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Abstract 
 

Salinity is one of the serious threats to global agriculture that threatens human food security. To tackle the 

problem, there were and still are quite several scientific efforts in place. Hence, in this dissertation, we used 

chemical and genetic engineering approaches to unravel the sophisticated knot of the problem using a Trojan 

peptoid called plant PeptoQ and overexpression of OsOPR7 gene in non-transformed WT tobacco BY-2 cells.  

First, plant PeptoQ that can be used to target a functional cargo (a rhodamine-labelled semiquinone peptoid as 

mimetic of coenzyme Q10) into mitochondria of tobacco BY-2 cells was characterized with regard to its cellular 

uptake and potential cytotoxicity. We found that the uptake is specific for mitochondria, rapid, dose-dependent, 

and requires both clathrin-mediated and clathrin-independent endocytosis, as well as actin filaments, while 

microtubules seem to be dispensable. Viability of the treated cells was not affected, and they showed better 

survival under salt stress, a condition that perturbs oxidative homeostasis in mitochondria. Using double 

labelling with appropriate fluorescent markers, we showed that targeting of this Trojan Peptoid to the 

mitochondria is not based on a passage through the plasma membrane (as thought hitherto), but on import via 

endocytotic vesicles and subsequent accumulation of the positively charged side chains at the negatively 

charged inner mitochondrial membrane. Second, the effects of pretreatment with plant PeptoQ and OsOPR7 

overexpression, on salt stress induced detrimental effects in WT BY-2 cells were investigated. In general, both 

pretreatment with plant PeptoQ and overexpression of OsOPR7 in WT BY-2 cells, mitigated salt stress induced 

deleterious effects more or less in a similar manner. Cell expansion and cell viability were fully and partially 

compensated at moderate (75 mM NaCl) and high (150 mM NaCl) salt stress respectively by peptoid treatment 

and OsOPR7 overexpression. However, even if, the detrimental effects of salt stress on cell division 

(proliferation) were mitigated by both approaches, it was more sensitive as compared to cell expansion and 

viability. Furthermore, they significantly ameliorated doubling time, and effectively suppressed salt stress 

induced increase in MDA and superoxide levels in WT BY-2 cells. However, both approaches had no effect on 

hydrogen peroxide level. Plant PeptoQ pretreatment and OsOPR7 overexpression lead to increased SOD activity 

but decreased Mn-SOD transcript induction. However, they had no effect on catalase (CAT) activity. Except 

SOS1, NAC and OPR7 genes , other salt-related genes such as ion channels (NHX1 and SKOR), regulators for ion 

channels (SOS3 and SLT1) and jasmonate related gene (JAZ3) did not show strong transcript modulation in 

response to salinity, plant PeptoQ treatment and OsOPR7 overexpression. Similarly, even if, ionic balance was 

strongly perturbed by salt stress, both plant PeptoQ treatment and OsOPR7 overexpression had no mitigatory 

role at all. On the other hand, pretreatment of salt stressed WT and OsOPR7 overexpressor (OE) BY-2 cells with 

plant PeptoQ, caused increased OPDA level; however, it had no significant effect on JA-Ile level. It lead to a 

significant shift of the biosynthetic pathway from JA-Ile to OPDA, and this channeling of the pathway towards 

OPDA was significantly more accentuated for moderate salt stress (75 mM NaCl) but it faded as it proceeds to 



Abstract 

XV 
 

high salt stress (150 mM NaCl). Both plant PeptoQ pretreatment and OsOPR7 overexpression conferred salt 

tolerance to the non-transformed WT BY-2 cells by mitigating the salt stress induced detrimental effects 

effectively and efficiently. 
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Zusammenfassung 
 

Salinität ist eine der ernsthaften Bedrohungen für die globale Landwirtschaft und bedroht die 

menschliche Ernährungssicherheit. Um dieses Problem zu bewältigen, gab und gibt es zahlreiche 

wissenschaftliche Anstrengungen. Aus diesem Grund verwendeten wir im Rahmen dieser Dissertation 

chemische und gentechnische Ansätze, um das komplexe Problem mithilfe eines Trojanischen 

Peptoids namens plant PeptoQ und der Überexpression des OsOPR7 Gene in nicht transformierten 

WT Tabak BY-2 Zellen zu entschlüsseln. Plant PeptoQ kann verwendet werden, um eine funktionelle 

Fracht (ein Rhodamin-markiertes Semichinon-Peptoid, welches das Coenzym Q10 imitiert) in die 

Mitochondrien von Tabak BY-2 Zellen zu schleusen und wurde zunächst hinsichtlich der zellulären 

Aufnahme und der potenziellen Zytotoxizität charakterisiert. Wir fanden heraus, dass die Aufnahme 

spezifisch für Mitochondrien ist, schnell und dosisabhängig erfolgt und sowohl eine Clathrin-

vermittelte als auch eine Clathrin-unabhängige Endozytose sowie Aktinfilamente benötigt, während 

Mikrotubuli verzichtbar zu sein schienen. Die Überlebensfähigkeit der behandelten Zellen wurde nicht 

beeinträchtigt und sie zeigten ein besseres Überleben unter Salzstress, welcher die oxidative 

Homöostase in Mitochondrien stört. Durch eine Doppelmarkierung mit geeigneten 

Fluoreszenzmarkern, haben wir gezeigt, dass die Tatsache, dass dieses Trojanische Peptoid die 

Mitochondrien zum Ziel hat, nicht auf einer Passage durch die Plasmamembran beruht (wie bisher 

angenommen), sondern auf dem Import über endozytische Vesikel und der anschließenden 

Akkumulation der positiv geladenen Seitenketten an der negativ geladenen inneren 

Mitochondrienmembran. Anschließend wurden die Auswirkungen einer Vorbehandlung mit plant 

PeptoQ und einer Überexpression des OsOPR7 auf Salzstress-induzierte negative Effekte in WT BY-2 

Zellen untersucht. Im Allgemeinen bewirkten sowohl die Vorbehandlung mit plant PeptoQ als auch 

die Überexpression des OsOPR7 in WT BY-2 Zellen auf mehr oder weniger ähnliche Weise eine 

Verminderung der Salzstress-induzierten schädlichen Effekte. Sowohl die Expansion als auch die 

Lebensfähigkeit der Zellen wurde bei mäßigem Salzstress (75 mM NaCl) vollständig und bei hohem 

Salzstress (150 mM NaCl) teilweise durch die Peptoidbehandlung und die OsOPR7 Überexpression 

kompensiert. Die Zellteilung (Proliferation) andererseits war im Vergleich zur Zellexpansion und der 

Lebensfähigkeit empfindlicher, obwohl auch hier beide Ansätze die Auswirkung von Salzstress 

minderten. Darüber hinaus verbesserten sie die Verdopplungszeit signifikant und unterdrückten 

wirksam den durch Salzstress verursachten Anstieg des MDA- und Superoxidgehalts in WT BY-2 Zellen. 
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Auf den Wasserstoffperoxidgehalt hingegen hatten die beiden Ansätze keinen Einfluss. Die 

Vorbehandlung mit plant PeptoQ und die Überexpression des OsOPR7 führten zu einer erhöhten SOD-

Aktivität, verringerten jedoch die Induktion des Mn-SOD-Transkripts. Auf die Aktivität der Katalase 

(CAT) hatten die Ansätze keinen Effekt. Mit Ausnahme von SOS1, NAC und OPR7-Genen, zeigten 

andere salzbezogene Gene wie Ionenkanäle (NHX1 und SKOR), Regulatoren für Ionenkanäle (SOS3 

und SLT1) und jasmonatbezogene Gene (JAZ3) keine starke Veränderung der Transkripte in Reaktion 

auf Salzgehalt, Vorbehandlung mit plant PeptoQ und Überexpression des OsOPR7. Ähnlich dazu 

hatten sowohl die Behandlung mit plant PeptoQ als auch die OsOPR7 Überexpression überhaupt 

keinen mildernden Effekt, wenn das Ionengleichgewicht stark durch Salzstress gestört wurde. 

Andererseits verursachte die Vorbehandlung von mit Salz belasteten WT- und OsOPR7 

überexprimierten BY-2 Zellen mit plant PeptoQ einen erhöhten OPDA-Spiegel, der sich jedoch nicht 

signifikant auf den JA-Ile Gehalt auswirkte. Es kam zu einer signifikanten Verschiebung des 

Biosyntheseweges von JA-Ile zu OPDA wobei diese Kanalisierung zu OPDA bei mäßigem Salzstress (75 

mM NaCl) deutlich verstärkt war, beim Übergang zu hohem Salzstress (150 mM NaCl) jedoch nachließ. 

Sowohl die Vorbehandlung mit plant PeptoQ als auch die Überexpression des OsOPR7 verliehen den 

nicht transformierten WT BY-2 Zellen Salztoleranz, indem sie die durch Salzstress verursachten 

schädlichen Wirkungen wirksam und effizient abschwächten.  
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1. Introduction 
The global human population has been projected to be 9.3 billion by the year 2050 (FAO, 2009). Hence, the crop 

agricultural productivity needs to be boosted by 87% worldwide especially in relation to major crops like wheat, 

maize, soy and rice in order to feed the 2.3 billion additional people (Kromdijk and Long, 2016). However, the 

effort to maximize agricultural productivity has been constrained mainly by abiotic environmental factors that 

reduce crop yield by 71% on the global scale (Boyer, 1982). Among abiotic stress factors, soil salinity is the most 

threatening and devastating one (Ashraf et al., 2008). It affects plants growth, development and harvest quality 

indirectly, and directly through its osmotic, ionic and oxidative stresses (Zhu, 2001, Hasan et al., 2015). It causes 

severe reduction in crops productivity, consequently, they produce limited yield significantly below their genetic 

potential (Munns, 2002; Flowers, 2004). Salt-affected soils are characterized by the accumulation of a significant 

amount of soluble salts in the soil (Bockheim and Gennadiye, 2000) such as NaCl, Na2SO4, KCl, MgCl2 and NaHCO3 

where NaCl is the most soluble and quite prevalent salt (Bie et al., 2004; Munns and Tester, 2008; Khan et al., 

2012; Almeida et al., 2017). They are categorized as non-saline, slightly saline, moderately saline, strongly saline 

and very strongly saline soils based on the electrical conductivity (ECe) of the saturated paste extract (Table 1). 

Salt-affected soils do occur almost in all climatic regimes and continents (FAO, 1988) where they are widespread 

and prevalent in arid and semi-arid regions of the world owing to highest evapotranspiration as compared to 

limited annual precipitation, and intensive as well as suboptimal irrigation practices (Akhter et al., 2003; Plaut 

et al., 2013; Hanin et al., 2016).  

Table 1: Soil salinity classes and crop growth with respect to each class. Source: FAO, 1988. 

 
Soil Salinity Class 

EC of Saturation 
Extract (dS/m) 

 
Effect on Crop Plants 

Non-saline 0 - 2 Salinity effects negligible 

Slightly saline 2 - 4 Yields of selective crops may be restricted 

Moderately saline 4 - 8 Yields of many crops are restricted 

Strongly saline  8 - 16 Only tolerant crops yield satisfactorily 

Very strongly saline > 16 Only a few very tolerant crops yield satisfactorily 

 

It has been estimated that in more than 100 countries, about 50% of the irrigated land and 20% of the cultivated 

agricultural land have been affected by salinization worldwide (Sairam and Tyagi, 2004; Munns, 2002; Flowers, 

2004). In general, about 351.2 and 581 million hectares (Mha) of lands have been seriously affected by salinity 

and sodicity respectively globally which add up to 932.2 Mha (Rengasamy, 2006; Wong et al., 2006) (Table 2). 

Where Central America and Australasia are the least and the most salt-affected landmasses respectively in the 
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world. This implies that around 7% of the total land area of the world is salt-affected (Flowers, 2004; Munns, 

2005; Giri et al., 2007) and about 2 million hectares and 3 hectares of land are being salt-affected on the global 

scale annually and each minute respectively (Kalaji and Pietkiewica, 1993; FAO, 2008; Hasan et al., 2015). Unless 

it is reversed by different interventions and strategies, if the current situation continues as it is, by the middle 

of the 21st century, about 50% of the global cultivable land will be lost due to soil salinization (Mahajan and 

Tuteja, 2005; Wang et al., 2007). Moreover, the problem is expected to be more accentuated as a result of 

global climate change. For example, reports show that by the end of the 21st century, the global temperature 

and Sea Level Rise (SLR) are expected to be increased from 1.4-5.8oC and 1.8-5.9mm/year respectively. 

