentages of field capacity. (B) Operating 

efficiency of PSII for Wt, overexpressor, mc3 mutant and complemented line at different 

percentages of field capacity. Experiments were repeated four times (n>16). In (A) and (B) 

different letters depict significant differences within each genotype with one-way ANOVA 

plus a Tukey’s HSD test. 

 

ABA sensitivity is reduced in mc3 knock out plants 

As mentioned above, absisic acid holds an important role in responses 

to water stress conditions, regulates water status to protect cell systems and 

induces genes that express dehydration-tolerant proteins. It also mediates 

drought responses and activates tolerant mechanisms by regulating stomatal 

closure. When the stress appears, ABA biosynthesis and accumulation is 

enhanced mainly in the vasculature of the leaves because almost all biosynthesis 
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enzymes and membrane transporters are expressed in vascular tissues 

(Kuromori et al., 2018; Vishwakarma et al., 2017). ABA was recently shown to 

promote xylem differentiation in a similar way as osmotic stress does, by 

activating VASCULAR-RELATED NAC DOMAIN (VND) transcription factors and 

to facilitate vascular plasticity to improve water transport (Ramachandran et al., 

2021). The vasculature is important for the distribution of the hormone, since it 

has also developmental roles in the plant growth apart from the stress responses. 

It regulates plant transpiration, seed maturation and germination time, embryo 

development and inhibits shoot and root growth (Planes et al., 2015; Raz et al., 

2001; Sun et al., 2018; Yoshida et al., 2019). It is also important for senescence, 

since internal ABA signals can regulate the onset of the process by upregulation 

of early senescence related genes (Song et al., 2016).  

From the proteome data obtained in the root tissue from seedlings, 

proteins related to ABA were found to be differentially abundant in the 

overexpressor compared to wild-type and mutant line. Taking into account the 

involvement of MC3 in drought stress we wanted to test if the function of the 

protease is ABA-dependent. We performed several experiments to determine the 

responsiveness of the different genetic backgrounds of MC3 to the hormone. 

First, we germinated overexpressor and mc3 mutant seeds together with wild-

type and complementation line seeds on plates containing three different 

concentrations of ABA: 0 (control), 1, or 2 μM. After 8 days of growth we observed 

that the germination rates of the mc3 mutants were the only significantly higher 

than the rest of the genotypes when seeds were germinated on media containing 

ABA, in comparison to control plates that did not show any difference (Fig 3.8 A, 

B). When root growth inhibition was checked, seedlings were grown firstly on MS- 

media for 3 days to ensure equal germination and after were transferred to MS 

media containing 0 (control), 0.3, 3 or 30 μM ABA for 7 more days. The root 

growth of all the lines was almost similarly inhibited at 3 and 30 μM of ABA (Fig 

3.8 C, D). Although some of the differences observed appeared statistically 

significant, the values were not dramatically different, so that the hormone can be 

considered as having a strong effect on root growth. At 0.3 μM ΑΒΑ the 

overexpressor roots seem to be even more elongated that control conditions and  
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Figure 3.8: Analysis of germination rate and root growth inhibition upon ABA 

treatment. (A) and (B) Germination assays of wild-type, overexpressor, mc3 mutant and 

complemented plants of MC3 with and without ABA treatment. Seeds were germinated on 

MS- medium plates supplemented with 0 (control), 1 or 2 μM ABA solution and grew for 8 

days before pictures were taken (A) and germination rate was calculated (B). Bar plots in 

(B) are means (±SE) for five biological replicates (n> 90 per replicate/per genotype). 

Statistics: one-way ANOVA plus a Tukey’s HSD test were performed to detect differences 

between the lines used. (C) and (D) Effects of ABA treatment on root growth of wild-type, 

overexpressor, mc3 mutant and complemented plants of MC3. Seeds were first 

germinated on MS- medium plates for 3 days, then seedlings were transferred to new 

plates supplemented with 0 (control), 0.3, 3 and 30 μM ABA, and left to vertically grow for 

further 7 days before images were taken (D) and root length was calculated (C). Data are 

means (±SE) for five biological replicates (n >15 per replicate/per genotype). Significant 

differences from Wt were determined by Student’s t-test and letters are representing 

differences calculated for each conditions separately. 
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show a significant difference compared to the rest of lines. It was recently 

demonstrated that indeed, low ABA concentrations (<1μΜ) can actually promote 

primary root growth. Phosphatases PP2Cs are positive regulators of ABA 

signalling pathway and when they get activated, they interact with AHA2, a 

plasma membrane (PM) H+-dependent adenosine triphosphatase (ATPase), to 

dephosphorylate it and hence, growth is compromised. In the presence of low 

ABA concentrations, cytosolic ABA receptors bind to PP2Cs to relieve AHA2, 

therefore, the phosphorylation state does not change and roots grow normally 

(Miao et al., 2021). Overall, this result shows that the overexpressor line is 

responding to ABA treatment.  

As mentioned, ABA is able to promote senescence in detached organs 

(Song et al., 2016; Wang et al., 2018) so we hypothesized that mc3 leaves may 

show a delay in senescence compared to the wild-type or overexpressor plants 

upon ABA treatment. To test this hypothesis, we grew plants for 5 weeks and we 

treated detached rosette leaves with 50 μM ABA for 3 days under LD conditions. 

To be able to quantify the level of senescence, we extracted chlorophyll and 

measured the respective absorbance for chlorophyll a and b. Interestingly, we 

found that the leaves of the mc3 mutants contained higher levels of the 

chlorophyll a in comparison to wild-type and complemented plants, and the 

overexpressor line showed similar results. The levels of chlorophyll b were the 

same for all the lines tested, in control conditions and upon ABA treatment 

respectively (Fig 3.8). Chl a and Chl b are the main pigments for the 

photosynthesis and absorb the sunlight at different wavelengths (Chl a mainly 

absorbs red-orange light and Chl b blue-purple light). Chl a is the primary pigment 

present in all photosynthetic centres and Chl b is considered an additional helping 

molecule. The total amount of leaf chlorophyll content (Chl a+b) directly 

influences the photosynthetic activity of plants. In Figure 3.10 Chl a+b is 

calculated relativized to the tissue weight. No significant differences were 

detected between the lines, for neither control or ABA treated conditions, although 

the mc3 mutant seemed to have a tendency towards higher Chl levels when 

compared to the rest of the lines.  
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Figure 3.9: Quantification of chlorophyll a and b. Detached leaves from 5-week-old 

Col-0, overexpressor line, mc3 mutant, and MC3 complementation line were incubated 

without (control) or with 50 μM ABA for 3 days upon LD conditions. Leaves were weighted 

individually and chlorophyll was extracted. Absorbance was measured at 663 nm and 646 

nm for chlorophyll a and b, respectively. Statistics: One way anova plus Tukey’s HSD test 

was performed to detect significant differences (p- value< 0.05).  

 

Figure 3.10: Quantification of total chlorophyll. Detached leaves from 5-week-old Col-

0, overexpressor line, mc3 mutant, and MC3 complementation line were incubated without 

(control) or with 50 μM ABA for 3 days upon LD conditions. Leaves were weighted 

individually and chlorophyll was extracted. Absorbance was measured at 663 nm and 646 

nm for chlorophyll a and b, respectively. Total amount of chlorophyll was estimated as a 

sum of the amount for chlorophylls a and b, divided by the weight of each sample. 

Statistics: One way anova plus Tukey’s HSD test was performed to detect significant 

differences (p- value< 0.05).  
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Finally, another parameter to study ABA sensitivity is the stomatal 

movement since it promotes stomatal closure when the hormonal concentration 

increases. For this experiment cotyledon leaves were treated with a buffer that 

opens the stomata for three hours before starting hormone treatment. Fifty μM 

ABA were added to the buffer and stomata aperture was measured at 30 min 

afterwards. We observed a statistical difference of 1μm in the width of mc3 mutant 

guard cells in comparison with the rest of the genotypes (Fig 3.11). If stomata are 

not closed properly and show reduced sensitivity to ABA, when ABA increases  

 

Figure 3.11: Stomata Closure upon ABA treatment. Cotyledons from 10 day-old 

seedlings were incubated with opening buffer for stomata for 3 h before 50μ M of ABA was 

added to the buffer. Changes in stomatal aperture in Wt, overexpressor, mc3 mutants and 

complemented lines were observed and photographed after 30 min of ABA treatment 

under microscope. In parallel, control samples were not treated and were kept with the 

initial buffer for 30 min. Stomatal aperture was measured with Image J and is represented 

in the graph. Data are means (±SE) for three biological replicates; for each genotype, 25 

guard cells in total from 3 different plants were examined in each of the three replicates. 

Significant differences were calculated with Tukey’s HSD test for multiple comparison 

between the genotypes, separately in each time point.  
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upon drought stress, the mutants will lose more water, which could explain the 

reduced survival rate that they demonstrate and the shorter time that they need 

to reach the 6% FC compared to the other lines tested. 

Overall, the mc3 mutants showed less sensitivity to ABA, although we 

cannot claim that they do not respond to the hormone. These results could give 

a plausible explanation for the drought phenotype observed for these lines, 

although they do not explain the higher survival rate of the overexpressor line. In 

most of the experiments performed with ABA, the sensitivity of the overexpressor 

line was comparable to the wild-type and complementation line.  

 To analyse if ABA synthesis/ degradation or downstream signalling was 

altered in the mc3 mutant background, we decided to analyse the expression of 

some the genes involved in these pathways (ABI1, HAB1, PYL5, PYL4, AAO3, 

RBOHD, PP2C and RD29A, RD22). We separated root from cotyledons and 

analysed in each tissue the expression levels upon no treatment (Fig 3.12). Two 

negative regulators of the hormone, ABI1 and HAB1 did not show any change in 

expression between the lines. Also AAO3, which codes for an aldehyde oxidase 

responsible for the biosynthesis of the hormone was not altered. Positive 

regulators of downstream signalling (PYL4, PYL5, RBOHD, PP2C) behaved the 

same in all the samples. Regarding signalling, some of the genes tested are 

receptors and some are responsible for activation of cascade signals 

downstream. If there is a connection between ABA and MC3, the fact that no 

change was observed in terms of gene expression could be attributed to these 

factors acting upstream of MC3 so, no effect from the absence of the protease 

can be observed, or that without treatment the differences are not visible.  

Two dehydration-responsive genes related to ABA responsiveness were also 

tested (Tuteja 2007). RD29A has an DRE motif in the promoter and is highly 

induced by ABA to maintain the osmotic balance in the cell. Interestingly, in root 

samples there was significantly less expression of the gene in the mutant 

background. Furthermore, water deficit and ABA induce expression of some 
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RD22 proteins. Same pattern was observed, with mc3 mutant roots to show less 
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Figure 3.12: Expression analysis for nine ABA related genes. Quantitative RT-PCR in 

7-day-old shoots (A) and roots (B) of seedling grown in normoxia conditions. Wt plants are 

compared with overexpressor of MC3 and mc3. Total RNA was extracted and used for 

cDNA synthesis. EIF4a gene was used as a housekeeping gene, to normalize the 

expression of the genes analysed. Statistics: Student T-test was performed to detect 

significant difference in expression (* p- value< 0.05).  

expression (Fig 3.12B). The phenomenon of differentially expressed genes in 

roots and shoots is quite common for hormone-responsive genes and is not 

unexpected. The results from this analysis did not show any direct connection 

between ABA and MC3 in terms of changes in regulatory pathways gene 

expression. In contrast, the observed reduced expression in the root of two 

dehydration responsive genes could be an additive explanation for the worse 

performance of mc3 mutants upon drought.  

Next, we performed hormone quantification analysis to determine if 

altering MC3 levels had an effect on the overall hormone levels of the plant. 

Samples were collected from wild-type, overexpressor and mc3 mutant plants, 

grown for three weeks in LD conditions in growth chambers. The analysis 

included main hormones such as ABA, SA, auxin (IAA), JA, Gibberellic Acid 4 

and 7 but also the JA precursors OPDA and ZR and finally the hormonal 

molecules melatonin, Zeatin, ACC and IPA. We did not observe any significant 

difference in the main hormone or precursor molecules that were tested upon 

normal growth conditions. (Fig 3.13).  
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Figure 3.13: Hormone Levels Quantification. Three week old wild-type plants are 

compared with overexpressor of MC3 and mc3 mutants. Data are means (±SE) for four 

biological replicates; Statistics: Student T-test was performed to detect significant 

difference in expression (* p-value<0.05).  

 

Stress Responses related to ABA 

Apart from seed germination, development of seedlings, stomata closure, 

senescence and responses to drought, ABA has an important role in the general 

responses of the plants to osmotic stress, which can be caused from increased 

salinity or cold environment. These three stresses (drought, increased salinity and 

cold) share a quite common pathway of downstream signalling genes since they 

all affect the osmotic balance of the cells. ABA is considered the endogenous 

messenger of water availability and it has been characterized mainly as a stress 

hormone. The moment that the plant is challenged by an abiotic stress factor, 

ABA is de novo synthesized and starts accumulating. Downstream from the 

hormone signalling many genes alter their expression to activate the cellular 

defence responses (Chen et al., 2020). Upon salt stress, Na+ ions are increased 

in the plant tissues and negatively regulate root growth, formation of lateral roots, 

flowering time and finally reduce plant survival (Neuman, 1995; Duan et al., 2013; 
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Shu et al., 2018). Ion balance is impaired in the cells and increased oxidative 

damage takes place from ABA-derived ROS accumulation (Shabala et al., 2016).  

Since mc3 mutants showed reduced sensitivity to ABA we wanted to test 

whether salinity conditions had an impact on the different lines. Salinity causes 

inhibition of root growth and osmotic imbalance, similar to the responses caused 

by drought stress. Since MC3 overexpressor plants were more tolerant to osmotic 

stress caused by water deficit, it was interesting to determine whether they also 

showed increased tolerance upon salt stress. We tested both primary root (PR) 

root length and LR number upon different concentrations of NaCl. Seeds were 

placed in MS media to germinate for 3 days prior their transfer to 50, 100 mM 

NaCl and control plates respectively for 7 additional days. Since salt stress can 

inhibit germination, we wanted to exclude the fact that the reduced root size was 

due to delayed germination. The primary root length of 10-day-old seedlings was 

measured and we observed that the root length of overexpressor and mutant lines 

in control conditions was significantly higher than the wild-type and 

complemented line as expected. This difference though, was preserved upon 

higher salt concentrations. In both 50 and 100 mM NaCl the genotypes are 

grouped similar to the normal conditions and no significant differences were 

detected (Fig 3.14).  
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Figure 3.14: Primary root growth upon salt stress was not affected. (A) and (B) Effects 

of salt treatment on primary root growth of wild-type, overexpressor, mc3 mutant and 

complemented plants of MC3. Seeds were first germinated on MS medium plates for 3 

days, then seedlings were transferred to new plates supplemented with 0 (control), 50 and 

100 mM NaCl, and left to vertically grow for further 7days before images were taken (A) 

and root length was calculated (B). 

 The measurements of lateral roots took place also at 10 days-old 

seedlings. We counted the visible lateral roots using a stereoscope through all 

the extension of the primary root. The number of LRs detected upon control 

conditions did not show any significant difference between the genotypes but both 

in lower (50mM) and higher (100mM) concentrations of NaCl the overexpressor 

showed an increased number of visible LRs in comparison to the rest of lines. 

Wild-type, mc3 mutant and complementation line had the same number of LRs in 

all conditions tested (Fig 3.15).  

 

Figure 3.15: Overexpressor of MC3 shows increased number of lateral roots upon 

salt stress. Effects of salt treatment on lateral root emergence of wild-type, overexpressor, 

mc3 mutant and complemented plants of MC3. Seeds were first germinated on MS 

medium plates for 3 days, then seedlings were transferred to new plates supplemented 

with 0 (control), 50 and 100 mM NaCl, and left to vertically grow for further 7days before 

microscopy analysis in order to count the LRs. Statistics: One-way ANOVA with Tukey 

HSD test was performed to detect significant difference in expression (p- value< 0.05).  
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ABA has been demonstrated to regulate responses also upon biotic 

stresses although its implication is more complex. It can act as a defence 

mechanism by closing the stomata thus blocking the entrance of the pathogens 

and also by enhancing the callose deposition in the cells in order to limit the 

spread of the pathogens (Ton and Mauch-Mani 2004). On the other hand, there 

are evidences that it can compromise the plant defence. It has been suggested 

that the crosstalk of ABA with other hormones such as SA and JA, which are the 

main regulators of the plant responses to biotic factors, is based on antagonistic 

relationships (Anderson et al., 2004; Moeder et al., 2010). ABA can supress the 

expression of defence genes and facilitates the infection. For example, the 

pathogenic bacterium Pseudomonas syringe has developed a strategy that is 

based on disturbing the homeostasis of the hormone, inducing NCED and ABI1 

genes in the host upon infection, increasing ABA biosynthesis which leads finally 

to higher bacteria multiplication (De Torres-Zabala et al., 2007). However, ABA 

can show positive or negative effects on the susceptibility of the host to a 

pathogen depending on the pathosystem studied (Lievens et al., 2017).  

