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OXidation Resistance (OXR) is a family of eukaryotic proteins characterized by the presence 

of the highly conserved TLDc (TBC (Tre2/Bub2/Cdc16), LysM (lysine motif), domain catalytic) 

domain at the C-terminal half. Although the mechanism by which OXR proteins exert their 

action is still unknown, they have been associated with the prevention of oxidative damage 

in mammals and in response to pathogens and immune-associated inflammatory responses 

in different animal models. The purpose of this thesis is to study the presence and the role 

of OXR proteins in plants, particularly in Arabidopsis thaliana. 

Six OXR proteins were identified in Arabidopsis and the analysis was focused on 2 members 

of this family: AtOXR2 and AtOXR5. Their subcellular localisation was confirmed by CLSM 

using fluorescent tags and observed AtOXR2 in mitochondria while AtOXR5 was found in the 

apoplast on the assayed conditions. 

To study the function of these proteins, plants that constitutively overexpress AtOXR2 or 

AtOXR5 (OXR2, OXR5) and T-DNA knockout mutants (oxr2, oxr5) were obtained and analysed 

throughout their life cycle under normal growth conditions. OXR2 plants exhibited a larger 

size, higher biomass and prolonged vegetative stage that renders in higher plant production.

✷✏✑� ✒✣✢ oxr2 loss-of-function mutants did not show distinct features in comparison to wild 

type (Wt) plants and oxr5 ✘✣✕✚✖✕✤✎✕✢✗✜ ✑✫✙✮✕✢ ✑✙✛✕ ✤✫✒✔✒✤✎✕✔✏✑✎✏✤✑ ✑✏✛✏✗✒✔ ✎✙ ✷✏✑� ✖✗✒✣✎✑✵

✗✏✳✕ ✒✣ ✏✣✤✔✕✒✑✕✢ ✣✘✛✌✕✔ ✙✦ ✗✕✒✲✕✑ ✒✣✢ ✒ ✢✕✗✒✜✕✢ ✎✔✒✣✑✏✎✏✙✣ ✎✙ ✎✫✕ ✔✕✖✔✙✢✘✤✎✏✲✕ ✖✫✒✑✕. 

Besides, OXR2 plants possess an increased respiration rate, a lower mitochondrial membrane 

potential and accumulate ROS in comparison with Wt plants grown in long day (LD) conditions. 

AtOXR2 transcript is induced by different compounds that produce oxidative stress in 

plants, such as MV, AA, SA and also when plants were faced with hemibiotrophic pathogens 

like Pseudomonas syringae pv. tomato DC3000. OXR2, Wt, oxr2 and oxr5 plants behaviour, 

growth phenotypes and their responses to different abiotic stressors like MV and AA was 

tested. In these experiments, OXR2 plants were more resistant and, on the contrary, both 

loss-of-function mutants were more sensitive. 

Also, plants with altered levels of AtOXR2 and AtOXR5 were exposed to two different plant 

pathogens: the hemibiotrophic bacterium Pst DC3000 and the biotrophic protist 

Plasmodiophora brassicae. OXR2 plants showed increased resistance to both pathogens 

compared to Wt plants and the opposite behaviour was observed in oxr2 and oxr5 mutants. 

In agreement, plants with altered expression of AtOXR2 accumulated different levels of the 

pathogen response hormone SA. The increased basal pathogen-defence phenotype was 

dependent on an intact SA synthesis and SA activation and signaling pathways, due to it is 

loss in ics1/sid2 and npr1 mutant backgrounds.  
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Overall, new pieces of evidences about the role of OXR proteins in Arabidopsis are provide. 

These evidences aim to reinforce the role of OXR plant-proteins in oxidative stress responses 

as was proposed in different animal models. Still, more studies are required to disclose 

specific mechanism of action of TLDc proteins. Furthermore, the characteristics conferred 

to plants by the overexpression of AtOXR2, like increased yield and resistance to pathogens, 

makes it valuable for agro-biotechnological purposes. 
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1. �✁✂✄☎✆✝✞✂✟☎✁



 
�✕ Introduction 

1.1 �✁� ✂✠✆☎✡✂✌✄ 

✑✕✤✕✣✎✗✜ ✮✒✑ ✢✕✑✤✔✏✌✕✢ ✎✫✕ ✄☎✆ ✏✝✞✟✠✡☛✟☞✌ ✍✎✏✟✏☛✡✌✑✎✑ ✦✒✛✏✗✜ ✙✦ ✖✔✙✎✕✏✣✑ ✒✓✓✵ ✮✏✎✫

✫✙✛✙✗✙✓✘✕✑ ✖✔✕✲✏✙✘✑✗✜ ✏✢✕✣✎✏✦✏✕✢ ✏✣ ✜✕✒✑✎ ✒�✓✵ ★✔✙✑✙✖✫✏✗✒ ✒�✓✵ ✴✣✙✖✫✕✗✕✑ ✒�✓✵ ✼✕✌✔✒✦✏✑✫ ✒�✓✵

✂☞ ✆✡✆✛✟✙✂ ✒�✓✵ ✰✙✘✑✕ ✒�✓✵ ✶✒✎✎✗✕ ✒�✓ ✒✣✢ ✻✘✛✒✣✑ ✒�✓✧ 

✹✫✕ ✛✒✏✣ ✤✫✒✔✒✤✎✕✔✏✑✎✏✤ ✙✦ ✎✫✏✑ ✖✔✙✎✕✏✣ ✦✒✛✏✗✜ ✏✑ ✎✫✕ ✖✔✕✑✕✣✤✕ ✙✦ ✒ ✫✏✓✫✗✜ ✤✙✣✑✕✔✲✕✢ ✔✕✓✏✙✣

✏✣ ✎✫✕ ✤✒✔✌✙✚✜✯✎✕✔✛✏✣✒✗ ✫✒✗✦✵ ✮✫✏✤✫ ✤✙✣✎✒✏✣✑ ✒ ✹✭★✤ ✢✙✛✒✏✣ ✏✹✔✕�✎✾✘✌�✎✶✢✤✓� ✏✹✾✶✑✵ ✗✜✑✏✣

✛✙✎✏✦ ✏✭✜✑✰✑✵ ✢✙✛✒✏✣ ✤✒✎✒✗✜✎✏✤✵ ✍✥✑✕✕���✓✵ ✥✽✕����✵ ✍✰✕✕���✑✧ ✹✫✏✑ ✢✙✛✒✏✣ ✮✒✑ ✦✙✘✣✢ ✙✣✗✜

✏✣ ✕✘✳✒✔✜✙✎✏✤ ✙✔✓✒✣✏✑✛✑ ✒✓✕✓ ✒✣✢ ✏✎ ✢✙✕✑ ✣✙✎ ✫✒✲✕ ✒ ✑✖✕✤✏✦✏✤ ✦✘✣✤✎✏✙✣ ✙✔ ✛✕✤✫✒✣✏✑✛ ✙✦ ✒✤✎✏✙✣

✘✣✎✏✗ ✣✙✮ ✕✗✘✤✏✢✒✎✕✢✧ 

✪✫✏✗✕ ✎✫✕ ✑✖✕✤✏✦✏✤ ✦✘✣✤✎✏✙✣ ✙✦ ✎✫✕ ✹✭★✤ ✢✙✛✒✏✣ ✏✑ ✣✙✎ ✜✕✎ ✤✗✒✔✏✦✏✕✢✵ ✎✫✕ ✔✙✗✕ ✙✦ ✹✭★✤

✤✙✣✎✒✏✣✏✣✓ ✖✔✙✎✕✏✣✑ ✏✑ ✘✣✢✒✘✣✎✕✢ ✙✦ ✤✔✏✎✏✤✒✗ ✏✛✖✙✔✎✒✣✤✕ ✦✙✔ ✕✑✑✕✣✎✏✒✗ ✤✕✗✗✘✗✒✔ ✦✘✣✤✎✏✙✣✑✧

✸✒✎✘✔✒✗✗✜ ✙✤✤✘✔✔✏✣✓ ✛✘✎✒✎✏✙✣✑ ✏✣ ✎✫✕✑✕ ✖✔✙✎✕✏✣✑ ✗✕✒✢ ✎✙ ✑✕✲✕✔✕ ✣✕✘✔✙✗✙✓✏✤✒✗ ✢✏✑✙✔✢✕✔✑ ✏✣

✫✘✛✒✣✑ ✒✓✓✵✓�✓✵ ✒✣✢ ✗✙✑✑✯✙✦✯✦✘✣✤✎✏✙✣ ✛✘✎✒✎✏✙✣✑ ✤✒✘✑✕ ✒ ✔✕✢✘✤✎✏✙✣ ✏✣ ✎✫✕ ✗✏✦✕✑✖✒✣ ✙✦ ✛✏✤✕

✒✓�✓✵ ★✔✙✑✙✖✫✏✗✒ ✒�✓✵ ✂☞ ✆✡✆✛✟✙✂ ✒�✓ ✒✣✢ ✰✙✑✌✘✏✎✙✑ ✒�✓✧ ✷✣ ✎✫✕ ✤✙✣✎✔✒✔✜✵ ✙✲✕✔✯✕✚✖✔✕✑✑✏✙✣ ✙✦

✑✕✲✕✔✒✗ ✛✕✛✌✕✔✑ ✙✦ ✎✫✕ ✷✏✑ ✦✒✛✏✗✜ ✏✣✤✔✕✒✑✕ ✎✫✕ ✗✏✦✕✑✖✒✣ ✒✣✢ ✖✙✑✎✯✑✎✔✕✑✑ ✑✘✔✲✏✲✒✗ ✏✣ ✛✙✘✑✕

✒✓�✓ ✒✣✢ ✫✘✛✒✣ ✤✕✗✗✑ ✒✓✓✓✧ ✰✙✔✕✙✲✕✔✵ ✷✚✔✓ ✮✒✑ ✖✔✙✖✙✑✕✢ ✒✑ ✒ ✣✕✘✔✙✖✔✙✎✕✤✎✏✲✕ ✦✒✤✎✙✔ ✏✣

✣✕✘✔✙✢✕✓✕✣✕✔✒✎✏✲✕ ✢✏✑✙✔✢✕✔✑ ✒�✵�✵✓�✓ ✌✜✵ ✒✗✛✙✑✎ ✏✣ ✖✒✔✎✵ ✔✕✓✘✗✒✎✏✣✓ ✛✏✎✙✤✫✙✣✢✔✏✒✗

✛✙✔✖✫✙✗✙✓✜ ✒✓�✓✧ ✰✙✔✕ ✔✕✤✕✣✎✗✜✵ ✟�✝✂ ✑✏✗✕✣✤✏✣✓ ✫✒✑ ✌✕✕✣ ✏✢✕✣✎✏✦✏✕✢ ✏✣ ✢✏✦✦✕✔✕✣✎ ✎✜✖✕✑ ✙✦

✫✘✛✒✣ ✤✒✣✤✕✔✵ ✢✘✕ ✎✙ ✕✖✏✓✕✣✕✎✏✤ ✒✗✎✕✔✒✎✏✙✣✑✵ ✗✏✳✕ ✒✌✕✔✔✒✣✎ ✖✔✙✛✙✎✕✔ ✛✕✎✫✜✗✒✎✏✙✣ ✒✓�✓ ✙✔ ✌✜

✌✕✏✣✓ ✎✒✔✓✕✎✕✢ ✌✜ ✢✏✦✦✕✔✕✣✎ ✛✏✤✔✙✑✸✴✑ ✒✓�✵✓�✓✧ 

✍✕✲✕✔✒✗ ✔✕✖✙✔✎✑ ✫✒✲✕ ✒✑✑✙✤✏✒✎✕✢ ✹✭★✤ ✖✔✙✎✕✏✣✑ ✎✙ ✙✚✏✢✒✎✏✲✕ ✢✒✛✒✓✕ ✖✔✕✲✕✣✎✏✙✣ ✘✣✢✕✔ ✑✎✔✕✑✑

✤✙✣✢✏✎✏✙✣✑✵ ✕✏✎✫✕✔ ✌✜ ✢✏✔✕✤✎ ✖✔✙✎✕✤✎✏✙✣ ✙✦ ★✸✴ ✢✒✛✒✓✕ ✏✣ ✌✒✤✎✕✔✏✒ ✒✓✓ ✙✔ ✌✜ ✤✙✣✦✕✔✔✏✣✓ ✎✙ ✎✫✕

✙✔✓✒✣✏✑✛ ✎✫✕ ✒✌✏✗✏✎✜ ✎✙ ✑✘✔✖✒✑✑ ✙✚✏✢✒✎✏✲✕ ✤✙✣✢✏✎✏✙✣✑ ✒✓✵�✵✓�✓✧ ✩✲✕✣ ✎✫✙✘✓✫ ✹✭★✤ ✖✔✙✎✕✏✣✑

✑✎✘✢✏✕✢ ✘✣✎✏✗ ✣✙✮ ✢✙ ✣✙✎ ✖✙✑✑✕✑✑ ✢✏✔✕✤✎ ✑✷✍ ✑✤✒✲✕✣✓✏✣✓ ✒✤✎✏✲✏✎✜✵ ✎✫✕✜ ✒✔✕ ✒✌✗✕ ✎✙ ✔✕✓✘✗✒✎✕

✎✫✕ ✕✚✖✔✕✑✑✏✙✣ ✙✦ ✎✫✕ ✤✕✗✗✘✗✒✔ ✒✣✎✏✙✚✏✢✒✣✎ ✛✒✤✫✏✣✕✔✜ ✒�✕☛��✓✧ 

✑✕✓✒✔✢✏✣✓ ✎✫✕ ✑✘✌✤✕✗✗✘✗✒✔ ✗✙✤✒✗✏✑✒✎✏✙✣ ✙✦ ✎✫✕✑✕ ✎✜✖✕ ✙✦ ✖✔✙✎✕✏✣✑✵ ✎✫✕✜ ✒✔✕ ✦✙✘✣✢ ✏✣ ✢✏✦✦✕✔✕✣✎

✤✕✗✗✘✗✒✔ ✤✙✛✖✒✔✎✛✕✣✎✑ ✗✏✳✕ ✛✏✎✙✤✫✙✣✢✔✏✒✵ ✤✜✎✙✑✙✗ ✒✣✢ ✣✘✤✗✕✘✑ ✒�✵�✵✓�✓✧ 
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1.2 �✁☞✌☎ ✄☎✠✡✄✄ ✠✡✄✂✆✌✄✡✄ 

✝✝✟✗✞✓✠✖✂✞✂ ☛☎✟✡✞✟✙✟ ✏✑ ✒ ✑✛✒✗✗ ✲✒✑✤✘✗✒✔ ✖✗✒✣✎ ✦✔✙✛ ✎✫✕ ✂✝✟✂✂✞✄✟✄✆✟✆ ✦✒✛✏✗✜✧ ✹✫✏✑ ✦✒✛✏✗✜

✏✣✤✗✘✢✕✑ ✑✕✲✕✔✒✗ ✤✔✙✖✑ ✙✦ ✒✓✔✏✤✘✗✎✘✔✒✗ ✔✕✗✕✲✒✣✤✕✵ ✗✏✳✕ ✔✒✖✕✑✕✕✢✵ ✤✒✌✌✒✓✕✵ ✑✖✔✙✘✎✑ ✒✣✢

✤✒✘✗✏✦✗✙✮✕✔✧ ✴✔✒✌✏✢✙✖✑✏✑ ✮✒✑ ✦✏✔✑✎ ✢✕✑✤✔✏✌✕✢ ✏✣ ✓��� ✏✣ ✎✫✕ ✻✒✔✒ ✛✙✘✣✎✒✏✣✑ ✏✣ ✣✙✔✎✫✕✔✣

✔✕✔✛✒✣✜ ✌✜ ✬✙✫✒✣✣ ✹✫✒✗ ✒✣✢ ✏✎✑ ✖✔✕✑✕✣✎ ✣✒✛✕ ✮✒✑ ✓✏✲✕✣ ✏✣ ✓��� ✌✜ ✔✘✑✎✒✲ ✻✕✜✣✫✙✗✢ ✒��✓✧

✹✫✕ ✑✫✙✔✎ ✗✏✦✕✤✜✤✗✕ ✏✙✦ ✒✌✙✘✎ ✑✏✚ ✮✕✕✳✑ ✌✕✎✮✕✕✣ ✓✕✔✛✏✣✒✎✏✙✣ ✎✙ ✛✒✎✘✔✕ ✑✕✕✢✵ ✽✏✓✧ ✓✑✵ ✏✎✑

✑✛✒✗✗ ✢✏✖✗✙✏✢ ✓✕✣✙✛✕ ✏✙✦ ✓�� ✰✌✖ ✢✏✑✎✔✏✌✘✎✕✢ ✙✣ ✦✏✲✕ ✤✫✔✙✛✙✑✙✛✕✑✑ ✒✣✢ ✎✫✕ ✒✲✒✏✗✒✌✏✗✏✎✜ ✙✦ ✒

✌✔✙✒✢ ✔✒✣✓✕ ✙✦ ✓✕✣✕ ✳✣✙✤✳✙✘✎ ✛✘✎✒✣✎ ✤✙✗✗✕✤✎✏✙✣✑✵ ✛✒✳✕✑ ✎✫✕ ✴✔✒✌✏✢✙✖✑✏✑ ✖✗✒✣✎ ✒✣

✒✢✲✒✣✎✒✓✕✙✘✑ ✛✙✢✕✗ ✙✔✓✒✣✏✑✛ ✎✙ ✑✎✘✢✜ ✓✕✣✕ ✦✘✣✤✎✏✙✣✧ 

✥✗✒✣✎✑ ✒✔✕ ✑✕✑✑✏✗✕ ✙✔✓✒✣✏✑✛ ✒✣✢ ✎✫✕✜ ✣✕✕✢ ✎✙ ✑✘✔✖✒✑✑ ✕✣✲✏✔✙✣✛✕✣✎✒✗ ✒✢✲✕✔✑✏✎✏✕✑ ✗✏✳✕ ✕✚✎✔✕✛✕

✎✕✛✖✕✔✒✎✘✔✕✑✵ ✮✒✎✕✔ ✢✕✦✏✤✏✎ ✙✔ ✦✗✙✙✢✏✣✓✵ ✑✘✣ ✔✒✢✏✒✎✏✙✣✵ ✫✕✔✌✏✲✙✔✕✑ ✒✣✢ ✖✒✎✫✙✓✕✣ ✒✎✎✒✤✳✵

✒✛✙✣✓ ✙✎✫✕✔✑✧ ✹✙ ✙✲✕✔✤✙✛✕ ✎✫✕✑✕ ✑✎✔✕✑✑ ✑✏✎✘✒✎✏✙✣✑✵ ✖✗✒✣✎✑ ✫✒✲✕ ✕✲✙✗✲✕✢ ✒ ✑✕✔✏✕✑ ✙✦ ✔✕✑✖✙✣✑✕

✛✕✤✫✒✣✏✑✛✧ 

✺✣✢✕✔ ✑✎✔✕✑✑ ✤✙✣✢✏✎✏✙✣✑✵ ✔✕✒✤✎✏✲✕ ✙✚✜✓✕✣ ✑✖✕✤✏✕✑ ✏✑✷✍✑ ✒✔✕ ✓✕✣✕✔✒✎✕✢ ✒✣✢ ✛✒✜ ✤✒✘✑✕

✤✕✗✗✘✗✒✔ ✢✒✛✒✓✕ ✌✘✎ ✒✗✑✙ ✒✤✎ ✒✑ ✑✏✓✣✒✗✗✏✣✓ ✛✙✗✕✤✘✗✕✑✧ ✺✖✙✣ ✕✣✫✒✣✤✕✢ ✑✷✍ ✒✤✤✘✛✘✗✒✎✏✙✣✵ ✗✙✮

✛✙✗✕✤✘✗✒✔ ✮✕✏✓✫✎ ✒✣✎✏✙✚✏✢✒✣✎ ✗✏✳✕ ✎✙✤✙✖✫✕✔✙✗✑✵ ✤✒✔✙✎✕✣✙✏✢✑✵ ✒✑✤✙✔✌✒✎✕ ✒✣✢ ✓✗✘✎✒✎✫✏✙✣✕ ✒✔✕