Consequently, the decline in freshwater resources and elevated evapotranspiration, would aggravate the 

salinization problem substantially on the global scale (Yano et al., 2007; Teh and Koh, 2016).  

Table 2: Global distribution of saline and sodic soils. Source: Rengasamy, 2006. 

 
Land mass 

 
Area in million hectares [Mha] 

Saline Sodic Total 

Central America 2 - 2 

North America 6.2 9.6 15.8 

Southeast Asia 20.0 - 20.0 

Europe 7.8 22.9 30.7 

Africa 53.5 27.0 80.5 

South Asia 83.3 1.8 85.1 

South America 69.4 59.6 129.0 

North and Central Asia 91.6 120.1 211.7 

Australasia 17.4 340.0 357.4 

 
World Total 

 
351.2 

 
581.0 

 
932.2 

 

1.1.  Sources of soil salinity 
Saline soils originate from primary (natural) and secondary (anthropogenic) sources. The primary saline soils 

forming causes include weathering of minerals and parent rocks (Moreira-Nordemann, 1984), coastal areas 

salinization by sea water intrusion (Mahajan and Tuteja, 2005; Kotera et al., 2008), rain water which bears 50mg 

L-1 NaCl, tsunamis (Munns and Tester, 2008) and lake or land surface windblown materials (Plaut et al., 2013). 

On the other hand, secondary (human-induced) causes of soil salinization encompass replacement of the natural 

deep-rooted perennial vegetation with annual crops (Manchanda and Garg, 2008), intensive agricultural 

cultivation (FAO, 2008) and improper irrigation management and the use of salt-rich irrigation water (Plaut et 

al., 2013). Secondary salinization is anticipated to increase as a result of global climate change.  That is, due to 
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increased temperature (especially in arid and semi-arid regions) and changes in precipitation pattern 

(temperate and sub-tropical regions), there would be extensive demand for irrigation (Fischer et al. 2007).  Thus, 

due to irrigation with salt-rich water (due to reduced freshwater resources and increase SLR) (Teh and Koh, 

2016), significant salinization would be an inevitable consequence (Nongpiur et al., 2016) and eventually, it 

accentuates the existing soil salinity problem.  

1.2.  Types of soil salinity 
Salt-affected soils are classified into two main groups, namely saline and sodic soils. Saline soils are characterized 

by the possession of predominantly neutral soluble salts, with an electrical conductivity (EC) of > 4dS/m at 25oC, 

pH of < 8.2 and Na+ as a dominant soluble cation. And they are common and dominant in arid and semi-arid 

regions of the world and affect plant growth and development through the induction of water deficit and ion 

toxicity. On the other hand, sodic soils are widespread and common in semi-arid and sub-humid regions, and 

are identified by their >8.2 pH, <4dS/m EC and >15 exchangeable sodium percentage (ESP). In general, sodic 

(alkaline) soils affect plant growth through their detrimental effect on soil physical properties and pH (FAO, 

1988). More specifically, besides their osmotic and ionic stresses, they cause the precipitation of important 

nutrients such as phosphates and metallic micronutrients, destruction of roots cellular structures (Li et al., 2009) 

and disruption of the slightly acidic pH (around 5.5) of the apoplast which is maintained actively by the plasma 

membrane localised proton ATPases . This apoplastic situation is essential for sustainable cell expansion growth 

(Haruta et al., 2010). Moreover, alkalinity is expected to impair the activity of osmotically induced calcium influx 

by disrupting its cotransport with proton. As a secondary effect, soil alkalinity also causes the failure of NADPH 

Oxidase RboH generated superoxide anions (O2∙−) dissipation due to the absence of protons as electron 

acceptors. In general, compared to equimolar salinity at neutral pH, alkaline sodium stress owns much serious 

effects on plants (Wang et al., 2011). Even if, this reality is well known, the adaptive mechanisms and the 

molecular signals in soil alkalinity are far from understood (Riemann et al., 2015). 

1.3.  Effects of soil salinity on plants 
Salt stress, both salinity and sodicity, affect plant growth, development and productivity both directly and 

indirectly (Zhu, 2001). 

1.3.1.  Indirect effects of soil salinity 
Salt-affected soils influence the growth and development of plants by deteriorating the nutrient cycle and the 

decomposition processes through their destructive role on soil physical, chemical and biological properties 

(Wong et al., 2005). Soil structure, which is one of the physical properties that determines the agronomic 

potential of the soil would be seriously affected in salt-affected soils particularly in sodic soils.  That is, in sodic 

soils, the calcium (Ca2+) and magnesium (Mg2+) ions would be substituted by Na+ ion in the cation exchange 

complex, and consequently there would be clay particles dispersion. This dispersion and associated soil swelling 



Introduction 

4 
 

as well as particle slaking from aggregates, undergoes reorientation and resulted in worse soil structure, surface 

crusting and lower hydraulic conductivity. Consequently, germination and emergence would be inhibited due 

to worse aeration, water supply, soil macro-fauna movement, nutrient availability and infiltration (De Souza 

Silva and Fay, 2012). On the other hand, soil microorganisms (components of soil biological properties) which 

play crucial role in various vital processes such as oxidation, nitrogen fixation, nitrification, ammonification, 

nutrient transformation and decomposition of organic matter are affected by the osmotic and specific ion 

effects of salinity in salt-affected soils (Oren, 1999; Yan et al., 2015). Therefore, under such bad soil conditions 

of salt-affected soils, plants or crops yield will be extremely limited due to poor germination, emergence, growth 

and development. 

1.3.2.  Direct effects of soil salinity 
Apart from its indirect effects, salinity causes severe and intricated detrimental impacts on plant growth and 

development at molecular, cellular and whole plant level directly through its osmotic, ionic and oxidative 

stresses (Zhu, 2002). Moreover, among the three direct effects, oxidative stress is the central factor which is 

responsible for the salinity-induced irreversible damages on plants. Hence, this dissertation will focus on this 

stress factor.  

1.3.2.1.  Osmotic Stress 
Osmotic (water-deficit) effect is the impact of soil water salinity that occurs at its initial stage which is 

independent of the accumulation of soluble salts in the plant system (Munns, 2005; Rahnama et al., 2010). It 

happens due to the accumulation of salts in the root zone that creates hyperosmotic condition (low soil water 

potential) and consequently it precludes water uptake and induces water deficit (Pardo et al., 2000; Roy et al., 

2014). In turn, the signal generated by the shortage of water would result in decline of intracellular turgor 

pressure and reduced cell expansion as it is conveyed from roots to shoots, probably, within minutes after the 

onset of the salt stress (Munns, 2005; Munns and Tester, 2008). Moreover, the same signal causes reduced 

stomatal conductance as it induces the biosynthesis of abscisic acid (ABA). Eventually, there would be lower 

photosynthetic activity, biomass production and the subsequent yield loss as a direct result of lower stomatal 

conductance (Munns, 2005; Munns and tester, 2008; Roy et al., 2014; Almeida et al., 2017). In general, salinity 

causes adverse effects in plants at the cellular level (Hasegawa et al., 2000; Munns, 2005; Munns and Tester, 

2008). 

1.3.2.2.  Ionic Stress 
During the second phase of salt stress, when salt concentration especially that of sodium (Na+) increased in the 

soil water solution, it creates quite negative membrane potential inside the plasma membrane of root cells. This 

in turn, causes the net influx of Na+ passively while its efflux became energetically expensive and active 

(Maathuis et al., 2014). The Non-Selective Cation Channels (NSCCs) play a pivotal role in the passive transport 

of Na+ into the root cells (Blumwald et al., 2000; Kronzucker and Britto, 2011). Besides, the entrance of Na+ into 



Introduction 

5 
 

root cells via symplast flow (through the cytoplasm), it also joins the xylem stream by passing through the cell 

wall and the intercellular spaces (apoplastic flow) (Yeo et al., 1987; Kronzucker and Britto, 2011). The passively 

uptaken Na+ ions by the root cells would be transported to the shoots by bulk flow through xylem (Almeida et 

al., 2017). Then the excessively uptaken ions specifically Na+ and/or Cl- would be significantly accumulated in 

the cytosol particularly in that of the older leaves (Abogadallah, 2010; Roy et al., 2014). This toxic level 

accumulation of Na+ and/or Cl- would cause the leakage of electrolytes (due to its toxic effects on the plasma 

membrane), early leaf senescence and tissue necrosis especially in older leaves. Moreover, its toxicity would 

interfere with different metabolic processes in the cytosol and impair them. Consequently, the rate of 

biochemical and physiological activities would be reduced (Ahmad et al., 2014, Hashem et al., 2014; Roy et al., 

2014; Almeida et al., 2017). This is mainly due to the deleterious effect of salt stress (particularly that of NaCl) 

in causing ion imbalance in plant cells (Munns and Tester, 2008). The net influx and accumulation of Na+ in the 

cytosol, leads to ion imbalance, especially that of potassium (K+) in several ways. Increased cytosolic Na+ influx 

caused membrane depolarization which is followed by elevated K+ efflux and in turn, it resulted in reduced 

K+/Na+ ratio and K+ starvation (Tomemori et al., 2002; Cakmak, 2005; Sun et al., 2009; Adams and Shin, 2014).  

Moreover, through inhibition of K+ transporters like HAK5 (carrier-type HUP/HAK/KT transport) (Nieves-

Cordones et al., 2010) and AKT1 (hyperpolarization-activated inward rectifying K+ channel) (Hirsch et al., 1998; 

Fuchs et al., 2005), it significantly impairs the uptake of K+ by root cells (Almeida et al., 2017). On the other hand, 

Na+ competes with K+ for the major binding sites in protein synthesis, ribosome function, enzymatic reactions, 

and generally the key metabolic processes in the cytoplasm due to its physicochemical property similarity with 

K+ (PPI, 1998). Potassium (K+) ion imbalance and starvation, would eventually lead to limited plant growth and 

development (Cakmak, 2005). This is because K+ as being one of the essential macronutrients, it plays key roles 

in regulation of cytosolic pH homeostasis and membrane potential, turgor generation, osmotic adjustment, 

enzyme activation, maintaining electroneutrality and protein activities (PPI, 1998; Zheng et al., 2008; Barragan 

et al., 2012). Since these enzymatic and metabolic activities are mediated by potassium K+
, it cannot be mimicked 

and compensated by Na+ or other cations, hence, it would lead to limited and impaired plant growth (Cakmak, 

2005). 

1.3.2.3.  Oxidative stress  
The concerted effect of salinity induced osmotic and ionic stresses would lead to the generation and high-level 

accumulation of reactive oxygen species (ROS) beyond the plants scavenging capacity by affecting 

photosynthetic function, impairing the plants antioxidant defense machinery, inducing hormones imbalance 

and disruption of plants aerobic metabolism (Chaves and Oliveira, 2004; Hu et al., 2012, 2015).  Specifically, it 

leads to the over reduction of the electron carrier systems such as ubiquinone (UQ) pool following the disruption 

of the tough coupling between ATP synthesis and electron transport chain (ETC), and subsequently, it causes 

significant generation of reactive oxygen species (ROS) (Rhoads et al., 2006; Blokhina and Fagerstedt, 2010). 

Thus, the intracellular high-level accumulation of ROS and/or the disruption of the cellular reduction-oxidation 
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(redox) system would lead to the severe and complicated state of salinity induced disaster to plant cells, 

oxidative stress (Moradas-Ferreira et al., 1996; Teixeira de Mattos and Neijssel, 1997). The detrimental impacts 

of ROS on plant cells include damage on proteins, nucleic acids (DNA and RNA), cell membrane lipids and the 

subsequent electrolyte leakage (EL) and senescence (Huang et al., 2014). Furthermore, unlike the osmotic water 

loss (where it is widely reversed when precipitation adequately compensated the increased evaporative 

demand which is caused by increased temperature), oxidative stress is irreversible and the central factor that 

accounts for the permanent salinity-induced damages in plants. 