Ralstonia solanacearum is a soil-borne vascular pathogen that cause 

severe bacterial wilting disease to the host and leads to huge economical losses 

in the field. It enters in the plant-host from natural formed openings or wounded 

tissue and passes from cortex to endodermal layer until it reaches the xylem 

tissue where it can colonize and multiply. It moves through the vascular tissue to 

the aerial parts, starting to produce exopolysaccharide, which blocks the vessels 

and leads to plant death by reprogramming many virulence genes and metabolic 

pathways to facilitate their establishment (Genin 2010; de Pedro-Jové et al., 

2021). A recent transcriptomic analysis showed that during early infection stages, 

many ABA related genes are upregulated in the plant root that is the main entry 

point of the bacteria. Mutants deficient in ABA downstream signalling were more 

sensitive in R. solanacerum infection and wilting disease although the 

morphology of the root tissue was not affected when compared to the wild-type 

plants (Zhao et al., 2019).  
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MC3 showed a vascular localization and we tested if the different 

genotypes can be more resistant or susceptible to an invasion from R. 

solanacearum. Plants were grown under controlled SD/22oC conditions for 4 

weeks and then they were infected by submergence in high amounts (108 colony-

forming units, CFU) of bacteria in order to score symptoms daily. During the 

infection the plants were moved to 12:12/26oC conditions that favour the growth 

of the bacteria. Experiments were repeated at least 4 times with similar results as 

shown in Figure 3.16. The scale used for the symptoms was: 0 for no wilting, 1 

for 1 leaf wilted, 2 for almost half the plant wilted, 3 for some leaves not wilted 

and 4 for completely wilted plants. The wild-type plants and the mutants lacking 

MC3 had similar levels of symptoms as the disease was spreading, arriving to the 

total wilting after approximately 15 days post-infection (dpi). The overexpressor 

line had a small delay in the appearance of the symptoms since at 15 dpi the 

symptoms were scored around 3, which correspond to half plant wilted (Fig 3.16). 

The differences observed though, when statistical T-test was applied were not 

showing significant differences. Absence of differences between the lines shows 

that for the progress of the infection many factors are important, from hormones 

to structural layers of defence and most likely the enhanced insensitivity of the 

mutants to ABA is not sufficient to cause delay of the bacteria multiplication once 

they entered the plant.  

 

Figure 3.16: Drenching inoculation assay with Ralstonia solanacearum. Disease 

index scaled from 0 (no wilt) to 4 (whole plant death), measured daily in 4-week-old plants 

after drenching with 108 bacteria inoculum. Error bars represent standard errors of the 

means of results from 30 plants per genotype used in a single assay. The assay was 

performed at least 5 times. The results of two independent experiments are shown. 
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Vascular formation occurs earlier upon osmotic stress in plants 

over-accumulating MC3 

Taking into account the specific localization of MC3 and the fact that 

overexpression of the protease leads to enhanced drought tolerance, we wanted 

to test whether osmotic stress affects the developmental formation of phloem 

tissues. Upon osmotic stress, root cells are known to lose water content and 

accumulate sugars and other osmoprotectant compounds to avoid cellular 

damage. Notably, incubation of plants in sorbitol media for 48h to cause osmotic 

imbalance resulted in an arrest of the root growth. To better assess whether 

sorbitol affects protophloem development, sorbitol-treated roots were analysed 

with confocal microscopy prior Calcofluor staining. A prolonged exposition for 48h 

to osmotic stress appears to accelerate the differentiation of PSE, evident by the 

appearance of fully differentiated PSE close to the quiescence center in all the 

genotypes. Interestingly, overexpressor line showed as well a premature 

differentiation of MSE as identified from their thick cell wall (Fig 3.17). 

Metaphloem is the main transporting form of the phloem which replaces the 

protophloem tissue when the surrounding cell types have already differentiated. 

Although the two phloem tissues share the same precursor cell, metaphloem 

formation occurs in the maturation zone, approximately at 27nm upper from the 

QC (Mahonen et al., 2000; Rodriguez-Villalon et al., 2014). Our data showed that 

in the overexpressor line metaphloem is formed even before protoxylem 

differentiation, thus transport is mediated more efficient and that could lead to 

enhanced tolerance of osmotic stress. 
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Figure 3.17: Overexpressor of MC3 shows earlier metaphloem development upon 

osmotic stress conditions. Confocal microscopy of 5-days-old seedlings focusing on the 

root tip to visualize the vascular formation. Seeds were first germinated on MS medium 

plates for 3 days, then transferred to new plates supplemented with 0 (mock) and 120 mM 

sorbitol, and left to vertically grow for further 2 days before microscopy analysis. Calcofluor 

staining, scale bar 100μm. Green arrow shows protophloem differentiated tissues and grey 

arrow shows metaphloem.  
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Overview of the thesis 

 

  Since their discovery more than three decades ago, metacaspases have 

been linked with programmed cell death and protein homeostasis, though their 

mode of action and their biological role remains partly elusive. Up to date they 

have been shown to be involved in biotic and abiotic stress responses but also in 

developmental processes. Due to their miscellaneousness in protein localization, 

it is challenging to infer certain biological function. In the present study, we 

provide new insights into the contribution of metacaspases to abiotic stresses.  

 In Chapter 2, using reverse genetic approach was shown that over-

accumulation or total absence of MC3 did not result in any obvious phenotypes 

with regards to plant growth or vascular tissue formation. Upon normal growth 

conditions, N-termini based analysis did not provide any potential direct substrate 

of MC3. In parallel, proteome-wide analysis in seedling roots from plants lacking 

or over-expressing the protease pointed towards a function of MC3 in abiotic 

stresses, including a possible role of MC3 under water affected environments. In 

Chapter 3, experiments performed upon severe drought conditions showed that 

MC3 is involved in osmotic stress responses since the abundance of the protease 

was concomitant with plant survival. MC3 overexpression led to enhanced 

vascular tissue formation which highlights the important role of phloem upon 

osmotic stress. Altogether, this study contributes to our understanding on 

metacaspase function in a tissue-specific manner and opens new avenues for 

future research on plant metacaspases in the context of plant adaptation to 

changing environmental conditions.  

 

A metacaspase specifically localized in the phloem 

vascular tissue 

 

According to multiple expression analyses, Arabidopsis metacaspases 

display diverse expression values during development and in different anatomical 
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structures. From functional analysis performed is some of them, it has been 

demonstrated that they participate in various processes. Our data demonstrated 

that MC3, which belongs to type I metacaspases of Arabidopsis, has a very 

specific vascular localization both at the level of gene expression and 

endogenous protein accumulation (Fig 2.4-6). This result is consistent with 

previous studies, where promoter activity assays using transgenic plants 

containing the promoter region fused to GUS were used to study Arabidopsis 

MCs spatial expression patterns (Kwon & Hwang, 2013). Type I MCs were 

observed in the vascular tissue of the roots, shoots, cotyledons and leaves but 

also were present in flowering organs (Castillo-Olamendi et al. 2007; Kwon and 

Hwang 2013; Otero et al. 2021). Interestingly, MC3 was not showing expression 

close to the primary root tip, in accordance to our results from pMC3:GUS lines 

(Fig 2.2). In this study, to be able to follow the expression at a cellular level, 

constructs with pMC3:NLS-Venus were used in combination with high resolution 

microscopy. We discovered that MC3 displays a strongly active and restricted 

expression pattern similar to many genes related to phloem formation such as 

APL, NAC45/86 and CLE45 (Bonke etal., 2003; Rodriguez-Villalon et al., 2014). 

The MC3 expression is visible in the last three undifferentiated protophloem cells 

and continues to the surrounding companion cells after sieve element enucleation 

takes place. This pattern continues in the whole root until the hypocotyl tissue 

where fluorescent signal was also detected (Fig 2.4). The pMC3:GUS marker line 

indicated that the vascular expression is present in the vascular throughout the 

whole plant body (Fig 2.3). Another metacaspase with quite specific expression 

for the vascular is the type II, MC9. The expression pattern has been detected in 

the xylem vessels all over the plant life but also in lateral root cap tissue. Xylem 

undergoes a differentiation program that includes PCD as a last step. AtMC9 is 

helping in the post mortem clearance of the products coming from the cytosolic 

breakdown (Bollhöner et al. 2013). On the contrary, phloem upon differentiation 

loses its nucleus, most of the organelles and forms secondary cell wall, though it 

is not considered a dead cell, but terminally differentiated. The remaining 

organelles move close, maintain a low metabolic function, thus they depend on 

the surrounding companion cells for its survival and function. SE and CC are 

connected with plasmodesmata to facilitate the exchange of molecules. A 
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tempting hypothesis could be that MC3 has a similar function in the cytosolic 

clearance during this remarkable process of protophloem cell differentiation. 

Although for xylem it is not known the exact trigger of PCD initiation, many TFs 

and proteases that participate in PCD execution have been studied (reviewed by 

Cubría-Radío & Nowack, 2019; Daneva et al., 2016). Furuta et al. (2014) 

identified some molecular players responsible for the nuclear degradation but the 

mechanism driving cytosolic clearance, organelle morphological changes and 

sieve plate formation remain unravelled. To our knowledge our results represent 

the first direct demonstration of a protease with such a specific localization for the 

phloem tissue in Arabidopsis.  

Using CRISPR technology we created mutated forms of the gene and we 

proceeded to the analysis using mutants that code either for a truncated form or 

do not produce the protease (Fig 2.11). Characterization of macroscopic 

phenotypes for overexpressor and mutant lines was performed but no obvious 

phenotypes were detected when plants were grown under standard growth 

conditions (LD and SD, 22oC) (Fig 2.15-16,18-19). In addition, we specifically 

tested if the vascular formation was affected. Phloem tissue is of great importance 

for the mobilization of nutrients and transport of signalling molecules. If these 

processes are affected, development of the plant would be hampered as well. 

The most common phenotypes associated with phloem defects are shorter 

primary root length, affected emergence of lateral roots, discontinuous cotyledon 

vein pattern and “gaps” in the protophloem strand. In our hands, mc3 mutants or 

overexpressor didn´t exhibit any difference from the wild-type plants that could be 

linked to affected vascular tissue (Fig 2.20,21). Gujas et al. in 2020 demonstrated 

that CCs can maintain their plasticity and trans-differentiate in PSE when is 

necessary in order to ensure the correct formation of the protophloem strand. By 

crossing marker lines for phloem vascular genes (CVP2 for protophloem and 

SUC2 for CCs) with mc3 mutants we didn´t notice any phenotype associated with 

cell identity, formation pattern or phloem loading (Fig 2.22).  

Most of AtMCs haven´t shown any phenotype in plant growth and 

development. mc9 mutants have a delay in the clearance of the xylem vessels 

when tested with electron microscopy which was not translated to any visible 

phenotype (Bollhöner et al. 2013). One explanation could be that MCs have mild 
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phenotypes because of redundancy. The sequence similarity for some members 

of the family is quite high and the function of one could be replaced by another. 

For this reason, we used publically available databases, online tools and 

transgenic lines to verify which MCs are co-expressed specifically with MC3. MC4 

exhibits a high and ubiquitous expression all over the seedling root and MC1 was 

detected mostly in the stele. Interestingly, the expression was also visible at the 

root tip in the last SE before enucleation and upwards in companion cells (Fig 

2.14). When transcriptional levels were tested in the mc3 mutant background, 

there were no significant changes either in the rest of metacaspases or in other 

proteases with expression in the vascular (Fig 2.12,13). However, transcriptomic 

data do not always correlate with protein abundance. Proteases are regulated 

mostly in a post- translational level and to clarify if they act redundantly we created 

double mutants of mc1mc3 and mc3mc4 to include them in the analysis. 

Unfortunately, none of them showed any visible phenotype. High order mutants 

will be required to elucidate the real contribution of the metacaspase family in 

plant development and stress responses (Shen et al., 2019). Another approach 

would be to use experiments with higher specificity (such as electron microscopy, 

cell death assays etc.) to detect a molecular phenotype.  

In the plant kingdom MC3 is not the only one localized in the phloem. (Suarez 

et al. 2004) showed that the expression of the type II metacaspase, mcII-Pa in 

mature embryos of P. abies was associated with procambial strands, the 

precursors of all vascular cells. Another MC localized in sieve elements is 

TaeMCAII which exhibited a dynamic trend in the development of SEs and its 

expression coincided with the nuclear DNA fragmentation, a sign of cell 

degradation. Since the enucleated phloem cells depend on the supporting 

companion cells even for protein synthesis, it was hypothesized that TaeMCAII 

was originally located in the CCs and then transported to SE. Indications for type 

I and type II MCs´ expression in the stem of Populus tremula trees, more 

specifically to the secondary phloem and xylem can be found in databases for 

gene expression (aspwood.popgenie.org). 

Subcellularly, MC3 was distributed in the cytoplasm of the companion cells 

and was not detected in the nuclei or the vacuole (Fig 2.5,7). This finding is in 

accordance with the location for most of metacaspases studied, at least in their 
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inactive form (Bollhöner et al. 2013; Coll et al. 2010; Hander et al. 2019). 

Furthermore, it is unlikely that is transported from the companion cells to the 

mature sieve elements since there was not fluorescent signal detected in the 

vascular tube, although it cannot be excluded the size limitation for the transport 

through the plasmodesmata. Studies have shown that peptides less than 70kD 

can be transported unspecificaly into the vascular (Ross-Elliott et al. 2017). MC3 

protein when is fused to GFP reaches the 78kD whereas the endogenous 

protease is 47kD, a fact that could affect the detection of movement. For plants 

with endogenous levels or overexpressing a version of MC3 with a mutated 

cysteine at the catalytic position 230, the localization was not altered (Fig 2.5,7). 

Therefore, the catalytic activity is not required for the protease distribution. 

Whereas past researchers have found that some particular metacaspases 

required auto-process for their activation (Coll et al. 2010; Hander et al. 2019; 

Tsiatsiani et al. 2013; Vercammen et al. 2004), the present study has shown that 

MC3 seems to be cleaved in more than one sites, although it might be a result of 

another protease performing the cleavage (Fig 2.8,9). These results raise the 

question for the existence of a pattern in metacaspase activation and processing, 

thus further investigation needs to be done to identify interactors that could 

regulate this process. 

 

A new role for metacaspases in osmotic stress 

conditions  

 

Characterization of macroscopic phenotypes for proteases often do not give 

results as discussed above. We decided to centre out attention in the proteomic 

changes that occur from different expression levels of MC3 in the plants. At first, 

a shotgun proteomic approach was performed in leaf tissue and a total of 2970 

proteins were identified. By dual comparisons between the different MC3 

backgrounds only a few proteins appeared to be significantly changed. From our 

data we observed that the majority of them can be linked with signalling transport 

and responses to stresses. Some proteins deregulated in the overexpressor were 

linked to plastids and their membrane composition or electron transport chain 
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(Fig. 2.23-25). Photosynthesis is a major sensor of the environmental stimuli, thus 

changes in plastid proteins can help in the maintenance of energy homeostasis 

towards an upcoming stress. It is important though to take into account that a 

limitation that comes from the use of leaf tissue is that plastid proteins are highly 

expressed and cover the majority of the proteins detected. As a result, changes 

that could be caused from MC3 absence or over-accumulation could be masked. 

We obtained data from a similar proteomic analysis conducted with root tissue 

collected from cotyledons. It was interesting that many proteins related to ABA 

downstream signalling, osmotic stress and hypoxia stress appeared deregulated 

(Fig 2.27, 28). From our dataset, some peroxidases showed less expression 

when there is more MC3, providing information for changes in the endodermal 

layer of the root. In contrast, other proteins related to protection from oxidative 

stress such as ACX1 or DOX1 were upregulated in the overexpression lines. In 

addition, BGU22 and BFRUCT4 respond to ABA hormone and further responses 

to osmotic stress and were detected higher in the mutant but BGLU18 behaved 

opposite. Finally, NAI2, a component of the ER bodies structures was less in the 

overexpressor. The reduced expression could be an indication of increased 

proline accumulation which assist to responses at stresses such as drought 

(Kumar et al., 2015).  