✑✜✣✎✫✕✑✏✒✕✢ ✒��✓✧ ✴✑✤✙✔✌✒✎✕ ✒✣✢ ✓✗✘✎✒✎✫✏✙✣✕ ✒✔✕ ✎✫✕ ✛✒✏✣ ✑✷✍ ✑✤✒✲✕✣✓✕✔✑✧ ✹✫✕✔✕ ✒✔✕ ✒✗✑✙

✕✣✒✜✛✕✑ ✮✏✎✫ ✑✷✍✯✢✕✎✙✚✏✦✏✤✒✎✏✙✣ ✒✤✎✏✲✏✎✜ ✑✘✤✫ ✒✑ ✤✒✎✒✗✒✑✕ ✏✶✴✹✑✵ ✑✘✖✕✔✙✚✏✢✕ ✢✏✑✛✘✎✒✑✕ ✏✍✷★✑✵

✓✗✘✎✒✎✫✏✙✣✕ ✔✕✢✘✤✎✒✑✕ ✏✔✑✑✵ ✓✗✘✎✒✔✕✢✙✚✏✣ ✏✔✑✏✑ ✒✣✢ ✎✫✏✙✔✕✢✙✚✏✣ ✏✹✑✏✑✵ ✮✫✏✤✫ ✖✔✙✎✕✤✎ ✖✗✒✣✎✑

✦✔✙✛ ✙✚✏✢✒✎✏✲✕ ✢✒✛✒✓✕ ✤✒✘✑✕✢ ✌✜ ✒✣ ✕✚✤✕✑✑ ✙✦ ✑✷✍ ✏✽✏✓✧ �✑ ✒��✓✧ ✹✫✏✑ ✤✙✛✖✗✕✚ ✑✜✑✎✕✛

✛✒✏✣✎✒✏✣✑ ✎✫✕ ✔✕✢✙✚ ✫✙✛✕✙✑✎✒✑✏✑ ✮✏✎✫✏✣ ✎✫✕ ✤✕✗✗ ✒✣✢ ✒✗✗✙✮✑ ✑✷✍✯✎✔✏✓✓✕✔✕✢ ✑✏✓✣✒✗✗✏✣✓✧ 

✴✎ ✫✙✛✕✙✑✎✒✎✏✤ ✗✕✲✕✗✑✵ ✑✷✍ ✒✤✎ ✒✑ ✑✏✓✣✒✗✗✏✣✓ ✛✙✗✕✤✘✗✕✑ ✔✕✑✖✙✣✑✏✌✗✕ ✦✙✔ ✙✔✤✫✕✑✎✔✒✎✏✣✓

✣✘✛✕✔✙✘✑ ✤✕✗✗✘✗✒✔ ✒✤✎✏✲✏✎✏✕✑ ✔✕✗✒✎✕✢ ✎✙ ✖✙✑✎✯✎✔✒✣✑✗✒✎✏✙✣✒✗ ✖✔✙✎✕✏✣ ✛✙✢✏✦✏✤✒✎✏✙✣✑✵ ✓✕✣✕

✕✚✖✔✕✑✑✏✙✣ ✒✣✢ ✫✙✔✛✙✣✒✗ ✔✕✓✘✗✒✎✏✙✣ ✒��✵��✓✧ 

★✘✕ ✎✙ ✎✫✕ ✖✔✕✑✕✣✤✕ ✙✦ ✕✗✕✤✎✔✙✣ ✎✔✒✣✑✖✙✔✎ ✤✫✒✏✣✑✵ ✤✫✗✙✔✙✖✗✒✑✎ ✒✣✢ ✛✏✎✙✤✫✙✣✢✔✏✒ ✒✔✕ ✎✫✕

✖✔✏✛✒✔✜ ✑✙✘✔✤✕✑ ✙✦ ✑✷✍ ✏✣ ✖✗✒✣✎✑ ✒��✵�✕✓✧ ✥✒✔✎✏✤✘✗✒✔✗✜ ✏✣ ✛✏✎✙✤✫✙✣✢✔✏✒✵ ✎✫✕✔✕ ✒✔✕ ✕✣✕✔✓✜

✢✕✤✙✘✖✗✏✣✓ ✑✜✑✎✕✛✑ ✔✕✖✔✕✑✕✣✎✕✢ ✌✜ ✎✫✕ ✒✗✎✕✔✣✒✎✏✲✕ ✙✚✏✢✒✑✕ ✏✴✷✏✑ ✒�✓✓ ✒✣✢ ✎✫✕ ✘✣✤✙✘✖✗✏✣✓

✖✔✙✎✕✏✣✑ ✒��✓ ✎✫✒✎ ✒✗✗✕✲✏✒✎✕ ✑✷✍ ✓✕✣✕✔✒✎✏✙✣ ✖✒✔✎✏✤✘✗✒✔✗✜ ✘✣✢✕✔ ✑✎✔✕✑✑ ✤✙✣✢✏✎✏✙✣✑✧ 

✍✣ ✒ ✑✎✔✕✑✑ ✑✏✎✘✒✎✏✙✣✵ ✖✗✒✣✎✑ ✫✒✲✕ ✎✙ ✛✙✢✏✦✜ ✎✫✕✏✔ ✛✕✎✒✌✙✗✏✑✛✑ ✒✣✢ ✢✕✦✕✣✤✕✑✧ ✴ ✦✏✣✕

✤✙✙✔✢✏✣✒✎✏✙✣ ✛✘✑✎ ✕✚✏✑✎ ✏✣ ✙✔✢✕✔ ✎✙ ✖✔✙✲✏✢✕ ✎✫✕ ✕✣✕✔✓✜ ✣✕✕✢ ✦✙✔ ✎✫✕ ✖✗✒✣✎ ✏✣ ✙✔✢✕✔ ✎✙

✙✲✕✔✤✙✛✕ ✎✫✕ ✑✎✔✕✑✑ ✑✏✎✘✒✎✏✙✣✑✧ ✰✏✎✙✤✫✙✣✢✔✏✒✵ ✤✫✗✙✔✙✖✗✒✑✎✑ ✒✣✢ ✣✘✤✗✕✏ ✛✘✑✎ ✤✙✙✔✢✏✣✒✎✕ ✎✫✕✏✔

✦✘✣✤✎✏✙✣✑✧ ✹✫✘✑✵ ✎✫✕ ✑✏✓✣✒✗✗✏✣✓ ✦✔✙✛ ✛✏✎✙✤✫✙✣✢✔✏✒ ✎✙ ✣✘✤✗✕✘✑ ✏✑ ✳✣✙✮✣ ✒✑ ✛✏✎✙✤✫✙✣✢✔✏✒✗

✔✕✎✔✙✓✔✒✢✕ ✔✕✓✘✗✒✎✏✙✣ ✏✰✑✑✑✧ 

 

 









 
�� Introduction 

✻�✥✷✏✍✴ ✑✩✍✥✷✸✍✍✒✩ ✩✹✻�✭✩✸✩ ✑✩✍✥✷✸✍✩ ✽✴✶✹✷✑� ✏✻✑✩�✑ ✒✣✢ ✻✩✴✹ ✍✻✷✶✍ ✥✑✷✹✩✍✸ ��✧�

✏✻✍✥��✧�✑ ✮✫✏✤✫ ✒✗✎✙✓✕✎✫✕✔ ✦✙✔✛ ✎✫✕ �✛✏✎✙✤✫✙✣✢✔✏✒✗ ✢✜✑✦✘✣✤✎✏✙✣ ✔✕✓✘✗✙✣✁ ✒��✵��✓✧ 

✹✫✕ ✤✔✙✑✑✎✒✗✳ ✌✕✎✮✕✕✣ ✰✑✑ ✒✣✢ ✒✣✙✎✫✕✔ ✫✙✔✛✙✣✕✵ ✑✒✗✏✤✜✗✏✤ ✒✤✏✢ ✏✍✴✑ ✏✑ ✒✗✑✙ ✒✣ ✕✚✒✛✖✗✕ ✙✦

✛✏✎✙✤✫✙✣✢✔✏✒✗ ✑✕✣✑✏✣✓ ✒✣✢ ✔✕✑✖✙✣✑✕ ✘✖✙✣ ✑✎✔✕✑✑ ✖✒✔✎✏✤✘✗✒✔✗✜ ✏✣ ✖✒✎✫✙✓✕✣ ✔✕✑✖✙✣✑✕✑✧

✰✏✎✙✤✫✙✣✢✔✏✒✗ ✖✔✙✎✕✏✣✑ ✗✏✳✕ ✷✰�� ✒✣✢ ✴✷✏ ✒✔✕ ✔✕✓✘✗✒✎✕✢ ✌✜ ✎✫✕ ✍✴ ✑✏✓✣✒✗✗✏✣✓ ✖✒✎✫✮✒✜✵

✒✖✖✒✔✕✣✎✗✜ ✎✫✔✙✘✓✫ ✑✙✛✕ ✛✕✛✌✕✔✑ ✙✦ ✎✫✕ ✪✑✍� ✎✔✒✣✑✤✔✏✖✎✏✙✣ ✦✒✤✎✙✔ ✤✗✒✑✑ ✒�✕✓✧ ✰✙✔✕✙✲✕✔✵

✑✕✲✕✔✒✗ ✪✑✍� ✎✔✒✣✑✤✔✏✖✎✏✙✣ ✦✒✤✎✙✔✑ ✒✔✕ ✒✗✑✙ ✏✣✢✘✤✕✢ ✘✖✙✣ ✛✏✎✙✤✫✙✣✢✔✏✒✗ ✢✜✑✦✘✣✤✎✏✙✣ ✒✣✢ ✦✙✔✛

✖✒✔✎ ✙✦ ✎✫✕ ✰✑✑ ✒��✵��✓✧ 

✪✑✍� ✎✔✒✣✑✤✔✏✖✎✏✙✣ ✦✒✤✎✙✔✑ ✛✒✜ ✒✗✑✙ ✕✚✖✗✒✏✣ ✎✫✕ ✤✙✣✣✕✤✎✏✙✣ ✌✕✎✮✕✕✣ ✛✏✎✙✤✫✙✣✢✔✏✒ ✒✣✢

✤✫✗✙✔✙✖✗✒✑✎✑ ✘✖✙✣ ✑✎✔✕✑✑ ✒�✕✓✧ ✹✫✕ ✕✚✖✔✕✑✑✏✙✣ ✙✦ ✎✫✕ ✪✑✍� ✖✔✙✎✕✏✣✑ ✏✑ ✘✖✯✔✕✓✘✗✒✎✕✢ ✏✣

✔✕✑✖✙✣✑✕ ✎✙ ✑✷✍ ✙✔ ✑✷✍✯✓✕✣✕✔✒✎✏✣✓ ✑✎✏✛✘✗✏✵ ✏✛✌✒✗✒✣✤✕✑ ✏✣ ✔✕✢✙✚ ✫✙✛✕✙✑✎✒✑✏✑✵ ✒✣✢

✕✣✢✙✓✕✣✙✘✑ ✑✷✍✯✢✕✖✕✣✢✕✣✎ ✖✔✙✤✕✑✑✕✑ ✗✏✳✕ ✑✕✣✕✑✤✕✣✤✕✧ ✴✗✎✫✙✘✓✫ ✏✎ ✏✑ ✣✙✎ ✳✣✙✮✣ ✏✦ ✑✷✍

✢✏✔✕✤✎✗✜ ✒✤✎✏✲✒✎✕✑ ✎✫✕ ✕✣✫✒✣✤✕✛✕✣✎ ✙✦ ✪✍✑� ✕✚✖✔✕✑✑✏✙✣✵ ✎✫✕✔✕ ✏✑ ✒ ✗✒✤✳ ✙✦ ✏✣✦✙✔✛✒✎✏✙✣

✔✕✓✒✔✢✏✣✓ ✫✙✮ ✪✑✍� ✓✕✣✕✑ ✔✕✤✕✏✲✕ ✒✣✢ ✎✔✒✣✑✛✏✎ ✑✷✍ ✑✏✓✣✒✗✗✏✣✓ ✒��✓✧ ✹✫✕ ✏✣✲✙✗✲✕✛✕✣✎ ✙✦ ✎✫✕

✤✫✗✙✔✙✖✗✒✑✎✏✤ ✔✕✎✔✙✓✔✒✢✕ ✑✏✓✣✒✗✗✏✣✓ ✖✔✙✎✕✏✣ ✥✴✥ ✏✣ ✰✑✑ ✫✒✑ ✣✙✎ ✜✕✎ ✌✕✕✣ ✢✕✑✤✔✏✌✕✢✧ ✻✙✮✕✲✕✔✵

✍✴✭✓✵ ✮✫✏✤✫ ✔✕✓✘✗✒✎✕✑ ✥✴✥ ✗✕✲✕✗✑ ✏✑ ✖✔✕✑✕✣✎ ✏✣ ✌✙✎✫✵ ✤✫✗✙✔✙✖✗✒✑✎✑ ✒✣✢ ✛✏✎✙✤✫✙✣✢✔✏✒✵ ✒✣✢ ✗✙✑✑

✙✦ ✦✘✣✤✎✏✙✣✑ ✛✘✎✒✣✎✑ ✑✫✙✮✕✢ ✎✔✒✣✑✤✔✏✖✎✙✛✕ ✑✏✓✣✒✎✘✔✕✑ ✑✏✛✏✗✒✔ ✎✙ ✛✒✣✜ ✛✏✎✙✤✫✙✣✢✔✏✒✗

✛✘✎✒✣✎✑✧ ✹✫✏✑ ✑✘✓✓✕✑✎✑ ✒ ✔✙✗✕ ✏✣ ✛✏✎✙✤✫✙✣✢✔✏✒✗ ✔✕✎✔✙✓✔✒✢✕ ✑✏✓✣✒✗✗✏✣✓ ✙✦ ✎✫✏✑ ✖✒✎✫✮✒✜ ✒✣✢ ✎✫✕

✤✙✣✣✕✤✎✏✙✣ ✌✕✎✮✕✕✣ ✎✫✕ ✎✮✙ ✙✔✓✒✣✕✗✗✕✑ ✒��✓✧ 

 







 
�� Introduction 

✑✖✔✕✒✢✧ ✴✤✤✘✛✘✗✒✎✏✙✣ ✙✦ ✑✷✍ ✖✔✙✛✙✎✕✑ ✍✴ ✑✜✣✎✫✕✑✏✑ ✒✣✢ ✒✗✑✙ ✮✙✔✳✑ ✑✜✣✕✔✓✏✑✎✏✤✒✗✗✜ ✮✏✎✫ ✍✴ ✏✣

✖✔✙✛✙✎✏✣✓ ✢✕✦✕✣✤✕ ✔✕✑✖✙✣✑✕✑✧ ✽✘✔✎✫✕✔✛✙✔✕✵ ✑✙✛✕ ✢✕✦✕✣✤✕ ✓✕✣✕✑ ✒✔✕ ✏✣✢✘✤✕✢ ✌✜ ✑✷✍ ✕✲✕✣

✏✣ ✎✫✕ ✒✌✑✕✣✤✕ ✙✦ ✍✴ ✒�✕✓✧ 

✴✣✙✎✫✕✔ ✎✜✖✕ ✙✦ ✔✕✑✖✙✣✑✕ ✙✤✤✘✔✑ ✘✖✙✣ ✖✒✎✫✙✓✕✣ ✏✣✦✕✤✎✏✙✣✵ ✒ ✑✜✑✎✕✛✏✤ ✒✣✢ ✌✔✙✒✢✯✑✖✕✤✎✔✘✛

✏✛✛✘✣✏✎✜ ✤✒✗✗✕✢ ✑✜✑✎✕✛✏✤ ✒✤✌✘✏✔✕✢ ✔✕✑✏✑✎✒✣✤✕ ✏✍✴✑✑✧ ✍✴✑ ✖✔✙✲✏✢✕✑ ✖✔✙✎✕✤✎✏✙✣ ✏✣ ✢✏✑✎✒✣✎ ✖✒✔✎✑

✙✦ ✎✫✕ ✖✗✒✣✎✑ ✮✫✏✤✫ ✫✒✢ ✣✙✎ ✜✕✎ ✌✕✏✣✓ ✕✚✖✙✑✕✢ ✎✙ ✎✫✕ ✖✒✎✫✙✓✕✣ ✒✎✎✒✤✳✧ ✍✣ ✎✫✕✑✕ ✎✏✑✑✘✕✑ ✦✒✑✎✕✔

✒✣✢ ✑✎✔✙✣✓✕✔ ✢✕✦✕✣✤✕ ✛✕✤✫✒✣✏✑✛ ✒✔✕ ✎✔✏✓✓✕✔✕✢ ✑✏✣✤✕ ✎✫✕ ✤✕✗✗✑ ✒✖✖✕✒✔ ✎✙ ✌✕ ✏✣ ✒ �✖✔✕✖✒✔✕✢✁

✑✎✒✎✕✧ ✍✕✲✕✔✒✗ ✛✙✗✕✤✘✗✕✑ ✫✒✲✕ ✌✕✕✣ ✖✔✙✖✙✑✕✢ ✒✑ ✖✘✎✒✎✏✲✕ ✍✴✑ ✑✏✓✣✒✗✑ ✎✫✒✎ ✒✔✕ ✒✌✗✕ ✎✙ ✛✙✲✕

✦✔✙✛ ✎✫✕ ✏✣✦✕✤✎✏✙✣ ✖✙✏✣✎ ✎✫✔✙✘✓✫ ✎✫✕ ✔✕✑✎ ✙✦ ✎✫✕ ✖✗✒✣✎ ✒✤✎✏✲✒✎✏✣✓ ✎✫✕ ✔✕✑✖✙✣✑✕✵ ✙✣✕ ✙✦ ✎✫✕

✛✒✏✣ ✤✒✣✢✏✢✒✎✕✑ ✏✑ ✛✕✎✫✜✗ ✑✒✗✏✤✜✗✒✎✕ ✏✰✕✍✴✑ ✒�✓✓✧ 

✍✣ ✒✢✢✏✎✏✙✣✵ ✖✗✒✣✎✑ ✤✒✣ ✔✕✛✒✏✣ ✏✣ ✒ �✖✔✏✛✕✢✁ ✑✎✒✎✕✵ ✎✫✏✑ ✖✫✕✣✙✛✕✣✙✣ ✕✣✒✌✗✕✑ ✤✕✗✗✑ ✎✙

✔✕✑✖✙✣✢ ✎✙ ✲✕✔✜ ✗✙✮ ✗✕✲✕✗✑ ✙✦ ✒ ✑✎✏✛✘✗✘✑ ✏✣ ✒ ✛✙✔✕ ✔✒✖✏✢ ✒✣✢ ✔✙✌✘✑✎ ✛✒✣✣✕✔ ✎✫✒✣ ✣✙✣✯✖✔✏✛✕✢

✤✕✗✗✑✧ ✹✫✘✑✵ ✖✔✏✛✕✢ ✖✗✒✣✎✑ ✑✫✙✮ ✦✒✑✎✕✔ ✒✣✢✎✙✔ ✑✎✔✙✣✓✕✔✵ ✒✤✎✏✲✒✎✏✙✣ ✙✦ ✢✕✦✕✣✤✕ ✔✕✑✖✙✣✑✕✑ ✮✫✕✣

✑✘✌✑✕✌✘✕✣✎✗✜ ✤✫✒✗✗✕✣✓✕✢ ✌✜ ✛✏✤✔✙✌✕✑✵ ✏✣✑✕✤✎✑✵ ✙✔ ✒✌✏✙✎✏✤ ✑✎✔✕✑✑✵ ✒✣✢ ✎✫✏✑ ✏✑ ✦✔✕✌✘✕✣✎✗✜ ✗✏✣✳✕✢

✎✙ ✎✫✕ ✢✕✲✕✗✙✖✛✕✣✎ ✙✦ ✗✙✤✒✗ ✒✣✢ ✑✜✑✎✕✛✏✤ ✏✛✛✘✣✏✎✜ ✒✣✢ ✑✎✔✕✑✑ ✔✕✑✖✙✣✑✕✑ ✒��✓✧ ✥✔✏✛✏✣✓ ✏✑

✒✑✑✙✤✏✒✎✕✢ ✮✏✎✫ ✕✖✏✓✕✣✕✎✏✤ ✛✙✢✏✦✏✤✒✎✏✙✣✑ ✎✫✒✎ ✤✒✣ ✕✲✕✣ ✌✕ ✖✒✑✑✕✢ ✎✙ ✎✫✕ ✣✕✚✎ ✓✕✣✕✔✒✎✏✙✣