 1.3.2.3.1.  What are ROS? 
Reactive oxygen species (ROS) are the byproducts of different metabolic pathways such as aerobic respiration 

that would take place in various subcellular compartments like mitochondria, chloroplasts and peroxisomes (Del 

Rio et al., 2006; Das and Roychoudhury, 2014; Halliwell, 2006; Navrot et al., 2007). ROS generation has been 

taking place from the time, oxygen (O2) evolving photosynthetic organisms have introduced O2 into the reducing 

earth´s atmosphere (Halliwell, 2006). Several reports show that from the entire oxygen consumed by plant 

tissues, only about 1-2% is used for ROS generation (Bhattachrjee, 2005; Das and Roychoudhury, 2014). Both 

oxygen free radicals and some nonradical oxygen derivatives are included in the term reactive oxygen species 

(ROS). When one considers, the term reactive alone, it may also refer reactive chlorine, nitrogen and bromine 

species (Halliwell, 2006). ROS encompass superoxide radical (O2∙−), hydrogen peroxide (H2O2), hydroxyl radical 

(OH∙), singlet oxygen (1O2), hydroperoxyl radical (HO2∙), alkoxy radical (RO∙) and peroxy radical (ROO∙) (Mittler, 

2002; Apel and Hirt, 2004; Mahajan and Tuteja, 2005; Tuteja, 2007). Even if, ROS are continuously produced as 

byproducts of various metabolic pathways and processes, they do not cause cellular damage to plant cells. This 

is because, under normal condition, there is a balance between ROS generation and detoxification. That is, 

under steady state conditions, the level of ROS is regulated by enzymatic and non-enzymatic antioxidative 

scavenging defense systems (Foyer and Noctor, 2005).  However, they become quite dangerous and damaging 

molecules when the delicate balance between ROS generation and scavenging is perturbed by various biotic 

and abiotic environmental stress factors such as pathogen attacks, air pollution, herbicides, nutrient deficiency, 

extremes of temperature, heavy metals, salinity, UV radiation and drought. Thus, disturbance of the equilibrium 

between production and detoxification of ROS (Fig. 1), will lead to a sudden boost in the intracellular ROS level 

and remarkable accumulation (Bhattachrjee, 2005). Consequently, they cause damage to lipids, carbohydrates, 

proteins and nucleic acids due to their toxic and quite reactive nature (Mittler, 2002; Apel and Hirt, 2004; 

Mahajan and Tuteja, 2005; Tuteja, 2007). 
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Figure 1:  Equilibrium between antioxidants (AOX) and oxidants (ROS). Image source: Gill and Tuteja, 2010. 

1.3.2.3.2.  ROS generation in mitochondria: just one example 
ROS are generated at different cellular locations both during normal and stressful conditions (Fig. 2).  

Chloroplasts, peroxisomes, mitochondria, endoplasmic reticulum (ER), plasma membranes and the cell wall are 

the cellular structures where ROS production takes place (Choudhury et al., 2013). With regard to ROS 

production in the mitochondrion, its ETC (mtETC) plays the pivotal role, particularly complex I and Complex III 

(Moller et al., 2007; Noctor et al., 2007). Reports show that ROS (specifically H2O2) generation in mitochondrion, 

used up 1-5% of its entire O2 consumption. Even if, mitochondria produce ROS under normal conditions, its level 

will be remarkably elevated when the delicate balance between ATP synthesis and mtETC is perturbed by 

environmental stresses (e.g. drought and salinity) (Pastore et al., 2007; Blokhina and Fagerstadt, 2010). Such 

perturbed mitochondrial metabolism leads to the leakage of electrons and over reduction of electron carriers 

such as NADH Dehydrogenase (Complex I), and as a result, in its flavoprotein region, it produces O2∙−.  

Moreover, the process is intensified by further over reduction of Complex I as electrons flow from Complex III 

back to Complex I (Turrens, 2003). On the course of ROS generation by mitochondria, the Mn-SOD and the APX 
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convert the generated O2∙− into H2O2 (Sharma et al., 2012). On the other hand, mitochondrial matrix localized 

enzymes such as 1-Galactone-γ-lactone dehydrogenase (GAL) contributes for ROS generation by supplying 

mtETC with electrons and creating over reduced condition which ends up in O2∙− generation. Likewise, the 

enzyme aconitase involved in the direct generation of ROS (Rasmousson et al., 2008). Under dark conditions, 

mitochondrion is the chief producer of ROS. On the other hand, in the presence of light, plastids are the major 

sites of ROS generation along with peroxisomes (Choudhury et al., 2013) and they are the dominant contributors 

of salinity-induced oxidative stress in the upper plant organs. However, in this dissertation, we set aside plastids 

and instead, focused substantially on mitochondria. This is because of the fact that mitochondria are the major 

source of ROS generation in roots under stressful conditions such as salt stress (Rhoads et al., 2006).  And roots 

are the regulators of salt acquisition and translocation (Jung and McCouch, 2013) and they are plant structures 

(organs) where the performance of plants under salt stress is decided in the first place.  

 

Figure 2: Reactive oxygen species (ROS) generation sites in plants. Image source: Sharma et al., 2012. 

 1.3.2.3.3.  Factors that induce ROS generation 
There are different environmental factors that induce ROS generation in plants such as pathogen attack, heavy 

metals, chilling, salinity, drought, herbicides and atmospheric pollutants (Fig. 3) (Mittler, 2002; Mittler et al., 

2004, Karuppanapandian and Manoharan, 2008). For example, in plants, heavy metals like Hg2+ cause the 

accumulation of ROS either by interfering with the metabolic activities of ROS producing organelles and 

compartments or by inhibiting the function of antioxidative enzymes (Overmyer et al., 2003; Mittler et al., 2004; 

Karuppanapandian and Manoharan, 2008; Karuppanapandian et al., 2009). The generated less toxic ROS such 

as H2O2 will be then converted into the highly reactive OH• free radical by Haber-Weiss/ Fenton reaction in the 

presence of transition metals such as Cu2+ and Fe2+ (Karuppanapandian et al., 2011). 
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 Drought and salinity are further treated below as two examples of important abiotic environmental factors that 

trigger ROS generation. During drought stress, abscisic acid (ABA) attempts to mitigate the associated water loss 

through stomatal closure. This leads to minimized available CO2 for photosynthetic activities, which in turn, 

reduces Calvin Cycle mediated regeneration of NADP+. Consequently, the photosynthetic ETC will be 

overreduced and eventually, ROS such as O2∙− will be generated by leakage of electrons to O2 through Mehler 

reaction. Then the generated O2∙− will be converted to highly toxic free radicals via series of chain reactions 

(Karuppanapandian et al., 2011; Sharma et al., 2012). On the other hand, salt stress causes excessive generation 

of ROS such as O2∙−, H2O2, 1O2 and OH∙ through its osmotic and specific ion effects (Hernandez et al., 2000). The 

osmotic effect leads to overproduction of ROS via overreduction of photosynthetic ETC, exposure of the 

photosynthetic machinery to high level of excitation energy and stimulated photorespiration. This is a result of 

photosynthetic activity (CO2 fixation) inhibition due to quite limited CO2 availability which has been emanated 

from stomatal closure. On the other hand, the specific ion effect caused elevated ROS generation by inducing 

various metabolic pathways like photorespiration and by disabling the ETC in subcellular structure such as 

mitochondria and chloroplasts (Sharma et al., 2012). 

 

Figure 3: The different factors that trigger reactive oxygen species (ROS) generation. Image source: Das and Roychoudhury, 

2014. 

1.3.2.3.4.  ROS have dual functions 
During the stress response of plant cells, ROS can play a dual role, in that, they take part in signalling cascade 

and act as second messengers at low/moderate concentration, but they damage biomolecules at higher 
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concentration (Miller et al., 2008; Miller et al., 2010). Reactive oxygen species (ROS) play a pivotal role in 

intracellular signalling, specifically as second messengers at low or moderate concentration (Sharma et al., 

2012). This is due to the fact that ROS are equipped with all the important characteristics that a signalling 

molecule should have, such as being generated rapidly and efficiently whenever needed, and discarded swiftly 

and successfully in the absence of quest for them (Neil et al., 2003). ROS participate in the signalling cascades 

by interacting chemically with target proteins that cause protein modification, and specific atoms like sulphur 

(S) and iron (Fe) (Nathan, 2003). The different ROS, namely O2∙−, H2O2, 1O2 and OH∙ have different capability in 

their function as intracellular signalling molecules. For example, O2∙− due to its inability to pass across 

membranes (because of its negative charge) and instability (due to SOD mediated and spontaneous dismutation 

to H2O2), it is considered as poor signalling molecule (Sharma et al., 2012). On the other hand, H2O2 is quite 

efficient and ideal signalling molecule due to its stability, selective reactivity and ability to diffuse through 

membranes easily (D´Autreaux and Toledano, 2007; Paulsen and Carroll, 2010; Sharma et al., 2012). 

Furthermore, the same ROS type generated in different subcellular compartments plays quite distinct signalling 

role (Sharma et al., 2012). For instance, H2O2 produced in the chloroplast, functions in triggering the biosynthetic 

genes and transcription factors that take part in the generation of secondary messengers whereas H2O2 

produced in peroxisomes deals with the activation of transcripts that involve in protein repair (Sewelam et al., 

2014).  

During early signalling events, within minutes after abiotic or biotic environmental stimuli application, ROS are 

generated along with activation of mitogen-activated protein kinases (MAPKs) and ions flux across the plasma 

membrane (Benschop et al., 2007; Finka et al., 2012). Environmental stress induced influx of Ca2+ results in 

increased cytosolic Ca2+ level which activates respiratory burst oxidase homolog (RboH) both directly and 

indirectly (through stimulation of series of events that trigger calcium-dependent protein kinases that activate 

RboHs by phosphorylation) (Mittler et al., 2011; Dubiella et al., 2013; Gilroy et al., 2014). The ROS generated by 

the activated RboHs shall be detected by the nearby cells, and as a result, further calcium influx will be triggered, 

and their own RboHs shall be activated by the increased Ca2+ level. This signalling process will lead to systemic 

response to abiotic and/or biotic stresses by its auto-propagation from cell to cell throughout the whole plant 

(Choudhury et al., 2017). ROS also play signalling role through their effect on the cellular redox balance or 

homeostasis (Mittler, 2017).  For example, variation in ROS concentration causes change in the cellular redox 

balance that will be sensed and translated into quite different signals by various pathways which end in the 

generation of adaptive responses by directing the cells in question to do so (Foyer and Noctor, 2005). Moreover, 

the signalling role of ROS is manifested indirectly through the detection of products of ROS damaged cells (Evans 

et al., 2005) or sensing variation in cellular redox potential (Price et al., 1994).  

Even if, ROS at low/moderate concentration act as second messengers and actively participate in intracellular 

signalling cascades; at higher concentration, they cause oxidative damage that ends up in cell death through the 
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destruction of important biomolecules particularly lipids, proteins and DNA (Fig. 5) (Choudhury et al., 2013; Das 

and Roychoudhury, 2014). In plant cells, when the controlled and sustainable ROS production through lipid 

peroxidation (LPO) exceeds the optimum level under the influence of environmental cues, it becomes quite 

damaging. It affects membrane phospholipids by attacking the glycerol-fatty acid ester linkage and the carbon-

atoms double bond. Moreover, among the most important components of plasma membrane, ROS specifically 

target the polyunsaturated fatty acids (PUFAs) such as linolenic acid and linoleic acid. Even if, other ROS 

members are also participating in LPO, the hydroxyl radical is the most serious and damaging one. This is 

because it has a potential to maximize and exacerbate the oxidative damage to lipids, proteins and DNA by 

inducing series of cyclic chain reactions. Thus, ROS affect different cellular and biochemical activities through 

LPO such as deactivation of membrane-localized enzymes, ion-channels and membrane receptors and making 

the plasma membrane non-selective and leaky through the augmentation of its fluidity (Das and Roychoudhury, 

2014). LPO occurs in three consecutive and interconnected steps such as initiation, propagation and 

termination. During initiation step, free radicals such as O2∙− and OH∙ are generated by energizing molecular 

oxygen. The generated ROS, specifically, OH∙ leads to the production of PUFA alkyl radical (PUFA∙) by interacting 

with methylene groups of PUFA (Smirnoff, 2000). At propagation step, the peroxyl radical (PUFA-OO∙) generated 

as a result of interaction of PUFA∙ with O2, will extract hydrogen atom from the neighboring PUFA side chains 

and induces the LPO propagation process. Consequently, lipid epoxides, hydro-peroxide, aldehydes, and alkoxyl 

radicals are generated. Eventually, the various lipid derived radicals generated in the entire process will interact 

with one another and terminate the process by the formation of lipid dimers (Fig. 4) (Bhattacharjee, 2005; Das 

and Roychoudhury, 2014). 