A significant indication that led us to the conclusion that MC3 function was 

involved in osmotic stresses, were the observed proteomic changes detected 

even upon basal growth conditions. A possible explanation could be that the 

increased expression of MC3 prepares the plant to respond faster and more 

robust towards the upcoming stress, a phenomenon called “priming” (Balmer et 

al., 2015; Ding et al., 2012; Leuendorf et al., 2020). The idea was further 

supported by the finding that MC3 overexpressor was able to withstand better 

drought stress (Fig 3.5). By monitoring on a daily basis the water consumption, 

we observed that under the same conditions, plants with higher levels of MC3 

were able to cope with stress better and look healthier than wild-type and mc3 

mutants. Moreover, when plants were experiencing the severe stress 

photosynthetic capacity was in general better when the amount of MC3 was 

higher (Fig 3.7). These results could be perceived as an indirect effect from the 

overexpression of the metacaspase if the mutant was behaving similar to wild-
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type plants. On the contrary, we observed that both mutant lines survive less 

when water is not available and the complementation line was restoring the 

survival rate. It was interesting the finding that upon well-watered conditions both 

overexpressor and complementation lines contain more water than the wild-type 

plants, showing that they could take better advantage of the water availability from 

the soil (Fig 3.6).  

Although proteases encompass a numerous protein family, essential for 

many developmental, metabolic and stress related responses, our knowledge 

regarding their role upon osmotic stress adaptation is still fragmentary. Protein 

turnover, altered metabolic activities, proteolytic activation of signalling peptides 

and mobilization of nutrients are some of the protease activity associated 

especially with drought stress. In Arabidopsis, the aspartic protease ASPG1 is 

expressed in the guard cells and confers drought avoidance in an ABA dependent 

signalling pathway (Yao et al., 2012). Furthermore, AtSBT1.4 (SASP) a subtilase 

which was downregulated in our overexpressor root samples according to the 

proteomic data, recently was shown to interact and degrade OST1, regulating 

ABA signalling. sasp mutants exhibited significant drought tolerance whereas 

overexpression of another subtilase, AtSBT3.8 or its substrate PSK lead to better 

plant performance upon osmotic stress in Arabidopsis seedlings (Stührwohldt et 

al., 2021; Wang et al., 2018). Cysteine proteases can have controversial roles in 

drought responses, for example ectopic expression in Arabidopsis of the sweet 

potato SPCP3 increased drought sensitivity whereas SPCP2 was demonstrated 

to enhance plant tolerance (Chen et al., 2010; 2013). It has been shown that the 

root meristem shows PCD characteristics upon drought stress such as organelle 

degradation, vacuole swelling and plasma membrane disruption. This 

mechanism contributes to the lateral root formation in order to enhance the plant 

defense and facilitate recovery (Duan et al., 2010) but no mechanism of execution 

or more specific protease has been linked to the process up to date. Leaf 

senescence is an another adaptation strategy, mediated by ROS triggered PCD, 

essential for the plant survival (Munné-Bosch and Alegre 2004). Through 

sacrificing an amount of leaves, nutrients can be recycled and used from the rest 

of the plant but also reduce transpiratory surface to minimize further water losses. 



 Discussion
  
  

142 
 

It would be interesting to test in the future if MC3 is involved in PCD responses. 

Certain limitations of the study such as the specific protein localization could be 

addressed in future research by establishing VISUAL trans-differentiation system 

(Kondo et al., 2015; Tamaki et al., 2020), as discussed in the Introduction chapter, 

and mimicking osmotic stress conditions in order to identify the function of the 

protease more specifically in the vascular.  

 

MC3 overexpression leads to pre-mature metaphloem 

development upon osmotic stress  

  

Upon drought stress, photosynthesis is impaired and sucrose is 

accumulating in the shoot disturbing the energy balance for metabolic activity 

(Thalmann and Santelia 2017). Phloem is the responsible tissue for sucrose 

transportation, loaded primarily in leaves by SWEET11 and 12 sugar transporters 

from the phloem parenchyma cells to the apoplast and then from CCs to the 

phloem SEs by SUT transporters (Chen et al., 2012; Durand et al., 2018). Since 

sugars constitutes the energy source for the root development, defects in 

protophloem differentiation are reflected in an impaired meristematic activity, and 

in turn, post-embryonic root growth.  Less studied is the plasticity of this tissue in 

response to environmental stresses. Interestingly, the protophloem-specific 

CLAVATA3/EMBRYO-SURROUNDING REGION-RELATED 25 (CLE25) peptide 

has been recently described as a mobile root-to-shoot signal promoting ABA 

biosynthesis in the leaves and, in turn, stomata closure upon water deficit. While 

is well known that exogenous CLE25 application prevents PSE differentiation, 

whether drought stress affects phloem formation remains unknown.  (Dinneny, 

2019; Takahashi et al., 2018). Protophloem strand is easier to study since it 

differentiates in the meristematic zone of the root before the differentiation of any 

other cell type. On the other hand, less studied is the metaphloem which appears 

in the post-meristematic zone of the root and remains functional for a longer time. 

Metaphloem formation either in basal conditions or upon stress conditions 

remains elusive. In this study, we provide evidence that upon osmotic stress, 
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plants that contain higher amounts of MC3 are able to form metaphloem much 

earlier- before protoxylem strand differentiation compared to the wild-type (Fig 

3.17). Although this finding explains the higher tolerance of the overexpressor 

plants for drought stress, its most important contribution may be that it raises a 

variety of intriguing questions for the undiscovered strategies of plant roots to 

cope with unfavourable environments. Two very recent studies (Graeff and 

Hardtke 2021; Otero et al. 2021) proposed a series of molecular markers to follow 

the delicate metaphloem development which would be a valuable asset to delve 

into the mechanism that MC3 overexpression results in pre-mature tissue 

formation. The MC3-mediated enhanced metaphloem differentiation may be 

necessary to drive more sugars to the root tip and prevent water loss from 

protophloem and neighbouring cells to compensate osmotic pressure/unbalance. 

Yet, it is not clear if the catalytic activity of the protease is necessary for 

the plant response. We can propose two scenarios: i) MC3 acts as protease and 

cleaves a substrate upon osmotic stress that gets transported through the phloem 

and alerts the plant, and ii) that the catalytic activity is not required and MC3 acts 

simply a protein homeostasis sensor. In the first case, the substrate could be 

directly involved in the response and in the second the protease would have an 

indirect role to ensure the plant fitness is not compromised (Fig 4.1). Further 

experiments including overexpressor lines of the catalytic inactive version (MC3 

C230A) should be performed to clarify these hypotheses.  
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Figure 4.1: Plausible mechanisms of MC3 function upon osmotic stress conditions. 

A closer look at the root tip of Arabidopsis seedlings is presented, where the phloem 

vascular begins to differentiate. In Scenario A, MC3 acts as a protease by cleaving a 

substrate. The peptides derived from the cleavage event could be transported to the non-

differentiated Metaphloem Sieve elements (MSE N.D), multiply the perceived signal of 

upcoming stress and lead to earlier differentiation of the tissue (MSE D). In Scenario B, 

MC3 does not require its catalytic activity and upon water deprivation acts as a sensor of 

stress. Proteins related to responses become upregulated preparing the plant to face the 

stressful conditions. Furthermore, these affected proteins from increased MC3 levels could 

affect downstream the time of metaphloem maturation. The result from both plausible 

mechanisms is the faster formation of the vascular that facilitates the transport of nutrients, 

signalling molecules and hormones.  

 

Over-accumulation of MC3 might enhance plant 

performance upon various stresses 

 

Stress conditions like drought, increased salinity and freezing temperatures 

tend to provoke an osmotic imbalance to the plant. ABA is the main 
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phytohormone orchestrating responses to osmotic stresses both in root and shoot 

tissue (Takahashi et al., 2020). Along with auxin synthesis and transport, 

hormonal changes have an impact on root architecture in order to maximize water 

uptake while reducing losses to minimum (Karlova et al., 2021; Korver et al., 

2018). From our results was shown that mc3 mutant show reduced sensitivity to 

ABA which leads to less drought tolerance (Fig 3.8). Stomatal closure is an 

immediate response to increased ABA concentration through activation of NO 

and ROS. We observed that there is a delay in the response of our mutant line to 

the hormone (Fig 3.11). The amount of chlorophyll A upon ABA treatment was 

more in the mutant and overexpressor lines showing that when senescence is 

promoted these plants are less sensitive to the pressure that the hormone is 

creating for them to die (Fig 3.9). Since ABA is transported through the vascular 

system through long distances we wanted to test if there is a connection between 

ABA and MC3 or the reduced sensitivity was caused by vascular formation 

defects. The biosynthesis of the hormone was not affected since all hormones 

levels were tested upon basal conditions and didn´t exhibit any difference (Fig 

3.13). Moreover, the expression of biosynthesis genes was not altered either in 

root or shoot tissue as well as receptors and regulators of downstream signalling. 

We found interesting that the levels of RD22 and RD29A were reduced only in 

the root samples of mc3 mutant (Fig 3.12) which was consistent with the 

upregulated expression in the root observed for RD29A upon cold temperatures 

(Prerostova et al. 2021). Msanne et al. (2011) shown that RD29A is highly 

induced by salt stress and possibly act like a warning signal for the upcoming 

stress. RD22 also responds to ABA specifically upon drought stress and not cold 

or salt treatments (Kazuko). More experiments are needed to clarify if the 

downstream signalling is affected because of direct MC3 implication to the 

pathway or indirect effects.  

Saline soils show less water potential, making the osmosis for water uptake 

a challenging process for the plant. Increased salt ions block the function of 

enzymes in translocation and availability of nutrients (Van Zelm et al., 2020). It 

has been shown that there is a different response of the primary root (PR) and 

the lateral roots (LR) in response to salt stress, downstream ABA signalling. PR 

shows growth inhibition upon concentration of 100 mM NaCl, but is not as 
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affected as the LR post-emergence formation. Endodermis is the crucial cell type 

layer that controls the LR formation and the latter appear to be hypersensitive to 

ABA accumulation (Duan et al., 2013). Although MC3 PR length was not affected, 

the number of LRs was increased in the overexpressor compared to the rest of 

the genotypes both in mild and increased salt stress implying that the protease 

function could be linked to stresses causing osmotic unbalance in general (Fig 

3.14,15). On the other hand, there was no difference in the progress of the wilting 

disease caused by R. solanacearum, a pathogen moving in the plant mostly 

through xylem vessels (Fig 3.16). It would be interesting to test more vascular 

pathogens, such as Xylella fastidiosa to investigate if MC3 has a role in defence. 

Furthermore, light and elevated temperature didn´t give a strong phenotype to the 

plant when MC3 is overexpressed or missing (Fig 3.2). Upon strong heat stress 

MC3 forms aggregates similar to MC1 (Ruiz et al., unpublished data) but there is 

no evidence that it affects the plant survival so far. 

Finally, indications from public transcriptomic data pointed us to hypoxic 

stress. Overexpression of MC3 showed higher survival in seedling stage upon 

lack of oxygen but to our surprise mc3 mutant has also higher survival compared 

to the wild-type (Fig 3.3). The higher tolerance to hypoxic stress could be 

explained by the increased ADH expression that was detected in roots and shoots 

of MC3 overexpressor even in basal conditions (Fig 3.4). ADH codes for an 

alcohol dehydrogenase which apart from hypoxic stress as discussed in Chapter 

3, has also a role in responses to multiple stresses (Shi et al., 2017). Consistent 

with our findings, this study demonstrated that plants overexpressing ADH had 

increased expression of ABA related genes such as RD22, RD29A and KIN1. 

Another factor that can induce ADH expression is the sucrose catabolism that 

occurs during stress (Loreti et al., 2018). Taken together, our findings indicate 

MC3 overexpression can be linked to ABA signalling and therefore stress 

tolerance when the stress involves water availability, either excess or lack of it, 

since lately more and more evidences come to light that connect ABA and hypoxic 

responses as well (reviewed by González-Guzmán et al., 2021). 
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Table 5: Overview of the phenotypes observed in the overexpressor and mutant 

lines of MC3 in every environmental condition tested. Right side: Indication of the 

developmental stage of the Arabidopsis plant when the experiments were performed. 

 

In summary, the present research is a first step towards the integration 

of three different topics of research· metacaspases, vascular formation and 

osmotic stress responses that have not been linked before. It would be useful to 

broaden our knowledge regarding the variety of ways plants use to cope with 

stresses and especially the role of the vascular since is the most important 

connection for the signal transduction. Moreover, another question that comes up 

is the way a plant can respond to a combination of stresses. Dissecting tissue 

specific responses is a necessity in order to study and fully understand complex 

stresses like drought. A step further would be the use of that knowledge and its 

translation to crops in order to improve plant traits for the reinforcement of 

agriculture.  
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   CONCLUSIONS 

 

 

For the main goals of this work, we arrived to the following conclusions: 

 

Determine MC3 gene expression pattern and localize the MC3 protein  

 MC3 gene is specifically expressed in the phloem vascular tissue.  

 MC3 protein follows a similar pattern of highly specialized expression in 

companion cells. The catalytic activity of the protease is not necessary for the 

proper localization. Subcellularly, MC3 is evenly distributed in the cytoplasm. 

 In plants overexpressing MC3, the localization was present in all the tissues 

with an enhanced signal in the protophloem strand and stele in general.  

 The levels of expression of the protein with endogenous promoter are very low 

detected. Between wild-type and predicted catalytic inactive version (C230A) 

there was no difference in the cleavage events indicating that the protein is not 

self-cleaved. 

Identify potential MC3 proteolytic substrates and changes occurring in the 

proteome caused by altered MC3 levels. 

 Leaf and root total proteome analysis of MC3 overexpressor and mutant lines 

compared to wild-type plants indicate that MC3 is possibly involved in osmotic 

and hypoxic stress responses.  

 N-termini analysis didn´t provide evidence for direct proteolytic events from MC3 

function.  

To investigate the role of MC3 during development of the plant by 

phenotypical analysis of the effects caused by altered MC3 levels. 

 Upon basal growth conditions mc3 mutants do not have any striking phenotype 

on the plant growth and development. 

 Deletion of MC3 does not affect phloem formation upon basal conditions.  
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 Vascular proteases´ or metacaspases´ expression was not affected from the 

absence of MC3. No visible phenotype was detected for mc1mc3, mc3mc4 

double mutants upon basal growth conditions.  

To investigate the role of MC3 in stress responses by phenotypical analysis of 

the effects caused by altered MC3 levels when plants are challenged with a 

stress factor. 

 Promoter sequence analysis revealed the presence of possible motifs for TFs 

related to mostly abiotic but also biotic stress responses. 

 Light and temperature doesn´t affect MC3 function. Furthermore, upon infection 

with Ralstonia solanacearum, a vascular pathogen, the disease progressed 

similarly for all the backgrounds of MC3. 

 MC3 overexpressor and mc3 mutant lines have higher survival rate compared to 

wild-type plants under hypoxic conditions. In the overexpressor line, the hypoxia 

“core gene” ADH was found upregulated upon basal conditions.  

 Under severe drought stress, protein levels of MC3 were concomitant with the 

survival rate. At low water availability, MC3 overexpressor plants maintained a 

better photosynthetic activity. 

 Knock-out mutants of MC3 show less sensitivity to ABA.  

 Expression of RD22 and RD29A, genes which are responding downstream to the 

ABA, was downregulated in the mc3 mutant upon basal growth conditions.  

 The quantity of basic hormones is not altered upon basal conditions. 

 MC3 overexpression leads to enhanced metaphloem development under osmotic 

stress conditions.  

 Upon increased salinity conditions MC3 overexpressor was generating more 

lateral roots, an indication for higher stress tolerance. 
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Generation of Genetic tools 

1. Plant material  

Arabidopsis thaliana (L.) Heynh wild-type (Col-0) and Nicotiana benthamiana 

were used in the experiments performed in this study. Besides the transgenic and 

mutant lines generated as part of this work, marker lines obtained from other 

laboratories are indicated in Table 1 and 2. 