✒�✓✵��✓✧ 

 

1.3.1 �✁✡ ✂☞☎✁✆✁✡✌✂✠✡✄✂✆✌✄✡ ✁✆✠✄✆✌✡ ✄☞✁✂☎✄✁✂☎ ☞☎✂✆ 

✺✖✙✣ ✖✒✎✫✙✓✕✣ ✒✎✎✒✤✳✵ ✖✗✒✣✎✑ ✑✜✣✎✫✕✑✏✒✕ ✒✣✢ ✒✤✤✘✛✘✗✒✎✕ ✎✫✕ ✖✫✜✎✙✫✙✔✛✙✣✕ ✍✴✧ ✹✫✏✑

✒✤✤✘✛✘✗✒✎✏✙✣ ✒✗✑✙ ✙✤✤✘✔✑ ✏✣ ✔✕✑✖✙✣✑✕ ✎✙ ✑✙✛✕ ✒✌✏✙✎✏✤ ✑✎✔✕✑✑✕✑ ✗✏✳✕ ✫✕✒✎✵ ✙✒✙✣✕✵ ✒✣✢ ✺✒ ✗✏✓✫✎✧

✹✫✕ ✛✒✔✙✔✏✎✜ ✙✦ ✎✫✕ ✍✴ ✖✔✙✢✘✤✕✢ ✏✣ ✎✫✕✑✕ ✤✙✣✢✏✎✏✙✣✑ ✏✑ ✦✙✔✛✕✢ ✌✜ ✎✫✕ ✏✑✙✤✫✙✔✏✑✛✒✎✕ ✑✜✣✎✫✒✑✕

✏✍✶✍✑✧ ✹✫✕ ✔✂☎✂ ✓✕✣✕ ✮✒✑ ✤✫✒✔✒✤✎✕✔✏✒✕✢ ✏✣ ✴✔✒✌✏✢✙✖✑✏✑ ✌✜ ✎✫✕ ✒✣✒✗✜✑✏✑ ✙✦ ✎✫✕ ✗✙✑✑✯✙✦✯✦✘✣✤✎✏✙✣

✛✘✎✒✣✎✑ ✂✟✡✞✄✚✡✞✄ ✟✄✞✓ ✞✙✓✘✄☛✞✠✙ ✓✆✆✞✄✞✆✙☛✁ ✏✂✞✓✁✑ ✒✣✢ ✆✙☎✟✙✄✆✓ ✓✞✂✆✟✂✆ ✂✘✂✄✆✖☛✞✡✞☛✚✂✝

✏✆✓✂✂✝✑✧ ✹✫✕✑✕ ✛✘✎✒✣✎✑ ✦✒✏✗ ✎✙ ✒✤✤✘✛✘✗✒✎✕ ✍✴ ✘✖✙✣ ✖✒✎✫✙✓✕✣ ✏✣✦✕✤✎✏✙✣ ✒✣✢ ✑✫✙✮ ✕✣✫✒✣✤✕✢

✑✘✑✤✕✖✎✏✌✏✗✏✎✜ ✎✙ ✖✒✎✫✙✓✕✣✑ ✌✘✎ ✤✒✣ ✌✕ ✔✕✑✤✘✕✢ ✮✏✎✫ ✕✚✙✓✕✣✙✘✑ ✍✴ ✒��✓✧ ✍✶✍ ✏✑ ✕✣✤✙✢✕✢ ✌✜ ✒

✑✏✣✓✗✕ ✓✕✣✕ ✏✣ ✛✙✑✎ ✖✗✒✣✎✑✧ ✥✒✔✎✏✤✘✗✒✔✗✜ ✴✔✒✌✏✢✙✖✑✏✑ ✫✒✑ ✎✮✙✵ ✔✂☎✂ ✏✑ ✎✫✕ ✛✒✔✙✔ ✢✕✎✕✔✛✏✣✒✎✕

✙✦ ✍✴ ✒✤✤✘✛✘✗✒✎✏✙✣ ✒✣✢ ✔✂☎✁ ✏✑ ✒ ✛✏✣✙✔ ✤✙✣✎✔✏✌✘✎✙✔✧ ✭✙✑✑✯✙✦✯✦✘✣✤✎✏✙✣ ✛✘✎✒✣✎✑ ✏✣ ✌✙✎✫ ✓✕✣✕✑

✢✙✕✑ ✣✙✎ ✤✙✛✖✗✕✎✕✗✜ ✒✌✙✗✏✑✫ ✍✴ ✑✜✣✎✫✕✑✏✑✵ ✤✙✣✦✏✔✛✏✣✓ ✎✫✕ ✖✔✕✑✕✣✤✕ ✙✦ ✒✣ ✒✗✎✕✔✣✒✎✕ ✔✙✘✎✕ ✦✙✔

✍✴ ✖✔✙✢✘✤✎✏✙✣✧ 

★✙✮✣✑✎✔✕✒✛ ✙✦ ✖✒✎✫✙✓✕✣ ✖✕✔✤✕✖✎✏✙✣✵ ✖✙✑✏✎✏✲✕ ✔✕✓✘✗✒✎✙✔✑ ✙✦ ✍✴ ✒✤✤✘✛✘✗✒✎✏✙✣ ✫✒✲✕ ✌✕✕✣

✏✢✕✣✎✏✦✏✕✢ ✓✕✣✕✎✏✤✒✗✗✜✧ ✽✙✔ ✕✚✒✛✖✗✕✵ ✁✁☎✂ ✒✣✢ ✔✞✟�✟✝✕✁✠✔✠ ✁✁✡✔✂✔✁✠�✝ ✏✔✝✁✝✑ ✗✙✑✑✯✙✦✯

✦✘✣✤✎✏✙✣ ✛✘✎✒✣✎✑ ✑✫✙✮ ✕✣✫✒✣✤✕✢ ✑✘✑✤✕✖✎✏✌✏✗✏✎✜✵ ✎✫✏✑ ✑✘✑✤✕✖✎✏✌✏✗✏✎✜ ✤✒✣ ✌✕ ✔✕✑✤✘✕✢ ✌✜

✕✚✙✓✕✣✙✘✑ ✒✢✢✏✎✏✙✣ ✙✦ ✍✴✧ ✹✫✕✔✕✦✙✔✕✵ ✎✫✕✑✕ ✎✮✙ ✓✕✣✕✑ ✒✖✖✕✒✔ ✎✙ ✌✕ ✔✕✌✘✏✔✕✢ ✦✙✔ ✖✒✎✫✙✓✕✣

✔✕✑✏✑✎✒✣✤✕ ✒✤✎✏✣✓ ✘✖✑✎✔✕✒✛ ✙✦ ✍✴ ✒✤✤✘✛✘✗✒✎✏✙✣ ✒��✓✧ 



 
�� Introduction 

✹✫✕ ✖✒✎✫✙✓✕✣ ✔✕✤✙✓✣✏✎✏✙✣✵ ✙✔ ✍✴ ✒✖✖✗✏✤✒✎✏✙✣✵ ✗✕✒✢✑ ✎✙ ✒ ✛✒✑✑✏✲✕ ✤✫✒✣✓✕ ✏✣ ✓✕✣✕ ✕✚✖✔✕✑✑✏✙✣✧

✺✖ ✎✙ ��� ✙✦ ✎✫✕ ✴✔✒✌✏✢✙✖✑✏✑ ✓✕✣✙✛✕ ✏✑ ✒✦✦✕✤✎✕✢ ✗✙✤✒✗✗✜ ✒✣✢ ✘✖ ✎✙ ✓✕� ✏✣ ✑✜✑✎✕✛✏✤ ✎✏✑✑✘✕✑✧

✹✫✕✑✕ ✏✣✢✘✤✕✢ ✓✕✣✕✑ ✒✔✕ ✛✒✏✣✗✜ ✏✣✲✙✗✲✕✢ ✏✣ ✍✴ ✒✤✤✘✛✘✗✒✎✏✙✣ ✙✔ ✍✴ ✑✏✓✣✒✗✗✏✣✓ ✗✕✒✢✏✣✓ ✎✙ ✒✣

✒✛✖✗✏✦✏✤✒✎✏✙✣ ✙✦ ✎✫✕ ✑✏✓✣✒✗✧ ✽✏✣✒✗✗✜✵ ✎✫✕ ✣✕✚✎ ✮✒✲✕ ✙✦ ✎✔✒✣✑✤✔✏✖✎✏✙✣✒✗ ✎✒✔✓✕✎✑ ✕✣✤✙✢✕ ✖✔✙✎✕✏✣✑

✮✏✎✫ ✢✏✔✕✤✎ ✒✣✎✏✯✛✏✤✔✙✌✏✒✗ ✙✔ ✢✕✦✕✣✤✕ ✕✦✦✕✤✎✑✧ ✹✫✕ ✙✲✕✔ ✒✤✤✘✛✘✗✒✎✏✙✣ ✙✦ ✍✴✯✏✣✢✘✤✕✢

✎✔✒✣✑✤✔✏✖✎✑ ✤✒✣ ✤✒✘✑✕ ✢✏✲✕✔✑✕ ✣✕✓✒✎✏✲✕ ✖✫✕✣✙✎✜✖✕✑ ✏✣ ✖✗✒✣✎✑✵ ✗✏✳✕ ✢✮✒✔✦✏✣✓✵ ✔✕✢✘✤✕✢ ✦✕✔✎✏✗✏✎✜✵

✒✣✢ ✑✙✛✕✎✏✛✕✑ ✑✖✙✣✎✒✣✕✙✘✑ ✤✕✗✗ ✢✕✒✎✫✧ ✽✙✔ ✎✫✏✑✵ ✎✫✕✑✕ ✓✕✣✕✑ ✒✔✕ ✑✘✌✔✕✤✎ ✎✙ ✑✎✔✙✣✓ ✣✕✓✒✎✏✲✕

✒✑ ✮✕✗✗ ✒✑ ✖✙✑✏✎✏✲✕ ✔✕✓✘✗✒✎✏✙✣✧ ✹✫✕ ✥✑✓ ✓✕✣✕ ✫✒✑ ✌✕✕✣ ✘✑✕✢ ✒✑ ✒ ✛✒✔✳✕✔ ✌✜ ✮✫✏✤✫ ✎✙ ✑✎✘✢✜

✍✴✯✏✣✢✘✤✕✢ ✎✔✒✣✑✤✔✏✖✎✏✙✣✧ ✹✫✒✣✳✑ ✎✙ ✎✫✕ ✮✙✔✳ ✙✦ ✛✒✣✜ ✗✒✌✙✔✒✎✙✔✏✕✑✵ ✮✕ ✳✣✙✮ ✎✫✒✎ ✎✫✕ ✎✏✓✫✎

✎✔✒✣✑✤✔✏✖✎✏✙✣✒✗ ✤✙✣✎✔✙✗ ✙✦ ✎✫✏✑ ✓✕✣✕ ✏✣✲✙✗✲✕✑ ✤✙✛✖✗✕✚ ✒✣✢ ✑✙✖✫✏✑✎✏✤✒✎✕✢ ✣✕✓✒✎✏✲✕ ✒✣✢ ✖✙✑✏✎✏✲✕

✤✙✣✎✔✙✗✑✵ ✏✣✤✗✘✢✏✣✓ ✎✔✒✣✑✤✔✏✖✎✏✙✣ ✦✒✤✎✙✔✑ ✒✣✢ ✤✫✔✙✛✒✎✏✣ ✔✕✛✙✢✕✗✗✏✣✓ ✒��✓✧ 

✠✟✠✁✠✔✡✁☎☎✟✡ ✟✡ ✔✝�✞✟✁✁✠✁☎✔☎✂✡✁✕✝�✁✁ ✁✁✠✁☎✂ ✏✠✔✡✂✑ ✏✑ ✙✣✕ ✙✦ ✎✫✕ ✛✒✔✙✔ ✤✙✣✎✔✏✌✘✎✙✔✑

✎✙ ✍✴ ✑✏✓✣✒✗ ✎✔✒✣✑✢✘✤✎✏✙✣✧ ✭✙✑✑✯✙✦✯✦✘✣✤✎✏✙✣ ✏✣ ✸✥✑✓ ✖✗✒✣✎✑ ✏✙✖✝✂✑ ✒✔✕ ✕✚✎✔✕✛✕✗✜ ✑✕✣✑✏✎✏✲✕

✎✙✮✒✔✢✑ ✖✒✎✫✙✓✕✣ ✒✎✎✒✤✳✵ ✔✡ ✓✕✣✕ ✕✚✖✔✕✑✑✏✙✣ ✒✣✢ ✏✛✛✘✣✏✎✜ ✔✕✑✖✙✣✑✕✑ ✒✔✕ ✤✙✛✖✗✕✎✕✗✜

✒✌✙✗✏✑✫✕✢✵ ✙✣ ✎✫✕ ✤✙✣✎✔✒✔✜ ✠✔✡✂✯✙✲✕✔✕✚✖✔✕✑✑✏✣✓ ✖✗✒✣✎✑ ✑✫✙✮ ✕✣✫✒✣✤✕✢ ✔✕✑✏✑✎✒✣✤✕✧ ✸✥✑✓

✕✣✤✙✢✕✑ ✒ ✖✔✙✎✕✏✣ ✮✏✎✫ ✎✮✙ ✖✔✙✎✕✏✣☛✖✔✙✎✕✏✣ ✏✣✎✕✔✒✤✎✏✙✣ ✢✙✛✒✏✣✑✎ ✒✣ ✒✣✳✜✔✏✣ ✔✕✖✕✒✎ ✢✙✛✒✏✣

✒✣✢ ✒ ✾✹✾✎✥✷✼ ✏✌✔✙✒✢ ✤✙✛✖✗✕✚✵ ✹✔✒✛✎✔✒✤✳✵ ✒✣✢ ✌✔✏✤✯✒✯✌✔✒✤✎✖✙✚ ✲✏✔✘✑ ✒✣✢ ✒✏✣✤ ✦✏✣✓✕✔✑

✢✙✛✒✏✣✧ ✍✣ ✎✫✕ ✤✜✎✙✖✗✒✑✛✵ ✸✥✑✓ ✦✙✔✛✑ ✔✕✢✙✚✯✑✕✣✑✏✎✏✲✕ ✙✗✏✓✙✛✕✔✑✧ ✺✣✢✕✔ ✙✚✏✢✏✒✏✣✓ ✤✙✣✢✏✎✏✙✣✑✵

✸✥✑✓ ✦✙✔✛✑ ✏✣✎✕✔✛✙✗✕✤✘✗✒✔ ✢✏✑✘✗✦✏✢✕✯✌✙✣✢✕✢ ✛✘✗✎✏✛✕✔✑ ✎✫✔✙✘✓✫ ✤✙✣✑✕✔✲✕✢ ✶✜✑ ✔✕✑✏✢✘✕✑✧

✺✣✢✕✔ ✔✕✢✘✤✏✣✓ ✤✙✣✢✏✎✏✙✣✑✵ ✸✥✑✓ ✛✙✣✙✛✕✔✏✒✕✑ ✒✣✢ ✎✫✕ ✛✙✣✙✛✕✔✑ ✤✒✣ ✎✔✒✣✑✗✙✤✒✎✕ ✏✣✎✙ ✎✫✕

✣✘✤✗✕✘✑ ✮✫✕✔✕ ✸✥✑✓ ✒✤✎✑ ✖✔✙✛✙✎✏✣✓ ✖✗✒✣✎ ✏✛✛✘✣✏✎✜ ✎✫✔✙✘✓✫ ✏✎✑ ✒✤✎✏✙✣ ✒✑ ✒ ✎✔✒✣✑✤✔✏✖✎✏✙✣✒✗

✤✙✯✒✤✎✏✲✒✎✙✔ ✒✣✢ ✎✫✕ ✏✣✫✏✌✏✎✏✙✣ ✙✦ ✏✣✫✏✌✏✎✙✔✑ ✏✽✏✓✧ �✑✧ ✸✥✑✓ ✒✤✎✏✙✣ ✏✑ ✦✘✔✎✫✕✔ ✛✙✢✘✗✒✎✕✢ ✌✜ ✏✎✑

✏✣✎✕✔✒✤✎✏✙✣✑ ✮✏✎✫ ✎✫✕ ✎✔✒✣✑✤✔✏✖✎✏✙✣✒✗✗✜ ✔✕✖✔✕✑✑✏✲✕ ✸✍✰✍✸ ✖✔✙✎✕✏✣✑ ✒✣✢ ✏✑ ✑✘✌✔✕✤✎ ✎✙ ✔✕✓✘✗✒✎✙✔✜

✖✫✙✑✖✫✙✔✜✗✒✎✏✙✣ ✒✣✢ ✖✔✙✎✕✙✗✜✑✏✑✧ ✍✎ ✏✑ ✫✜✖✙✎✫✕✑✏✒✕✢ ✎✫✒✎ ✤✙✣✎✏✣✘✒✗ ✖✔✙✎✕✙✗✜✎✏✤ ✎✘✔✣✙✲✕✔ ✏✣ ✎✫✕

✣✘✤✗✕✘✑ ✛✒✜ ✒✗✗✙✮ ✎✫✕ ✖✗✒✣✎ ✎✙ ✔✒✖✏✢✗✜ ✑✮✏✎✤✫ ✙✦✦ ✎✫✕ ✢✕✦✕✣✤✕ ✔✕✑✖✙✣✑✕ ✒✑ ✮✕✗✗ ✒✑ ✛✒✏✣✎✒✏✣

✒ ✲✕✔✜ ✗✙✮ ✗✕✲✕✗ ✙✦ ✎✔✒✣✑✤✔✏✖✎✏✙✣ ✏✣ ✣✙✣✯✏✣✢✘✤✏✣✓ ✤✙✣✢✏✎✏✙✣✑ ✒��☛��✓✧ 





 
�✓ Introduction 

✏✣ ✘✣✏✣✦✕✤✎✕✢ ✖✒✔✎✑ ✙✦ ✎✫✕ ✖✗✒✣✎✵ ✖✒✔✎✗✜ ✌✜ ✔✕✖✔✕✑✑✏✣✓ ✍✴✯✛✕✢✏✒✎✕✢ ✔✕✑✖✙✣✑✕✑ ✢✘✕ ✎✙ ✎✫✕

✒✣✎✒✓✙✣✏✑✎✏✤ ✒✤✎✏✲✏✎✜ ✙✦ ✬✴ ✒��✓✧ 

 

1.3.3 �✁✂✄☎✆✝✞✆✟✠✡☛☞ ✌☛☞✍✍✎✏☞✑ 

✔✡✟✂✕✠✓✞✠✖☎✠✝✟ ✗✝✟✂✂✞✄✟✆ ✤✒✘✑✕✑ ✤✗✘✌✔✙✙✎✵ ✒ ✛✒✔✙✔ ✢✏✑✕✒✑✕ ✙✦ ✾✔✒✑✑✏✤✒ ✙✏✗ ✒✣✢ ✲✕✓✕✎✒✌✗✕

✤✔✙✖✑ ✮✙✔✗✢✮✏✢✕✧ ✔☞ ✗✝✟✂✂✞✄✟✆ ✏✑ ✒ ✖✗✒✑✛✙✢✏✙✖✫✙✔✏✢✵ ✙✌✗✏✓✒✎✕ ✌✏✙✎✔✙✖✫✏✤ ✖✔✙✎✏✑✎ ✏✣ ✎✫✕

✕✘✳✒✔✜✙✎✏✤ ✳✏✣✓✢✙✛ ✙✦ ✑✫✏✒✒✔✏✒✧ ✶✗✘✌✔✙✙✎ ✢✏✑✕✒✑✕ ✤✒✘✑✕✑ ✕✣✙✔✛✙✘✑ ✒✓✔✏✤✘✗✎✘✔✒✗ ✗✙✑✑✕✑ ✢✘✔✏✣✓

✙✘✎✌✔✕✒✳✑✧ 

✥✗✒✑✛✙✢✏✙✖✫✙✔✏✢✑ ✫✒✲✕ ✒ ✤✙✛✖✗✕✚✵ ✣✙✎ ✦✘✗✗✜ ✘✣✢✕✔✑✎✙✙✢✵ ✗✏✦✕ ✤✜✤✗✕ ✎✫✒✎ ✤✙✣✑✏✑✎✑ ✙✦ ✢✏✦✦✕✔✕✣✎