Introduction 

12 
 

 

  Figure 4: The three consecutive and interconnected lipid peroxidation (LPO) steps. ́ R´ represents the polyunsaturated fatty 

acid (PUFA).  Image source: Bhattacharjee, 2005. 

The environmental stress induced and LPO aggravated ROS, oxidize proteins through direct or indirect chemical 

modifications (Das and Roychoudhury, 2014). Direct proteins chemical modifications such as glutathionylation, 

disulfide bond formation, nitrosylation and carboxylation cause the specific protein in question to carry out a 

different function. On the other hand, proteins are modified indirectly through their interaction with the LPO 

products. Those amino acids containing thiol groups as well as sulfur are the hotspots for ROS attack. In general, 

amino acids respond differently to the ROS assault.  Amino acids such as tryptophan (Trp), threonine (Thr), 

arginine (Arg), lysine (Lys) and proline (Pro) will be made quite fertile targets for proteolytic degradation after 

being altered by site specific modification which is orchestrated by the increased ROS concentration. Overall, 

ROS attack proteins through enzyme inactivation, amino acids modification, peptide chain breakage and 

increased proteolytic degradation (Moller et al., 2007; Das and Roychoudhury, 2014). 

ROS attack DNA through nucleotide nitrogenous base modification, deoxyribose sugar residue oxidation, 

removal of a nucleotide, DNA strand breakage and protein-DNA crosslinking (Das and Roychoudhury, 2014). The 

hydroxyl radical, OH∙ interacts with the purine and pyrimidine double bonds and also assaults the deoxyribose 

sugar backbone by abstracting the H-atom (Halliwell, 2006). Furthermore, the removal of H-atom from the 

Carbon-4 of the deoxyribose sugar will lead to DNA single strand breakage via the formation of deoxyribose 

radical (Evans et al., 2004). In general, both chloroplastic and mitochondrial DNA are the hotspots for ROS attack 
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unlike the nuclear DNA. This is because of their close subcellular localization to the ROS generating apparatus 

and the absence of histone mediated protection (Das and Roychoudhury, 2014). 

 

Figure 5: Effects of ROS on biomolecules such as DNA, protein and lipid. Image source: Das and Roychoudhury, 2014. 

1.4.  Plants response to salt stress 
In plants response to salt stress, the stress needs to be perceived and sensed by receptors such as ion channels, 

histidine kinase, G-protein-coupled receptors, receptor like kinase and so on at the membrane level before the 

signal is transduced into the nucleus via secondary messengers (Tuteja, 2007). 

1.4.1.  Sensing salt stress 
In order to cope up with the destructive effects of salt stress, plants need to perceive and sense both osmotic 

and ionic (Na+/Cl-) stresses at the cellular and whole plant level. Even if, the exact mechanisms of sensing these 

two stresses have not been well elucidated (Almeida et al., 2017), they are sensed by trans-membrane proteins 

situated on the surface of plasma membrane or enzymes localized in the cytosol. The sodium ion (Na+) which is 

the key component of salinity induced ionic stress, could be sensed extracellularly (by a membrane receptor) 

and/or intracellularly (by Na+-sensitive cytosolic enzymes or membrane proteins) (Zhu, 2003). Moreover, the 

Na+/H+ antiporter, salt overly sensitive 1 (SOS1) is also considered as both Na+ sensor and transporter (Shi et al., 

2000; Zhu, 2003). 

1.4.2.  Salt stress signaling network: Ca2+/SOS cascade-just one example 
Plants have very complex salinity stress signalling pathways that involve multiple components such as Ca2+, salt 

overly sensitive (SOS) pathway, reactive oxygen species (ROS), mitogen-activated protein kinases (MAPKs), 

phytohormones [e.g. abscisic acid (ABA) and jasmonic acid (JA)] and nitric oxide (Tuteja, 2007; Che-Othman et 
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al., 2017). However, here, we shall consider only Ca2+/salt overly sensitive (SOS) signalling cascade (Fig. 6) which 

is among the earliest signalling pathways being triggered by salt stress (Roy et al., 2014). Ca2+ initiates signal 

transduction pathways vis-à-vis salt tolerance after being released from the apoplastic space (extracellular 

source) and also from different intracellular compartments as a result of increased Na+ ions concentration under 

salt stress (Knight et al., 1997). The elevated cytosolic Ca2+ level is sensed by salt overly sensitive 3 (SOS3), and 

consequently, the latter would be activated and interacted with salt overly sensitive 2 (SOS2) protein kinase. 

The generated SOS3-SOS2 complex activates the vacuolar H+-ATPase and PPase and helps the establishment of 

a robust electrochemical proton gradient across the tonoplast where other important downstream processes 

depend on (Dietz et al., 2001). Then using the generated proton motive force (pmf), SOS3-SOS2 complex 

participates in the pumping of Na+ and Ca2+ into the vacuole by stimulating the vacuolar Na+/H+ exchanger (NHX) 

and H+/Ca2+ exchanger (CAX1) respectively. Furthermore, it triggers the exclusion of Na+ out of the cytosol by 

activating the plasma membrane localized Na+/H+ antiporter or salt overly sensitive 1 (SOS1) (Qiu et al., 2003, 

2004; Tuteja, 2007).  

 

Figure 6: The Ca2+/ salt overly sensitive (SOS) signaling cascade. SOS1, SOS2 and SOS3 (salt overly sensitive 1, 2 and 3), CAX= 

H+/Ca2+ exchanger (antiporter), ATPase= Vacuolar type and plasma membrane localized ATPase, PPase = Proton-pumping 

pyrophosphatase, NHX= Vacuolar Na+/H+ exchanger (antiporter), HKT= Low affinity sodium transporter and SOS= salt overly 

sensitive. Image source: Che-Othman et al., 2017.  



Introduction 

15 
 

1.5.  Plant hormones and salt stress 
Through several years of co-existence, plants have developed various mechanisms to cope up with the 

detrimental effects of salinity (Ismail et al., 2012). These mechanisms are dependent on multiple and various 

factors; however, phytohormones are considered the most important endogenous substances that modulate 

the sophisticated molecular and physiological responses of plants under abiotic stresses in general (Velitchkova 

and Fedina, 1998; Sreenivasulu et al., 2012; Golldack et al., 2014; Fahad et al., 2015). They include cytokinins 

(CKs), abscisic acid (ABA), auxin (IAA), brassinosteroids (BRs), salicylic acid (SA), ethylene (ET) and jasmonates 

(JAs) (Balbi and Devoto, 2007; Wani et al., 2016). Jasmonic acid (JA), its derivatives such as methyl jasmonate 

(MeJA), jasmonyl-isoleucine (JA-Ile) and its biological active precursor 12-oxo-phytodenoic acid (OPDA), 

collectively referred as jasmonates (JAs) are crucial signaling molecules that regulate a broad spectrum of plant 

physiology and actively participate in plant responses to multitude biotic and abiotic stresses (Wasternack, 

2007; Browse, 2009; Avanci et al., 2010; Hazman et al., 2015; Samota et al., 2017). They have great potential to 

mitigate cascades of threatening environmental stresses (Dar et al., 2015) such as Uv irradiation (Demkura et 

al., 2010), drought (Seo et al., 2011), salinity (Pauwels et al., 2009). Moreover, their role in drought and salinity 

tolerance (reviewed in Riemann et al.,2015), temperature stress tolerance (reviewed in Sharma and Laxmi, 

2016), salinity, drought, heat and cold stress tolerance (reviewed in Samota et al., 2017), and biotic and abiotic 

stress tolerance in general (reviewed in Avanci et al., 2010; Ahmad et al., 2016). 

1.5.1.  Role of jasmonates (JAs) in plant salt tolerance 
Jasmonates (JAs) play a positive role in the abiotic and biotic stress tolerance of plants. Studies showed that 

exogenous application of both JA (Kang et al., 2005; Ismail et al., 2012) and MeJA (Yoon et al., 2009; Del Amor 

and Cuadra-Crespo, 2011) conferred salt tolerance in plants. Moreover, overexpression of the transcription 

factor, OsbHLH148 which is one component of jasmonate signaling pathway resulted in drought tolerance of 

rice (Seo et al., 2011) and similarly, the constitutive expression of TaAOC1 gene imparted salt tolerance in bread 

wheat by elevating JA level (Zhao et al., 2014). Moreover, overexpression of OsOPR7 in Arabidopsis opr3 mutant 

rescued seed germination failure and restored male sterility (Tani et al., 2008). Exogenous application of MeJA 

and OPDA (only partially) rescued coleoptile growth JA-deficient mutant hebiba of rice under red-light 

irradiation (Riemann et al., 2003) and JA conferred resistance to blast fungus in rice (Riemann et al., 2013). On 

the other hand, pretreatment of salt stressed barely with JA resulted in improved salt tolerance (Walia et al., 

2007).  Recently, Zhang et al. (2017) reported that increased JA level was responsible for salt tolerance in sweet 

potato. On the contrary, jasmonates (JAs) are negative regulators of abiotic stress tolerance of plants such as 

salinity (Toda et al., 2013; Hazman et al., 2015), drought (Harb et al., 2010; Dhakarey et al., 2017) and both 

drought and salinity (Ye et al., 2009). And it negatively regulated IAA-induced coleoptile growth (Ueda et al., 

1994).  
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1.6.  Plants salt stress tolerance mechanisms 
Plants respond to soil salinity stress through compatible solutes accumulation (osmotic stress tolerance), ion 

homeostasis (ionic stress tolerance) and antioxidative defense (oxidative stress tolerance) (Munns and Tester, 

2008; Gupta and Huang, 2014).  

 1.6.1. Compatible solutes accumulation: osmotic stress tolerance mechanism 
Plants mitigate the detrimental effects of salinity induced osmotic stress (water deficit) through the synthesis 

and accumulation of compatible solutes in the cytosol and/or sequestration of Na+ and/or Ca2+ in the vacuole 

(Ashrafijou et al., 2010; Nabati et al., 2011; Abbasi et al., 2016). These compatible solutes (osmolytes) include 

proline, glycine betaine, free amino acids, sugars, quaternary ammonium compounds and polyols (Ashraf and 

Foolad, 2007; Hoque et al., 2007; Abbasi et al., 2016). Cells maintain the concentration of compatible osmolytes 

either by synthesis coupled with degradation or irreversible synthesis. Due to their high cytosolic concentration, 

the compatible solutes create hypotonic condition that causes the continuous entry of water into the cell. Thus, 

by doing so, they maintain the osmotic balance and protect cellular structures (Bohnert et al., 1995; Hasegawa 

et al., 2000; Gupta and Huang, 2014; Abbasi et al., 2016). Apart from taking part in turgor pressure maintenance, 

compatible solutes protect and stabilize membranes, proteins, protein complexes and enzymes from 

dehydration (water deficit) and ionically orchestrated damage, and also act as reactive oxygen species 

scavengers (Gadallah, 1999; Ashraf and Foolad, 2007; Hoque et al., 2008; Gupta and Huang, 2014; Muchate et 

al., 2016). While they carry out these important cellular functions, they do not interfere with cellular 

metabolisms as well as enzyme activities even at elevated concentration. This emanates from their polar, 

uncharged and water solubility nature (Ashrafijou et al., 2010; Nabati et al., 2011; Gupta and Huang, 2014). 