Table 1: Mutant lines used in this study 

Name of the line Gene Order Reference 

mc3 CRISPR #13.3  At5g64240 Single In this work 

mc3 CRISPR #6.10  At5g64240 Single In this work 

mc3 G175E TILLING  At5g64240 Single In this work 

mc1  GABI_096A10 At1g02170 Single GABI-Kat Resource 

mc4 SAIL_856_D05 At1g79340 Single SAIL mutant  

mc3 CRISPR X mc1  Double In this work 

mc3 CRISPR X mc4  Double In this work 

 

Table 2: Transgenic lines used in this study 

Name of the line Genetic 
Background 

Description Reference 

pMC3: GUS Col-0 Marker line Van Breusegem 
Lab 

pMC3: NLS-3XVenus Col-0 Marker line Rodriguez-Villalon 
Lab 

pCVP2:NLS-3XVenus Col-0 Marker line (Rodriguez-Villalon 
et al. 2014) 

pSUC2:GFP Col-0 Marker line (Rodriguez-Villalon 
et al. 2014) 

pNAKR1:NLS-Venus Col-0 Marker line (Gujas et al. 2020) 

pAtMC1:MC1-GFP mc1  GABI_096A10 Complemented line (Salguero-Linares et 
al., unpublished) 

UBQ10:MC3-GFP Col-0 MC3 Overexpressor In this work 

UBQ10:MC3C230A-
GFP           

Col-0 MC3 Catalytic 
Inactive 

Overexpressor 

In this work 

UBQ10:MC3-GFP mc3 CRISPR#13.3 MC3 Overexpressor In this work 
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UBQ10:MC3C230A-
GFP           

mc3 CRISPR #13.3 MC3 Catalytic 
Inactive 

Overexpressor 

In this work 

pMC3:MC3-GFP mc3 G175E TILLING Complemented line In this work 

pMC3:MC3-GFP mc3 CRISPR #13.3 Complemented line In this work 

pMC3:MC3 C230A-GFP mc3 CRISPR #13.3 Complemented line In this work 

pMC3:MC3 G175E-GFP mc3 CRISPR #13.3 Complemented line In this work 

pCVP2:NLS-3XVenus mc3 CRISPR #13.3 Marker line In this work 

pSUC2:GFP mc3 CRISPR #13.3 Marker line In this work 

 

2. Cloning 

I. Expression Constructs 

For generating expression constructs, Gateway Cloning Technology (Invitrogen) 

and Green Gate Cloning System (Lampropoulos et al. 2013) were used. All 

primers used are presented in Table 3. Several independent transgenic lines 

were analysed, and the strongest lines of each construct were selected to 

continue the analysis. 

For protein localization experiments, fusion of fluorescent proteins to MC3 and 

MC3‐C230A genomic or CDS sequences was performed using GREENGATE 

cloning strategy. Briefly, the full‐length genomic of MC3 was amplified with 

primers set GG_MC3_NOSTOP_R/GG_MC3_F and then was cloned into the 

entry vector pGGC (with gentamicin resistance). The CDS sequence of MC3 was 

amplified with primer set GG_MC3_MB_F/R to be inserted in pGGB module. To 

create the catalytic inactive version of the gene, the Quick site mutagenesis kit 

(Agilent Technology) was used with pGGC/B_MC3 module as a template 

(Primers indicated in Table 2). C‐terminal eGFP fluorescent protein was 

separately cloned in both pGGC module and pGGD module to create the library 

of vectors (Primers indicated in Table 3). The native promoter of MC3 was also 

cloned with the primers GG_MC3_PRM_F/R in the pGGA entry vector. All the 

entry modules as well as the construct with UBQ10 constitutive promoter in 

module A, constructs with dummies in modules B and D, terminator sequence in 
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E and resistance for plant selection in F, are commercially available in AddGene 

database. For the overexpression lines pGGA-UBQ10, pGGC-MC3 genomic and 

pGGC- MC3 C230A genomic, pGGB- dummy, pGGD- eGFP, pGGE- 

UBQ10terminator, pGGF- BASTA were combined in the pGGZ003-empty 

destination vector (with resistance to spectinomycin). The final construct 

possesses the BASTA cassette for transgenic plant selection. For the expression 

of the protein under the native promoter the constructs used, were: pGGA-

promoter MC3, pGGB-MC3 CDS sequence, pGGC- eGFP, pN95 (RBCSt.D-F-

pGGD000), pGGF- Alli-YFP (entry_ plant selection) combined in the pGGZ003-

empty destination vector. In these constructs dummy sequences were avoided in 

order to obtain the maximum expression without any interference. In both cases 

for the final reaction 1.5 μl plasmid of each of the entry modules were mixed with 

1 ml of the destination vector, 1.5 μl CutSmart Buffer (alternatively: FastDigest 

buffer), 1.5 μl ATP (10 mM), 1 μl T4 DNA ligase (30 u/ml) and 1 μl BsaI-HF 

(alternatively FastDigest Eco31I) in a total volume of 15 μl. The conditions of the 

reaction were 50 cycles of 37 oC for 5 minutes and 16 oC for 5 minutes each, 

followed by 50 oC for 5 minutes and 80 oC for 5 minutes. 

II. Generation of CRISPR Mutants  

For generation of the CRISPR MC3 mutants the target sequence was selected 

using CRISPOR program (Haeussler et al. 2016). DNA backbone fragments of a 

total length of 500bp containing :20 bp of the target sequence that neighbouring 

the PAM (3bp Protospacer Adjacent Motif) sequence, overhang attB sequences 

for Gateway cloning, tracrRNA sequence (which will bind the Cas-9 enzyme), U6 

promoter sequence and restriction sites for the cloning were ordered as gBlocks® 

from IDT. All the sequences of the gBlocks used are mentioned in the Appendix 

Part 1. In order to create effectively a deletion in the gene, three different gRNAs 

were designed targeting the sequence in the beginning of the transcription, in the 

end just before the stop codon and close to the triplet that codes for the catalytic 

cysteine residue of MC3. For the generation of point mutations in the catalytic 

centre only one gRNA was designed targeting the 20bp including the catalytic 

triplet. 3 μl (50ng/ul) of the gBlock sequence was introduced to 1µl (150ng/µl) of 

pDONR207 (with resistance to Gentamycin) with BP reaction using 1μl of BP 
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clonase II enzyme (Thermo Fisher Scientific). For the combination of the three 

gRNAs in one vector we digested the vectors including the individual gRNAs with 

the restriction enzymes that they contained (BamHI/PstI/SalI). The pDONR207 

vector containing the triple gRNAs sequences and the single gRNA sequence 

were then transferred into the pDe-CAS9-DsRED vector (Morineau et al. 2017) 

via LR reaction (Thermo Fisher Scientific) following the manufacture’s protocol. 

The resulting construct was transformed into wild-type plants. Transformed plants 

were obtained by dsRED selection. T2 seeds from single insertion lines were 

germinated on MS agar plates without antibiotics. Cas9-free mutants were 

counter selected from the T2 population by dsRED and sequenced using the 

primers listed in Table 4 as DET_delCP1_F/ R and DET_delT_F2/R2. 

Table 3: Primers used for cloning strategies 

NAME SEQUENCE 

GG_MC3_PRM_F AACAGGTCTCAACCTGAAGATGGCGGTTTATGGAT 

GG_MC3_PRM_R 
 

AACAGGTCTCATGTTATTGAGCTTTGTTTTGGTTTTC 
 

GG_MC3_F AACAGGTCTCAGGCTCAATGGCTAGTCGGAGAGAAGTAC 

GG_MC3_Full_R AACAGGTCTCTCTGATCAGAGTACAAACTTTGTCGCGTA 

GG_eGFP_D_F AACAGGTCTCATCAGGTATGGTGAGCAAGGGCGAGGA 
GG_eGFP_D_R 
GG_eGFP_C_F 
GG_eGFP_C_F 

 

AACAGGTCTCTGCAGTCACTTGTACTGTCCATGCC 
AACAGGTCTCAGGCTCAACAGTATGGTGAGCAAGGGCGAGGA 

AACAGGTCTCTCTGATCACTTGTACTGTCCATGCC 

GG_MC3_MB_F AACAGGTCTCAAACAATGGCTAGTCGGAGAGAAGTACGG 

GG_MC3_MB_R AACAGGTCTCTAGCCGAGTACAAACTTTGTCGCGTACACG 

AtMC3_C230A_F_2 CGCTGTCATCGACGCCGCTAACAGCGGGACTGTC 

AtMC3_C230A_R_2 GACAGTCCCGCTGTTAGCGGCGTCGATGACAGCG 
 

  

3. Transient expression  

Transient Agrobacterium tumefaciens- mediated transformation of Nicotiana 

benthamiana was performed as previously described in (Coll et al. 2010). Whole 

N. benthamiana leaves (c. 300 mg each) transiently expressing the constructs to 

test together with the anti‐silencing vector p19 (Voinnet et al., 2003)– 

UBQ10::MC3‐GFP + 35S::p19 (OD600 0.4 + 0.1), UBQ10::MC3C230‐GFP + 
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35S::p19 (OD600 0.4 + 0.1), – were collected 3 days after the infiltration and 

frozen in liquid nitrogen before further processing for protein extraction. For 

microscopic imaging leaf discs were collected from the infiltrated leaves 3 days 

after the infiltration.  

4. Stable Transformation of Arabidopsis transgenic lines 

All constructs created in the cloning section were transformed in the 

Agrobacterium strain GV3101 (pMP90) by the electroporation method and plated 

in selective Luria- Bertani (LB) plates. Plants were transformed with the floral dip 

method as previously described in (Zhang et al., 2006). Homozygous transgenic 

lines were selected on MS media supplemented with 20 μg ml-1 Basta 

(glufosinate- ammonium). Mature T1 seeds of CRISPR transformed and 

transgenic lines with the construct driven by the endogenous promoter, were 

selected by fluorescent signal under an Olympus DP71 stereomicroscope 

(Olympus, Centre Valley, PA, USA).  

5. Obtention of tilling lines 

To get Col-0 plants with point mutations in the MC3 (At5g64240) gene, seeds 

were ordered from Seattle Tilling Project, created as described in the webpage 

http://tilling.ucdavis.edu/index.php/Arabidopsis_TILLING. The mutations could 

appear in homo- or hetero- zygocity. From the list of mutations available from the 

TILLING- Davis database (for details in Appendix Part 2), those that carrying an 

amino acid substitution were selected to continue with. Homozygosity was 

successfully obtained with the lines G175E, G183E and A269T that carry the 

respective amino acid alterations in the protein sequence. Plants were 

backcrossed 7 times with Wt Col-0 plants to eliminate potential background 

mutations. A269T line did not show any phenotype hence it was not analysed 

further. G175E was transformed with pMC3:MC3-GFP construct to be 

complemented.  
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DNA and RNA Analysis 

1. DNA extraction and genotyping 

Plant genomic DNA was extracted for genotyping purposes. Leaf discs from 

cotyledon or rosette leaves were collected in a 1.5 ml Eppendorf tube with 200 µl 

of 2X CTAB Extraction Buffer (CTAB 2%, 100mM Tris-HCl (pH 8.0), 20mM EDTA 

(pH 8.0), 1M NaCl, 1% PVP). Tissue was homogenized using a mechanical pestle 

and an additional 200 µl of 2X CTAB were added. Suspension was incubated at 

65°C for 1 h. Then, 400 µl of chloroform were added and the samples were 

centrifuged at 16.000xg for 5 min. Supernatant was transferred in a new 1.5 ml 

Eppendorf tube and 100μl of isopropanol were added for DNA precipitation. 

Incubation on ice for 30 min took place. The suspension was centrifuged at 

16000xg for 15 min at 4oC followed by the removal of the supernatant to obtain 

pelleted DNA. Pellet was washed with 100 µl of 80% EtOH and spun down again 

for 5 min. Supernatant was discarded and pellet was dried at 65°C and 

resuspended in 40 µl double distilled water containing RNAse 0.4 µg/ml.  

Genotyping for the TILLING mutant plants was conducted by PCR using MC3-

1F/MC3-1R primers (Table 3). A DNA fragment was first amplified (468 bp) and 

then the PCR product was digested at 37°C overnight with the restriction enzyme 

BspHI (5 µl PCR Product, 2 µl Restriction Buffer, 1 µl BspHI, 12 µl water). 

Digestion reaction was heat-inactivated and the products were separated using 

gel electrophoresis. Resulting bands showing either an undigested fragment for 

wild-type (468 bp) or the digestion products of the mutant fragment (370 bp and 

98 bp) as indicated in the following picture. The heterozygous genotype would 

include all three theoretical fragments.  
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For the CRISPR line that contain the deletion of the gene a PCR was conducted 

with the primer set DET_delT_F/R. In the wild-type background the size of the 

band would be 1645bp whereas in the transgenic homozygous plant would be 

903bp. For the CRISPR line containing the point mutation, PCR was conducted 

with the primer set DET_delCP1_F/R and the amplified band was 498bp. To 

identify the existence of the mutation, bands were cut form the gel, purified with 

the NZYGelPure kit from NZYTech and sequenced. For the generation of double 

mutants mc1mc3 and mc3mc4, homozygous single mutant plants were crossed 

in pairs to obtain mc1mc3 and mc3mc4. Primers used to genotype the plants are 

indicated in Table 4.  

Table 4: Primers for Genotyping 

  NAME       FORWARD PRIMER         REVERSE PRIMER 
MC3_1F/R CGCAGAGAATACCCACGAAG AAGCTGCTCCACCATCTGTT 

DET_delCP1_F GTGATGCTAAGTCCATGAGATCTT TACCTCTCCATCCTGCAAATGAAG 

DET_delT_F2 CGTGGACAAATCAACATTCCACAT TATTGCTCGTAAGAAGAGAGAGGC 

AtMC1_F3/R3 GCGTCACCTTCTCATCAACA ACGGTACCACTATGGCAAGCT 

Gabi_Kat/Lb3.1 ATATTGACCATCATACTCATTGC ATTTTGCCGATTTCGGAAC 

EL1526/Lb3.1 TGTTGATGACCCTTTTGTCTTGGA ATTTTGCCGATTTCGGAAC 

EL1617/EL1618 AGGCGGTGCTTATTGGGATCA TCCAATGTGAAACCCTCGAGA 
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2. RNA Extraction and qPCR analysis 

For quantitative gene expression analysis, tissue was collected separately from 

roots and cotyledons of 7 days old seedlings. Root tissue was collected from 

approximately 300 seedlings and cotyledons from 50 seedlings. In the case that 

the analysis took place in grown plants, leaves were collected from 3 week-old 

rosette leaves from fully grown plants. RNA was extracted with the Maxwell RCS 

Plant Kit (Promega) according to manufacturer’s instructions with an included 

DNAse I treatment during the washing steps. cDNA was synthesized with 2 µg 

RNA template in 20 μl reaction by using the High Capacity cDNA Reverse 

Transcriptase Kit (Applied Biosystems). For the qPCR reaction mixture KAPA 

SYBR FAST Master Mix (2x) Universal (Kapa Biosystems) was used with a final 

concentration of 10 ng template cDNA. Measurements of CT values took place 

on a LightCycler 480 (Roche Applied Science). The thermal cycle conditions 

were: an initial denaturation at 95°C for 3 min, followed by 45 cycles starting with 

denaturation at 95°C for 10 s, annealing at 60°C for 30 s and elongation at 72°C 

for 30s. The qPCR primers performance was checked by efficiency and melting 

curve (Applied Biosystems 2004). ACT2 (AT3G18780) and EIF4a (AT4G18040) 

were used as the reference housekeeping genes and calculations of the relative 

transcription level were done with the comparative 2−CT -method (Livak and 

Schmittgen 2001). Used primers are found in Table 5. 