✒✙✙✑✖✙✔✏✤ ✑✎✒✓✕✑✵ ✎✫✕ ✦✙✔✛✒✎✏✙✣ ✙✦ ✖✗✒✑✛✙✢✏✒ ✏✣✑✏✢✕ ✫✙✑✎ ✤✕✗✗✑✵ ✒✣✢ ✔✕✑✎✏✣✓ ✑✖✙✔✕ ✦✙✔✛✒✎✏✙✣

✏✽✏✓✧ �✑✧ ✹✙ ✏✣✦✕✤✎ ✎✫✕ ✖✗✒✣✎✑ ✦✏✔✑✎ ✎✫✕ ✫✒✖✗✙✏✢ ✔✕✑✎✏✣✓ ✑✖✙✔✕ ✔✕✗✕✒✑✕✑ ✒ ✒✙✙✑✖✙✔✕ ✏✣ ✎✙ ✎✫✕ ✑✙✏✗✵

✎✫✕✣ ✎✫✕ ✒✙✙✑✖✙✔✕ ✏✑ ✒✌✗✕ ✎✙ ✏✣✦✕✤✎ ✎✫✕ ✔✙✙✎ ✫✒✏✔✑ ✒✣✢ ✦✙✔✛ ✛✘✗✎✏✣✘✤✗✕✒✎✕ ✖✗✒✑✛✙✢✏✒✧ ✹✫✙✑✕

✢✕✲✕✗✙✖ ✑✕✲✕✔✒✗ ✑✏✣✓✗✕✯✣✘✤✗✕✒✎✕ ✑✕✤✙✣✢✒✔✜ ✒✙✙✑✖✙✔✕✑✵ ✮✫✏✤✫ ✒✔✕ ✔✕✗✕✒✑✕✢ ✏✣✎✙ ✎✫✕ ✑✙✏✗

✌✕✓✏✣✣✏✣✓ ✒ ✣✕✮ ✏✣✦✕✤✎✏✙✣ ✤✜✤✗✕✧ ✴ ✦✘✑✏✙✣ ✙✦ ✎✫✙✑✕ ✑✕✤✙✣✢✒✔✜ ✒✙✙✑✖✙✔✕✑ ✏✑ ✒✑✑✘✛✕✢ ✎✙ ✙✤✤✘✔

✙✤✤✒✑✏✙✣✒✗✗✜✧ ✼✙✙✑✖✙✔✕✑ ✏✣✲✒✢✕ ✎✫✕ ✔✙✙✎ ✤✙✔✎✕✚✵ ✏✣ ✮✫✏✤✫ ✑✕✤✙✣✢✒✔✜ ✛✘✗✎✏✣✘✤✗✕✒✎✕ ✖✗✒✑✛✙✢✏✒

✢✕✲✕✗✙✖✧ ✻✙✮ ✒✣✢ ✮✫✕✣ ✳✒✔✜✙✓✒✛✜ ✏✑ ✎✒✳✏✣✓ ✖✗✒✤✕ ✏✑ ✣✙✎ ✕✚✒✤✎✗✜ ✳✣✙✮✣✵ ✌✘✎ ✛✕✏✙✑✏✑ ✒✖✖✕✒✔✑

✎✙ ✙✤✤✘✔ ✏✣ ✎✫✕ ✖✗✒✑✛✙✢✏✒ ✌✕✦✙✔✕ ✔✕✑✎✏✣✓ ✑✖✙✔✕ ✦✙✔✛✒✎✏✙✣✧ ✹✫✕ ✖✔✕✑✕✣✤✕ ✙✦ ✖✗✒✑✛✙✢✏✒

✖✔✙✲✙✳✕✑ ✒✌✣✙✔✛✒✗ ✤✕✗✗ ✕✣✗✒✔✓✕✛✕✣✎ ✏✫✜✖✕✔✎✔✙✖✫✜✑ ✒✣✢ ✘✣✤✙✣✎✔✙✗✗✕✢ ✤✕✗✗ ✢✏✲✏✑✏✙✣

✏✫✜✖✕✔✖✗✒✑✏✒✑ ✗✕✒✢✏✣✓ ✎✙ ✎✫✕ ✢✕✲✕✗✙✖✛✕✣✎ ✙✦ ✎✫✕ ✤✫✒✔✒✤✎✕✔✏✑✎✏✤ ✓✒✗✗✑ ✎✫✒✎ ✙✌✑✎✔✘✤✎ ✣✘✎✔✏✕✣✎

✒✣✢ ✮✒✎✕✔ ✎✔✒✣✑✖✙✔✎✧ ✍✣ ✏✣✦✕✤✎✕✢ ✔✙✙✎ ✎✏✑✑✘✕✵ ✢✏✦✦✕✔✕✣✎ ✢✕✲✕✗✙✖✛✕✣✎✒✗ ✑✎✒✓✕✑ ✙✦ ✎✫✕

✖✗✒✑✛✙✢✏✙✖✫✙✔✏✢✑ ✙✤✤✘✔ ✑✏✛✘✗✎✒✣✕✙✘✑✗✜ ✒�✕✓✧ 

✑✕✑✎✏✣✓ ✑✖✙✔✕✑ ✫✒✲✕ ✎✫✕ ✤✒✖✒✤✏✎✜ ✎✙ ✑✘✔✲✏✲✕ ✗✙✣✓ ✖✕✔✏✙✢✑ ✙✦ ✎✏✛✕ ✏✣ ✑✙✏✗ ✒✣✢ ✎✫✕✣ ✒✤✎✏✲✒✎✕

✌✜ ✢✏✦✦✕✔✕✣✎ ✑✎✏✛✘✗✏ ✎✙ ✎✔✏✓✓✕✔ ✏✣✦✕✤✎✏✙✣✧ ✹✫✏✑ ✛✒✳✕✑ ✏✎ ✢✏✦✦✏✤✘✗✎ ✎✙ ✒✲✙✏✢ ✎✫✕ ✒✖✖✒✔✏✎✏✙✣ ✙✦ ✎✫✕

✢✏✑✕✒✑✕ ✏✣ ✖✔✕✲✏✙✘✑✗✜ ✏✣✦✕✤✎✕✢ ✦✏✕✗✢✑✧ 

✔☞ ✗✝✟✂✂✞✄✟✆ ✒✖✖✕✒✔✑ ✎✙ ✌✕ ✒✌✗✕ ✎✙ ✛✙✢✏✦✜ ✫✙✔✛✙✣✒✗ ✫✙✛✕✙✑✎✒✑✏✑ ✏✣ ✫✙✑✎ ✖✗✒✣✎✑✵ ✏✣✦✕✤✎✕✢

✎✏✑✑✘✕✑ ✑✫✙✮ ✘✣✌✒✗✒✣✤✕ ✙✦ ✒✎ ✗✕✒✑✎ ✦✙✘✔ ✖✗✒✣✎ ✫✙✔✛✙✣✕✑✎ ✶✍✑✵ ✍✴✵ ✒✘✚✏✣✑ ✒✣✢ ✬✴✧ ✹✫✕ ✏✣✦✕✤✎✏✙✣

✙✦ ✴✔✒✌✏✢✙✖✑✏✑ ✮✏✎✫ ✔☞ ✗✝✟✂✂✞✄✟✆ ✏✣✢✘✤✕✢ ✎✫✕ ✕✚✖✔✕✑✑✏✙✣ ✙✦ ✔✂☎✂ ✒✣✢ ✗✙✑✑ ✙✦ ✦✘✣✤✎✏✙✣ ✛✘✎✒✣✎✑

✏✣ ✑✜✣✎✫✕✑✏✑ ✒✣✢ ✑✏✓✣✒✗✗✏✣✓ ✙✦ ✍✴ ✑✫✙✮✕✢ ✏✣✤✔✕✒✑✕✢ ✑✕✣✑✏✎✏✲✏✎✜ ✎✙✮✒✔✢ ✔☞ ✗✝✟✂✂✞✄✟✆ ✏✣✦✕✤✎✏✙✣

✒�✓☛��✓✧ ✹✫✘✑✵ ✍✴ ✒✖✖✕✒✔✑ ✎✙ ✌✕ ✙✦ ✖✒✔✎✏✤✘✗✒✔✏✎✜ ✏✛✖✙✔✎✒✣✤✕ ✎✙ ✓✘✒✔✒✣✎✕✕ ✖✒✎✫✙✓✕✣ ✑✘✤✤✕✑✑

✏✣ ✏✣✦✕✤✎✏✙✣ ✒✣✢ ✢✏✑✕✒✑✕ ✔✕✑✏✑✎✒✣✤✕✧ 





 
�� Introduction 

✶✍✑ ✒✔✕ ✒✢✕✣✏✣✕ ✢✕✔✏✲✒✎✏✲✕✑ ✮✏✎✫ ✏✑✙✖✕✔✎✕✣✙✏✢ ✙✔ ✒✔✙✛✒✎✏✤ ✑✏✢✕ ✤✫✒✏✣✑✵ ✌✕✏✣✓ ✎✫✕ ✦✏✔✑✎ ✎✜✖✕

✎✫✕ ✛✙✔✕ ✒✌✘✣✢✒✣✎ ✛✒✏✣✗✜ ✎✔✒✣✑✯✒✕✒✎✏✣ ✏✎✼✑ ✒✣✢ ✏✑✙✖✕✣✎✕✣✜✗✯✒✢✕✣✏✣✕ ✏✏✥✑✧

✍✑✙✖✕✣✎✕✣✜✗✎✔✒✣✑✦✕✔✒✑✕✑ ✏✍✥✹✑✑ ✤✒✎✒✗✜✑✕ ✎✫✕ ✔✒✎✕ ✗✏✛✏✎✏✣✓ ✑✎✕✖ ✦✙✔ ✶✍✑ ✌✏✙✑✜✣✎✫✕✑✏✑✎ ✎✫✕

✏✑✙✖✕✣✎✕✣✜✗✒✎✏✙✣ ✙✦ ✒✢✕✣✏✣✕ ✘✑✏✣✓ ✴★✥✵ ✴✹✥ ✒✣✢ ✎✑✸✴ ✒✑ ✑✘✌✑✎✔✒✎✕✑✧ ✴✦✎✕✔ ✎✫✕ ✔✏✌✙✑✏✢✕ ✦✙✔✛✑

✏✎✼✑ ✒✣✢ ✏✥✑✑ ✒✔✕ ✤✙✣✲✕✔✎✕✢ ✎✙ ✒✤✎✏✲✕ ✶✍✑ ✌✜ ✢✏✔✕✤✎ ✔✕✛✙✲✒✗ ✙✦ ✎✫✕ ✔✏✌✙✑✏✢✕ ✤✒✎✒✗✜✑✕✢ ✌✜

✗✙✣✕✗✜ ✓✘✜ ✕✣✒✜✛✕✑ ✏✭✷✔✑✑ ✙✔ ✌✜ ✓✔✒✢✘✒✗ ✔✕✛✙✲✒✗ ✙✦ ✎✫✕ ✖✫✙✑✖✫✒✎✕ ✓✔✙✘✖✑ ✒��✵ ✓��✓ ✏✽✏✓✧ �✑✧ 

★✕✓✔✒✢✒✎✏✙✣ ✖✒✎✫✮✒✜✑ ✔✕✌✘✏✔✕✑ ✶✍ ✢✕✫✜✢✔✙✓✕✣✒✑✕✑ ✏✶✍✏✑✑✵ ✮✫✏✤✫ ✔✕✛✙✲✕ ✶✍ ✘✣✑✒✎✘✔✒✎✕✢

✏✑✙✖✔✕✣✜✗ ✑✏✢✕ ✤✫✒✏✣✑✧ ✶✍✑ ✢✕✓✔✒✢✒✎✏✙✣ ✫✒✑ ✌✕✕✣ ✖✔✙✲✕✣ ✎✙ ✖✗✒✜ ✒✣ ✏✛✖✙✔✎✒✣✎ ✔✕✓✘✗✒✎✙✔✜ ✔✙✗✕

✏✣ ✖✗✒✣✎ ✫✙✔✛✙✣✕ ✫✙✛✕✙✑✎✒✑✏✑ ✒✓��✓✧ 

✹✫✕ ✶✍✑ ✑✏✓✣✒✗ ✏✑ ✤✙✣✲✕✜✕✢ ✌✜ ✒ ✎✮✙✯✤✙✛✖✙✣✕✣✎ ✑✏✓✣✒✗✗✏✣✓ ✑✜✑✎✕✛✵ ✒✗✑✙ ✤✒✗✗✕✢ ✎✫✕ ✫✏✑✎✏✢✜✗✯

✎✙✯✒✑✖✒✔✎✜✗ ✑✜✑✎✕✛ ✙✔ ✻✏✑☛✴✑✖ ✖✫✙✑✖✫✙✔✕✗✒✜✵ ✮✫✏✤✫ ✏✑ ✦✙✘✣✢ ✏✣ ✌✒✤✎✕✔✏✒ ✒✑ ✮✕✗✗ ✒✑ ✏✣ ✖✗✒✣✎✑

✒✣✢ ✦✘✣✓✏✵ ✌✘✎ ✣✙✎ ✏✣ ✒✣✏✛✒✗✑✧ ✹✫✕ ✦✏✔✑✎ ✤✙✛✖✙✣✕✣✎ ✙✦ ✎✫✕ ✶✍✑ ✑✏✓✣✒✗✗✏✣✓ ✤✒✑✤✒✢✕ ✏✑ ✎✫✕

✛✕✛✌✔✒✣✕✯✑✖✒✣✣✏✣✓ ✫✏✑✎✏✢✏✣✕ ✳✏✣✒✑✕ ✒��✓ ✤✙✣✎✒✏✣✏✣✓ ✒✣ ✕✚✎✔✒✤✕✗✗✘✗✒✔ ✶✻✴✍✩

✏✤✜✤✗✒✑✕✑✎✫✏✑✎✏✢✏✣✕ ✳✏✣✒✑✕✑✯✒✑✑✙✤✏✒✎✕✢ ✑✕✣✑✏✣✓ ✕✚✎✔✒✤✕✗✗✘✗✒✔✑ ✢✙✛✒✏✣✵ ✮✫✏✤✫ ✖✒✑✑✕✑ ✎✫✕

✖✫✙✑✖✫✒✎✕ ✎✙ ✎✫✕ ✫✏✑✎✏✢✏✣✕ ✖✫✙✑✖✫✙✎✔✒✣✑✦✕✔ ✖✔✙✎✕✏✣✑ ✏✴✻✥✑✑ ✎✫✒✎ ✦✘✔✎✫✕✔ ✤✙✣✲✕✜ ✎✫✕ ✑✏✓✣✒✗

✏✣✎✙ ✎✫✕ ✣✘✤✗✕✘✑ ✎✙ ✎✫✕ ✗✒✑✎ ✤✙✛✖✙✣✕✣✎✎ ✎✜✖✕ ✾ ✔✕✑✖✙✣✑✕ ✔✕✓✘✗✒✎✙✔✑ ✏✴✑✑✑✑✧ ✹✫✕✑✕ ✮✙✔✳ ✒✑

✎✔✒✣✑✤✔✏✖✎✏✙✣ ✔✕✓✘✗✒✎✙✔✑ ✒✣✢ ✒✦✦✕✤✎ ✕✚✖✔✕✑✑✏✙✣ ✙✦ ✎✫✕ ✶✍✑ ✎✒✔✓✕✎ ✓✕✣✕✑ ✏✣✤✗✘✢✏✣✓ ✎✜✖✕ ✴

✔✕✑✖✙✣✑✕ ✔✕✓✘✗✒✎✙✔✑ ✏✴✑✑✯✴✑✵ ✮✫✏✤✫ ✏✣✫✏✌✏✎ ✎✫✕ ✖✫✙✑✖✫✙✎✔✒✣✑✦✕✔ ✦✔✙✛ ✎✫✕ ✴✻✥✑ ✎✙ ✎✫✕ ✎✜✖✕ ✾

✔✕✑✖✙✣✑✕ ✔✕✓✘✗✒✎✙✔✑ ✏✴✑✑✯✾✑ ✒✣✢ ✎✫✘✑ ✮✙✔✳ ✒✑ ✒ ✣✕✓✒✎✏✲✕ ✦✕✕✢✌✒✤✳ ✗✙✙✖ ✏✽✏✓✧ �✑✧ 

✰✒✣✜ ✖✗✒✣✎ ✖✒✎✫✙✓✕✣✑ ✑✕✤✔✕✎✕ ✶✍✑ ✙✔ ✏✣✢✘✤✕ ✶✍✑ ✖✔✙✢✘✤✎✏✙✣ ✏✣ ✫✙✑✎ ✖✗✒✣✎✑✧ ✻✙✮✕✲✕✔✵ ✎✫✕

✙✎✫✕✔ ✑✏✢✕ ✙✦ ✎✫✕ ✤✙✏✣ ✏✑ ✎✫✒✎ ✶✍✑ ✒✗✑✙ ✛✕✢✏✒✎✕ ✖✗✒✣✎ ✔✕✑✏✑✎✒✣✤✕ ✒✓✒✏✣✑✎ ✛✒✣✜ ✎✜✖✕✑ ✙✦

✖✒✎✫✙✓✕✣✑ ✒��☛��✓✧ ✍✕✲✕✔✒✗ ✗✏✣✕✑ ✙✦ ✕✲✏✢✕✣✤✕ ✑✘✖✖✙✔✎ ✒ ✔✙✗✕ ✦✙✔ ✶✍✑ ✏✣ ✖✗✒✣✎✯✖✒✎✫✙✓✕✣

✏✣✎✕✔✒✤✎✏✙✣✑ ✛✒✏✣✗✜ ✎✫✔✙✘✓✫ ✎✫✕ ✔✕✓✘✗✒✎✏✙✣ ✙✦ ✍✴ ✔✕✑✖✙✣✑✕✑✧ ✴✤✤✙✔✢✏✣✓ ✎✙ ✎✫✕ ✛✙✢✕✗✵ ✎✫✕

✒✤✤✘✛✘✗✒✎✏✙✣ ✙✦ ✶✍✑ ✒✑ ✖✕✔✤✕✏✲✕✢ ✎✫✔✙✘✓✫ ✔✕✤✕✖✎✙✔ ✴✻✍✑ ✒✣✢ ✒✤✎✏✲✒✎✏✙✣ ✙✦ ✴✑✑�✵ ✒ ✎✜✖✕✯✾

✴✑✑✵ ✛✕✢✏✒✎✕✑ ✴✔✒✌✏✢✙✖✑✏✑ ✏✛✛✘✣✏✎✜✧ ✰✕✤✫✒✣✏✑✎✏✤✒✗✗✜✵ ✴✑✑� ✏✣✎✕✔✒✤✎✑ ✮✏✎✫ ✎✫✕ ✌✯✼✍✥

✎✔✒✣✑✤✔✏✖✎✏✙✣ ✦✒✤✎✙✔ ✹✔✴� ✏✹✔✴✓✴✯✔✕✗✒✎✕✢ ✓✕✣✕ �✑ ✒✣✢ ✌✏✣✢✑ ✎✙ ✎✫✕ ✖✔✙✛✙✎✕✔✑ ✙✦ ✢✕✦✕✣✤✕✯

✔✕✗✒✎✕✢ ✓✕✣✕✑ ✒��✓✧ 

 





 
�� Introduction 

 

1.5 �✌☎✠✡☞✄✂✌✁ ✂✁☞✌☎ ✟✂✆✄☞✄✄ ☞✌✆ ✂✠✆✆✁☎☎✂✆✌ 

✥✗✒✣✎✑ ✕✣✔✏✤✫ ✙✘✔ ✗✏✲✕✑ ✏✣ ✛✒✣✜ ✮✒✜✑✵ ✌✘✎ ✮✏✎✫ ✎✫✕ ✤✙✣✎✏✣✘✙✘✑ ✏✣✤✔✕✒✑✕ ✙✦ ✎✫✕ ✫✘✛✒✣

✖✙✖✘✗✒✎✏✙✣ ✎✫✕✏✔ ✘✑✕ ✒✑ ✦✙✙✢ ✏✑ ✕✑✑✕✣✎✏✒✗ ✎✙ ✕✣✑✘✔✕ ✒✗✏✛✕✣✎✒✎✏✙✣✵ ✕✣✕✔✓✜ ✖✔✙✢✘✤✎✏✙✣ ✒✣✢