1.6.2.  Ion homeostasis: ionic stress tolerance mechanism 
Under high soil salinity conditions, the root cells cytosol would be flooded with Na+ ions that enter through 

selective/non-selective transporters or cation channels (Chinnusamy et al., 2005). The increased soil solution 

Na+ concentration causes plasma membrane depolarization and subsequent K+ leakage. Moreover, since both 

Na+ and K+ make use of similar transport mechanism, the former may better compete with the latter, and result 

in low cytoplasmic K+ concentration. Nevertheless, for normal and optimal cellular activities, cells should 

maintain low cytosolic Na+ concentration (  1mM) and high K+ level (~100mM) (Munns and Tester, 2008; Gupta 

and Huang, 2014). Plants protect themselves from the deleterious effects of excess Na+ ions by pumping them 

into the vacuole, sequestering in older leaves and/or excluding them out of the cytosol (Zhu, 2003). They 

transport the excess cytosolic Na+ into the vacuole by means of vacuolar Na+/H+ antiporter and vacuolar Na+/H+ 

exchanger (NHX). Both transporters are energized by the electrochemical potential gradient generated by H+-

pumps such as H+-ATPase (V-ATPase) and vacuolar pyrophosphatase (V-PPase) (Wang et al., 2001; Zhu, 2002; 

Mahajan et al., 2006). Furthermore, the excessive entry of Na+ into root cells cytosol is blocked by a low-affinity 

Na+ ion transporter, the histidine kinase transporter (HKT) (Platten et al., 2006; Tuteja, 2007). On the other hand, 
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the plasma membrane Na+/H+ antiporter plays a pivotal role in ion homeostasis by excluding Na+ ions out of the 

cytosol (Na+ efflux). This antiporter depends on the SALT OVERLY SENSITIVE (SOS) stress signaling pathway 

(Hasegawa et al., 2000) that consists of three important proteins, namely, SOS1, SOS2 and SOS3 (Gupta and 

Huang, 2014). The SOS stress signaling commences when Ca2+ is being released from both extracellular and 

intracellular sources as a result of increased Na+ concentration. The released Ca2+ binds with SOS3 protein (Ca2+ 

sensor) and then the SOS3 liberates the SOS2 protein from its self-inhibition by interacting with it and forming 

SOS3-SOS2 complex. The generated complex phosphorylates the plasma membrane localized SOS1 (PM-Na+/H+ 

antiporter), and eventually, the SOS1 is activated and pumps Na+ effectively out of the cytosol (Mahajan et al., 

2006; Martinez-Atienza et al., 2007; Gupta and Huang, 2014). 

1.6.3.  Antioxidative defense: oxidative stress tolerance mechanism 
Plants have developed a sophisticated enzymatic and non-enzymatic antioxidative defense system to scavenge 

the reactive oxygen species (ROS) generated owing to salinity induced oxidative stress (Muchate et al., 2016). 

Ascorbate peroxidase, glutathione reductase, superoxide dismutase, catalase, glutathione peroxidase, 

monodehydroascorbate reductase, dehydroascorbate reductase, glutathione-S-transferase and guaiacol 

peroxidase form the enzymatic antioxidative defense system. On the other hand, the non-enzymatic ROS 

scavenging system is composed of carotinoids, glutathione, phenolic compounds, ascorbic acid, non-protein 

amino acids, alkaloids and alpha tocopherols (Gill and Tuteja, 2010). 

1.6.3.1.  Enzymatic antioxidative defense system 

The enzymatic antioxidative defense system is localized in various subcellular structures and includes catalase 

(CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX), dehydroascorbate reductase (DHAR), 

monodehydroascorbate reductase (MDHAR), guaiacol peroxidase (GPX) and glutathione reductase (GR) 

(Karuppanapandian et al., 2011; Das and Roychoudhury, 2014). 

1.6.3.1.1. Catalase (CAT) 

CAT (E.C 1.11.1.6) is a tetrameric heme contacting enzyme which is predominantly localized in the peroxisomes 

where there is high rate of H2O2 generation (Mittler, 2002). Moreover, irrespective of the absence of significant 

antioxidative activity, it can also be found in other subcellular compartments such as chloroplasts, cytosol and 

the mitochondria (Mhamdi et al., 2010). During stressful conditions, there would be high rate of catabolism so 

as to meet the huge energy demand. Consequently, a great deal of H2O2 would be released as a by-product of 

the catabolic process. Thus, the main role of CAT is the dismutation of the produced H2O2 into H2O and O2 with 

quite greater turnover rate (6x106 molecules of H2O2 to H2O and O2 min-1). However, with respect to the organic 

peroxides (R-O-O-R), CAT has low specificity (Das and Roychoudhury, 2014). 

                 H2O2                    H2O + (1/2) O2 
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1.6.3.1.2. Superoxide Dismutase (SOD)  

SOD (E.C. 1.15.1.1) is among the family of metalloenzymes, and it occurs in all aerobic organisms. Based on the 

specific metal cofactor to which it binds, there are three isozyme forms of SOD. These are Cu/Mn-SOD (localized 

in chloroplasts, cytosol and peroxisomes), Mn-SOD (localized in mitochondria) and Fe-SOD (localized in 

chloroplasts) (Mittler, 2002).  SODs catalyze the disproportionation of O2∙− into O2 and H2O2. Thereby, they 

impede the occurrence of the Haber-Wess reaction which generated the highly toxic and lethal free radical, OH∙ 

(Das and Roychoudhury, 2014). 

 O2∙− +  O2∙− + 2H+                           2H2O2 + O2 

1.6.3.1.3. Ascorbate peroxidae (APX) 

APX (E.C. 1.1.11.1) carries out the disproportionation of H2O2 to H2O and dehydroascorbate (DHA) in the 

chloroplast and cytosol by making use of ascorbic acid (AA) as reducing agent. APX is the main component of 

ascorbate glutathione (ASC-GSH) cycle and it detoxifies H2O2 quite efficiently during environmental stressful 

condition due to the fact that it has higher affinity to H2O2 than CAT (Asada, 2000; Das and Roychoudhury, 2014). 

Studies show that the overexpression of the cytosolic APXs in Arabidopsis plants imparted salinity stress 

tolerance as compared to the wild-type counter parts (Lu et al., 2007). 

                            H2O2 + AA                                                2H2O +DHA 

1.6.3.1.4. Monodehydroascorbate reductase (MDHAR) 

MDHAR (E.C. 1.6.5.4) deals with maintaining the cellular ascorbic acid (AA) pool by regenerating it using the 

NADPH as reducing agent from a transient monodehydroascorbate (MDHA). It performs this AA regeneration 

activity in the peroxisomes and mitochondria where CAT scavenges H2O2 and oxidizes AA (Del Rio et al., 2002; 

Mittler, 2002). There are mitochondria, chloroplast, peroxisomes, cytosol and glyoxysomes localized isozymes 

of MDHAR (Das and Roychoudhury, 2014). 

MDHA + NADPH                              AA + NADP+ 

1.6.3.1.5. Dehydroascorbate reductase (DHAR) 

DHAR (E.C. 1.8.5.1) it catalyzed the regeneration of one of the major antioxidants in plants, ascorbic acid (AA), 

where using the reduced glutathione (GSH) as an electron acceptor, it reduces dehydroascorbate (DHA) to AA 

(Eltayeb et al., 2007; Karuppanapandian et al., 2011). Thus, it greatly contributes in maintaining the redox state 

of plant cells by regulating both symplastic and apoplastic AA pool size (Chen and Gallie, 2006). In both 
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Arabidopsis and Tobacco plants, the overexpression of DHAR resulted in a better environmental stress tolerance 

(Chen and Gallie, 2006; Eltayeb et al., 2007). 

              DHA + 2GSH                                      AA + GSSG 

1.6.3.1.6. Glutathione reductase (GR) 

GR (E.C. 1.6.4.2) is a crucial enzyme localized in the mitochondria and cytosol to a certain extent and 

predominantly in chloroplasts, and it takes part in the regeneration of ascorbic acid (AA). It regenerates AA from 

MDHA and DHA using reduced glutathione (GSH) which is resulted from the NADPH mediated reduction of 

glutathione disulphide (GSSG) (Noctor and Foyer, 1998; Das and Roychoudhury, 2014). Moreover, GR maintains 

a high cellular GSH/GSSG ratio by catalyzing the NADPH-dependent disulphide bond formation (Noctor and 

Foyer, 1998; Asada, 2000). Studies depicted that in pea (Hernandez et al., 2001) and French bean (Phaseolus 

vulgaris) (Negesh and Devaraj, 2008), increased GR activity and a subsequent accumulation of GSH, resulted in 

abiotic stress tolerance (Karrupanapandian et al., 2011). 

                 GSSG + NADPH                                     2GSH + NADP+ 

1.6.3.1.7. Guaiacol peroxidase (GPX) 

GPX (E.C. 1.11.1.7) is a ´stress enzyme´ which removes excess H2O2 produced both under normal and stressful 

conditions by oxidizing certain substances and making use of the former free radical in the process 

(Karrupanapandian et al., 2011; Das and Roychoudhury, 2014). Aromatic compounds such as guaiacol and 

pyragallol are preferred electron donors of GPX in oxidizing ascorbate. GPXs function in the cell wall, vacuole, 

cytosol and extracellular space in the consumption and subsequent removal of H2O2 using both its extra- and 

intracellular forms (Asada, 2000; Jebara et al., 2005; Karrupanapandian et al., 2011). Under salinity stress, the 

GPX activity has been increased in common bean (Phaseolus vulgaris) (Jebara et al., 2005). 

                 H2O2 + GSH                                        H2O + GSSG 

1.6.3.2. Non-enzymatic antioxidative defense system 

The non-enzymatic antioxidative defense system that take part in protecting cellular components from 

antioxidative stress-induced damage include, ascorbic acid (AA), α-tocopherols, carotenoids, reduced 

glutathione (GSH), flavonoids, phenolic compounds and the amino acid, proline (Das and Roychoudhury, 2014). 

1.6.3.2.1. Ascorbic acid (AA) 

AA is well characterized, the most abundant and the main ROS-scavenging antioxidant compound in the 

aqueous phase that donates electrons to various enzymatic and non-enzymatic reactions (Horemans et al., 
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2000; Smirnoff, 2000; Das and Roychoudhury, 2014). Through APX mediated reaction, it can reduce H2O2 to H2O, 

and also directly detoxify O2∙−, OH• and 1O2 (Noctor and Foyer, 1998). In chloroplasts, it dissipates the excess 

energy by acting as a cofactor for Violoxanthin de-epoxidase and protects and preserves the activities of 

enzymes that have metal cofactors (Smirnoff, 2000).  

1.6.3.2.2. Reduced glutathione (GSH) 

GSH is a tripeptide (γ-glutamyl-cysteinyl-glycine) occurs in chloroplasts, endoplasmic reticulum (ER), 

mitochondria, cytosol, vacuoles, apoplast and peroxisomes with multitude functions (Noctor and Foyer, 1998; 

Das and Roychoudhury, 2014). Due to its elevated reducing potential that emanates from the central cysteine 

residue being equipped with nucleophilic character, it detoxifies H2O2 and gets rid of OH•, O2∙− and 1O2 non-

enzymatically. Furthermore, it reduces different biomolecules in the presence of organic free radicals or ROS, 

and generates GSSG as a byproduct, consequently, protects them from oxidative damage. On the other hand, it 

maintains the GSH cellular pool through AA regeneration and production of GSSG. As result, it enables to 

regulate the cellular redox environment through the maintenance of redox equilibrium in different cellular 

structures by the former along with the latter (Noctor and Foyer, 1998; Halliwell, 2006; Karuppanapandian et 

al., 2011). 

1.6.3.2.3. α-Tocopherol (α-TOC) 

The α-TOCs are among lipophilic antioxidants that are components of biological membranes and protect them 

from oxidative damage by scavenging lipid radicals as well as ROS (Holländer-Czytko et al., 2005). The TOCs 

occur only in plants green tissues as they are produced only by photosynthetic organisms. Even if, there are four 

isomers (α-. ꞵ-, γ- and δ-) of TOCs, it is the α-tocopherol which is equipped with a great deal of antioxidant 

capability. TOCs protect both the structure and activity of PSII by reacting with O2 and quenching the associated 

excess energy. Moreover, α-tocopherol, interacts with the products of the polyunsaturated fatty acid (PUFA) 

oxidation such as RO•, ROO• and RO* at the membrane-water boundary. Thereby, they break and prevent chain 

propagation step during lipid peroxidation (LPO). In this interaction, α-tocopherol reduces the lipid radicals, and 

in the process, it will be changed into α-tocopherol radical (TOH•).  Eventually, the latter will be converted into 

its reduced form and recycled by interacting with AA, GSH or other antioxidants (Igamberdiev et al., 2004). On 

the other hand, membrane structures are immune from the destructive effect of tocopherols by the 

complexation of TOCs with lysophospholipids and free fatty acids (Karuppanapandian et al., 2011). In plants 

under different abiotic stressful situations, elevated level of α-TOCs has been reported (Lendford and Niyogi, 

2005). 