Table 5: Primers used in qPCR analysis 

GENE FORWARD PRIMER REVERSE PRIMER 

ADH TTCTCAGGATCAACACCGAGCG  GAACGTGGAAGTCCCAAGGAAA  

ACO1 GTCCTGAGCTTATGAGAGGGCTG  TAAAGAACTCAAGACCAGGCACTT  

AHB1 TGAGGAAAACAGGGAAAGTTACGG  ACCTCAAAGTGTTCGTCAACGAC  

SUS4 TTTTCTTGCCAGTTCACGGCTG  CTCATATTGACCAACAGTGTCCT  

PCO1 TGATGATGACGTGGCGACGGAA  ACCACCATTAGAGAACACTTCCT  

PCO2 GTAGATTCGGACTTTACCGCACC  AATAACATCAAGAACCGCGCAAG  

AAO3 CTTGTGGTGCAACAAGGCA CCGCAAAGAGACTTCACCAC 

ABI1 TTCCTGGAATGCGCATTGTG TGTTACTCTCATTCTTCCTCGTCG 

HAB1 AGTGTCTCATACTAGCCAGTGACG GCTTGGCAAGCTGGATCTATTCC 
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PYL4 CGTCGTTGATGTTCCTCCAGGC GCTCTCAGCCGCAGTATTCTCG 

RBOHD ATTACAAGCACCAAACCAG TGCCAAGCCATAACATCA 

PP2C ACCTCTGCTCTTGTCAAACACAT  ACTGTACATCTGCTCACAAACGG  

PYL5  ACTTCATCAGACAGTGCCGTAT  CAAGATCTCGAGCCTCTCGGT  

OST1 GTTGCTGACCCTGCAAAGAGGA CTATGCTTTGGCCCGGTTGATCC 

RD22 GGTTCGGAAGAAGCGGAG  GAAACAGCCCTGACGTGATAT  

RD29A GGCGTAACAGGTAAACCTAGAG  TCCGATGTAAACGTCGTCC  

KIN1 AACAAGAATGCCTTCCAAGC  CGCATCCGATACACTCTTTCC  

MC1 GATCACGTCTACGGGTGCTATG  GGTGCGCATAGAATTCAGAAGG  

MC2 CGTGGACGATGAGATCAATGC  CGGTACCACTATGACAAGCGT  

MC3 CACCAACCGCAACATCATGAAC  CTGCTCTCTTCTTCCCAAACGG  

MC4 TTATGCTGGTGGATCAAGAGGT  CATCAGCAGAGGTCTGATCGG  

MC5 ATGTCGTGAACAAATCTCTGCCT  ACACATTGAAAAGGGTTGGTCTG  

MC6 AGCTTAGCGACGATGTGAAACC  GGGCTTGCGTCTGAAGAAGTTT  

MC7 CTGCGTCAATGACGTCCATAGA  TCCTGTGGGTTGAGTGTAAGAT  

MC8 GGCTTTCCTCGATCTGCTCCTT  TCGGACTCTTGTCATAGTGGTGG  

MC9 CGACATTGAGGTGCTAACGGAC  CGGCTTGAGCTTTATCCACCAT  

At4g33490 CGGCTTGAGCTTTATCCACCAT  CCTCCACCTAAACTGCTTAGGC  

PP2 AGGGACTCATTACTCGGTTTACG  CTTGGTAGCTACTTTCCCCACAA  

At5g59090 AATCTGCAGCTTCATCTGCTTG  CTCGGACCACCACACACTAAAAT  

At3g45310 TGTCATGGTGGACTTCCTTCTCA  TTTGCAGCCACCGTCTTTTCCG  

 

Protein Analysis 

1. Protein Extraction 

To isolate proteins from Arabidopsis, tissue was collected from leaves of 3 week-

old plants or 7 day-old seedlings depending of the experiment and frozen 

immediately with liquid nitrogen which was used for the grinding of the tissue as 

well. Three volumes of extraction buffer (20 mM Tris, pH 7.5, 150 mM NaCl, 1mM 

EDTA, Glycerol, 1% Triton X-100, o,1% SDS and 5mM DTT) supplemented with 

a 1:100 dilution of plant protease inhibitor cocktail (Roche)- were added on the 

tube. Protein extract was centrifuged 20 minutes at 6.000xg at 4°C. The 

supernatant was collected, transferred in a new Eppendorf tube and centrifuged 

again at 11.000xg 4°C. Supernatant was transferred in a new tube and protein 

concentration was measured with Bradford (BIORAD) assay.  
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To isolate protein from leaves of N. bethamiana plants, the extraction protocol 

was as described above with the exception of the extraction buffer used, which 

was based on HEPES (HEPES, Sodium Salt, ULTROL® Grade - CAS 75277-39-

3 – Calbiochem). The extraction buffer was made with 1 X HEPES, 1mM EDTA 

and 5mM DTT, supplemented with 1:100 dilution of plant protease inhibitor 

cocktail (Roche).  

2. Western Blot Analysis 

Protein electrophoresis SDS-PAGE was performed with 10% or 12% acrylamide 

gel for the separation part and 5% for the stacking. Protein samples were run at 

120V for 30 min and 150V for 1.5- 2h depending on the molecular weight of the 

protein of interest. Protein samples were transferred in a nitrocellulose membrane 

by blotting at 25V for 30 min in a Trans- Blot Turbo device (BioRad). Blocking 

solution of 3% milk in TBS-T buffer (TBS with 0,1% Tween) was added to the 

membrane for 1-hour incubation at room temperature. Three washing steps were 

following with TBST buffer. Primary conjugated antibody was incubated overnight 

in 0.1% milk in TBST. Membrane was rinsed with TBST 3 times (10-15 min each 

wash step) before incubation with secondary antibody whenever necessary. All 

secondary antibodies were incubated in 0,1% milk with TBST buffer for 1 hour 

with the membrane at room temperature. Finally, membranes were washed 3 

times with TBST before protein detection. ECL Prime Peroxide Solution and ECL 

Prime Luminol Enhancer Solution (Amersham) were added to the membrane and 

proteins were detected in ChemiDoc Imaging System (Biorad) device.  

Primary antibodies dilutions: anti- GFP 1/1000 (Sigma), anti- GFP HRP 1/1000 

(Roche) 

Secondary antibodies dilutions: anti- mouse monoclonal 1/5000 (Sigma) 

3. Protein Tertiary Structure Modelling 

The online-based tool SWISS-MODEL (Biasini et al. 2014) was queried with the 

native protein sequence of the MC3 gene and the mutant allelic sequence of MC3 

mutant with the single amino acid substitution at G175E.  
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Proteomics analysis 

Root tissue 

Approximately 0.6 g of root tissue was collected from each of the three genotypes 

used in the experiment: Wt Col-0, mc3 CRISPR mutant and overexpressing line 

(UBQ: MC3-GFP). Seedlings grew for 7 days in MS plates under LD conditions. 

Samples were collected and ground in a fine powder with liquid nitrogen. 1 ml of 

Guanidine hydrochloride extraction buffer (6M GuaHCl, HEPES 1 M, EDTA: 5 

Mm, adjust to pH 7.5) supplemented with protease inhibitor cocktail (Roche), was 

added in the tube. Samples were then centrifuged at 600 xg for 7min at 4oC and 

the supernatant was passed through Miracloth to get rid of the cell debris. At this 

step, protein concentration was measured with Bradford Assay. Proteins in the 

supernatant were purified by chloroform/methanol precipitation (Wessel and 

Flügge, 1984) and re-solubilized in 6 M GuaHCl, 100 mM HEPES pH 7.5. Protein 

concentration was estimated using the BCA assay (Bio-Rad) and frozen and -

80°C until further processing. 

Leaf tissue  

 Same approach as described above was followed for samples collected from 3-

week old plants. Rosette leafs were selected and 3 different plants were pooled 

foe each replicate. After the step of precipitation, protein concentration was 

estimated using the BCA assay kit (Thermo Fisher Scientific). The mean 

concentration of the samples was about 1.2 µg/µl. Samples were treated with 1µg 

Benzonase and incubated for 30mins at 37°C under constant shaking (700rpm). 

For all following steps low bind tubes (Eppendorf) were used. Samples were 

reduced with 10 mM dithiothreitol (DTT) at 37°C under constant shaking (700 

rpm) for 30mins. The samples were cooled down to RT, then alkylated with 50 

mM chloroacetamide in the darkness for 30 min. The reaction was quenched by 

additional 50 mM DTT at RT for 30 min.  

1. Shotgun proteome analysis  

For the label-free proteome analysis of leaf samples, 20µg proteome were 

purified using single-pot solid-phase (SP3) beads (Hughes et al. 2019). For 

binding the proteins to the beads, HPLC-grade EtOH was added to a 

concentration of 80% and incubated for 15mins at RT. The beads were separated 
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on a magnetic stand and washed with 90% HPLC-grade ACN. The proteins were 

resuspended in 30µL Trypsin digestion buffer (100 mM HEPES, 2.5 mM CaCl2, 

pH7.5) and digested with 0.2 µg Trypsin (SERVA, proteome: enzyme ratio 100:1) 

at 37 °C under constant shaking (700 rpm) overnight. Digestion was stopped by 

addition of formic acid to pH < 3.  

2. HUNTER N-terminome analysis  

For HUNTER N-terminome analysis of leave proteomes, 100 µg proteome were 

used per condition and replicate essentially as described (Samuel S.H. Weng et 

al. 2019). For root proteins, the whole sample was used (approximately 1mg of 

protein sample). Briefly, samples were purified using SP3 beads as above, 

followed by solubilisation in 6M GuHCl, 100mM HEPES, pH7.5 and subsequent 

differential isotope labelling with 30 mM formaldehyde (CH2O) and 30 mM 

sodium cyanoborohydride (NaBH3CN) as “light” label for wild-type, 30 mM 

deuterated formaldehyde (CD2O) and 30 mM NaBH3CN as “medium” label for 

the overexpression line, and 30 mM deuterated/carbon-13-labeled formaldehyde 

(13CD2O) and 30 mM deuterated sodium cyanoborohydride (NaBD3CN) as 

“heavy” label for the mc3 mutant line. Samples were incubated at 37°C for 1h, an 

equal amount of fresh reagents added and incubated for another 1h. The reaction 

was quenched by addition of final 500mM Tris-HCl (pH 6.8) and incubation for 30 

min at 37°C. The differently labelled samples were combined for each replicate 

(final 300µg proteome for each replicate), followed by SP3-cleanup as described 

above, resuspension in 150µl trypsin digestion buffer (to final protein conc. 

2µg/µL) and digested with 3µg trypsin overnight at 37°C under constant shaking 

(700 rpm) overnight. Then, 20µg of the peptides were withdrawn as 

“preHUNTER” sample, which allows assessing dimethylation efficiency and 

determine protein abundance. The remaining majority of the HUNTER-samples 

were incubated for 1h at 37°C under constant shaking (700rpm) with 150 mM 

undecanal and 30mM sodium cyanoborohydride in 40% EtOH. Subsequently the 

reaction was applied to a HRX-RP cartridge (Macherey and Nagel), which retains 

undecanal-tagged internal and C-terminal tryptic peptides, while N-terminal 

peptides were collected in the flow through. 
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All peptide samples were desalted using self-made triple-layer C18 STAGE-tips 

as described (Rappsilber et al., 2007), dried in a vacuum concentrator (Christ) 

and resuspended in 15µl 0.1% FA. For each sample, an estimated 1 µg of the 

peptides was analysed on a nano-LC-high resolution QToF system. The HPLC 

(Ultimate 3000 RSLCnano, Thermo, Germany) was operated in two-column 

setup (µPAC C18 trap and a 50 cm µPAC C18 analytical column, 

PharmaFluidics) online coupled to an high resolution Q-TOF mass spectrometer 

(Impact II, Bruker, Germany) via a CaptiveSpray nano ESI source with 

NanoBooster (Bruker, Germany) as described (Beck et al. 2015).  

3. Mass spectrometry data analysis 

MaxQuant (Tyanova et al., 2016) was used to identify peptide sequence by 

matching spectra to the UniProt Arabidopsis thaliana protein database 

(downloaded 2019-04) with appended common contaminant protein sequences 

and reverse decoy entries at estimated FDR<0.01 at PSM and protein level. 

Additional parameters were set as follows: For shotgun proteome analysis, 

trypsin was set as digestion enzyme (specific), and variable N-terminal 

acetylation and Met oxidation. The function “match between runs” was enabled 

and iBAQ values calculated. A minimum of 2 ratio counts for one quantification 

was set valid. For preHUNTER analysis, digestion enzyme was set to “ArgC” 

(since trypsin does not cleave at dimethylated Lys residues) with 2 missed 

cleavages, and isotope labels at Lys residues were considered. For HUNTER 

datasets, the digestion enzyme was set to “semi-ArgC” with variable N-terminus, 

appropriate combination of dimethylation at N-termini and Lys residues was set 

as labels, and variable N-terminal modification by acetylation and pyro-Glu 

formation from Glu and Gln were considered. All queries considered Cys 

carbamidomethylation as fixed and Met oxidation as variable modification. 

 

 

4. Data analysis  

Shotgun and preHUNTER proteome data were analysed by Perseus (Tyanova, 

Temu, Sinitcyn, et al. 2016) v 1.6.14.0. N-terminome datasets were processed 

using MANTI (Demir et al., 2021). 
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Imaging 

1. Histological Techniques 

To visualize the promoter activity GUS staining was performed. In vitro grown 

seedlings or samples taken from soil-grown plants were fixed in 90% acetone for 

1 hour at -20oC. Two washes with sodium phosphate buffer (PBS, pH 7.0) took 

place before the samples were immersed in the GUS staining solution containing 

1 mM X-Gluc, 2.5 Mm K3Fe(CN)6, 2.5 mM K4Fe(CN)6 and 0.1% Triton x-100 in 

100 mM sodium phosphate buffer (Na2HPO4/NaH2PO4, pH 7.0) for 2h till 

overnight at 37oC depending on the tissue. Reactions were stopped with 70% 

ethanol. 

To analyse the protein expression lines and the crossed plants with promoter 

fusion constructs, 6 or 7 day-old roots were stained with 10 mg/ml propidium 

iodide staining (PI, Sigma) and visualized as fresh tissue in the confocal 

microscope. For fixation of the samples, 4% paraformaldehyde was used for 1 h, 

afterwards Clear-See was added following the protocol as described in  (Kurihara 

et al., 2015) and further stained with Calcofluor White M2R dye (Sigma) for 1h 

before confocal microscopy visualization.   

2. Confocal Microscopy 

Confocal laser scanning microscopy was mostly performed on a Leica SP2 AOBS 

inverted confocal microscope (Leica Microsystems, Wetzlar, Germany). eGFP 

fusion was excited with a 488 nm Argon laser and detected using a 505–530 band 

pass emission filter. PI staining was excited using a 561 nm He-Ne laser and 

detected using a custom 595–620 nm band pass emission filter. Calcofluor-

stained samples were excited at 405 nm and at 425-475 nm was the emission. 

Different Z stacks and transverse optical sections from microscopy images were 

analysed using Image J software (https://imagej.nih.gov/ij/).  

For the detection of aggregates with ProteoStat Aggresome detection kit (Enzo 

Life Sciences), seedlings were stained according to the manufacturer’s 

instructions. Briefly, seedlings were collected and were fixed in 4% formaldehyde 

solution for 30 min at room temperature. Formaldehyde solution was removed 

and seedlings were washed with 1X PBS twice followed by an incubation with 

https://imagej.nih.gov/ij/
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permeabilizing solution (0.5% Triton X-100, 3 mM EDTA, pH 8.0) with gently 

shaking for 30 min at 4ºC. Washes were repeated with 1X PBS. Finally, plants 

were incubated with 1X PBS supplemented with 1 μl/ml of ProteoStat and 1 μl/ml 

Hoechst 33342 (for nuclear staining) for 30 min at room temperature before 

mounting them on a slide for microscopic analysis. 

 

3. Other Imaging Techniques 

For root and hypocotyl length measurements, square plates plants were 

photographed with a NIKON D7000 digital camera. Pictures were later analysed 

by using ImageJ- Fiji (Schindelin et al. 2009). For the phenotypical 

characterization of the whole plants and different organs, plants were 

photographed with a NIKON D7000 digital camera. Whenever higher resolution 

was needed, specific plant tissues were placed under an Olympus DP71 

stereomicroscope (Olympus, Center Valley, PA, U.S.A.). Digital picture 

acquisition for histochemical detection of GUS activity and hypocotyl analysis 

took place on a Leica DM6 epifluorescence microscope (Leica, Wetzlar, 

Germany).  

Phenotyping Under Normal Conditions 

1. Growth Conditions 

All seeds were surface sterilized in a solution containing 35% sodium hypochlorite 

and 100% ethanol under agitation for 10 minutes followed by 2 washing steps 

with 70% ethanol and 1 step with 100% ethanol. Seeds were dried in a filter paper 

under a laminar flow hood before use. To synchronize seed germination, seeds 

were vernalized at 4oC for 48-72h. In vitro plants were germinated on square 

plates containing 1X MS media (Murashige and Skoog) salt without sucrose and 

5 mM MES including vitamins (Duchefa Biochemie) at pH 5,7 previous to agar 

addition 8g/L. For all experiment described, plants were grown in controlled 

ARALAB growth chambers under different photoperiodic light/dark cycles (LD 

16:8 light/dark, SD 8:16 light/dark, 12:12 light/dark) and 60% relative humidity 

unless is indicated different in the experiment. Light intensity in the growth 

chambers was set at 120 μmol/m2/s of LED light bulbs. 
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Nicotiana benthamiana was grown under long day conditions (16 h light: 8 h 

darkness, 26°C: 22°C, 60% humidity). 