✑✘✔✲✏✲✒✗✧ ✹✫✕ ✤✘✔✔✕✣✎ ✒✓✔✏✤✘✗✎✘✔✒✗ ✖✔✒✤✎✏✤✕✑ ✒✔✕ ✣✙✎ ✕✣✙✘✓✫ ✎✙ ✖✔✙✢✘✤✕ ✎✫✕ ✒✛✙✘✣✎ ✙✦ ✦✙✙✢

✔✕✌✘✏✔✕✢ ✌✜ ✘✑ ✒✗✗✧ ✶✘✔✔✕✣✎ ✑✎✘✢✏✕✑ ✒✦✦✏✔✛ ✎✫✒✎ ✎✙ ✖✔✕✲✕✣✎ ✑✎✒✔✲✒✎✏✙✣ ✎✫✕ ✖✔✙✢✘✤✎✏✙✣ ✙✦ ✦✙✙✢

✛✘✑✎ ✏✣✤✔✕✒✑✕ �✕� ✌✜ �✕�✕✵ ✮✫✕✣ ✎✫✕ ✮✙✔✗✢ ✖✙✖✘✗✒✎✏✙✣ ✛✒✜ ✑✎✒✌✏✗✏✒✕ ✒✎ � ✌✏✗✗✏✙✣✧ ✍✣✤✔✕✒✑✏✣✓

✎✫✕ ✗✒✣✢✯✑✘✔✦✒✤✕ ✎✙ ✓✔✙✮✏✣✓ ✎✫✏✑ ✒✢✢✏✎✏✙✣✒✗ ✦✙✙✢ ✤✙✘✗✢ ✌✕ ✒✣ ✙✖✎✏✙✣✵ ✌✘✎ ✏✑ ✣✕✤✕✑✑✒✔✜ ✎✙ ✒✢✒✖✎

✎✫✕ ✒✤✎✘✒✗ ✤✔✙✖✑ ✎✙ ✎✫✕ ✣✕✮ ✕✣✲✏✔✙✣✛✕✣✎✒✗ ✤✙✣✢✏✎✏✙✣✑ ✒✣✢✎✙✔ ✓✔✙✮ ✛✙✔✕ ✦✙✙✢ ✙✣ ✎✫✕ ✑✒✛✕

✒✔✕✒ ✏✳✛✁✑ ✎✫✒✎ ✮✕ ✤✘✔✔✕✣✎✗✜ ✤✘✗✎✏✲✒✎✕✵ ✏✛✖✔✙✲✏✣✓ ✎✫✕ ✤✔✙✖ ✜✏✕✗✢ ✒✎ ✛✒✚✏✛✘✛ ✒��✓✧ 

✍✙ ✦✒✔✵ ✒✓✔✏✤✘✗✎✘✔✒✗ ✎✕✤✫✣✙✗✙✓✏✕✑ ✒✣✢ ✖✗✒✣✎ ✌✔✕✕✢✏✣✓ ✫✒✢ ✛✒✣✒✓✕✢ ✎✫✏✑ ✖✔✙✌✗✕✛ ✌✜

✏✣✤✔✕✒✑✏✣✓ ✎✫✕ ✤✔✙✖ ✜✏✕✗✢✧ ✺✣✦✙✔✎✘✣✒✎✕✗✜✵ ✎✫✏✑ ✤✙✘✗✢ ✌✕ ✣✙✎ ✕✣✙✘✓✫ ✦✙✔ ✒✎✎✕✣✢✏✣✓ ✎✫✕ ✦✙✙✢✯

✔✕✌✘✏✔✕✛✕✣✎✑ ✙✦ ✎✫✕ ✦✘✎✘✔✕ ✖✙✖✘✗✒✎✏✙✣✧ ✍✣ ✎✫✕ ✗✒✑✎ ✎✮✙ ✢✕✤✒✢✕✑✵ ✖✗✒✣✎ ✑✤✏✕✣✎✏✑✎✑ ✫✒✲✕ ✌✕✕✣

✑✎✘✢✜✏✣✓ ✎✫✕ ✮✒✜ ✎✙ ✏✣✤✔✕✒✑✕ ✖✗✒✣✎ ✖✔✙✢✘✤✎✏✲✏✎✜ ✌✜ ✏✛✖✔✙✲✏✣✓ ✖✗✒✣✎ ✑✎✔✕✑✑ ✎✙✗✕✔✒✣✤✕✵ ✣✘✎✔✏✕✣✎

✘✑✒✓✕ ✒✣✢ ✖✒✎✫✙✓✕✣ ✔✕✑✏✑✎✒✣✤✕✵ ✛✒✏✣✗✜ ✌✜ ✙✌✎✒✏✣✏✣✓ ✓✕✣✕✎✏✤ ✛✙✢✏✦✏✕✢ ✤✔✙✖✑ ✏✔✰✷✑✎

✓✕✣✕✎✏✤✒✗✗✜ ✛✙✢✏✦✏✕✢ ✙✔✓✒✣✏✑✛✑ ✌✜ ✘✑✏✣✓ ✌✏✙✎✕✤✫✣✙✗✙✓✏✤✒✗ ✒✖✖✔✙✒✤✫✕✑ ✒��✓✧ 

✥✫✙✎✙✑✜✣✎✫✕✑✏✑ ✏✑ ✎✫✕ ✛✒✏✣ ✢✔✏✲✏✣✓ ✦✙✔✤✕ ✦✙✔ ✎✫✕ ✓✔✙✮✎✫ ✒✣✢ ✌✏✙✛✒✑✑ ✏✣ ✖✗✒✣✎ ✖✔✙✢✘✤✎✏✙✣✧

✥✫✙✎✙✑✜✣✎✫✕✑✏✑ ✖✔✙✲✏✢✕✑ ✕✣✕✔✓✜ ✒✣✢ ✤✒✔✌✙✣ ✕✑✑✕✣✎✏✒✗ ✦✙✔ ✎✫✕ ✌✏✙✑✜✣✎✫✕✑✏✑ ✙✦ ✛✕✎✒✌✙✗✏✎✕✑

✔✕✌✘✏✔✕✢ ✦✙✔ ✖✗✒✣✎ ✗✏✲✏✣✓ ✒✣✢ ✓✔✙✮✎✫✧ ✽✙✔ ✎✫✏✑ ✔✕✒✑✙✣✵ ✶✷✁ ✒✑✑✏✛✏✗✒✎✏✙✣ ✏✑ ✙✣✕ ✙✦ ✎✫✕ ✛✒✏✣

✎✒✔✓✕✎✑ ✙✦ ✔✕✑✕✒✔✤✫ ✒✏✛✕✢ ✦✙✔ ✏✛✖✔✙✲✏✣✓ ✤✔✙✖ ✖✔✙✢✘✤✎✏✲✏✎✜ ✒��✓✧ ✽✘✔✎✫✕✔✛✙✔✕✵ ✙✎✫✕✔ ✌✏✙✗✙✓✏✤✒✗

✖✔✙✤✕✑✑✕✑ ✤✙✘✗✢ ✌✕ ✙✖✎✏✛✏✒✕✢ ✎✙ ✓✒✏✣ ✌✏✙✛✒✑✑ ✒✣✢ ✜✏✕✗✢ ✌✜ ✘✑✏✣✓ ✔✰✷✑✵ ✗✏✳✕ ✣✘✎✔✏✕✣✎ ✑✘✖✖✗✜

✙✔ ✤✒✔✌✙✫✜✢✔✒✎✕ ✎✔✒✣✑✖✙✔✎ ✒✣✢ ✒✗✗✙✤✒✎✏✙✣✧ ✍✎ ✏✑ ✖✙✑✑✏✌✗✕ ✎✙ ✛✒✣✏✖✘✗✒✎✕ ✢✏✲✕✔✑✕ ✛✙✗✕✤✘✗✕✑ ✎✫✒✎

✖✗✒✜ ✤✔✏✎✏✤✒✗ ✔✙✗✕✑ ✏✣ ✖✗✒✣✎ ✓✔✙✮✎✫ ✒✣✢ ✢✕✲✕✗✙✖✛✕✣✎ ✗✏✳✕ ✛✏✑✸✴✑✵ ✎✔✒✣✑✤✔✏✖✎✏✙✣ ✦✒✤✎✙✔✑ ✏✹✽✑✑✵

✖✔✙✎✕✏✣✑ ✎✫✒✎ ✔✕✓✘✗✒✎✕ ✤✕✗✗ ✢✏✲✏✑✏✙✣ ✒✣✢ ✕✚✖✒✣✑✏✙✣✵ ✒✑ ✮✕✗✗ ✒✑ ✖✫✜✎✙✫✙✔✛✙✣✕✑✧ ✩✣✲✏✔✙✣✛✕✣✎✒✗

✑✎✔✕✑✑ ✗✏✛✏✎✑ ✤✔✙✖✑ ✜✏✕✗✢ ✑✙ ✙✌✎✒✏✣✏✣✓ ✑✎✔✕✑✑✯✎✙✗✕✔✒✣✎ ✖✗✒✣✎✑ ✲✏✒ ✓✕✣✕✎✏✤ ✕✣✓✏✣✕✕✔✏✣✓ ✏✑ ✒ ✤✔✘✤✏✒✗

✓✙✒✗ ✙✦ ✌✏✙✎✕✤✫✣✙✗✙✓✜ ✒��✓✧ 

 

1.5.1 �✟☎☞✂✌✂✌✁ ✂✁☞✌☎✄ ✠✡✄✂✄☎☞✌☎ ☎✆ ✄☎✠✡✄✄ 

✴✑ ✛✕✣✎✏✙✣✕✢ ✌✕✦✙✔✕✵ ✖✗✒✣✎✑ ✒✔✕ ✕✚✖✙✑✕✢ ✎✙ ✢✏✦✦✕✔✕✣✎ ✕✣✲✏✔✙✣✛✕✣✎✒✗ ✑✎✔✕✑✑✕✑ ✗✏✳✕ ✕✚✤✕✑✑

✙✔ ✗✒✤✳ ✙✦ ✮✒✎✕✔✵ ✖✒✎✫✙✓✕✣✑ ✙✔ ✫✕✔✌✏✲✙✔✕✑✵ ✤✗✏✛✒✎✕ ✤✫✒✣✓✕ ✒✣✢ ✢✕✦✏✤✏✎ ✙✦ ✣✘✎✔✏✕✣✎✑ ✏✣ ✎✫✕ ✑✙✏✗✧

✷✌✎✒✏✣✏✣✓ ✖✗✒✣✎✑ ✒✌✗✕ ✎✙ ✔✕✑✏✑✎ ✎✫✕✑✕ ✑✎✔✕✑✑ ✑✏✎✘✒✎✏✙✣✑ ✏✑ ✤✔✘✤✏✒✗ ✎✙ ✢✕✎✕✔✛✏✣✒✎✕ ✤✔✙✖

✖✔✙✢✘✤✎✏✲✏✎✜ ✏✣ ✤✫✒✣✓✏✣✓ ✤✗✏✛✒✎✕ ✤✙✣✢✏✎✏✙✣✑✧ ✹✫✕✔✕✦✙✔✕✵ ✛✒✣✜ ✖✗✒✣✎✑ ✑✤✏✕✣✎✏✑✎ ✦✙✤✘✑ ✏✣

✒✤✫✏✕✲✏✣✓ ✎✔✒✣✑✓✕✣✏✤ ✖✗✒✣✎✑ ✮✏✎✫ ✏✣✤✔✕✒✑✕✢ ✔✕✑✏✑✎✒✣✤✕ ✎✙ ✒✌✏✙✎✏✤ ✑✎✔✕✑✑ ✗✏✳✕ ✛✕✎✒✗ ✎✙✚✏✤✏✎✜✵

✕✚✎✔✕✛✕ ✎✕✛✖✕✔✒✎✘✔✕✑✵ ✕✚✤✕✑✑ ✗✏✓✫✎✵ ✢✔✙✘✓✫✎✵ ✑✒✗✏✣✏✎✜✵ ✣✘✎✔✏✕✣✎ ✢✕✦✏✤✏✕✣✤✜✵ ✫✜✖✙✚✏✒ ✙✔ ✺✒✯✾



 
�� Introduction 

✔✒✢✏✒✎✏✙✣✧ ✴✗✗ ✎✫✕✑✕✵ ✖✔✙✲✙✳✕✑ ✑✷✍ ✒✤✤✘✛✘✗✒✎✏✙✣ ✒✣✢ ✔✕✢✙✚ ✫✙✛✕✙✑✎✒✑✏✑ ✢✏✑✔✘✖✎✏✙✣✵ ✔✕✑✘✗✎✏✣✓

✏✣ ✤✕✗✗✘✗✒✔ ✢✒✛✒✓✕ ✤✒✘✑✕✢ ✌✜ ✙✚✏✢✒✎✏✲✕ ✑✎✔✕✑✑✧ 

✺✖✙✣ ✑✎✔✕✑✑ ✑✏✎✘✒✎✏✙✣✑ ✎✫✕ ✖✫✙✎✙✑✜✣✎✫✕✎✏✤ ✒✖✖✒✔✒✎✘✑ ✏✑ ✑✎✏✗✗ ✲✕✔✜ ✕✦✦✏✤✏✕✣✎ ✏✣ ✤✒✖✎✘✔✏✣✓ ✗✏✓✫✎✵

✮✫✏✗✕ ✙✎✫✕✔ ✖✔✙✤✕✑✑✕✑ ✒✔✕ ✛✙✔✕ ✑✕✣✑✏✎✏✲✕ ✎✙ ✦✒✏✗ ✏✣ ✎✫✕✑✕ ✤✏✔✤✘✛✑✎✒✣✤✕✑✧ ✹✫✏✑ ✔✕✑✘✗✎✑ ✏✣ ✒✣

✏✛✌✒✗✒✣✤✕ ✌✕✎✮✕✕✣ ✗✏✓✫✎ ✒✌✑✙✔✖✎✏✙✣ ✒✣✢ ✕✣✕✔✓✜ ✘✎✏✗✏✑✒✎✏✙✣ ✏✣ ✛✕✎✒✌✙✗✏✑✛ ✒��✓✧ ✴✑ ✮✕

✖✔✕✲✏✙✘✑✗✜ ✑✒✮✵ ✛✒✣✜ ✕✣✒✜✛✒✎✏✤ ✒✣✢ ✣✙✣✯✕✣✒✜✛✒✎✏✤ ✒✣✎✏✙✚✏✢✒✣✎✑ ✒✔✕ ✑✜✣✎✫✕✑✏✒✕✢ ✎✙

✤✙✘✣✎✕✔✒✤✎ ✎✫✕ ✫✒✔✛✦✘✗ ✕✦✦✕✤✎✑ ✙✦ ✑✷✍ ✏✣ ✔✕✑✖✙✣✑✕ ✎✙ ✒✌✏✙✎✏✤ ✑✎✔✕✑✑✕✑ ✒��✵��✓✧ ✽✏✣✒✗✗✜✵

✢✏✦✦✕✔✕✣✎ ✒✌✏✙✎✏✤ ✑✎✔✕✑✑ ✤✙✣✢✏✎✏✙✣ ✙✦✎✕✣ ✎✔✏✓✓✕✔✑ ✤✙✛✛✙✣ ✔✕✑✖✙✣✑✕✑ ✏✣ ✖✗✒✣✎✑ ✏✗✏✳✕ ✑✜✣✎✫✕✑✏✑

✙✦ ✙✑✛✙✖✔✙✎✕✤✎✒✣✎✑✵ ✢✏✦✦✕✔✕✣✎✏✒✗ ✕✚✖✔✕✑✑✏✙✣ ✙✦ ✑✕✲✕✔✒✗ ✹✽✑ ✙✔ ✖✫✜✎✙✫✙✔✛✙✣✕✑✯✛✕✢✏✒✎✕✢

✔✕✑✖✙✣✑✕✑✑✧ ✹✒✳✕✣ ✎✫✏✑ ✳✣✙✮✗✕✢✓✕ ✒✑ ✒✣ ✒✢✲✒✣✎✒✓✕✵ ✎✙ ✙✌✎✒✏✣ ✎✔✒✣✑✓✕✣✏✤ ✖✗✒✣✎✑ ✮✏✎✫ ✕✗✕✲✒✎✕✢

✗✕✲✕✗✑ ✙✦ ✒✣✎✏✙✚✏✢✒✣✎✑✵ ✙✑✛✙✖✔✙✎✕✤✎✒✣✎✑ ✙✔ ✹✽✑ ✏✑ ✒ ✤✙✛✛✙✣ ✑✎✔✒✎✕✓✜ ✎✙ ✏✣✤✔✕✒✑✕ ✔✕✑✏✑✎✒✣✤✕

✎✙ ✒ ✲✒✔✏✕✎✜ ✙✦ ✒✌✏✙✎✏✤ ✑✎✔✕✑✑✕✑ ✒��✓✧ 

✪✏✎✫ ✔✕✓✒✔✢ ✎✙ ✖✒✎✫✙✓✕✣ ✔✕✑✏✑✎✒✣✤✕✵ ✎✫✕ ✏✣✤✔✕✒✑✕✢ ✖✒✎✫✙✓✕✣ ✎✙✗✕✔✒✣✤✕ ✙✦✎✕✣ ✤✙✛✕✑ ✮✏✎✫ ✒

✖✕✣✒✗✎✜ ✏✣ ✓✔✙✮✎✫✧ ✥✗✒✣✎✑ ✛✘✑✎ ✢✕✤✏✢✕ ✌✕✎✮✕✕✣ ✓✔✙✮✎✫ ✙✔ ✢✕✦✕✣✑✕ ✒��☛�✓✓✧ ★✏✦✦✕✔✕✣✎

✒✖✖✔✙✒✤✫✕✑ ✫✒✲✕ ✌✕✕✣ ✎✒✳✕✣ ✎✙ ✙✌✎✒✏✣ ✖✗✒✣✎✑ ✮✏✎✫ ✏✣✤✔✕✒✑✕✢ ✔✕✑✏✑✎✒✣✤✕✵ ✛✒✣✜ ✙✦ ✎✫✕✛ ✎✒✔✓✕✎

✎✫✕ ✫✙✔✛✙✣✕ ✛✕✢✏✒✎✕✢ ✔✕✑✖✙✣✑✕✑ ✙✔ ✎✫✕ ✤✒✖✒✤✏✎✜ ✎✙ ✢✕✎✕✤✎ ✥✴✰✥✑ ✙✔ ✰✴✰✥✑ ✌✜ ✖✗✒✣✎✑ ✒��✓✧

✷✌✎✒✏✣✏✣✓ ✤✔✙✖✑ ✮✏✎✫ ✏✣✤✔✕✒✑✕✢ ✖✒✎✫✙✓✕✣ ✔✕✑✏✑✎✒✣✤✕ ✒✣✢ ✮✏✎✫ ✣✙ ✖✕✣✒✗✎✜ ✏✣ ✓✔✙✮✎✫ ✏✑ ✙✣✕ ✙✦

✎✫✕ ✓✙✒✗✑ ✙✦ ✎✫✕ ✛✙✢✕✔✣ ✒✓✔✙✌✏✙✎✕✤✫✣✙✗✙✓✜✧ 
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2. �✁✂✄✞✂✟☎✄✆ 

  



 
�� 

2.1 �☞✂✌ ✁✆☞✁✄ 

✍✣✤✔✕✒✑✕ ✎✫✕ ✳✣✙✮✗✕✢✓✕ ✒✌✙✘✎ ✎✫✕ ✦✘✣✤✎✏✙✣✑ ✒✣✢ ✎✫✕ ✛✕✤✫✒✣✏✑✛ ✙✦ ✒✤✎✏✙✣ ✙✦ ✛✕✛✌✕✔✑ ✙✦

✎✫✕ ✷✏✑ ✖✔✙✎✕✏✣ ✦✒✛✏✗✜ ✏✣ ✖✗✒✣✎✑✧ ✩✲✒✗✘✒✎✕ ✎✫✕ ✖✙✑✑✏✌✗✕ ✤✙✣✣✕✤✎✏✙✣✑ ✌✕✎✮✕✕✣ ✎✫✕ ✔✙✗✕✑ ✙✦