 



Introduction 

21 
 

1.6.3.2.4. Carotenoids (CARs) 

CARS are lipophilic antioxidants that belong to plants light harvesting machinery (antennae molecules) that 

transfer the light energy to chlorophyll molecules after absorbing it at 450-570nm wavelength range. Thus, they 

act as accessory light harvesting pigments in chloroplasts. Nevertheless, their prominent function is the 

protection of photosystems (PSI and PSII) mainly from oxidative damage. Thus, they play antioxidative role. They 

carry out this feat by directly quenching 3Chl* or excited chlorophyll (Chl*) and avoids 1O2 generation as a result, 

detoxify 1O2 and generating heat as a byproduct, dissipating excess excitation energy via the xanthophyll cycle, 

and halting chain reaction by reacting with LPO products (Collins, 2001; Karuppanapandian et al., 2011; Das and 

Roychoudhury, 2014). Since CARs are proximate to chlorophyll, energy is transferred from chlorophyll to them 

during 3Chl* quenching. Consequently, CARs are the competitive inhibitors of 1O2 generation (Collins, 2001). 

1.6.3.2.5. Flavonoids 

Flavonoids are common in plants and there are four different types based on their structure. These are 

anthocyanins, flavones, isoflavones and flavonols (Das and Roychoudhury, 2014). Flavonoids alleviate the 

oxidatively damaged outer chloroplastic membrane by scavenging 1O2 (Agati et al., 2012). Moreover, they 

protect the photosynthetic machinery assaulted by excess excitation energy, and as a result, they act as 

secondary ROS scavengers in plants (Fini et al., 2011). 

1.6.3.2.6.  Phenolics  

Phenolic compounds are secondary metabolites that include tannins, lignin and hydroxycinnamate esters.  Due 

to their chain-breaking (through stabilization and delocalization of unpaired electrons) and Fenton reaction 

terminating (via transition metal ions chelating) function, phenolics play crucial antioxidative role in plants. 

Moreover, they halt lipid peroxidation by restricting the diffusion of free radicals through reduced membrane 

fluidity as a result of lipid packing order modification (Arora et al., 2002; Blokhina et al., 2003; Karuppanapandian 

et al., 2011).  Furthermore, they take part in ROS detoxification (Winkel-Shirley, 2002). 

1.6.3.2.7. Proline 

The osmolyte proline is a non-enzymatic antioxidant that neutralizes the detrimental effects of various ROS. It 

counteracts LPO induced damages as well as removes 1O2 and OH• efficiently (Das and Roychoudhury, 2014). 

Studies show that either due to elevated generation or minimized cellular degradation, proline level has 

increased under stressful environmental conditions (Verbruggen and Hermans, 2008). 
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1.7. Soil salinization and the fate of crop production 

Since soil salinity is accentuating from time to time due climate change driven elevated irrigation practice with 

salt-rich water, there should be appropriate measures to circumvent the problem. There have been several 

attempts to tackle the problem by producing salt tolerant crop cultivars besides the efforts through physical and 

chemical approaches. In general, two biological approaches have been used in generating salt tolerant crop 

cultivars (from salt tolerant wild relatives and halophytes) such as breeding and genetic engineering. In this 

effort, the newly developed approaches like genome engineering are used along with the traditional approaches 

instead of replacing them (Nongpiur et al., 2016). So far, several transgenic plants have been developed by 

overexpressing the Na+/H+ antiporter genes particularly the vacuolar antiporters (Khan, 2011). For example, 

transgenic Brassica plants that overexpressed AtNHX1(Zhang et al., 2001) and transgenic tobacco plants that 

overexpressed BnNHX1 genes (Wang et al., 2004) were produced and they showed improved growth under 

200mM NaCl as compared to the respective wild types. However, most of the attempts so far are on the level 

of downstream response, there are only very few examples addressing the problem at the signaling level. Thus, 

in this dissertation, to understand, how oxidative stress is sensed and compensated in root cells, we used a 

cellular model wild type (WT) tobacco plant [Nicotiana tabacum L. cv Bright Yellow-2 (BY-2)]. We tried to impart 

salt tolerance to wild type tobacco BY-2 suspension cultured cells using genetic engineering (by overexpressing 

OPR7 gene from rice) and chemical engineering (by treating the WT BY-2 cells with a trojan peptoid called plant 

PeptoQ prior to the onset of salt stress). Both the OsOPR7-GFP gene [that we used to generate the OsOPR7 

overexpressor (OE) BY-2 cells] and the peptoid which is a semiquinone mimetic of coenzyme Q10 called plant 

PeptoQ (that we used to engineer redox balance in the mitochondria) are discussed in detail below. 

1.8. Attempts to confer salt tolerance to wild-type (WT) tobacco BY-2 cells 
In this study, it has been attempted to impart salt tolerance to tobacco BY-2 cells in two ways: First, a cell 

penetrating peptoid called plant PeptoQ (with a mitochondria-targeting motif and a semiquinone mimetic of 

coenzyme Q10) was used  to target mitochondria and confer improved resilience to salt stress. Second, the 

OsOPR7 gene that encodes for the OPR7 enzyme which converts OPDA to JA was overexpressed in wild type 

tobacco BY-2 cells, and consequently, the overexpressor became resistant to the detrimental effects of salt 

stress. Therefore, the peptoid, plant PeptoQ pretreatment and OsOPR7 overexpression in WT BY-2 cells are the 

two important tools used to confer salt tolerance to BY-2 cells and also, they dictate the whole story of this 

dissertation. The detailed background information in relation to these two tools has been explained below. 

1.8.1. Mitochondrial targeting 
When fairly general small molecules such as ROS can evoke quite different cellular responses depending on their 

subcellular localization (for instance, apoplast versus mitochondria), it might be this subcellular localization that 

confers specificity. To experimentally address the hypothesis that the information conveyed by a given molecule 
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depends on the spatial coordinates of this molecule would require that the accumulation of ROS can be 

controlled differentially depending on the respective intracellular region. Although, it is possible to modulate 

steady-state levels of ROS by scavenging enzymes such as superoxide dismutase (SOD) or catalase (CAT) as well 

as by non-enzymatic antioxidants such as ascorbate or tocopherols (Karuppanapandian et al., 2011), this 

modulation is global, acting on the entire cell in the first place. To scavenge ROS in specific sites of the cell (for 

instance, in the mitochondria), leaving their accumulation in other sites of the cell (for instance, in the apoplast) 

untouched, is a task that is more challenging. Genetic engineering, as such, is a scalar approach and cannot be 

used in a straightforward manner to address spatial patterns of signals (although it would be possible, in 

principle, to achieve this goal by expression of scavenging enzymes under control of appropriate signal 

peptides). To modulate steady-state levels of ROS by targeting antioxidants to a specific target site within the 

cell, would be more straightforward. However, such a strategy based on chemical engineering would require 

molecular vehicles that can pass membrane barriers and carry their functional cargo to the site of interest. 

To this effect, there are cell penetrating peptides (CPPs) or protein transduction domains (PTDs) that can carry 

functional cargoes and pass across the plasma membrane (Rolland, 2006; Wagstaff and Jans, 2006). In 

mammalian system, proteins, plasmids, peptides, nucleic acids, siRNA, liposomes and nanoparticles have been 

effectively delivered (Jarver and Langel, 2006; Torchilin, 2007). In plants, even though, reports on their 

application are quite sporadic (Chugh et al., 2009), their uptake by protoplasts derived from tobacco suspension 

cell and triticale mesophyll protoplasts has been achieved (Mäe et al., 2005; Chugh and Eudes, 2008). Organelle-

specific delivery systems, particularly, mitochondria-specific delivery of bioactive cargos have got due attention 

in recent years (Cerrato et al.,2016). As a result, peptides that target mitochondria, Szeto-Schiler (SS) with strong 

antioxidant capacity (in reducing intracellular ROS) and impeding cell death (at low concentration) have been 

introduced (Zhao et al., 2003, 2004; Szeto, 2006). More recently, mitochondrial cell-penetrating peptides 

(mtCPPs) with much more improved antioxidant properties and greater cellular entry without any sort of toxicity 

(even at higher concentration) and in the absence of mitochondrial membrane potential (∆ψm) and ATP 

generation perturbances have been synthesized (Cerrato et al., 2015). Although these cationic CPPs are effective 

in vitro, their bioavailability is limited in vivo due to hydrolysis by proteases (Nam et al., 2018). Thus, 

peptidomimetics such as peptoids could serve as excellent alternative due to their high stability in vivo 

(Eggenberger et al., 2009). Unlike CPPs, the side chain in peptoids (oligo-N-alkylglycines) is linked to the amide 

nitrogen instead of α carbon (Simon et al., 1992; Olivos et al., 2002). Consequently, they are suitable in delivering 

cargoes of interest into animal (Nam et al., 2018) and plant (Eggenberger et al., 2009) cells. Mitochondrial 

targeting peptoids with extremely rapid and efficient mitochondrial localization with minimal negative effects 

have come into play recently (Nam et al., 2018). Generally, despite the fact that cell penetrating peptoids 

(CPPos) have been successfully synthesized and applied as effective, water soluble and nontoxic molecular 

vehicles (Simon et al., 1992), there are no scientific reports vis-à-vis the consequence of their interaction with 

the host cell.  
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1.8.1.1. Cell-Penetrating peptides (CPPs) 
Cell penetrating peptides (CPPs) or protein transduction domains (PTDs) are short peptide sequences that often 

contain at most 30 amino acids (Singh et al., 2018). The idea of CPPs came into play 30 years ago, following the 

discovery of the transcription trans-activating (TAT) from HIV-1 (Frankel and Pabo, 1988; Green and 

Loewenstein, 1988), homeodomain of the protein antennapedia from fruit fly (Drosophila melanogaster) (Joliot 

et al., 1991) and VP22, an herpes virus protein (Elliot and O´Hare, 1997) which were able to enter cells, and even 

to the cell nucleus passing through the cell membrane. Since then the number of different varieties of CPPs 

being identified increased sharply and the field of CPPs developed accordingly (Cerrato et al., 2016). The CPPs 

are well known for their ability of penetrating the cell membrane and delivering a bioactive cargo which has 

much greater molecular weight as compared to theirs (Lindgren et al., 2000). Even if, there are a great variety 

of CPPs with respect to amino acid composition and degrees of polarity (Kauffmann et al., 2015), generally, CPPs 

are categorized into three main classes; namely, cationic, amphipathic and hydrophobic CPPs based on their 

physicochemical properties (Milletti, 2012). How and by what mechanism(s), the CPPs enter cells by passing 

though the cell membrane is still a point of controversy (Rothbard et al., 2005). It is underscored that the main 

membrane binding emanates from the electrostatic interactions between the negatively charged membrane 

constituents and the positively charged peptides, specifically in the case of cationic CPPs (Ziegler, 2008). 

Reported studies depicted that CPPs and CPP-cargo conjugates, enter the cell via direct penetration (Rydström 

et al., 2011), clathrin-mediated endocytosis, caveolae/lipid raft-mediated endocytosis (Arukuusk et al., 2013), 

clathrin/caveolae-independent endocytosis (Koren and Torchilin, 2012) and macropinocytosis (Wadia et al., 

2004). The cell type, the physicochemical properties of the cargo molecule and also properties of the CPP such 

as length, charge distribution and so on, affect the cellular uptake mechanisms of a particular CPP and CPP-

cargo conjugate (Mueller et al., 2008). Even if, CPPs are efficient in delivering bioactive cargo into cells, their in 

vivo application is quite limited due to the fact that they are prone to degradation by proteolytic enzymes (Nam 

et al., 2018). 