2. Cotyledon vein pattern 

To analyse vein pattern, the cotyledons were removed from 6 day-old seedlings 

and submerged for 1h in a 3:1 95% ethanol: acetic acid solution at room 

temperature. Subsequently, they were washed twice 30 min with 70% ethanol 

and the cotyledons were incubated overnight at 4oC with 100% ethanol. 10% 

NaOH was added for 1 h and the samples were left at 37oC before Clear-See 

was added as a final step.  

3. Macroscopic analysis 

For macroscopic analysis of the entire plant, inflorescences were harvested and 

opened to reveal carpel and stamen. Siliques upwards to the flowering buds were 

successively collected for displaying a brief developmental snapshot. Siliques 

were immobilized by sticking them on double sided tape to open them with a razor 

blade and tweezers to reveal the content.  

For flowering time experiments, seedlings were grown for 7 days after 

germination in MS- plates and then were transplanted in pots filled with soil (8 

substrate: 1 perlite: 1 vermiculite). 15 seeds per genotype were used and 

experiments were performed on soil-grown plants three times with similar results 

(LD photoperiod). Days needed for the plants to bolt and flower and number of 

rosette leaves respectively were determined. Days to bolting was the number of 

days from germination until an inflorescence shoot was visible at the centre of a 

rosette. Days to flower was the number of days from germination until the first 

bud was formed and ready to open and become a flower. To measure rosette leaf 

area, whole rosettes from 3-week-old plants were used. Plants were 

photographed with a NIKON D7000 digital camera and images were analysed 

with Adobe Photoshop. Images were processed in order to detect only the green 

colour of the leaf and exclude the background. The same scale was set for all the 

pictures and images were analysed with RGB colour tool. Pixels were calculated 

and mean value of rosette leaf area was estimated per plant.  
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Phenotyping Under Stress Conditions 

1. Infection Assays with the Vascular Pathogen Ralstonia 

solanacearum 

 For the pathogenicity assays the vascular pathogen Ralstonia solanacearum 

GMI1000 was used. Bacteria were grown at 28°C in solid or liquid rich Φ medium 

(1% Bacto peptone, 0.1% yeast extract, and 0.1% casamino acids, all from 

Becton, Dickinson and Co. [Franklin Lakes, NJ, U.S.A.]), adding the appropriate 

antibiotic for the resistance. Experiments were carried out with the soil-drench 

method with small modifications (Monteiro et al., 2012). Briefly, Arabidopsis was 

grown for 4 weeks on Jiffy pots (Jiffy Group, Lorain, OH, U.S.A.) in a controlled 

chamber at 22°C, 60% humidity and SD photoperiod. Jiffys were transferred 3-4 

before the infection to 12:12 photoperiod, 28°C, 60% humidity to acclimate. The 

day of the infection, the jiffys were pinched with toothpick at 4 spots in order to 

damage the roots of the plant and were immediately submerged O/N into a culture 

solution of R. solanacearum adjusted to OD600 = 0.1 with distilled water, 

corresponding to 108 colony-forming units (CFU) ml-1 (30 ml of bacterial solution 

were calculated per plant). Then, inoculated plants were transferred to trays 

containing a thin layer of soil drenched with the same R. solanacearum solution 

and were kept back in the growth chamber. Plant wilting symptoms were recorded 

every day and were calculated according to a disease index scale (0 = no wilting, 

1 = 25% wilted leaves, 2 = 50%, 3 = 75%, and 4 = death). At least 35 plants were 

used in each assay, performed in at least three independent replicates. 

For in vitro infection assays with R. solanacearum, experiments were carried out 

as described before (Lu et al. 2018). At 3-days post-infection (dpi), plants were 

analysed under ChemiDoc Imaging System device, to detect the presence of the 

bacteria and the progress of the infection. For root-hair evaluation, pictures were 

taken 3 dpi with an Olympus DP71 stereomicroscope (Olympus, Center Valley, 

PA, U.S.A.). Root length of infected seedlings was recorded over time.  
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2. Osmotic stress assays 

Seeds were sown on MS- medium, cold treated for 2 days and grown for 3 days 

in growth chamber. Then, they were transferred to different MS plates containing 

increasing NaCl concentration for 7 additional days. Primary root length was 

measured at 10days after germination with Image J software. Number of visible 

lateral roots was counted under Olympus DP71 stereomicroscope.  

Experiments of sorbitol treatment were performed by Dr. Antia´s Rodriguez- 

Villalon group of Plant Vascular Development, at the Swiss Federal Institute of 

Technology (ETH) Zurich, in Switzerland  

For observation of vascular tissue upon osmotic stress, seeds were sown on half-

strength (1/2) MS- medium, stratified for 2 days at 4oC and grown for 3 days in 

growth chamber with continuous light at 110 µmol/ms2. Then, they were 

transferred to MS plates containing 120 mM sorbitol for 3 additional days before 

confocal microscopy analysis. Seedlings were stained with Calcofluor before 

confocal microscopy as described above (Histological techniques section). 

3. Hypoxia Treatments 

Experiments with hypoxia were performed by Dr. Michael Holdsworth at the 

School of Biosciences, in the University of Nottingham, United Kingdom.  

Seeds were sown in MS- plates and were cold- treated for 5days before 

transferred to growth chamber (SD, 20oC, light intensity= 110 µmol/ms2). At day 

4 the plates were transferred to the hypoxia chamber with lids taken off. 

Experiments were set up in a desiccator (hypoxia chamber) with nitrogen being 

introduced at a flow rate of 4L/min in the dark, for 4h at which the oxygen in the 

desiccator was at approx. 0.5% at the end of the experiment.  Control samples 

were placed in a similar desiccator upon dark conditions but with air introduced 

(normoxia). After 4h, plates were taken out and sealed with micropore tape to 

allow gas exchange and root tips were marked with a marker pen and transferred 

back to growth room with short daylight conditions for recovery. Root tip survival 

was scored after 3 days of recovery. Extension of primary root tips beyond the 

marked point was scored as root tip survival for each seedling. Seedlings whose 
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primary root has not been able to grown below marked point were considered 

dead. 

4. Thermophotomorphogenesis 

Seeds were placed in MS- plates, cold- treated for 3 days and grown for 3 days 

in growth chamber (LD, 22oC, 60% humidity) to synchronize the emergence of 

the root. On the third day, some plants were shifted at 28°C and grown for 4 

additional days at 22°C or 28°C and at light intensities 40 and 170 μmol/m2/s. 

Roots and hypocotyls were measured from 7 days old seedlings with Image J 

software. 

5. Drought stress  

Scoring Survival Rate 

Seeds were placed in MS- plates, cold-treated for 3 days and grown for 1 week 

in growth chamber. One-week-old seedlings were transferred individually to pots 

containing 30 ± 0.5 g of substrate (plus 1:8 v/v vermiculite and 1:8 v/v perlite). 

Three-week-old plants were subjected to severe drought stress by withholding 

water for 8-9 days followed by re-watering. After the 5-day recovery period, the 

surviving plants were photographed and counted.  

Physiological Parameters and Chlorophyll fluorescence 

Seedlings grown in MS agar plates were transferred after 7 days to individual to 

pots containing 30 ± 0.5 g of substrate (plus 1:8 v/v vermiculite and 1:8 v/v perlite). 

Plants were grown in LD conditions for 3 weeks before subjected to drought 

stress. Pots were weighed daily during the experiment. Well-watered control 

plants were grown in 100% field capacity (0% of water loss). Relative Water 

Content (RWC, %) was calculated according to the formula: (FW-DW)/(TW-DW). 

Fresh weight (FW) was obtained by harvesting and weighing freshly detached 

rosettes. Turgid weight (TW) was obtained by putting cut rosettes into a tube with 

de-ionized water for 16 hours at room temperature, removing excess water by 

wiping with absorbent paper and weighing plant material. Rosette dry weight 

(DW) was recorded after an overnight incubation at 80 oC in a dry oven. The time 
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course drought stress assay was started by withholding the nutrient solution until 

reaching 30%, 60%, 75%, and 90% water loss.  

Photosynthesis efficiency was measured in control (well- watered) and drought 

plants in 100%, 40% and 6% field capacity. After 30 min of dark adaptation, the 

kinetics of chlorophyll fluorescence in whole rosettes were monitored using 

Imaging Pulse Amplitude Modulation (PAM) Fluorometry M-series, MAXI version 

device, by measuring F0 in the dark and Fm with initial saturation pulse. Fv/Fm 

and Fv´/Fm´ ratio for the maximum quantum efficiency upon dark and light 

conditions was calculated according to the manufacturer’s instructions (Walz, 

Effeltrich, Germany). 

6. Absisic Acid sensitivity 

Germination rate and Root growth 

Around 100 seeds per replicate were sown on MS medium plates supplemented 

without (control) or with ABA (Sigma) at concentrations of 1 or 2 μM. After a 2-

day period of cold stratification at 4 °C, seeds were transferred to a growth 

chamber for additional 8 days and the germination rates were determined. For 

root growth assay, seeds were germinated on MS medium plates for 3d, and then 

the seedlings were transferred to new plates containing 0 (control), 0.3, 3, or 30 

μM ABA, and left to vertically grow for further 7d. Images were then taken when 

seedlings were 10 day old and root length was measured for each genotype with 

Image J software. 

Stomatal Aperture 

For measurement of stomatal aperture following ABA treatment, cotyledons were 

sampled from 10–day-old seedlings and immediately were immersed in a 

stomata-opening buffer with 10 mM KCl, 0.2 mM CaCl2, and 10 mM Mes-KOH 

(pH 6.15) for 21/2 h under continuous white light at 22 °C (Du et al., 2013). ABA 

was then added into the same buffer to reach a final concentration of 10 μM and 

the cotyledons were collected after 30 and 90 min. Guard cells were 

photographed with a LEICA DM6 microscope, and stomatal lengths and widths 

were measured with Image J software. 
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Senescence induction 

Detached 5-week-old cauline leaves from examined lines were soaked in distilled 

water without or with 50 μM ABA under light conditions for 3 days prior to 

observations of leaf senescence. Chlorophyll was extracted and homogenized in 

1 ml of 80% acetone then maintained on ice for overnight treatment. OD662 nm 

and OD647 nm were measured using a UV spectrophotometer. The 

concentration of chlorophylls a and b, as well as the total amount of chlorophyll, 

were calculated as described by (Lichtenthaler 1987). 

Hormone Quantification 

Hormone extraction and measurements were performed by Dr. Sergi Munné at 

the Department of Evolutionary Biology, Ecology and Environmental Sciences, 

Faculty of Biology, Universitat de Barcelona, in Spain.  

Approximately 100 mg of leaf material from 3 week-old plants grown in LD/22oC 

conditions were harvested and ground to a fine powder in liquid nitrogen. IAA, 

ABA, SA, JA, GA4, GA7, Zeatin, ACC, ZR, OPDA, IPA and Melatonin were 

quantified as described previously (Müller and Munné-bosch 2011).  

Statistical Analysis 

For most of the experiments performed, data were compared with T-test 

significance (p value<0.05) or with one-way ANOVA plus Tukey HD test (p value 

<0.05) to be considered significant, with R studio packages. In every experiment 

is indicated the degree of significance and the method used. For scoring plant 

survival upon drought, we compared the results of each genotype with chi-square 

test with the expected values from the wild type plants.  

For the proteomic data, we evaluated in every experiment the log2 Fold change 

ratio between dual comparisons which was the average of the fold changes 

between the four replicates. According to the values of peptides reads- iBAQs, T-

test was performed for the root data and multiple ANOVA for the leaf data 

(Shotgun experiment and HUNTER).  

 





 

Resumen en castellano 

Las metacaspasas son una familia de cisteína proteasas que se encuentran en 

eucariotas inferiores y plantas. Se consideran parientes lejanos de las caspasas, 

presentes solo en animales. El rol de las metacaspasas es bastante diverso, 

desde los procesos de desarrollo involucrados en la formación de tejidos, hasta 

las respuestas contra patógenos y otras tensiones ambientales. Para algunos 

miembros de la familia se está investigando su función y posibles sustratos y 

para otros no se han caracterizado. 

En este estudio intentamos analizar funcionalmente Arabidopsis thaliana 

metacaspase 3 (MC3), una metacaspasa no caracterizada presente en el tejido 

vascular. Consideramos que la mejor manera de abordar este desafío era utilizar 

un enfoque de genética inversa en combinación con el análisis proteómico. En el 

Capítulo 2, identificamos específicamente la localización exacta de la 

transcripción y la proteína en planta, generamos plantas mutantes utilizando la 

tecnología CRISPR / Cas9 y analizamos su crecimiento en condiciones basales. 

Además, realizamos un análisis de proteoma completo para diferentes tejidos e 

intentamos identificar sustratos candidatos mediante análisis de péptidos N-

terminales. En el Capítulo 3, profundizamos en múltiples estreses mostrando 

cómo las plantas con sobreacumulación o falta de MC3 respondieron a las 

condiciones de estrés, ya que del estudio proteómico surgieron múltiples 

proteínas relacionadas con las respuestas al estrés. 

En el Capítulo 2 generamos líneas reporteras para especificar la localización 

exacta de la expresión génica. Se encontró que MC3 se expresaba 

específicamente en el tejido vascular del floema. Además, la fusión traslacional 

a proteínas fluorescentes verificó el mismo patrón para la localización de 

proteínas. Utilizando múltiples líneas mutantes, realizamos un análisis de los 

fenotipos causados por la ausencia, mal funcionamiento o sobreexpresión de la 

supuesta proteasa en el desarrollo de la planta. El crecimiento general y la 

formación del tejido vascular en particular no se vieron afectados cuando las 

plantas se cultivaron en condiciones de crecimiento estándar. A partir de estudios 

anteriores, las líneas reporteras de MC1 mostraron expresión en la estela en casi 
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todas las etapas del desarrollo y MC4 tiene una expresión alta y ubicua en la 

mayoría de los tejidos. Se generaron mutantes dobles con el fin de excluir la 

posibilidad de redundancia funcional y mostramos que en condiciones normales 

el crecimiento general de estas plantas se mantuvo similar al de las plantas de 

tipo salvaje. Finalmente, comprobamos el proteoma total de las plantas para 

comparar las proteínas diferencialmente abundantes en diferentes fondos 

genéticos. En general, el análisis demostró que el tejido de la raíz de las líneas 

sobreexpresoras de MC3 muestran una acumulación diferencial de proteínas 

relacionadas con el estrés, específicamente relacionadas con el osmótico y la 

hipoxia. 

Se ha demostrado que las metacaspasas participan, entre otras cosas, en las 

respuestas de las plantas al estrés biótico y abiótico. En el Capítulo 3 analizamos 

si MC3 tuvo un papel en las respuestas a diferentes tensiones ambientales. 