✴✎✷✏✑ ✖✔✙✎✕✏✣✑✵ ✎✫✕✏✔ ✑✘✌✤✕✗✗✘✗✒✔ ✗✙✤✒✗✏✑✒✎✏✙✣ ✒✣✢ ✎✫✕ ✛✕✤✫✒✣✏✑✛ ✌✜ ✮✫✏✤✫ ✎✫✕✜ ✔✕✓✘✗✒✎✕

✢✏✦✦✕✔✕✣✎ ✒✑✖✕✤✎✑ ✙✦ ✖✗✒✣✎ ✢✕✲✕✗✙✖✛✕✣✎ ✗✏✳✕ ✑✷✍ ✫✙✛✕✙✑✎✒✑✏✑✵ ✑✜✣✎✫✕✑✏✑ ✒✣✢ ✑✏✓✣✒✗✗✏✣✓ ✙✦

✫✙✔✛✙✣✒✗ ✖✒✎✫✮✒✜✑ ✒✣✢ ✎✫✕ ✛✕✤✫✒✣✏✑✛✑ ✙✦ ✖✗✒✣✎✯✖✒✎✫✙✓✕✣ ✏✣✎✕✔✒✤✎✏✙✣ ✏✣ ✖✗✒✣✎✑✧ 

 

2.2 ✁✂✡☎✂✝✂☎ ✁✆☞✁✄ 

✂ ✩✲✒✗✘✒✎✕ ✎✫✕ ✎✔✒✣✑✤✔✏✖✎✏✙✣✒✗ ✖✔✙✦✏✗✕ ✙✦ ✴✎✷✏✑� ✘✣✢✕✔ ✣✙✔✛✒✗ ✓✔✙✮✎✫ ✤✙✣✢✏✎✏✙✣✑ ✒✣✢ ✏✣

✔✕✑✖✙✣✑✕ ✎✙ ✢✏✦✦✕✔✕✣✎ ✑✎✔✕✑✑✧ 

✂ ✴✣✒✗✜✑✕ ✎✫✕ ✑✘✌✤✕✗✗✘✗✒✔ ✗✙✤✒✗✏✑✒✎✏✙✣ ✙✦ ✴✎✷✏✑� ✒✣✢ ✴✎✷✏✑�✧ 

✂ ✴✣✒✗✜✑✕ ✎✫✕ ✖✫✕✣✙✎✜✖✏✤ ✤✫✒✔✒✤✎✕✔✏✑✎✏✤ ✙✦ ✖✗✒✣✎✑ ✮✏✎✫ ✒✗✎✕✔✕✢ ✗✕✲✕✗✑ ✙✦ ✴✎✷✏� ✒✣✢ ✴✎✷✏✑�✧ 

✂ ✴✣✒✗✜✑✕ ✎✫✕ ✔✕✑✖✙✣✑✕ ✙✦ ✖✗✒✣✎✑ ✮✏✎✫ ✒✗✎✕✔✕✢ ✗✕✲✕✗✑ ✙✦ ✴✎✷✏✑� ✒✣✢ ✴✎✷✏✑� ✎✙ ✌✙✎✫ ✌✏✙✎✏✤

✒✣✢ ✒✌✏✙✎✏✤ ✑✎✔✕✑✑ ✤✙✣✢✏✎✏✙✣✑✧ 

✂ ✴✣✒✗✜✑✕ ✎✫✕ ✏✛✖✒✤✎ ✙✦ ✢✏✦✦✕✔✕✣✎ ✗✕✲✕✗✑ ✙✦ ✴✎✷✏✑ ✖✔✙✎✕✏✣✑ ✙✣ ✎✫✕ ✍✒✗✏✤✜✗✏✤ ✴✤✏✢ ✏✍✴✑ ✒✣✢

✶✜✎✙✳✏✣✏✣✑ ✏✶✍✑✑ ✑✜✣✎✫✕✑✏✑ ✒✣✢ ✫✙✔✛✙✣✒✗ ✑✏✓✣✒✗✗✏✣✓ ✖✒✎✫✮✒✜✑✧ 
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3. �✁✂✄✄✟✁✂✆ ✁✁✆ �✄✂✄☎✆✆ 

  



 
�✕ Materials and Methods 

3.1 �✁☞✌☎ ✄☞☎✡✠✂☞✁ ☞✌✆ ✁✠✆�☎✁ ☎✆✌✆✂☎✂✆✌✄ 

✝✝✟✗✞✓✠✖✂✞✂ ☛☎✟✡✞✟✙✟ ✏✕✤✙✎✜✖✕ ✶✙✗✘✛✌✏✒✵ ✶✙✗ ✕✑ ✮✒✑ ✘✑✕✢ ✎✫✔✙✘✓✫✙✘✎ ✎✫✏✑ ✑✎✘✢✜ ✘✣✗✕✑✑

✙✎✫✕✔✮✏✑✕ ✑✖✕✤✏✦✏✕✢✧ ✴ ✗✏✑✎ ✙✦ ✒✗✗ ✎✫✕ ✛✘✎✒✣✎ ✒✣✢ ✎✔✒✣✑✓✕✣✏✤ ✖✗✒✣✎✑ ✘✑✕✢ ✏✑ ✓✏✲✕✣ ✏✣ ✹✒✌✗✕ ✴✓

✙✦ ✎✫✕ ✴✖✖✕✣✢✏✚✧ 

✹✔✒✣✑✓✕✣✏✤ ✖✗✒✣✎✑ ✮✕✔✕ ✙✌✎✒✏✣✕✢ ✌✜ ✑✎✒✌✗✕ ✎✔✒✣✑✦✙✔✛✒✎✏✙✣ ✮✏✎✫ ✝✛✝✠✗✟✄☛✆✝✞✘✕ ☛✘✕✆✆✟✄✞✆✙✂

✏✗✒✌✕✗✗✕✢ ✮✏✎✫ �✆✁ ✏✣ ✤✒✑✕ ✙✦ ✖✗✒✣✎✑ ✕✚✖✔✕✑✑✏✣✓ ✛✙✔✕ ✎✫✒✣ ✙✣✕ ✎✔✒✣✑✓✕✣✕ ✙✔ ✛✘✎✒✎✏✙✣✑ ✙✔ ✌✜

✛✒✣✘✒✗ ✤✔✙✑✑✏✣✓ ✏✗✒✌✕✗✗✕✢ ✮✏✎✫ �✚✁ ✏✣ ✤✒✑✕ ✙✦ ✖✗✒✣✎✑ ✕✚✖✔✕✑✑✏✣✓ ✛✙✔✕ ✎✫✒✣ ✙✣✕ ✎✔✒✣✑✓✕✣✕ ✙✔

✛✘✎✒✎✏✙✣✑✧ ✻✙✛✙✒✜✓✙✘✑ ✹✯★✸✴ ✛✘✎✒✣✎✑ ✮✕✔✕ ✤✙✣✦✏✔✛✕✢ ✌✜ ✥✶✑ ✘✑✏✣✓ ✑✖✕✤✏✦✏✤ ✖✔✏✛✕✔✑

✏✴✖✖✕✣✢✏✚✵ ✹✒✌✗✕ ✴�✑✧ 

✥✗✒✣✎✑ ✮✕✔✕ ✓✔✙✮✣ ✙✣ ✑✙✏✗ ✒✎ ��✯��✁✶ ✘✣✢✕✔ ✗✙✣✓✯✢✒✜ ✏✭★✑ ✤✙✣✢✏✎✏✙✣✑ ✒✎ ✒ ✗✏✓✫✎ ✏✣✎✕✣✑✏✎✜ ✙✦

✓✕✕ ✂✛✙✗✧✛✄✁✧✑✄☎✧ ✴✗✎✕✔✣✒✎✕✗✜✵ ✖✗✒✣✎✑ ✮✕✔✕ ✓✔✙✮✣ ✙✣ ✥✕✎✔✏ ✢✏✑✫✕✑ ✮✏✎✫ ✰✍ ✛✕✢✏✘✛ ✏✕✵�✚ ✰✍✵

✕✵�� ✏✮✎✲✑ ✒✓✒✔✵ ✓� ✏✮✎✲✑ ✑✘✤✔✙✑✕✑✧ ✽✙✔ ✔✙✙✎ ✓✔✙✮✎✫ ✒✣✒✗✜✑✏✑ ✖✗✒✣✎✑ ✮✕✔✕ ✓✔✙✮✣ ✙✣ ✲✕✔✎✏✤✒✗
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Plants expressing AtOXR2 under the control of the CaMV 35S constitutive were previously 

obtained in the work group and were described by Colombatti (2016, [172]). 

To obtain plants expressing AtOXR5 under the control of the CaMV 35S constitutive 

promoter a fusion of AtOXR5 to mRFP, a 1659 bp SalI/BamHI fragment was amplified from 

cDNA using specific oligonucleotides (Table A2) and cloned into the pBi212 vector. 

To obtain plants expressing a fusion of AtOXR5 to mRFP, a 1659 bp SalI/BamHI fragment 

was amplified from cDNA using specific oligonucleotides (Table A2) and cloned into pEntry3c 

vector (Invitrogen) and then transferred to the destination binary vector pGWB554 [84]. 

To obtain a NPR1-GFP construct the NPR1 coding sequence was amplified (1820 pb) using 

specific primers (Table A2) and cloned into the pDONR221 (Invitrogen) vector. Then it was 

transferred into the binary destination vector pFK-242 (from the Gateway-compatible 

pGREEN-IIS vector series) using the Gateway system (Invitrogen)), to express NPR1 under the 

control of the CaMV 35S constitutive promoter. 
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The DNA clones were transferred to Agrobacterium tumefaciens strain LBA4404 for plant 

transformation by the floral dip procedure [85]. 
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RNA samples were prepared with TRIZOL RNA Isolation Reagent (Life Technologies). RT- 
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performed on an aliquot of the cDNA with specific primers (Table ✴2) using the StepOnePlus® 
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The method described by Zhang et al. (2017, [45]) was used for dark-induce senescence 

experiments. Briefly: detached leaves from four-week-old plants growth on LD conditions 

were incubated in a wet chamber in full darkness for 2 days. After that, the chlorophyll 

content was quantified and this value was used as a marker of senescence progression and 

expressed relative to the corresponding mock treatment (detached leaves incubated in wet 

chamber on LD) for each genotype. 
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SA plus 0,025% (v/v) Silwet L-77 for 5 minutes and samples were taken at 1 h, 4 h, and 6 h 

after treatment in triplicates pools for GUS detection or RT-qPCR analysis. For analysis of 

gene expression, samples were immediately frozen in liquid nitrogen and stored at -80ºC 

until use. 
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biological replicates and each replicate represent a pooled sample of 3 independent 

seedlings from a single experiment grown on a single petri-dish. Inoculated seedlings are 

collected by cutting the hypocotyls to separate the parts above the agar (whole rosette). 

After measurement of the seedlings weight, they were surface-sterilized by incubation with 

5% (v/v) H2O2 for 5 min. After washing three times with sterile distilled water samples were 

homogenized in 1 mL sterile distilled water using a mortar and pestle and diluted samples 

were plated onto KB (see below)-Agar medium containing 50 µg.ml-1 Kanamycin and 50 µg.ml-

1 Rifampicin. Two days after plating of diluted samples, the bacterial colony forming units 

(CFU) were counted. The CFU was normalized as CFU.mg-1 using total weight of inoculated 

seedlings. 
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Moreover, the shoot index was quantified by dividing the dry weight (DW) of the infected 

plants by the control plants DW of the same genotype. 
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SA was determined as described in Lovelock et al. (2016 [62]). Briefly, 2-week-old full 

rosettes were homogenized in a mortar, 500 mg were transferred to homogenization buffer 

(95% iso-propanol/5% glacial acetic acid) and 100 ng SAD4 (deuterated compound obtained 

from Dr. Ehrenstorfer GmbH, Augsburg, Germany) was added as an internal standard. The 

homogenate was centrifuged and the supernatant was dried under a stream of nitrogen until 

an aqueous phase was reached. The sample was then twice extracted with equal volumes of 

ethyl acetate, pooled ethyl acetate fractions were dried under a nitrogen stream and SA was 

derivatized using trimethylsilyldiazomethane (Sigma) before analysis by GC-MS. The GC-MS 

analysis was carried out on a Varian Saturn 2100 ion-trap mass spectrometer using electron 

impact ionization at 70 eV, connected to a Varian CP-3900 gas chromatograph equipped with 

a CP-8400 autosampler (Varian, Walnut Creek, CA, USA). SA was identified according to the 

retention time on GC compared with an authentic methylated standard and the amount of 

SA was calculated using the isotope dilution equation with the ions at m/z 120 (endogenous 

SA) and m/z 124 (SAD4). 

Isotope dilution equation: 
☛☎☞✆✝✞☛☎☞✆✟

☛☎☞✆✟
✌ ☎ ✑
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where RI120 is the relative ion intensity for the 120 m/z ion and RI124 is the relative ion 

intensity for the 124 m/z ion. 
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CKs determinations were carried out by the Laboratory of special Analytic Services (Lab 

FAUBA, Agronomy School, Universidad de Buenos Aires). Extraction was performed using 

Bieleski solution [96] with small modifications (MeOH-HCO2H-H2O; 15/1/4 (v/v/v)). Full 

rosette leaves of four-week-old plants were freeze-dried and resuspended in extraction 

buffer and incubated ON at -20ºC. After, homogenates were centrifugated at ✓�✕✕✕ ✛ ✦✙✔ �✕
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For extraction, 20 mg ground fresh weight (FW) tissue from leaf material 20 DAS were 

incubated 20 min at 80°C with 250 µl 80% ethanol in 10 mM HEPES-KOH pH 7. Afterwards, 

the samples were centrifuged for 5 min at 14000 rpm, and the supernatant was kept (S1). 

The pellet was further extracted with 250 µl 50% ethanol in 10 mM HEPES-KOH pH 7 and 

again incubated for 20 min at 80°C, after centrifugation for 5 min at 14000 rpm the 

supernatant (S2) was pooled with S1. This second pellet was once more extracted with 150 

µl 80% ethanol in 10 mM HEPES-KOH pH 7, incubated for 20 min at 80°C and centrifuged for 

5 min at 14000 rpm, S3 fraction was pooled with the previous ones (S1+S2+S3) and the final 

pellet preserved to determinate starch. 
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- Buffer: 100 mM HEPES-KOH pH 7.0 + 3 mM MgCl2 
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- ✁-amylase from Sigma (suspension in ammonium sulfate) 

- HEPES buffer: 100 mM HEPES-KOH pH 7 + 3 mM MgCl2 
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the supernatant and dissolve the pellet in 25 mL of acetate buffer 
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Figure 11: Schematic representation and molecular characterization of the plant lines used in this 
study. (A) Schematic representation of the AtOXR2 T-DNA insertion mutants used in this study. (B) 
AtOXR2 transcript levels in overexpressing lines (35S:AtOXR2) and oxr2 mutants. OXR2 A and OXR2 B 
are two independent 35S:AtOXR2 lines used in this work. The oxr2.1 and oxr2.2 insertional mutants 
are in Wassilewskija (ws) and Columbia (Col-0) ecotypes, respectively. Transcript levels are referred 
to those of Wt plants in the same ecotype. Asterisks indicate significant differences at P<0.05 (ANOVA, 
LSD Fisher test).  
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Figure 12: Representative images of plants grown in LD photoperiod at different times, (A) rosettes 
and (B) plants after flowering. 
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Figure 13: Parameters related to plant growth: (A) rosette area, (B) rosette diameter, (C) number of 
leaves, (D) shoot length, (E) stem diameter and (F) secondary shoots in Wt, OXR2 and oxr2.2 plants 
grown in LD photoperiod. (G) Yield per plant. (G) Representative images of rosette leaves from OXR2 
and Wt plants. Values represent the mean±SEM of five to ten individual plants for each genotype. 
Asterisks indicate significant differences (P<0.05) with Wt plants according to LSD Fisher tests. ✏ 
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Altered AtOXR2 expression also affects the onset and progression of natural senescence. 

Measurements of maximum PSII efficiency (Fv/Fm) in different leaves of entire rosettes 

between days 32 to 49 after sowing indicated that oxr2.2 plants age slightly earlier, while 

OXR2 lines stay green for a longer time (Fig. 15). 
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Figure 14: Altered AtOXR2 expression affects the transition between vegetative and reproductive 
phases. (A) Number of leaves and (B) DAS required to reach the reproductive stage in Wt, OXR2 and 
oxr2.2 plants. Values represent the mean±SEM of five to ten individual plants for each genotype. 
Asterisks indicate significant differences (P < 0.05) with Wt plants according to LSD Fisher tests.  

 

 
Figure 15: Altered AtOXR2 expression affects the onset and progression of natural senescence. (A) 
Maximum PSII efficiency (Fv/Fm) measured in different leaves at (a) 41 and (b) 49 DAS. (B) Evolution 
of the Fv/Fm parameter in the fifth leaf. (C) Representative images of OXR2, oxr2.2 and Wt plants at 
64 DAS. Values represent the mean±SEM of ten plants for each genotype. Asterisks indicate significant 
differences (P < 0.05) with Wt plants of the same age, according to LSD Fisher tests. 

 

Moreover, the response of the plants to dark-induced senescence was analysed. Detached 

leaves from four-week-old plants grown under LD conditions and incubated them in full 

darkness for 2 days were used. Chlorophyll content was measured and the values used as 

marker of senescence progression and expressed it relative to the corresponding mock 

treatment for each genotype (Fig. 16). Once more, a delay in dark-induce senescence in 

OXR2 plants was observed. Also an earlier apparition of senescence symptoms in the oxr2.2 

mutants compared to Wt plants was determinate. 
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Altogether OXR2 plants appear to have a longer lifespan characterised by a delay of 5±2 

days in the transition to reproductive phase and the onset and progression of natural and 

dark-induced senescence. 

 

 
Figure 16: Altered AtOXR2 expression affects the onset and progression of dark-induced senescence. 
Fully expanded leaves were detached from 3-week-old Wt, OXR2 and oxr2.2 plants were placed in 
the dark for 3 days. (A) Chlorophyll content in detached leaves relative to the control for each 
genotype, and (B) representative images of OXR2, oxr2.2 and Wt plants after the treatment. Values 
represent the mean±SEM of ten plants for each genotype. Asterisks indicate significant differences (P 
< 0.05) with Wt plants, according to LSD Fisher tests. 
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Considering that OXR2 plants exhibit higher biomass and the photosynthetic parameters on 

these plants are improved [121] we set out to analyse sugar metabolism and chlorophyll 

content in plants with altered AtOXR2 expression. Soluble sugar content was evaluated, in 

the form of glucose, fructose, sucrose and starch content at different time points of the 

diurnal cycle in plants 20 DAS grown under LD photoperiod (Fig. 17). Furthermore, 

chlorophyll A, chlorophyll B and total chlorophyll content was determined in four-week-old 

plants grown under LD photoperiod (Fig. 18). All the metabolites measured have been 

compared between Wt, OXR2 and oxr2.2 mutant plants. 
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Figure 17: Levels of several metabolites in Wt, OXR2 and oxr2.2 plants 20 DAS grown under LD 
photoperiod 1 h before (ZT23), 7 and 15 h after (ZT7 and ZT15) the beginning of the illumination 
period. (A) Glucose, (B) fructose, (C) sucrose and (D) starch content. Values represent the mean±SEM 
of ten plants for each genotype. Asterisks indicate significant differences (P < 0.05) with Wt plants of 
the same age, according to LSD Fisher tests. 