1.8.1.2. What are cell penetrating peptoids (CPPos)? 
Peptoids (N-substituted oligo-glycines) are nonnatural oligomers which were invented and came into existence 

in the early 1990s (Simon et al., 1992; Zuckermann et al., 1992; Udugamasooriya, 2013). They are diverse and 

promising class of peptidomimetic compounds (Simon et al., 1992) that are produced based on achiral peptide-

based backbone by repositioning the side chain (´R´ group) from the α-carbon to the amide nitrogen (Wu et al., 

2001; Webster and Cobb, 2018). The repositioning of the side chain creates two important phenomena. First, it 

produced a peptoid backbone with repeating tertiary amides which makes peptoids immune from any 

proteolytic degradation. Secondly, the location of the side chain on the amide backbone leads to the absence 

of stereogenic center and any hydrogen bonding. Thus, this forced peptoids to be more flexible (high degree of 

conformational flexibility) than their peptide counterparts (Zuckermann et al., 1992; Fowler and Blackwell, 

2009; Webster and Cobb, 2018). On the other hand, unlike peptides (where only 20 side chains are possible), 
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peptoids can append any organic ´R´ group into their achiral backbone; consequently, they have significantly 

higher target bio-molecular recognition capacity compared with native peptides (Kwon and Kodadek, 2007; 

Astle et al., 2008). In general, the above two important parameters, equipped peptoids with unique 

characteristics that provide advantages over peptides. These include, protease resistance (Miller et a., 1995; 

Nam et al., 2018), simple, straightforward, quick and inexpensive synthesis (Horn et al., 2004; Udugamasooriya 

et al., 2008; Fowler and Blackwell, 2009; Simpson et al., 2009), increased cell permeability (Miller et al., 1994; 

Yu et al., 2005) and temperature change as well as solvent resistance (Miller et al., 1994). However, still peptoids 

retain basic peptides properties and do share some characteristics with peptides such as biocompatibility, high 

level of chemical diversity (Webster and Cobb, 2018), density of functionality and backbone polarity (Kwon and 

Kodadek, 2007; Astle et al., 2008).  

1.8.1.2.1. Cellular uptake and subcellular localization of CPPos 
Peptoids are more cell permeable than peptides. This is mainly due to their reduced hydrogen-bond donating 

potential (hydrogen-bonding capacity), lower lipophilicity, minimal topological polar surface area (TPSA) and a 

wide range of side chain composition (Tan et al., 2008). In general, the uptake efficiency and the specific cellular 

uptake mechanisms have not been clearly identified yet and always are under intense debate (Schröder et al., 

2007). However, for effective and efficient application of peptoids as transporters and to have optimized 

delivery, there is an immediate need to uncover the exact mechanism(s) of cellular uptake (Rudat et al., 2010).  

So far, there are only limited efforts made and a few articles being published in this respect.  In mammalian 

cells, peptoids were uptaken through endocytosis-like mechanism (Schröder et al., 2007), micropinocytosis 

(amino-peptoids) and direct membrane penetration (guanidinium-peptoids) (Schröder et al., 2008). On the 

other hand, in plant cells (tobacco BY-2 cells) peptoids were internalized by a mechanism independent of 

endocytosis where it involves actin filaments and microtubules (Eggenberger et al., 2009). 

Studies in animal cell show that one of the major obstacles in the delivery of bioactive molecules such as 

peptoids is the organelle-specific or subcellular targeting (Weissig, 2005; Boddapati et al., 2008; D´Souza et 

al.,2008). In mammalian cells, the association of peptoids with plasma membrane, accumulation in vesicular 

structures and perinuclear region localization (Schröder et al., 2007) has been reported. Similarly, in the same 

cell types, peptoids were localized in different cellular structure based on their chemical structure, specifically 

the attached side chain. Thus amino-peptoids were found to be localized in the cytosol, guanidinium-peptoids 

were preferentially accumulated in the nucleus and nucleolus (Schröder et al., 2008, Kölmel et al., 2012) and 

amphipathic peptoids were characterized by mitochondrial localization (Nam et al., 2018). Nevertheless, reports 

on the subcellular localization of peptoids in plant cells are almost not existing. 

1.8.1.3. Co-enzyme Q (CoQ) 
Co-enzyme Q is a ubiquitous naturally occurring compound. Owing to its ubiquitous existence, it is also called 

ubiquinone (Bhagavan and Chopra, 2006). It is the product of conjugation between a hydrophobic isoprenoid 
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chain and a benzoquinone ring. The conjugating isoprenoid chain would have variable length based on the 

species in question unlike the common benzoquinone ring (Prakash et al., 2010; Varela-Lopez et al., 2015). CoQ 

occurs in all biological membranes at a remarkable level; however, its main location is in the inner mitochondrial 

membrane specifically in the hydrophobic domain of the phospholipid bilayer (Fato et al., 1985; Lopez-Lluch et 

al., 2010). Each animal and plant cell do possess CoQ (Trunen et al., 2004; Prakash et al., 2010). Its stability 

within the hydrophobic lipid bilayer is maintained by the range of variable polyisoprenyl chain length (Varela-

Làpez et al., 2016). One of the conjugation partners, benzoquinone ring of CoQ manifests itself in three alternate 

redox states such as ubiquinol or CoQH2 (the fully reduced form), ubiquinone or CoQ (the fully oxidized form) 

and ubisemiquinone or CoQH (the partially reduced form) (Genova and Lenaz, 2011). Moreover, the natural 

CoQ could occur as micellar aggregates, bound to proteins or dissolved in lipid bilayers. This ability to express 

itself in three physical states emanated from its high-level hydrophobicity (Varela-Làpez et al., 2016). CoQ has 

two main important functions, namely, mitochondrial energy coupling and acting as antioxidant (primary 

scavenger of free radicals). Moreover, it has less pronounced functions such as induction of gene expression, 

membrane stabilization, control of membrane channels and lipid solubility (Crane, 2001; Varela-López et al., 

2015). 

Coenzyme Q10 (CoQ10) is a CoQ with a side chain that contains 10 isoprene units.  It has a chemical 

nomenclature of 2,3-dimethoxy-5-methyl-6-decaprenyl-1, 4-benzoquinone. CoQ10 plays a pivotal role in ATP 

generation through its role as a cofactor in the mitochondrial electron transport chain (ETC) (Ernster and Daller, 

1995; Bhagavan and Chopra, 2006).  Its hydroquinone (ubiquinol) form is capable of regenerating and recycling 

antioxidants such as ascorbate and tocopherols along with its strong role as a lipophilic antioxidant. Moreover, 

it participates also in gene expression induction and cell signaling (Crane et al., 2001; Bhagavan and Chopra, 

2006). CoQ10 is present in higher plants such as tobacco and mammalian cells like humans (Suzuki et al., 1997; 

Takahashi et al., 2006).  

1.8.1.4. Plant PeptoQ 
Plant PeptoQ is a semiquinone mimetic of coenzyme Q10 (Fig. 7), which was designed as ubi-semiquinones 

(CoQH), representing an intermediate from reduction of ubiquinone (CoQ) into ubiquinol (CoQH2). Similar to its 

isoprenoid-conjugated template Q10 (Ernster and Dallner, 1995), this mimetic is expected to interact with the 

electron transport chain at the inner mitochondrial membrane. 

1.8.2. OsOPR7 overexpression 
In general, 12-oxo-phytodienoic acid reductase (OPR) gene, encodes for the OPR enzyme that converts 12-OPDA 

to JA. Based on their substrate preference, the OPRs are categorized into two subgroups: subgroup I type (OPRIs) 

and subgroup II type (OPRIIs) (Schaller and Weiler, 1997; Schaller et al., 1998, 2000; Strassner et al., 1999; Tani 

et al., 2008). OPRIs (e.g. AtOPR1, AtOPR2, OsOPR1 and SlOPR1) preferentially reduce (-)-cis-OPDA (Strassner et 

al., 1999; Schaller et al., 2000; Tani et al., 2008). Nevertheless, their, in vivo substrate(s) is unknown and whether 
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they involve in JA biosynthesis and signaling is far from clear and an open question (Dong et al., 2013). On the 

other hand, OPRIIs (e.g. AtOPR3, OsOPR7 and SlOPR3) can reduce all the four OPDA isomers [(cis-(+), cis-(-), 

trans-(+) and trans-(-)]; however, in planta, they preferentially and largely involved in the reduction of cis-(+)-

OPDA to OPC 8:0 and are thought to be involved in the biosynthesis of JA (Schaller et al., 1998). Rice OPR7 

(OsOPR7) gene is involved in the biosynthesis of JA by encoding the enzyme that reduces (+)-cis-OPDA to (+)-

cis-OPC-8:0. This has been further confirmed by the peroxisomal localization of OsOPR7 where the downstream 

reduction of OPDA in JA biosynthesis occurs (Tani et al., 2008). Therefore, the OsOPR7 gene was overexpressed 

in non-transformed wild-type (WT) tobacco BY-2 cells using agrobacterium mediated genetic transformation. 

1.9.  Scope of the study 
Soil salinity is the most drastic and brutal environmental factor that threatens the global agricultural food 

production for human population that increases at an alarming rate. Since about 99% of crop plants are salt 

sensitive (glycophytes), it is mandatory to generate salt tolerant crop varieties and cultivars using the germplasm 

of their wild relatives and the halophytes (salt tolerant plants). Even if, much has been achieved in the 

investigation of the salt tolerance mechanisms of plants which is the prerequisite for generating salt tolerant 

varieties/cultivars, a lot has to be done yet. This is because of the fact that plant salt tolerance mechanism is 

multigenic and highly complex. Thus, prior to producing salt tolerant crop plants, accumulating knowledge on 

the salt tolerance mechanisms of plants is the must. Hence this PhD project attempts just to drip a drop onto 

the very giant oceanic effort of unraveling the sophisticated salt tolerance mechanisms of plants. The project 

consists of two sub projects where sub project I deals with the uncovering of the salt tolerance mechanisms of 

the wild type (WT) model plant tobacco [Nicotiana tabacum L. cv Bright Yellow-2 (BY-2)] by coupling it with a 

semiquinone mimetic of coenzyme Q10 called plant PeptoQ where it modulates and regulates intracellular ROS 

level in mitochondria whereas sub project II investigated the role of jasmonic acid (JA) and its derivatives, 

jasmonates (JAs) in the salt tolerance of crop plants by overexpressing OPR7 gene from rice (OsOPR7) in non-

transformed WT tobacco BY-2 cell line. 