Encontramos que la función de MC3 está asociada con el estrés por sequía, ya 

que las plantas que sobreacumulan MC3 pudieron sobrevivir más y funcionar 

mejor en condiciones de baja disponibilidad de agua. Además, en comparación 

con las plantas de tipo salvaje, el mutante mc3 parecía menos sensible a ABA, 

que es una de las hormonas que orquestan las respuestas a la sequía. Teniendo 

en cuenta que la vasculatura juega un papel muy importante en la facilitación de 

la señalización de ABA, investigamos la formación vascular tras el estrés 

osmótico en plantas con niveles alterados de MC3. Las líneas sobreexpresoras 

mostraron una formación más rápida del tejido vascular en condiciones de estrés 

osmótico que las plantas de tipo salvaje. Finalmente, observamos que en 

condiciones de bajas concentraciones de oxígeno, la cantidad excesiva de MC3 

también puede ser beneficiosa para la supervivencia de las plantas. Se probaron 

tensiones adicionales para detectar si la función de MC3 era específica de los 

desequilibrios osmóticos. Las plantas no se vieron afectadas por la presencia o 

ausencia de MC3 por condiciones de luz y temperatura alteradas, ni por infección 

con un patógeno vascular. En conclusión, reportamos que la metacaspasa 3 es 

una metacaspasa específica del floema que contribuye a la tolerancia a la sequía 

posiblemente debido a la diferenciación vascular mejorada del metafloema en 

condiciones de estrés osmótico.
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PART 1 

At-gRNA-U6 backbone#1 seq 

attB (1 to 31), U6 promoter (38 to 350), N20 sequence (351 to 370) tracrRNA 

(371 to 463), attB (470 to 499). Target sequence in the gene is in bold letters, 

BamH1 site at position 32, Sal1 site at position 464. 

ggggacaagtttgtacaaaaaagcaggcttcGGATCCTTTTCTTCTTTTTAACTTTCCATT

CGGAGTTTTTGTATCTTGTTTCATAGTTTGTCCCAGGATTAGAATGATTAGG

CATCGAACCTTCAAGAATTTGATTGAATAAAACATCTTCATTCTTAAGATAT

GAAGATAATCTTCAAAAGGCCCCTGGGAATCTGAAAGAAGAGAAGCAGGC

CCATTTATATGGGAAAGAACAATAGTATTTCTTATATAGGCCCATTTAAGTT

GAAAACAATCTTCAAAAGTCCCACATCGCTTAGATAAGAAAACGAAGCTGA

GTTTATATACAGCTAGAGTCGAAGTAGTGATTgGGCTAGTCGGAGAGAAGT

AGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTGTCGACgac

ccagctttcttgtacaaagtggtcccc 

At-gRNA-U6 backbone#2 seq 

attB (1 to 31), U6 promoter (32 to 344), N20 sequence (345 to 364) tracrRNA 

(365 to 457), attB (464 to 493). Target sequence in the gene is in bold letters, 

BamH1 site at position 458. 

ggggacaagtttgtacaaaaaagcaggcttcTTTTCTTCTTTTTAACTTTCCATTCGGAGT

TTTTGTATCTTGTTTCATAGTTTGTCCCAGGATTAGAATGATTAGGCATCGA

ACCTTCAAGAATTTGATTGAATAAAACATCTTCATTCTTAAGATATGAAGATA

ATCTTCAAAAGGCCCCTGGGAATCTGAAAGAAGAGAAGCAGGCCCATTTAT

ATGGGAAAGAACAATAGTATTTCTTATATAGGCCCATTTAAGTTGAAAACAA

TCTTCAAAAGTCCCACATCGCTTAGATAAGAAAACGAAGCTGAGTTTATATA

CAGCTAGAGTCGAAGTAGTGATTgTGTTCTTCCCCGTGAACACGTTTAAGA

GCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAGTCCGTTATCAA

CTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTGGATCCgacccagctttcttgta

caaagtggtcccc 
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At-gRNA-U6 backbone#2 seq 

attB (1 to 31), U6 promoter (38 to 350), N20 sequence (351 to 370) tracrRNA 

(371 to 463), attB (464 to 493). Target sequence in the gene is in bold letters, 

Sal1 site at position 32. 

ggggacaagtttgtacaaaaaagcaggcttcGTCGACTTTTCTTCTTTTTAACTTTCCATT

CGGAGTTTTTGTATCTTGTTTCATAGTTTGTCCCAGGATTAGAATGATTAGG

CATCGAACCTTCAAGAATTTGATTGAATAAAACATCTTCATTCTTAAGATAT

GAAGATAATCTTCAAAAGGCCCCTGGGAATCTGAAAGAAGAGAAGCAGGC

CCATTTATATGGGAAAGAACAATAGTATTTCTTATATAGGCCCATTTAAGTT

GAAAACAATCTTCAAAAGTCCCACATCGCTTAGATAAGAAAACGAAGCTGA

GTTTATATACAGCTAGAGTCGAAGTAGTGATTgTCATCGACGCCTGTAACA

GGTTTAAGAGCTATGCTGGAAACAGCATAGCAAGTTTAAATAAGGCTAGTC

CGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTgacccagctttct

tgtacaaagtggtcccc 
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PART 2 

List of mutation for AtMC3 obtained in the TILLING UC-Davis project: 

 

Individual               Sequence                Effect                      SIFT (IC)                  Zygosity          

Stock                   Obtain Stock 

----------  --------   ------     ----------       -------- ---------      ------------------ 

i175E2                         g744r                   G175E                  0.00 (3.05)                   Hetero            

12012          ABRC Stock CS92923 

i179C6                      g1119r                  S273N                    0.01 (3.04)                   Hetero            

12318          ABRC Stock CS93223 

i180H7                      g1106r                 A269T                      0.06 (3.05)                  Hetero           

12411          ABRC Stock CS93309 

i185A6                      c983y                    Intron                                                          Hetero           

9800           ABRC Stock CS92063 

i187C6                      g768r                   G183E                     0.00 (3.05)                   Hetero          

14089          ABRC Stock CS93645 

i187D2                    c1001y                   Intron                                                           Hetero        

14013          ABRC Stock CS93614 

i189F7                      g1359r                  R324Q                    0.03 (3.05)                   Hetero         

14441          ABRC Stock CS93802 

i201F5                       c785m                Q189K                      0.03 (3.05)                   Hetero          

17039          ABRC Stock CS94675 

i201H6                      c533y                    L134=                                                          Hetero            

17050          ABRC Stock CS94685 

i207B5                       g744a                   G175E                                                         Homo          

17482          ABRC Stock CS95066 

i208A7                       c925y                    V235=                                                        Hetero          

17565          ABRC Stock CS95146 

i209F2                       c841y                     D207=                                                       Hetero          

17596          ABRC Stock CS95176 

 

                      

 

 

  

http://www.arabidopsis.org/servlets/SeedSearcher?action=detail&stock_number=CS92923
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Cell Death in Plant Immunity
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Pathogen recognition by the plant immune system leads to defense responses that are often
accompanied by a form of regulated cell death known as the hypersensitive response (HR).
HR shares some features with regulated necrosis observed in animals. Genetically, HR can be
uncoupled from local defense responses at the site of infection and its role in immunity may
be to activate systemic responses in distal parts of the organism. Recent advances in the field
reveal conserved cell death–specific signaling modules that are assembled by immune re-
ceptors in response to pathogen-derived effectors. The structural elucidation of the plant
resistosome—an inflammasome-like structure that may attach to the plasma membrane on
activation—opens the possibility that HR cell death is mediated by the formation of pores at
the plasma membrane. Necrotrophic pathogens that feed on dead tissue have evolved strat-
egies to trigger the HR cell death pathway as a survival strategy. Ectopic activation of immu-
nomodulators during autoimmune reactions can also promote HR cell death. In this perspec-
tive, we discuss the role and regulation of HR in these different contexts.

To detect potential invaders and respond ap-
propriately, plants have evolved a complex

and fine-tuned immune system. Current models
have both extracellular and intracellular plant
immune receptors initiating signaling cascades
in response to invasion (Cook et al. 2015). In
turn, potential invaders have developed diverse
virulence strategies to evade or subvert plant
immunity.

A form of regulated cell death known as the
hypersensitive response (HR) is a frequent con-
sequence of pathogen recognition by the plant
immune system. The term hypersensitivity
stems from the abnormally rapid death of plant
cells encountering biotrophic pathogens, which
rely on plant living tissue for their survival
(Stakman 1915). HR can be manipulated genet-

ically and is under tight control to avoid run-
away cell death beyond the site of infection. HR
cell death resembles forms of regulated necrosis
in mammals, such as necroptosis and pyropto-
sis, but it also features some apoptosis-like traits
(Vanden et al. 2014; Dickman et al. 2017; Gal-
luzzi et al. 2018; Salguero-Linares and Coll
2019). Cell contents leaked during HR cell death
may alert other cells to a potential invasion.

HR cell death has been studied mostly in the
context of plant defense against biotrophic path-
ogens or hemibiotrophic pathogens, the latter
having an initial biotrophic phase followed by
a necrotrophic phase. However, necrotrophic
pathogens that feed on dead or dying tissue
can hijack HR cell death for their own benefit.
Here, we provide a perspective on HR cell death
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signaling based on recent advances in the mo-
lecular interactions between plant and patho-
gens, plus we discuss autoimmunity as a trigger
of HR cell death in the context of certain muta-
tions or during hybrid necrosis.

IMMUNE HR CELL DEATH AS A
CONSEQUENCE OF PATHOGEN
RECOGNITION

The plant immune system is constantly evolving
to detect invasive microbes or their effects on
the plant. Initially, plasma membrane pattern-
recognition receptors (PRRs) were thought to
recognize conserved microbe-associated molec-
ular patterns, whereas cytoplasmic NLRs (nu-
cleotide-binding domain leucine-rich repeat
(LRR)-containing gene family) sensed patho-
genic virulence factors or their perturbations to
the cell (Jones andDangl 2006). However, as our
knowledge of plant immunity has advanced, it
has become evident that PRRs also respond to
virulence effectors. NLRs may also “guard” con-
served molecules that act as rheostats in plant
immune responses (Cook et al. 2015).

In terms of domain architecture, plant NLRs
resemble animal NLRs, with a variable amino-
terminal domain, a central nucleotide-binding
domain, and a highly polymorphic carboxy-ter-
minal leucine-rich domain (Fig. 1). Plant NLRs
are classified according to their amino-terminal
domains as Toll/interleukin-1 receptor (TIR)
domain NLRs (also known as TNLs) or coiled-
coil (CC) domain NLRs (or CNLs) (Cui et al.
2014; Zhang et al. 2017). NLRs recognize effec-
tor molecules deployed by pathogens, either di-
rectly or indirectly, and then initiate signaling
cascades that culminate in the expression of
genes mediating host defense (Cui et al. 2014).
An emerging model in plant immunity is that
NLRs work in functionally specialized pairs or
evenmore complex networks, with sensor NLRs
perceiving pathogen effectors and helper NLRs
initiating downstream signaling (Bonardi et al.
2012; Wu et al. 2017).

Recognition of adapted biotrophic or hemi-
biotrophic pathogens by the plant immune sys-
tem often leads to HR cell death. Thus, HR cell
death is frequently described as an immune

strategy to block pathogen colonization. How-
ever, this is not always the case, because there are
numerous examples of HR cell death and inhi-
bition of pathogen growth being genetically un-
coupled (Yu et al. 1998; Greenberg et al. 2000;
Balagué et al. 2003; Jurkowski et al. 2004; Coll
et al. 2010; Sheikh et al. 2014; Menna et al. 2015;
Lapin et al. 2019). As shown in Figure 2, HR cell
death at the site of infection is crucial to initiate
systemic signals that activate immunity in distal
parts of the plant and eventually lead to resis-
tance. This phenomenon is known as systemic
acquired resistance (SAR) (Fu and Dong 2013;
Shine et al. 2019).

Although we are far from an integrated view
of HR signaling, research in the last 30 years
has substantially increased our understanding
of the molecular mechanisms controlling HR.
Downstream from NLR activation, HR involves
a series of events that include calcium influxes,
oxidative bursts originating in different cellular
compartments, hormone signaling, mitogen-
activated protein kinases, and transcriptional re-
programming (Adachi and Tsuda 2019). Most
of these elements are shared between PRR and
NLR signaling, andHR cell death has often been

Plant NLR domainsA

B Plant NLR activation

LRR

LRR

ADP ADP Effector

ADP

ATP Effector

LRR
LRR

NB-ARC

NB-ARC NB-ARC NB-ARC

CC/TIR

Figure 1. Plant NLRs (nucleotide-binding domain
leucine-rich repeat (LRR)-containing gene family).
(A) Schematic representation of a plant NLR protein.
The amino-terminal region usually contains a Toll/
interleukin-1 receptor (TIR) homology or a coiled-
coil (CC) domain. The central region is composed
of a nucleotide-binding APAF-1, R proteins, and
CED-4 (NB-ARC) domain. The carboxy-terminal
region contains an LRR domain. (B) NLR activation.
In the inactive, closed state, ADP is bound to the NB-
ARC domain. Direct or indirect effector recognition,
results in ADP release and ATP binding. This results
in a conformational change that renders an open,
active NLR.
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regarded as a consequence of surpassing certain
signaling thresholds, rather than as a highly
regulated phenomenon. However, this view is
challenged by recent findings that shed light
on HR-specific signaling.

Cell Death Signaling Hubs and the
Resistosome

Recent work indicates the importance of signal-
ing hubs downstream from NLR activation,
which may partition cell death and immune
responses (Wu et al. 2016, 2017; Qi et al.
2018; Castel et al. 2019; Lapin et al. 2019). The
lipase-like protein ENHANCED DISEASE

SUSCEPTIBILITY1 (AtEDS1)mediates all resis-
tance outputs downstream from activated TNLs
(Wiermer et al. 2005). As shown in Figure 2,
AtEDS1 interacts with SENESCENCE-ASSOCI-
ATED GENE101 (AtSAG101), and this het-
erodimer functions together with the helper
CNL family member N Requirement Gene 1
(AtNRG1) to form a cell death signaling module
inArabidopsis thaliana that can be transferred to
unrelatedplant species. Inparallel, transcription-
al reprogramming to enhance the basal defense
response is mediated by the interaction of EDS1
withPHYTOALEXIN-DEFICIENT4(AtPAD4)
and a different helper CNL, ACCELERATED
DISEASE RESISTANCE 1 (AtADR1) (Lapin et

(Hemi)biotrophic
bacteria

BI
R
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K1 PR

R Necrotrophic
fungi

Effectors
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Figure 2. Pathways leading to hypersensitive response (HR) cell death in plant immunity. (1) HR can be triggered
on recognition of a biotrophic or hemibiotrophic pathogen via direct or indirect effector recognition by NLR
(nucleotide-binding domain leucine-rich repeat-containing gene family) immune receptors, often operating in
pairs (sensor NLR+helper NLR). (2) Cell death–specificmodules have been identified, which translate the signal
generated by effector perception via Toll/interleukin-1 receptor domain NLR (TIR-NLR) activation, into HR cell
death. (3) Pattern-recognition receptors (PRRs) signaling at the plasma membrane may be monitored by NLRs,
with PRR signaling disturbance leading to HR cell death. (4) HR cell death can be genetically uncoupled from
local defense responses, but may have a role in activating systemic resistance responses. (5) HR can occur as a
result of autoimmune reactions, owing to the ectopic activation of NLRs or other defense signalingmodulators or
an NLR mismatch. (6) Necrotrophic fungi can cause disease by hijacking the host HR cell death. A common
strategy is activation of NLR receptors by toxins secreted by the fungi into the plant cytoplasm.
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al. 2019). Helper NLRs have a high degree of
redundancy in plant genomes, which may allow
functional diversification and expansion of their
corresponding sensor NLRs. For example, func-
tionally redundant members of the helper NLR
family NRC (NLR required for cell death) may
contribute to immunity against different types of
pathogens via their interactions with particular
sensor NLRs (Wu et al. 2017). Studying interac-
tions and outputs between the components of all
these signaling modules is complex because they
vary between plant species and according to the
pathogen under study. In fact, we still do not
know how the signals emanating from these
modules execute cell death.

Clues were provided earlier this year by the
reconstitution of an NLR supramolecular struc-

ture termed the resistosome (Wang et al. 2019a,
b). The resistosome has been hypothesized
to directly induce HR by forming pores in the
plasma membrane, an exciting idea that awaits
testing. This immune complex, with stunning
structural and mechanistic similarities to mam-
malian inflammasomes, is composed of the
NLR HOPZ-ACTIVATED RESISTANCE 1
(ZAR1) and two receptor-like cytoplasmic ki-
nases (RLCKs) (Fig. 3). In its resting state,
ZAR1 is bound to ADP and the RLCK RESIS-
TANCE-RELATED KINASE 1 (RKS1). RKS1
(RLCK XII) is a pseudokinase that interacts
with the LRR domain of ZAR1 (Roux et al.
2014). The bacterial pathogen Xanthomonas
campestris uses a type III secretion system to
deliver the bacterial effector AvrAC into the

(Hemi)biotrophic
bacteria

Effectors
AvrAC

6 HR
cell death

PBL
uridylation

PBL2 PBL2(U*)
2

RSK1

ZAR1ADP

1 ADP 3 4

5
Mature
resistosome

NLR
activation

Resistosome
assemblyATP

NLR resting
state

Figure 3. Mechanism of resistosome activation. (1) In its resting state, the NLR HOPZ-ACTIVATED RESIS-
TANCE 1 (ZAR1) is bound to ADP and the RLCK RESISTANCE-RELATED KINASE 1 (RKS1). (2) Xantho-
monas campestris secretes the effector AvrAC into the host plant cells, which uridylates the RLCK PBS1-LIKE
PROTEIN 2 (PBL2). (3) Uridylated PBL2 binds to RKS1, causing conformational changes to the ZAR1–RKS1
dimer that release ADPand prime the complex for activation. (4) Subsequent ATP binding results in formation of
the resistosome via pentamerization of the ZAR1–RKS1–PBL2 complex. (5) Conformational changes expose a
funnel-like structure essential for accumulation of the complex in the plasmamembrane, bacterial resistance, and
(6) cell death, which has been hypothesized to be mediated by pore formation at the plasma membrane on
insertion of the resistosome.
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plant cytoplasm, where it uridylates a decoy
RLCK, PBS1-LIKE PROTEIN 2 (PBL2) (Wang
et al. 2015a). Unlike RKS1, PBL2 is an active
kinase, but its catalytic activity appears dispen-
sable for immune defense. Instead, modified
PBL2 (RLCK VII) binds to RKS1 in the ZAR1-
RKS1 dimer, causing conformational changes
that release ADP and prime the complex for
activation. Subsequent ATP binding drives for-
mation of the resistosome via pentamerization of
theZAR1-RKS1-PBL2 complex. Intriguingly, for-
mation of the resistosome exposes a funnel-like
structure that is essential both for resistance to
bacteria and for accumulation of the complex in
the plasma membrane (Fig. 3). This “death-fold
switch” may act in an analogous manner to the
membrane pores and ion channels formed by
mixed lineage kinase domain-like (MLKL) or gas-
dermins in mammals, or during NLR activation
in fungi, potentially suggesting a common evolu-
tionary origin of NLRs from plants and animals
(Adachi et al. 2019).