 

 
Figure 18: Analysis of chlorophyll content in Wt, OXR2 and oxr2.2 plants 20 DAS. Values represent 
the mean±SEM of ten plants for each genotype. 
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Figure 19: OXR2 plants show increased CcO activity and cyanide-sensitive respiration and decreased 
mitochondrial membrane potential. (A) Respiration rates (represented as percentage oxygen 
consumption relative to wild type) were quantified in rosette leaves of four-week-old plants using a 
Clark-type O2 electrode. The capacity of the CcO pathway was determined as the O2 uptake sensitive 
to 1 mM KCN in the presence of 10 mM SHAM. The alternative pathway capacity was measured as the 
O2 uptake after adding 10 mM SHAM in the presence of 1 mM KCN. (B) OXR2 plants exhibit decreased 
mitochondrial membrane potential measured by TMRM dye (C) CLSM images from OXR2, oxr2.2 and 
Wt treated with TMRM. Asterisks indicate significant differences compared with Wt (P<0.05). 
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Figure 20: AtOXR2 is induce by different oxidative stressors. AtOXR2 transcript levels measured in 
Arabidopsis Wt seedlings grown for 7 DAS in 0.5 x MS medium and then transfer to a solution containing 
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exposed to UV-B (5 mW.cm-2; UVP 34-0042-01 lamp) for 1 h. Experiments were carried out with 
approximately 5 plants per biological replicate. Results are expressed as mean±SEM of three 
independent experiments. Asterisks represent significantly different values at P<0.05 (ANOVA; Tukey 
test). 
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Figure 21: AtOXR2 modifies basal ROS levels and oxidative stress tolerance. (A) Intracellular ROS content in 
Arabidopsis leaves from OXR2, oxr2.2 and Wt plants, quantified by the level of fluorescence using the cell 
permeant dye H2DCFDA measured in fully expanded rosette leaves of 20 DAS plants grown under normal 
conditions. (B) O2- content measured by NBT dye in plants grown 14 days in MS. (C) Root length of OXR2 and 
oxr2.2 plants grown in MS medium supplemented w✠✞✟ ✥☞✝ �✡ ✡✁ ✌✏☛✠✎☎ ✝✥ ✌✒�✓❚ ✂✄) Root length of OXR2 
and oxr2.2 plants grown in MS medium supplemented ◗✠✞✟ ✘✥ �✡ ✂✂ ✌✏☛✠✎☎ ✚ ✌✒�✓❚ ✂�) Representative images 
✡✆ ✞✟☞ ✞✟☞✎✡✞�✞☞ ✡✟✓☞☛☛☞✌ ✠✎ ✓☞☞✌✁✠✎☎✓ ☎☛✡◗✎ ✠✎ ✝ �✡ ✡✁ during 6 days. (F) Representative images of the 
phenotype of seedlings used for quantification of root length shown in (D). Asterisks indicate significant 
differences at P<0.05 (ANOVA, LSD Fisher test), using 20-40 plants of each genotype for the analysis. 
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Figure 22: Retrograde signalling response genes fail to induce in OXR2 plants. Wt, OXR2 and oxr2.2 
two-week-old seedlings grown on MS medium were transferred to MS medium supplemented with 50 
�✡ ✂✂ ✒✎✌ ✟✒☛☛☞✓✞☞✌ ✠✎ ✟✠✡✁✡☎✠✑✒✁ ✞☛✠✞✁✠✑✒✞☞ ✙ ✟ ✒✆✞☞☛ ✞☛☞✒✞❙☞✎✞❚ ✡☞✁✒✞✠☛☞ ✞☛✒✎✓✑☛✠✞✞ ✁☞☛☞✁✓ ✡✆ ✓☞☛☞☛✒✁
genes involve in response to MRR were measured by RT-qPCR. Transcript levels are referred to those 
of Wt plants in control condition. Asterisks indicate significant differences at P<0.05 (ANOVA, LSD 
Fisher test). 

 
 

 
Figure 23: OXR2 plants show lower levels of AtAOX1a in basal conditions. (A) AtAOX1a transcript levels 
measured by RT-qPCR in two-week-old plants from each genotype, transcript levels are referred to those 
of Wt plants in the same ecotype. Asterisks indicate significant differences at P<0.05 (ANOVA, LSD Fisher 
test). (B) Protein quantification by Western blot, mitochondria enriched extracts from fully expanded 20-
day-old rosette leaves of Wt and OXR2 plants were loaded in a 12% SDS-PAGE and transferred to a PVDF 
membrane. Blots were analysed with antibodies against AOX1a and COX2 (loading control). 
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When MRR genes were investigated upon mitochondrial disfunction caused by AA 

treatment, OXR2 plants reacted to a lesser degree than Wt plants. Mitochondria in OXR2 

plants appeared to be less sensible to AA and unable to trigger transcript amplification 

response in the same degree as Wt plants (Fig. 22). Particularly MRR genes like UGT74E2 

which is considered the linker between mitochondria perturbation responses and the plant 

growth aspects regulated by auxin [41], behave in the same sense as the lower growth-

inhibition upon mitochondrial dysfunction observed in OXR2 plants (e.i. is less induced in 

OXR2 plants). UGT674E2 encodes a UDP-glucosyltransferase which preferentially 

glycosylates indole-3-butyric acid (IBA) thus regulating auxin homeostasis and plant growth 

[41,145]. This is in agreement with the phenotypic parameters observed, as there is less 

growth-inhibition upon mitochondrial dysfunction observed in OXR2 plants in comparison to 

Wt and oxr2.2 mutant plants.  
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Figure 24: AtOXR2 modifies basal SA levels and several genes related to hormone synthesis and 
response. (A) Transcript levels of SID2 and EDS1, both involved in hormone synthesis and 
accumulation. (B)  Transcript levels of PR1 as a SA-response gene. Transcript levels were measured 
by RT-qPCR in two-week-old plants from each genotype, transcript levels are referred to those of Wt 
plants of the same ecotype. (C) Gas chromatography-mass spectrometry (GC-MS) measurement of SA 
in rosette leaves from two-week-old plants for Wt, OXR2 and oxr2.2 plants. Asterisks indicate 
significant differences at P<0.05 (ANOVA, LSD Fisher test). 
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Figure 25: OXR2 shows NPR1 nuclear accumulation when grown in control conditions. OXR2, Wt and 
oxr2.2 leaves expressing NPR1-GFP were imaged by CLSM. NPR1-GFP signal in green appears into 
nucleus (marked with arrows) and chlorophyll fluorescence of chloroplast appears in red. OXR2 
showed stronger and more GFP signal than Wt or oxr2.2 plants. After treatment with 0.5 mM SA all 
NPR1-GFP signals appears equally in the nucleus of all genotypes. 
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Figure 26: AtOXR2 alters tolerance to Pst DC3000. (A) Bacterial populations of Pst DC300 were 
quantified at 2 DAI. (B) Disease phenotype of Arabidopsis seedlings flood-inoculated with Pst DC 3000 
at a concentration of 5 × 108

 CFU.ml-1. Mock-inoculated plants were flooded with sterile distilled H2O 
containing 0.025% (v/v) Silwet L-77. Photographs were taken 2 DAI. Values represent the mean±SEM 
from 3 biological replicates. Asterisks indicate significant differences at P<0.05 (ANOVA, LSD Fisher 
test). 

 

 

 
Figure 27: AtOXR2 different tolerance towards Pst DC3000 is partially due to a priming effect. 
Transcript levels of SID2 (A) and EDS1 (B), both involve in hormone synthesis and accumulation. (C)  



 
�� Results and Discussion 

Transcript levels of NPR3 and (D) PR1 SA-response genes. Transcript levels were measured by RT-qPCR 
after different infection times, transcript levels are referred to those of Wt plants of the same ecotype 
at 0 HAI. Asterisks indicate significant differences at P<0.05 (ANOVA, LSD Fisher test) compared with 
Wt plants of the same ecotype at the same infection time. 
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Figure 28: AtOXR2 confers tolerance to P. brassica infection. Parameters to evaluate the grade of 
disease severity in Wt, OXR2 and oxr2.2 plants. (A) Number of plants in individual disease classes. (B) 
Shoot Index (shoot index is dry weight of infected plants divided by dry weight of control plants), (C) 
Disease Index. (D) Plants 27 DAI with P. brassicae resting spores. Values represent means±SEM from 
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Figure 29: AtOXR2 acts upstream of SID2 and NPR1 in order to confer SA basal defence. (A) The 
enhanced resistance to Pst DC3000 due to AtOXR2 overexpression is lost in the background of both 
mutants. (B) and (C) marker genes for pathogen response. AtOXR2 overexpression in sid2 knockout 
background (sid2+OXR2) show increased number of leaves (D) and rosette area (E). (F) sid2+OXR2 
plants show lower ROS levels measured by NBT dying similar to OXR2 plants. Asterisks indicate 
significant differences at P<0.05 (ANOVA, LSD Fisher test). 
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Figure 30: AtOXR2 is induce both by SA (A) treatment and Pst DC3000 infection (B). AtOXR2 transcript 
levels were measured in Arabidopsis Wt seedlings grown for 14 DAS in MS medium and then sprayed 
with a solution containing MS (MS, control) or the same med✠✏❙ ✓✏✞✞✁☞❙☞✎✞☞✌ ◗✠✞✟ ✘✥ �✡ ✄✂ ✒✎✌

sample were taken after 6 h, pathogen infection was carried out as described before. Treatment with 

✘✥ �✡ ✄✂ ✆✡☛ ✝✟ ✁☞✒✌✓ ✞✡ ✠✎✌✏✑✞✠✡✎ ✡✆ AtOXR2 promoter activity measured by GUS activity (C)� AtOXR2 
modifies the expression of several WRKY genes related to stress response (D). Transcript levels were 
measured by RT-qPCR in two-week-old plants from each genotype, transcript levels are referred to 
those of Wt plants of the same ecotype. Results are expressed as mean±SEM of three independent 
experiments. Asterisks represent significantly different values at P<0.05 (ANOVA; Tukey test). 
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Figure 31: A model of the role of AtOXR2 in plant defense. AtOXR2 is part of a loop for the 
activation of the SA-mediated plant defense pathway. By increasing ROS levels, AtOXR2 increases 
the expression of WRKY TFs that induce SA synthesis. In turn, SA, pathogens and oxidative stress 
(ROS) stimulate the expression of AtOXR2. Altered AtOXR2 expression modifies the intracellular 
environment and inducing the translocation of NPR1 to the nucleus, thus preparing plants against 
a potential pathogen attack. 
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Previously it was described the effect of AtOXR2 overexpression on plant architecture 

(section 4.1) and on promoting resistance to the infection with the pathogen Pst DC3000 and 
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�� Results and Discussion 

 
Figure 32: Plants with altered levels of OXR2 proteins show different content of CKs. OXR2 behave 
opposite to the oxr2.2 plants. (A) CKs determination by HPLC. (B) Fluorescent signal of the TCS::GFP 
synthetic sensor [153]. 

 

 

 

 
Figure 33: AtOXR2 modifies expression of several genes related to hormone synthesis and metabolism. 
(A) Transcript levels of IPT genes involved in hormone synthesis. (B) Transcript levels of CKX genes 
involved in hormone catalysis. Transcript levels were measured by RT-qPCR in two-week-old plants 
from each genotype, transcript levels are referred to those of Wt plants. Asterisks indicate significant 
differences at P<0.05 (ANOVA, LSD Fisher test). 
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�� Results and Discussion 

 
Figure 34: Study of the responsive CKs factor ARRs reveal different expression of the type B factor 
ARR1 and the type A factors ARR5 and ARR15. (A) Transcript levels of different ARR factors. (B) 
Fluorescence GUS activity of the promoters of ARR5 and ARR15 in Wt and OXR2 plants. (C) 
Histochemical analysis of GUS activity of the promoters of ARR5 and ARR15 in Wt and OXR2 plants. 
Transcript levels were measured by RT-qPCR in two-week-old plants from each genotype, transcript 
levels are referred to those of Wt plants. Asterisks indicate significant differences at P<0.05 (ANOVA, 
LSD Fisher test). 
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�� Results and Discussion 

 

 

 
Figure 35: Study of the effect of different OXR protein levels in different CKs pathway-related mutant 
backgrounds. (A) The over expression of OXR2 does not revert the large root phenotype of ipt1357. 
(B) The overexpression of OXR2 does not succeed to revert the longer root phenotype of ahp1234. (C) 
Representative images of the ipt1357, ipt1357+OXR2 quantified in (A). Plants were grown on vertical 
plates with MS medium and main root length measured at 10 DAS. Bars represent mean+SEM using 20-
40 plants of each genotype for the analysis. 

 

 

 

 
Figure 36: Analysis of the effect of OXR2 in CKX over expressing backgrounds. (A) The overexpression 
of OXR2 partially reverts the long root phenotypes of CKX1 and CKX2 overexpression. (B) 
Representative images of the genotypes analysed in (A). Plants were grown on vertical plants on MS 
medium and main root length measured at 10 DAS. Bars represent mean+SEM using 20-40 plants of 
each genotype for the analysis. Asterisks indicate significant differences at P<0.05 (ANOVA, LSD Fisher 
test), using 20-40 plants of each genotype for the analysis. 

 



 
�� Results and Discussion 

 

Figure 37: Analysis of the effect of OXR2 in CKX overexpressing backgrounds to Pst DC3000 
inoculation. (A) The increased sensitivity of CKX1 to Pst DC3000 colonization is reduced when 
AtOXR2 is overexpressed as well, the pathogen experiment was carried out as describe before. (B) 
Disease phenotype of Arabidopsis seedlings flood-inoculated with Pst DC 3000 at a concentration 
of 5 × 108 CFU.ml-1. Asterisks indicate significant differences at P<0.05 (ANOVA, LSD Fisher test), 
using 10-15 plants of each genotype for the analysis. 
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Figure 38: Structural analysis of AtOXR5. (A) Structure of the AtOXR5 TLDc domain based on the 
DreOXR2 crystal structure [5]❚ ❘✟☞ ✓✞☛✏✑✞✏☛☞ ✑✡✎✓✠✓✞✓ ✡✆ ✒ ✂-✓✒✎✌◗✠✑✟ ✓✏☛☛✡✏✎✌☞✌ ✟� ✒✎ ✁-helix. The 
helices and the strands are shown in red and yellow, respectively. (B) secondary structure topology 
of the AtOXR5 TLDc domain. (C) Sequence alignment of the AtOXR2 and AtOXR5 proteins, the TLDc 
domain appears in red, key aa residues appear outlined in color. The alignment was created using the 
MView tool of CLUSTAL OMEGA (https://www.ebi.ac.uk/Tools/msa/clustalo/). 
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Figure 39: AtOXR5 is localised in the apoplast. (A) Seedlings of transgenic lines 15 DAS co-expressing 
AtOXR5-mRFP and plasma membrane-GFP were imaged by CLSM. Representative cells from roots are 

shown in which the signals for AtOXR5-mRFP (magenta; panel A) and cell membrane-GFP (pm-gk, 
green; panel B) do not co-localise (C). Scale bar represents 5✍m. 
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Figure 40: Schematic representation and molecular characterization of the plant lines. (A) Schematic 
representation of the AtOXR5 T-DNA insertion mutant used in this study. (B) AtOXR5 transcript levels 
in overexpressing lines (OXR5) and oxr5 mutants. Transcript levels are referred to those of Wt plants. 
Asterisks indicate significant differences at P<0.05 (ANOVA, LSD Fisher test).  
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�� Results and Discussion 

 
Figure 41: Parameters related to plant growth: (A) rosette diameter, (B) number of leaves, (C) shoot 
length, (D) stem diameter and � yield per plant in Wt, OXR2 and oxr5.1 plants grown under a LD 
photoperiod. (F) Representative images of OXR5 Wt and oxr5.1 plants grown under a LD photoperiod 
at 32 DAS. Values represent the mean±SEM of five to ten individual plants for each genotype. Asterisks 
indicate significant differences (P < 0.05) with Wt plants according to LSD Fisher tests.  
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�� Results and Discussion 

 
Figure 42: (A) Number of leaves and (B) DAS required to reach the reproductive stage in Wt, OXR5 
and oxr5.1 plants. Values represent the mean±SEM of five to ten individual plants for each genotype. 

Asterisks indicate significant differences (P < 0.05) with Wt plants according to LSD Fisher tests. ✏ 

 

Altered AtOXR5 expression also affects the onset and progression of natural senescence. 

Measurements of maximum PSII efficiency (Fv/Fm) in different leaves of entire rosettes 

between 32 to 49 DAS indicated that OXR5 plants stay green for a more extended time (Fig. 

43). However, there was no difference between oxr5.1 plants and Wt. 

Altogether OXR5 plants appear to have a longer lifespan characterised by an early entrance 

to reproductive phase and a delay in the onset of senescence. On the contrary oxr5.1 appears 

to have a shorter reproductive phase. 

 

 
Figure 43: Altered AtOXR5 expression affects the onset and progression of natural senescence. (A) 
Maximum PSII efficiency (Fv/Fm) measured in different leaves at 46 DAS. (B) Representative images 
of OXR5, oxr5.1 and Wt plants at 64 DAS. Values represent the mean±SEM of ten plants for each 
genotype. Asterisks indicate significant differences (P < 0.05) with Wt plants of the same age, 

according to LSD Fisher tests.  
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To continue the analysis sugar metabolism and chlorophyll content was measured. Soluble 

carbohydrates and starch content were analysed at different points during the diurnal cycle 



 
�� Results and Discussion 

in plants grown under LD photoperiod (Fig. 44B and C). There was no difference for the 

carbohydrate content measured between the genotypes. 

Also, it was determined chlorophyll A, chlorophyll B and total chlorophyll using four-week-

old plants grown under LD photoperiod (Fig. 44A). An increase in the accumulation of total 

chlorophyll in oxr5.1 plants was observed. It will be interesting to perform a complete 

analysis of photosynthesis in these plants to see if the accumulation of chlorophyll generates 

an improvement in the photosynthetic plant performance. 

 
Figure 44: (A) Analysis of chlorophyll content in Wt, OXR5 and oxr5.1 plants. (B, C) Levels of 
carbohydrates in Wt, OXR5 and oxr5 plants grown under LD photoperiod 1 h before (ZT23) and 15 h 
after (ZT1) the beginning of the illumination period. (B) Soluble carbohydrates, and (C) starch 
content. Values represent the mean±SEM of ten plants for each genotype. Asterisks indicate 
significant differences (P < 0.05) with Wt plants according to LSD Fisher tests. 
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Figure 45: Plants with altered levels of AtOXR5 show different sensitivity towards stressors. (A) Root 
length of oxr5.1, oxr2.2 and oxr2xoxr5 ✞✁✒✎✞✓ ☎☛✡◗✎ ✡✎ ✡✄ ❙☞✌✠✏❙ ✓✏✞✞✁☞❙☞✎✞☞✌ ◗✠✞✟ ✥☞✝ �✡ ✡✁

during 10 days. (B) Representative images of the phenotype of seedlings used for quantification of 
root length shown in (A). Asterisks indicate significant differences at P<0.05 (ANOVA, LSD Fisher test), 
using 20-40 plants of each genotype for the analysis. 

 

 
Figure 46: AtOXR5 alters tolerance to Pst DC3000. (A) Bacterial populations of Pst DC300 were 
quantified at 3 days after being flood-inoculated with Pst DC 3000 at a concentration of 5 × 108 
CFU/ml. Mock-inoculated plants were flooded with sterile distilled H2O containing 0,025% (v/v) 
Silwet L-77. Values represent the mean±SEM from 3 biological replicates. (B) Disease phenotype of 
Arabidopsis seedlings flood-inoculated with Pst DC 3000 at a concentration of 5 × 108 CFU.ml-1. 
Asterisks indicate significant differences at P<0.05 (ANOVA, LSD Fisher test), using 10-15 plants of 
each genotype for the analysis. 
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Figure 47: Overexpression of OXR2 protein allows the plant to maintain equilibrium between defence 
responses and growth upon different types of stress situations (A). In Wt plants, growth is suppressed 
upon stress situations in order to use more energy in the activation of defence responses (B). In loss-
of-function mutants for OXR proteins plants become more sensitive to different types of stress 
situations, losing the ability to equilibrate the defence responses and growth (C). 
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✞✝✢✝✟ 

✎✞ ✎✠✁✌ ✞�✞☞ ☞✑✡✞�✞☞ ✠✡✁✏❙✟✠✒  ✂✺✡✠ 

✠✡☛✝☞✝ ❘✝✄✁✂❙✏✞✒✎✞ ✠✎ ✂✞✠✁✡✢ ✄✌✝✚✚✙✢ ✂✺✡✠ 

✠✡☛✝☞✍ 
❘✝✄✁✂ ❙✏✞✒✎✞ ✠✎ ✁✂✄☎✆✝☞ ☞✑✡✞�✞☞

✎✒✓✓✠✁☞◗✓✄✠✎✒ 
✶✁✒☎✖✘✝✥✄✥✙ ✂✺✡✠ 

✎✞ ✂◗✓P ✎✠✁✌ ✞�✞☞ ☞✑✡✞�✞☞ ✎✒✓✓✠✁☞◗✓✄✠✎✒  ✂✺✡✠ 

❙✠✞✡✝✱✶☎ 
✠✡✎✞✒✠✎✓ ❙✠✞✡✑✟✡✎✌☛✠✒ ✞✒☛☎☞✞☞✌ ◗✠✞✟

✱✶☎ 
 ✂✺✡✠ ✞✝✝✙✟ 

✂✞✠✁✡✢✝❙✡✶☎ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆✝ ✆✏✓☞✌ ✞✡

❙✡✶☎ 
 

✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✂✞✠✁✡✢✝❙✡✶☎✏❙✠✞✡✝

✱✶☎ 

✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆✝ ✆✏✓☞✌ ✞✡

❙✡✶☎ ✠✎ ✟✒✑✄☎☛✡✏✎✌ ◗✠✞✟ ✱✶☎✝❙✒☛✄☞✌

❙✠✞✡✑✟✡✎✌☛✠✒ 
 

✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✂✞✠✁✡✝✝✱✶☎ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆✝ ✆✏✓☞✌ ✞✡

✱☎✶ 
 

✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✁☎✡✝✝✱✶☎ ✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✑✒✆✍ ✆✏✓☞✌ ✞✡ ✱✶☎  
✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✁☎✡✝✝✱✶☎✏✠✁✡✢ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆✝ ✒✎✌ ✑✒✆✍

✆✏✓☞✌ ✞✡ ✱✶☎ 
 

✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✁☎✡✝✝✱✶☎✏✠✡☛✝☞✝ 
❘✝✄✁✂ ❙✏✞✒✎✞ ✆✡☛ ✁✂✄☎✆✝

✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✒✎✌ ✁☎✡✝ ✆✏✓☞✌ ✞✡ ✱✶☎ 
 

✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✓✮✔✝ 
✸✡✓✓ ✡✆ ✆✏✎✑✞✠✡✎ ✠✎ ✕✖★✍☞ ✆✒✠✁✓ ✠✎ ✄✂

✓�✎✞✟☞✓☞✓ 
 ✂✺✡✠ 

✗✘☛✍ 
✸✡✓✓ ✡✆ ✆✏✎✑✞✠✡✎ ✠✎ ✑✒✆✍☞ ✆✒✠✁✓ ✠✎ ✄✂

✓✠☎✎✒✁✁✠✎☎ 
 ✂✺✡✠ 

✓✮✔✝✍✠✁✡✢ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆✝ ✒✎✌ ✁✡✓✓

✡✆ ✆✏✎✑✞✠✡✎ ✠✎ ✕✖★✍ 
 ✠☛✡✓✓✠✎☎ 

✗✘☛✍✍✠✁✡✢ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✂✞✠✁✡✢ ✒✎✌ ✁✡✓✓ ✡✆

✆✏✎✑✞✠✡✎ ✠✎ ✑✒✆✍ 
 ✠☛✡✓✓✠✎☎ 

❘✠✄✆✆✱✶☎ ✠✌✓ ✆✁✏✡☛☞✓✑☞✎✞ ✓☞✎✓✡☛  ✞✝✘✛✟  

❘✠✄✆✆✱✶☎✍✠✁✡✢ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆✝ ✒✎✌

☞✍✞☛☞✓✓✠✎☎ ✒ ✠✌✓ ✆✁✏✡☛☞✓✑☞✎✞ ✓☞✎✓✡☛ 
 ✠☛✡✓✓✠✎☎ 



 
✓�� 

❘✠✄✆✆✱✶☎✍✠✡☛✝☞✝ 
❘✝✄✁✂ ❙✏✞✒✎✞ ✆✡☛ ✁✂✄☎✆✝ ☞✍✞☛☞✓✓✠✎☎ ✒

✠✌✓ ✆✁✏✡☛☞✓✑☞✎✞ ✓☞✎✓✡☛ 
 ✠☛✡✓✓✠✎☎ 

✞✂✡✡✘✆✆✱✵✄ 
☎☛✡❙✡✞✡☛ ☛☞☎✠✡✎ ✡✆ ✞✟☞ ✎☞☎✒✞✠☛☞ ✠✌✓

☛☞☎✏✁✒✞✡☛ ✁✆✆� ✁☞✒✌✠✎☎ ✁✂★ ☞✍✞☛☞✓✓✠✡✎ 
✠✄✢✘✢✙✝ ✂✺✡✠ 

✞✂✡✡✘✆✆✱✵✄✏✠✁✡✢ 

✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆✝ ✒✎✌

☞✍✞☛☞✓✓✠✡✎ ✞✟☞ ✞☛✡❙✡✞✡☛ ☛☞☎✠✡✎ ✡✆ ✞✟☞

✎☞☎✒✞✠☛☞ ✠✌✓ ☛☞☎✏✁✒✞✡☛ ✁✆✆� ✁☞✒✌✠✎☎
✁✂★ ☞✍✞☛☞✓✓✠✡✎ 

 
✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✞✂✡✡✝✘✆✆✱✵✄ 
☎☛✡❙✡✞✡☛ ☛☞☎✠✡✎ ✡✆ ✞✟☞ ✎☞☎✒✞✠☛☞ ✠✌✓

☛☞☎✏✁✒✞✡☛ ✁✆✆✍� ✁☞✒✌✠✎☎ ✁✂★
☞✍✞☛☞✓✓✠✡✎ 

 ✂✺✡✠ 

✞✂✡✡✝✘✆✆✱✵✄✏✠✁✡✢ 

✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆✝ ✒✎✌

☞✍✞☛☞✓✓✠✡✎ ✞✟☞ ✞☛✡❙✡✞✡☛ ☛☞☎✠✡✎ ✡✆ ✞✟☞

✎☞☎✒✞✠☛☞ ✠✌✓ ☛☞☎✏✁✒✞✡☛ ✁✆✆✍� ✁☞✒✌✠✎☎
✁✂★ ☞✍✞☛☞✓✓✠✡✎ 

 
✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✮✘✂✍✄�☎ 
✸✡✓✓✝✡✆✝✆✏✎✑✞✠✡✎ ✠✎ ✠✌✓ ✓�✎✞✟☞✓☞✓
☎☞✎☞✓ ✕✒✆✍☞ ✕✒✆✄☞ ✕✒✆� ✒✎✌ ✕✒✆☎ 

 
☎☛✡☛✠✌☞✌ ✟� ✄☛❚

✌✒✄✠❙✡✞✡☞

✞✝✘✤✟  

✮✘✂✍✄�☎✏✠✁✡✢ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆✝ ✒✎✌ ◗✠✞✟

✁✡✓✓✝✡✆✝✆✏✎✑✞✠✡✎ ✠✎ ✠✌✓ ✓�✎✞✟☞✓☞✓ ☎☞✎☞✓
✕✒✆✍☞ ✕✒✆✄☞ ✕✒✆� ✒✎✌ ✕✒✆☎ 

 
✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✝✞✘✍✝✄✟ 
✸✡✓✓✝✡✆✝✆✏✎✑✞✠✡✎ ✠✎ ✠✌✓ ✓✠☎✎✒✁✁✠✎☎

☎☞✎☞✓ ✁❂✒✍☞ ✁❂✒✝☞ ✁❂✒✄ ✒✎✌ ✁❂✒✟ 
✠✄✣✙✥✝✙✛ ✂✺✡✠ 

✝✞✘✍✝✄✟✏✠✁✡✢ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆✝ ✒✎✌ ◗✠✞✟

✁✡✓✓✝✡✆✝✆✏✎✑✞✠✡✎ ✠✎ ✠✌✓ ✓✠☎✎✒✁✁✠✎☎ ☎☞✎☞✓

✁❂✒✍☞ ✁❂✒✝☞ ✁❂✒✄ ✒✎✌ ✁❂✒✟ 
 

✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✠✌✁✝ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✒✎ ☞✎✠�❙☞ ✡✆ ✞✟☞

✠✌✓ ✑✒✞✒✟✡✁✠✑ ✞✒✞✟◗✒� ✖✡☎✍ 
 

☎☛✡☛✠✌☞✌ ✟� ✄☛❚

✄✑✟❙☛✁✁✠✎☎

✞✝✙✚✟  

✠✌✁✝✍✠✁✡✢ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✒✎ ☞✎✠�❙☞ ✡✆ ✞✟☞

✠✌✓ ✑✒✞✒✟✡✁✠✑ ✞✒✞✟◗✒� ✖✡☎✍ ✒✎✌

✁✂✄☎✆✝ 
 ✠☛✡✓✓✠✎☎ 

✠✌✁✢ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✒✎ ☞✎✠�❙☞ ✡✆ ✞✟☞

✠✌✓ ✑✒✞✒✟✡✁✠✑ ✞✒✞✟◗✒� ✖✡☎✝ 
 

☎☛✡☛✠✌☞✌ ✟� ✄☛❚

✄✑✟❙☛✁✁✠✎☎
✞✝✙✚✟  

✠✌✁✢✍✠✁✡✢ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✒✎ ☞✎✠�❙☞ ✡✆ ✞✟☞

✠✌✓ ✑✒✞✒✟✡✁✠✑ ✞✒✞✟◗✒� ✖✡☎✝ ✒✎✌

✁✂✄☎✆✝ 
 ✠☛✡✓✓✠✎☎ 

✠✌✁✢✍✠✡☛✝☞✝ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✒✎ ☞✎✠�❙☞ ✡✆ ✞✟☞

✠✌✓ ✑✒✞✒✟✡✁✠✑ ✞✒✞✟◗✒� ✖✡☎✝ ✒✎✌ ✁✡✓✓✝
✡✆✝✆✏✎✑✞✠✡✎ ✠✎ ✁✂✄☎✆✝ 

 ✠☛✡✓✓✠✎☎ 

✞❙✝☎✄ ✸✠✎☞ ◗✠✞✟ ✱☎✶✝❙✒☛✄☞✌ ✞✁✒✓❙✒

❙☞❙✟☛✒✎☞ 
✠✄✛✝✝✥✥✛ ✂✺✡✠ ✞✝✝✙✟  

✂✞✠✁✡✘✝❙✡✶☎ 
✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆� ✆✏✓☞✌ ✞✡

❙✡✶☎ 
 

✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 



 
✓�� 

✂✞✠✁✡✘✝❙✡✶☎✏✞❙✝

☎✄ 

✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✁✂✄☎✆� ✆✏✓☞✌ ✞✡

❙✡✶☎ ✠✎ ✟✒✑✄☎☛✡✏✎✌ ◗✠✞✟ ✱✶☎✝❙✒☛✄☞✌

✒✞✡✞✁✒✓✞✠✑ ✓✞✒✑☞ 
 

✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✠✁✡✘ ✸✠✎☞ ✡☛☞☛☞✍✞☛☞✓✓✠✎☎ ✡✆ ✁✂✄☎✆�  
✂☎☛✡✟✒✑✞☞☛✠✏❙

✞☛✒✎✓✆✡☛❙✒✞✠✡✎ 

✠✡☛�☞✍ ❘✝✄✁✂❙✏✞✒✎✞ ✠✎ ✁✂✄☎✆� SAIL_205_E11.V1 ✂✺✡✠ 

✠✡☛✝✡✠✡☛� 
❘✝✄✁✂ ✌✡✏✟✁☞ ❙✏✞✒✎✞ ✠✎ ✁✂✄☎✆✝

�✠✡☛✝☞✝✁ ✒✎✌ ✁✂✄☎✆� �✠✡☛�☞✍✁ 
 ✠☛✡✓✓✠✎☎ 

✁✂✟✞✞✞✓✆✝✝✒✟☛✑❚✡✓✏❚☞✌✏✝☛☞✓☞✒☛✑✟☞☛✓P 

 

7.2 ✁✂✄☎ ✆✝ ✂✠✂✄✡✠✄ ✁✄✡✆ ✂✌ ☎✁✂✄ ✄☎✁✆✄ 

 

�✁✂✄✆ �✂✞ List of oligonucleotides used in this study. 

Primer Name ✄☞✻✏☞✎✑☞ ✂✘✄ ✞✡ ✛✄P Description 

pSKTAIL-L3 ATACGACGGATCGTAATTTGTCG 

Analysis of T-DNA insertion 
FLAG176R CCTCTTAGGAGTAGGTTGCAG 

OX2insF GCAAATGGATCTTGTTGTATAGG 

✄✂✏✸ ✸✺✝ GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC 

attbNPR1-F 
GGGGACAAGTTTGTACAAAAAAGCAGGCTATGG

ACACCACCATTGATGG 
✛✘✄✆✆✁☎✡✝✝✱✶☎ ✑✁✡✎✠✎☎ 

attbNPR1-R 
GGGGACCACTTTGTACAAGAAAGCTGGGTTCCC

GACGACGATG AGAGAG 

OXr5R-Sal  CGCGTCGACCTTTCATTCATTACCTCTCTT 35S::AtOXR5 and 35S::AtOXR5-
RFPcloning OXr5F-Bam GCCGGATCCATCATCTTCACCACTATGGGT 

qrtOXR2F GGCAACAAGTGGACCTTCTGAAAC Detection of AtOXR2 
(At2g05990) transcript by RT-

qPCR qrtOXR2R GAGACGCATGTGCAAATCCCCAG 

qRTOxr5-F TCCTTGCCTCACTGAGTGCCTT Detection of AtOXR5 
(At5g39590) transcript by RT-

qPCR qRTOxr5-R TGGTTCACCGCTATTGCCGGG 

qrtAOX1aF AGCATCATGTTCCAACGACGTTTC Detection of AOX1a (At3g22370) 
transcript by RT-qPCR qrtAOX1aR GCTCGACATCCATATCTCCTCTGG 

SAL1-qrtF TTTCATTGGTGGCTGAAGAGGAC Detection of SAL1 (At5g63980.1) 
transcript by RT-qPCR SAL1-qrtR TTCCTCGGTAGCCAAAGTGTCG 

UGT74E2-qrtF TTTCCCTTCGTTCCCGATGCTG Detection of UGT74E2 
(At1g05680.1) transcript by RT-

qPCR UGT74E2-qrtR TTCGGGTATGAGGACGATTCGC 



 
✓�� 

HRE3-qrtF GAAGCGTAAACCCGTCTCAGTG Detection of 
HRE3 (At2g47520.1) transcript 

by RT-qPCR HRE3-qrtR ACCTTTGCTCGGGTCACGAATC 

HSP23.5-qrtF ACTCGTGGAATGGGAGCTTCTG Detection of 
HSP23.5 (At5g51440.1) 
transcript by RT-qPCR HSP23.5-qrtR GATGCAACGCGTCGTCTTTCTC 

ANAC013-qrtF CCTGAGGAATTACCTGAGAAAGCG Detection of 
ANAC013 (At1g32870.1) 
transcript by RT-qPCR ANAC013-qrtR CCAATAGCCACGTTCAGTAGCTC 

UPOX-qrtF TGCCTCAATGGATGAACACAAGAC Detection of 
UPOX (At2g21640.1) transcript 

by RT-qPCR UPOX-qrtR GAGAAGCTCCCGAATATCTTGTCC 

qrtSID2F CTTGGCTAGCACAGTTACAGC Detection of SID2 (At1g74710) 
transcript by RT-qPCR qrtSID2R ACTGCAGACACCTAATTGAGTC 

qrtEDS1F ACAGACGGGGAGGTAGATGA Detection of EDS1 (At3g48090) 
transcript by RT-qPCR qrtEDS1R AGTCTCGCAGAGGAGAATGC 

qrtPR1F tctggcgtctccgccgtgaac Detection of PR1 (At2g14610) 
transcript by RT-qPCR qrtPR1R TTTGGCACATCCGAGTCTCACTGAC 

qrtNPR3F GTGAGTTCACGGGTTTGTCA Detection of NPR3 (At5g45110) 
transcript by RT-qPCR qrtNPR3R AAAACCTTCGACCAGTCTCAA 

qrtPR5F GCCGTGGAGCTAACGATAAGCCG Detection of PR5 (At1g75040) 
transcript by RT-qPCR qrtPR5R GCTCCGGTACAAGTGAAGGTGC 

qrtWRKY15F ATCATCAACGTCCCTCTGAAACGG Detection of WRKY15 
(At2g23320) transcript by RT-

qPCR qrtWRKY15R TGAGAAAGACGAGACCGTCGTG 

qrtWRKY33F AGCTGCTATTGCTGGTCACT Detection of WRKY33 
(At2g38470) transcript by RT-

qPCR qrtWRKY33R AGGCCCGGTATTAGTGTTGT 

qrtWRKY40F AGCTTCTGACACTACCCTCGTTG Detection of WRKY40 
(At1g80840) transcript by RT-

qPCR qrtWRKY40R TTGACAGAACAGCTTGGAGCAC 

qrtWRKY60F AAGGTGCAACGAAGTGCAGAAG Detection of WRKY60 
(At2g25000) transcript by RT-

qPCR qrtWRKY60R TGTGGTCCGGTGTGGTTATGTG 

qrtWRKY70F TGAGCTCGAACCCAAGATGTTCAG Detection of WRKY70 
(At3g56400) transcript by RT-

qPCR qrtWRKY70R TGCTCTTGGGAGTTTCTGCGTTG 

qrtWRKY75F AGTGGACCAAGAAGTGGTCGTG Detection of WRKY75 
(At5g13080) transcript by RT-

qPCR qrtWRKY75R TTCTCGATGGGATGCGAATGCAC 

CKX1-qF TCACAAGCAACAACAACGGTC Detection of CKX1 (At2g41510) 
transcript by RT-qPCR CKX1-qR TGCAGAGGGGAGAAAGGCTA 

   



 
✓�� 

CKX2-qF CTTCGGGACTCGCTCTTCTC Detection of CKX2 (At2g19500) 
transcript by RT-qPCR 

CKX2-qR CCTTTGGGGTAGCGGATTGT 

CKX3-qF GAATGATCGGATGTCTGCCG Detection of CKX3 (At5g56970) 
transcript by RT-qPCR CKX3-qR TCAAAAGCCTCCCAATTGTC 

CKX4-qF TGACAGAACCACCCTTCCCA Detection of CKX4 (At5g56970) 
transcript by RT-qPCR CKX4-qR TTCGTTTCGGACACGGTTCA 

IPT5-qF CACTCGCCGTCGAAAAGTTC Detection of IPT5 (At5g19040) 
transcript by RT-qPCR IPT5-qR TTACCTCACCGGGAAATCGC 

IPT7-qF CGCCACTGAGGTGTTCTTGA Detection of IPT7 (At3g23630) 
transcript by RT-qPCR IPT7-qR TCGACGATTCTCTCGCTTG 

qrtARR1-Fw GCAGACGGAAACGGTGGTTCA Detection of ARR1 (At3g16857) 
transcript by RT-qPCR qrtARR1-Rv GCCATCAACCGGTGCAATCCCT 

ARR2-qrtF AAAGAGTGGCGGAGACAGTGAC Detection of ARR2 (At4g16110) 
transcript by RT-qPCR ARR2-qrtR GGATGGGATGCCTTCCTGTTTG 

qARR5-F CCGTTCATTACACGAAGACAAGC Detection of ARR5 (At3g48100) 
transcript by RT-qPCR qARR5-R TGTAAAGTGTTCCAACCAACGC 

✂✡✡✚✝☛☞✒✁✶ ❘✱✂✠✱✱✂❘❘✂✠❘✠✂✂❘✱✠✠✂✱✱✂✠❘ Detection of ARR7 (At1g19050) 
transcript by RT-qPCR ✂✡✡✚✝☛☞✒✁✡ ✠❘✱✠❘✂✱✠❘❘✠✂✠✠✱✱❘❘❘✠✂✂✠✂ 

✂✡✡✝✘✝☛☞✒✁✶ ❘✱✂✱✂✱✱❘✱✱❘✱✂✂✱✠❘✱✂✂✱✂✂✱✱ Detection of ARR15 (At1g74890) 
transcript by RT-qPCR ✂✡✡✝✘✝☛☞✒✁✡ ❘✱✱✂✱❘✱❘✠✱❘✠✂❘✠✂✂✱✱✱✂✱✱✂ 

qARR16-F TGCGCTTAGAGCATTGGAGT Detection of ARR16 (At2g40670) 
transcript by RT-qPCR qARR16-R CAAAACCTGTCATTCCAGGCA 

qrtACT2/ACT8F GGTAACATTGTGCTCAGTGGTGG 
Detection of ACT2/ACT8 
transcript by RT-qPCR qrtACT2/ACT8R AACGACCTTAATCTTCATGCTGC 

 

 