Rather than being the direct cause of cell
death, these potential pores could mediate spe-
cific ion influxes that activateHR-specific down-
stream signaling, such as activation of cell death
executioner proteases (Dangl and Jones 2019;
Feng and Tang 2019). For example, the meta-
caspase AtMC4 is rapidly activated by calcium
that enters the cell on loss ofmembrane integrity
(Huang et al. 2018; Hander et al. 2019). Activa-
tion of AtMC4 results in cleavage of the precur-
sor protein PROPEP1, which releases the danger
peptide Pep1 to trigger wound-induced defense
signaling. This program shares many com-
ponents with pathogen-induced defense re-
sponses. Whether AtMC4 or other proteases
are activated by resistosome pores will certainly
be worth analyzing in the coming years.

PRR Perturbation as an HR Trigger

Plasma membrane signaling may have a very
important role in HR signaling. When PRRs in
the plasma membrane sense certain microbial
molecular patterns, they team up with corecep-
tors in specific nanodomains that initiate signal-
ing cascades (Bücherl et al. 2017). For example,
knocking out or overexpressingAtBAK1 (BRAS-

SINOSTEROID INSENSITIVE1-ASSOCIATED
RECEPTOR KINASE1), a coreceptor of several
different PRRs, leads to a potent HR cell death
response and enhanced resistance to hemibio-
trophic pathogens (Kemmerling et al. 2007;
Domínguez-Ferreras et al. 2015). The fact that
overexpression or elimination of a required ele-
ment for PRR signaling leads to the same HR
phenotype may indicate that perturbation or
damage to components of PRR signaling is also
monitored (Tang and Zhou 2016). This strategy
would allow plant cells to defend against patho-
gen-mediated inhibition of PRR pathways. Ac-
cordingly, inactivation of another PRR regulator,
the plasma membrane receptor-like kinase
AtBIR1, also results in HR cell death (Liu et al.
2016a).

Proteolytic Pathways Associated with HR

Signaling downstream from NLRs may impact
finely tuned proteolytic pathways, including (se-
lective?) autophagy and the concerted action of
several proteases (Hofius et al. 2017; Salguero-
Linares and Coll 2019). Various proteases in
the cytoplasm (metacaspases, phytaspase, or
the proteasome subunit PBA1), in the vacuole
(vacuolar processing enzyme [VPE]), and those
secreted to the extracellular space (cathepsin B,
saspase, Rcr3, Pip1) have been shown to be es-
sential for HR cell death (Salguero-Linares and
Coll 2019). In fact, they need to be tightly con-
trolled to limit cell death beyond the HR site.
Hence, the multiple levels of negative regulation
exerted on, for example, the HR cell death pro-
tease METACASPASE1 (AtMC1) by the pro-
tease inhibitor SERPIN1, the scaffold protein
LESION SIMULATING DISEASE 1 (AtLSD1),
and the metacaspase AtMC2 (Coll et al. 2010;
Lema Asqui et al. 2018). Moreover, AtMC1 has
been shown to act additively to autophagy in
controlling HR cell death (Coll et al. 2014). Al-
though it is clear that autophagy promotes HR
cell death, the mechanism and precise function
(trigger or executioner?) remain unknown (Ho-
fius et al. 2009; Coll et al. 2014; Munch et al.
2014). Intriguingly, to date, no canonical pro-
teolytic cascade has ever been characterized in
plants (Paulus and Van der Hoorn 2019). The
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coming years will hopefully provide a deeper
insight into this HR-related proteolysis as the
study of plant autophagy in plant–pathogen in-
teractions has witnessed a tremendous expan-
sion in the last few years (Avin-Wittenberg
et al. 2018) and plant proteostasis is becoming
a fully-fledged field of study.

Local versus Peripheral Regulation of HR

It will be important to pay closer attention to the
spatiotemporal magnitude of HR in the coming
years. This aspect has often been disregarded,
withmany studies of infected tissue not discrim-
inating between HR versus non-HR cells. There
are several examples of differential or antagonis-
tic signaling between the cells undergoing HR
and those in the surrounding area. This is true
for the metacaspases AtMC1 and AtMC2,
which antagonistically regulate HR cell death,
and are expressed at the site of HR (AtMC1)
or in the cells surrounding the HR zone
(AtMC2) (Coll et al. 2010). The transcription
factor AtMYB30, which mediates HR cell death
and immune responses, has also been shown to
be differentially regulated within HR and non-
HR zones (Raffaele and Rivas 2013). Finally,
signaling pathways downstream from the de-
fense hormones salicylic acid and jasmonic
acid are activated in spatially different domains
during HR, with salicylic acid in the cell death
zone and jasmonic acid in the surrounding area
(Betsuyaku et al. 2018). Thus, it will be extremely
important to define spatiotemporal markers of
HR cell death, so that in the future we can time
and characterize the events leading to HR cell
death. These markers will help discriminate cells
undergoing HR cell death from the surrounding
tissue, which needs to activate protective mecha-
nisms to survive, while integrating and transmit-
ting danger/immune signals from dying cells to
protect the organism against invasion.

MANIPULATION OF IMMUNE HR CELL
DEATH BY NECROTROPHS AS A
VIRULENCE STRATEGY

Necrotrophic pathogens have been regarded as
generalists, but it is now evident that their inter-

action with the plant host is complex and highly
regulated. Necrotrophs secrete toxins that kill
plant cells and leave remnants from which the
pathogen can feed. These pathogens have evolved
very sophisticated strategies to trigger cell death.
Themost common strategy seems to be hijacking
HR cell death pathways by subverting compo-
nents of the plant immune system.

Secreted toxins, also known as necrotroph
effectors (NEs), are recognized by the so-called
NE-sensitive genes and trigger HR cell death
(Fig. 2). Several NE-sensitive genes possess clas-
sical nucleotide-binding and LRR domains, and
they often have roles in defense against bio-
trophic or hemibiotrophic pathogens (Lorang
et al. 2007, 2012; Faris et al. 2010). Thus, NE
genes appear to be a double-edged sword, being
effective at eliciting an HR response to contain
biotrophic pathogens, but able to be hijacked
by NEs to confer plant susceptibility. A clas-
sic example is LOV1 (LONG VEGETATIVE
PHASE1), anNLR fromA. thaliana that confers
susceptibility to Cochliobolus victoriae (Lorang
et al. 2007). This necrotrophic fungus secretes
the effector victorin, which activates LOV1 and
triggers a resistance-like response that culmi-
nates in HR cell death and proliferation of the
pathogen (Lorang et al. 2012).

The intricate mechanisms regulating ne-
crotroph–host interactions have also been show-
cased by the study of Sclerotinia sclerotiorum.
This necrotrophic fungus triggers HR by secret-
ing oxalic acid into plant cells (Kim et al. 2008).
During the initial phases of the infection, oxalic
acid reduces levels of reactive oxygen species
and creates a reducing environment that favors
pathogen proliferation. At the same time, host
defenses are dampened and the infection pro-
gresses unnoticed. At later stages, and once the
infection is well established, oxalic acid triggers
an increase in reactive oxygen species that causes
cell death (Williams et al. 2011). Oxalic acid has
also been shown to inhibit autophagy-mediated
cell death, which could provide an additional
mechanism to camouflage infection and prevent
activation of defense responses (Kabbage et al.
2013).

New NEs and their plant susceptibility tar-
gets are emerging from the interaction between
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wheat and the necrotrophic fungus Parastago-
nospora nodorum. For example, the effector
ToxA is recognized indirectly by the NLR
Tsn1 from wheat, which results in HR cell death
and disease (Faris et al. 2010). Another P.
nodorum effector, Tox1, remains in the extracel-
lular space and is proposed to have a dual role in
infection. It binds to chitin in the fungal cell wall
to protect it from degradation by host chitinases,
while also inducing an HR-like response via its
recognition by Snn1, a wall-associated receptor
kinase (Liu et al. 2016b; Shi et al. 2016). Adding
to the complexity, the susceptibility triggered by
an NE can vary depending on the genetic back-
grounds of the host and pathogen (Peters Hau-
grud et al. 2019). The identification of new sus-
ceptibility gene candidates in the host holds
great potential for the generation of plants that
are more resistant to necrotrophic fungi, which
are a serious threat to agriculture. Understand-
ing precisely how NE genes interact with their
corresponding plant susceptibility genes may
allow engineering of new plant protein targets
that evade the effectors without compromising
plant fitness and yield.

HR CELL DEATH AS A CONSEQUENCE
OF AUTOIMMUNITY

HR cell death can also be observed in plants in
the absence of pathogens. This autoimmunity
leads to ectopic defense activation and sponta-
neous cell death in the form of macroscopic dis-
ease-like lesions (Chakraborty et al. 2018). Plant
autoimmunity can be triggered by gain or loss-
of-function of plant immunemodulators (NLRs
and non-NLRs), autophagy, and impaired met-
abolic processes. In the 1990s, lesion mimic
mutants (LMMs), which are plants with sponta-
neous or mutagenesis-induced mutations show-
ingHR-like cell death in the absence of pathogen,
emerged as a promising tool to characterize HR
cell death. Characterization of these genes,
mostly in A. thaliana and rice, has highlighted
the importance of several cellular compartments
and pathways in HR signaling, including chlo-
roplasts and light energy, sphingolipids and fat-
ty acids, ROS and ion fluxes, autophagy, and
plasma membrane signal perception (Brugge-

man et al. 2015). Forward genetic screens tar-
geting LMMrevertants have identified addition-
al components of defense signaling pathways,
which has led to the idea that LMM phenotypes
can be caused by loss of a pathogen effector
target that is guarded by an NLR. Subsequent
activation of the NLR promotes HR cell death
(Rodriguez et al. 2016; Lolle et al. 2017).

The study of autoactive NLR alleles has also
been informative. For example, the snc1-1 (Sup-
pressor of NPR1, Constitutive 1) mutant is a
constitutively active variant of the SNC1 TLR
that causes autoimmunity and HR cell death
(Li et al. 2001). Autoactive SNC1 has been
shown to activate immune responses in the nu-
cleus, where it represses small RNAs involved in
NLR silencing (Cai et al. 2018), and it associates
with a transcriptional corepressor that blocks
expression of negative regulators of immunity
(Zhu et al. 2010). To ensure appropriate activa-
tion of SNC1-dependent immunity, multiple re-
pression mechanisms directed toward this pro-
tein have been shown at the transcriptional level
as well as posttranscriptionally (Zhu et al. 2010;
Cheng et al. 2011; Huang et al. 2014; Johnson
et al. 2015, 2017; Dong et al. 2016; Gou et al.
2017;Wang et al. 2017a,b, 2019c; Cai et al. 2018;
Zhang et al. 2018; Niu et al. 2019). The Rp1-D21
gene in maize, which derives from an intergenic
recombination event between two NLR genes,
Rp1-D and Rp1-dp2, provides another example
of NLR autoactivation resulting in HR cell death
(Chintamanani et al. 2010). Intramolecular in-
teractions drive activation of Rp1-D21, although
HR cell death requires light and temperatures
below a certain threshold (Negeri et al. 2013;
Wang et al. 2015b). Recently, it was shown that
two key enzymes of the lignin biosynthetic path-
way form complexes with this hybrid NLR and
modulate its activity (Wang and Balint-Kurti
2016).

Autoimmunity leading to ectopic HR cell
death can also be a consequence of hybrid ne-
crosis, which is a common type of incompatibil-
ity found in the progeny of many crosses within
and between species (Fig. 2). In contrast to hy-
brid vigor, hybrid incompatibility challenges
plant fitness and can result from mismatched
NLRs (Chen et al. 2016; Vaid and Laitinen
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2019). Indeed, genes causing hybrid necrosis are
often associated with plant defense responses
(Alcazar et al. 2009). Allelic interactions at the
ACD6 (ACCELERATED CELL DEATH 6) lo-
cus inA. thaliana lead to hybrid necrosis and the
enhanced expression of defense genes (Świadek
et al. 2017). In fact, ACD6 acts as a quantitative
resistance gene that balances growth and path-
ogen resistance in natural populations of
A. thaliana, and it has been shown that delete-
rious autoimmune ACD6 alleles are modulated
by natural variants of SNC1 (Zhu et al. 2018).

The hybrid necrosis hot spots in the
A. thaliana genome are often densely populated
with NLRs. These immune receptor loci act as
hypermodulated complexes that recombine
between natural genetic variants and cause im-
balanced NLR activity (Chae et al. 2014). The
Bateson–Dobzhansky–Muller model explains
pairwise heteromeric interactions between
distinct unlinked NLR loci that lead to hybrid
necrosis and enhanced defense (Phadnis and
Malik 2014). On the one hand, the polymorphic
nature (high levels of sequence divergence) of
these immune loci gives an advantage during
the host response to pathogen challenges, while
on the other hand it positively correlates to hy-
brid necrosis impacting plant fitness. Different
NLR pairs have been involved in the hybrid ne-
crosis phenomena (Bomblies and Weigel 2007;
Tran et al. 2017; Atanasov et al. 2018). Many
questions regarding hybrid necrosis remain un-
answered. How is the NLR-mediated defense
response propagated without pathogen chal-
lenge? What is the role of environmental factors
and genetic distance in hybrid necrosis induc-
tion? How can the deleterious fitness effects be
mitigated during interspecific crossing while
preserving the resistance trait? Our understand-
ing of the mechanisms regulating HR cell death
triggered by autoimmunity is still very limited. A
deeper understanding of NLR activation and
signal transduction will help us integrate and
advance the current knowledge.

CONCLUDING REMARKS

In plant immunity, HR cell death is often used
to score resistance to pathogens. However, the

mechanisms regulating this complex phenome-
non are far from understood. The intricate
interplay between sensor and helper immune
receptors is starting to emerge, and will help
shed light on how cell death is triggered and
executed on pathogen perception. Cell death–
specific modules are being unveiled as integra-
tors of signals emanating from activation of
diverse sensor NLRs. HR cell death is an impor-
tant part of the immune response to protect
distal parts of the plant against future invasions.

The plant resistosome has been described as
an inflammasome-like supramolecular struc-
ture that assembles on recognition of pathogenic
effectors to initiate defense responses. The acti-
vated resistosome features a funnel-like struc-
ture that is required for insertion of the complex
into the plasma membrane and HR cell death. It
has been speculated that this structure creates
pores in the membrane, which could mediate
ion fluxes that activate cell death enzymes. Per-
turbation of the plasma membrane or its signal-
ing components—including PRRs—may also
be monitored by NLRs that can trigger HR cell
death.

In addition to immunity against biotrophic
and hemibiotrophic pathogens, HR cell death
can also mediate susceptibility to necrotrophic
pathogens. There are several examples of nec-
rotrophic fungi secreting toxins (also known as
NEs) that directly or indirectly activate specific
NLRs and causeHRcell death. These NLRs were
probably selected in the course of interactions
between a plant and biotrophic pathogen, and
then hijacked by a necrotrophic fungus for its
own benefit. This is an emerging area of research
with great potential, because susceptibility genes
can serve as targets for genome-editing technol-
ogies aimed at increasing resistance against fun-
gi in commercial cultivars.

The analysis of autoimmune phenotypes in
plants is also providing a better understanding
of the mechanisms regulating HR cell death.
Autoactive or mismatched NLR alleles confer
constitutive immunity and ectopic HR-like cell
death phenotypes, highlighting the importance
of a multilayered and finely tuned regulation of
immune modulators to avoid deleterious fitness
costs for the plant. The booming field of plant
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immunity will surely deepen our insight into the
mechanisms regulating pathogen-triggered HR
cell death, helping us understand to what extent
it is programmed.
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