In subproject I, the time-course and dose- response of the plant PeptoQ, its subcellular localization, cellular 

uptake mechanism(s) and potential cytotoxicity were investigated. Moreover, the role of plant PeptoQ in 

mitigating salt stress in WT BY-2 cells with respect to numerous aspects including cell proliferation, expansion 

and viability, ionic balance, redox homeostasis, and gene expression was investigated in detail. In subproject II, 

the rice (Oryza sativa) 12-oxo-phytodienoic acid reductase 7 (OsOPR7) gene that encodes for the enzyme OPR7 

which reduces the JA intermediate precursor cis (+)12-OXO-PHYTODIENOIC ACID (OPDA) to JA has been 

overexpressed in WT tobacco BY-2 cells using agrobacterium-mediated genetic transformation, and then all the 

above cell growth parameters were diagnosed profoundly. 
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2.  Materials and Methods 
2.1. Cell lines and cell cultivation 
Suspension cultured cells  of WT tobacco (Nicotiana tabacum L. cv Bright Yellow-2, Nagata et al. 1992) were 

grown in liquid medium containing 4.3 g/L Murashige and Skoog (MS) salts (Duchefa Biochemie, The 

Netherlands), 30 g.L-1 sucrose, 200 mg.L-1 KH2PO4, 100 mg.L-1 (myo)-inositol, 1 mg.L-1 thiamine, and 0.2 mg.L-1 

2,4-D, pH 5.8 (Table 3). At weekly intervals, 1.5 mL of stationary cells were inoculated into a 30 mL Erlenmeyer 

flask with fresh medium and shaken in the dark at 26°C on a KS260 basic orbital shaker (IKA Labortechnik, 

Germany) at 150 rpm. Stock BY-2 calli were maintained on media solidified with agar [0.8% (w/v)] and 

subcultured monthly. In addition to the non-transformed WT, transgenic cell lines were used in this study and 

were supplemented with the respective selective agent: To visualize actin filaments, the marker cell line GF11 

(Sano et al., 2005) expressing the actin-binding domain of plant fimbrin was used and cultivated in presence of 

hygromycin (30 mg.L-1) (Table 3). To observe microtubules, the transgenic line TuB6, expressing the β-tubulin 

AtTUB6 from Arabidopsis thaliana fused to GFP driven by the Cauliflower mosaic virus (CaMV) 35S promoter 

(Hohenberger et al., 2011) was employed and supplemented with kanamycin (50 mg. L-1) (Table 3). In order to 

follow the behaviour of auxin-influx carriers to suppression of endocytosis, a cell line expressing the auxin influx 

carrier AUX1 in fusion with YFP from Arabidopsis thaliana under control of an estradiol-inducible promoter 

(Laňková et al. 2010) was cultivated in presence of hygromycin (40 mg. L-1) and induced by ꞵ-estradiol (1 µM) 

for 24 h at day 2 after subcultivation (Table 3). On the other hand, to investigate the role of jasmonic acid (JA) 

in salt tolerance of plants, the BY-2 transgenic line, expressing the 12-oxo-phytodienoic acid reductase 7 

(OsOPR7) from rice (Oryza sativa) fused to GFP driven by the Cauliflower mosaic virus (CaMV) 35S promoter 

was used and cultivated in the presence of hygromycin (60 mg. L-1) (Table 3). If not stated otherwise, the 

experiments were performed at 3 d after subcultivation. 

2.2. Chemicals and fluorescent dyes 
Unless specified otherwise, all the chemicals used in this study were purchased from Sigma Aldrich, Taufkirchen, 

Germany. Wortmannin (Wm) inhibitor of endocytosis and Ikarugamycin (IKA) inhibitor of clathrin mediated 

endocytosis (CME) were suspended in dimethylsulfoxide (DMSO) to get 10 and 2 mM stock solutions 

respectively. The actin filaments inhibitor, Latrunculin B (Lat B), the nuclear envelope/endoplasmic reticulum 

(ER) staining fluorescent dye, 3,3´-dihexyloxa carbocyanine iodide, DiOC6 and the microtubules inhibitor, 

oryzalin were dissolved in DMSO to have stock solution of 10, 8.73 and 10 mM respectively. Similarly, ꞵ-estradiol 

which induces the expression of YFP fused auxin influx carrier, AUX1, 3-chloro-4-hydroxyphenylacetic acid 

(CHPAA), an auxin influx carrier AUX1 inhibitor, MitoTracker Green FM (Molecular probes), a mitochondrial 

staining fluorescent dye and  dihydrorhodamine 123 (DHR 123) which is used in intracellular reactive oxygen 

species (ROS) detection were dissolved in DMSO to give stock solutions of 5, 20, 10, 1 and 10 mM respectively. 

Evans blue, a non-plasma membrane permeating dye 2.5% (w/v) and the SynaptoRed C2, equivalent to FM4-64 
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(Biotium, Germany), marker of endocytosis and vesicle trafficking (stock solution of 2 mM) were dissolved in 

sterilized distilled water. Furthermore, sodium chloride (NaCl) salt, which is used to induce salt stress, was 

dissolved in sterile distilled water in order to give moderate (75 mM NaCl) and high (150 mM NaCl) salt 

concentrations. The semiquinone mimetic of coenzyme Q10, plant PeptoQ [Institute of Functional Interfaces 

(IFG), Karlsruhe Institute of Technology (KIT), Karlsruhe, Germany] which is used to mitigate salt stress and might 

be used as functional molecular cargo to manipulate the oxidative balance in mitochondria to impart salt 

tolerance to plants was dissolved in 50 % ethanol. All treatments were accompanied by solvent controls, where 

the maximal concentration of solvent used in the test samples was administered and not exceeded 0.1 %. 

2.3. Plant PeptoQ synthesis schemes 
2.3.1. Synthesis and labelling of the plant PeptoQ 3. The plant PeptoQ 3, is the alias for a rhodamine 

B labeled cell penetrating peptoid, covalently connected to the ubiquinone analogue 6-(10-azidoalkyl)-

benzoquinone (Fig. 7). containing an omega azidodecyl residue at position 6 instead of an isoprenyl moiety of 

CoQ10 1. As seen, the Quinone within the peptoid is identical as the “native” CoQ10 with exception of the 

isoprenoid side chain. Given that the redox properties of this type of benzoquinones are determined by the 

ketone groups at position 1 and 4, where the side chain has no impact on this property (Ksenzhek et al., 1982). 

Thus, we are convinced that plant PeptoQ endowed with the same benzoquinone head as CoQ10, is a redox 

active molecule and has redox properties which are comparable with those of Coenzyme Q10. Moreover, since 

the hydroxyl derivatives of CoQ10 owns very strong antioxidative potential (Bogeski et al., 2011; Gulaboski et 

al., 2013, 2016), plant PeptoQ has also remarkable antioxidative and superoxide scavenging potential. 

 
Figure 7: The chemical structures of CoQ10 1, the CoQ10 analogue 6-(10-bromodecyl) ubiquinone 2 and the rhodamine-
labelled and unlabelled plant PeptoQ 3 and 4. Adapted from Asfaw et al., 2019. 
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2.3.2. Synthesis of 2,3-dimethoxy-5-methyl-(6-(10-bromodecyl)-1,4-benzoquinone (2): 6-(10-bromodecyl) 

ubiquinone was synthesized according to previous reports by (Kelso et al., 2000; Yu et al., 1985). In a first step, 

11-bromoundecanoic peroxide was synthesized by heating 11-bromoundecanoic acid (4.00 g, 15.1 mmol) and 

SOCl2 (1.60 ml, 21.5 mmol) at 90°C for 15 min. Excess of SOCl2 was removed by distillation under reduced 

pressure (15 mm Hg, 90°C) and the residue (IR,1 1799 cm-1) was dissolved in diethyl ether (20 ml) and 

subsequently cooled to 0°C on ice. Hydrogen peroxide (30%, 1.80 ml) was added followed by dropwise addition 

of pyridine (1.40 ml) over 45 min. Eventually, diethyl ether (10 ml) was added and stirred for 1 h at room 

temperature. The product was diluted with diethyl ether (150 ml), washed with H2O (2 × 70 ml), 1.20 M HCl (2 

× 70 ml), H2O (70 ml), 0.50 M NaHCO3 (2 × 70 ml), and H2O (70 ml). After drying over MgSO4, the solvent was 

removed at room temperature under reduced pressure, giving crude product as a white solid (2.89 g), and 

processed immediately. 6-(10-Bromodecyl)-ubiquinone (2) was synthesized by stirring the crude product (2.89 

g, 10.3 mmol), 2,3-dimethoxy-5-methyl-1,4-benzoquinone (1.01 g, 6.00 mmol), and acetic acid (60 ml) for 20 h 

at 100°C. After cooling to room temperature, the reaction was diluted with diethylether (600 ml), washed with 

H2O (2 × 400 ml). Evaporation of the solvent under reduced pressure yielded in a reddish solid (4.31 g). Column 

chromatography on silica gel, eluting with CH2Cl2, yielded in a red oil (682 mg, 1,70 mmol, 28.32%), which was 

not further purified. NMR (299.9 MHz) 3.99 (s, 6H, 2x -OCH3), 3.41 (t, J 5 6.8 Hz, 2H, -CH2-Br), 2.45 (t, J 5 7.7 Hz, 

2H, ubquinone-CH2-), 2.02, (s, 3H, -CH3). 1.89 (quin, J 5 7.4 Hz, 2H, -CH2-CH2-Br), 1.42–1.28 (m, 14H, -(CH2)7-) 

ppm; 13C NMR (125.7 MHz)184.7 (C=O), 184.2 (C=O), 144.3 (2C, ring), 143.1 (ring), 138.7 (ring),61.2 (2x -OCH3), 

34.0 (-CH2-), 32.8 (-CH2-), 29.8 (-CH2-), 29.4 (2x-CH2-), 29.3 (-CH2-), 28.7 (23 -CH2-), 28.2 (-CH2-), 26.4 (-CH2-), 

11.9(-CH3) ppm. MALDI-TOF, matrix: DHB, m/z (%): 401 [M]+ 

2.3.3. Solid-phase synthesis: Peptoid syntheses were performed on solid-phase following the 

fluorenylmethyloxycarbonyl (Fmoc)-strategy by using Boc-protecting groups for the side chains to facilitate the 

synthesis of the growing oligomer (Kölmel et al., 2012; Birtalan et al., 2011). Rink-amide-resin was chosen as a 

solid support due to its stability at ambient conditions, the ease of the first coupling step, and good cleavage 

conditions. Furthermore, the reaction conditions were the same for attaching the first building block to the resin 

and the following coupling cycles. After removal of the Fmoc group, which protected the amino-functionalized 

resin (with 20% piperidine in dimethylformamide (DMF)), an activated Fmoc-protected monomer was coupled 

to the solid phase via a peptide bond. For the microwave-assisted reactions HOBt and DIC were used as coupling 

reagents. The Fmoc group was removed with piperidine-solution yielding the coupled monomer for the 

attachment of the next building block. All reaction procedures were succeeded by repetitive washing, ending 

with a solvent, in which the resin was swelled to expose its reactive sites to the next reagents. The cycles of 

coupling and deprotection were repeated until a peptoid of the desired length was obtained. 

2.3.4. Microwave-assisted synthesis of Boc-protected hexamer on a Rink amide linker 

(Procedure 1): The resin (AM resin LL 100-200 mesh, 0.61 mmol/g, 218 µmol, 1.00 equiv) was covered with 

five times of its volume of dried DMF and swelled for 30 min. After deprotection of Fmoc (3 × 5 min with 3 mL 
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of 20% piperidine in DMF) and thoroughly washing with DMF the acylation of the resin was done with 0.6 g 

bromoacetic acid (4.36 mmol, 20 equiv) and diisopropylcarbodiimide (DIC) (0.55 g, 4.36 mmol, 20 equiv) in DMF 

for 2 h ( Fig. 8). After the reaction the resin was washed 3 × 20 min with DMF. For the coupling with 

propargylamine the resin was incubated with a 1 M of propargylamine in DMF overnight. Eventually the resin 

was washed three times with DMF and the building block N-(6-tert-butoxycarbonylamino-hexyl)-N-(9H-fluoren-

9-ylmethoxycarbonyl) acetic acid (653 µmol, 3.00 equiv), HOBt (653 µmol, 3.00 equiv) and DIC (653 µmol, 

3.00 equiv) were dissolved in DMF biotech grade (6.50 mL) to obtain a 0.1 M solution related to the building 

block. The reaction solution was added to the resin and stirred for 30 min at 60°C in a CEM microwave oven. 

The reaction solution was filtered, and the resin was treated a second time with freshly prepared reaction 

solution for 30 min at 60°C in the microwave oven (double coupling) and subsequently incubated with 3 mL of 

20% piperidine in DMF (3 × 5 min) to cleave the Fmoc group. The resin was not dried after the reactions. This 

reaction was repeated six times to obtain the resin bound hexamer as yellowish solid.  

 
Figure 8: Synthesis scheme of the plant PeptoQ 3. Reaction conditions: a) 20% piperidine in DMF, 3 × 5 min, RT; b) N-(6-tert-
butoxycarbonylamino-hexyl)-N-(9H-fluoren-9-ylmethoxycarbonyl)acetic acid, DIC, HOBt, DMF, 30 min, 60°C microwave; c) 
Rhodamine B, DIC, HOBt, DMF, 30 min, 60 °C microwave; d) 6-(10-bromodecyl)-2,3-dimethoxy-5-methylcyclohexa-2,5-
diene-1,4-dione, NaN3, CuSO4, sodium ascorbate, DMF, water, 2 d, RT; e) 3 M HCl in DMF, 100 min, 120 °C microwave; f) 1H-
pyrazol-1-carboxamidine, DIPEA, DMF, 120 min, 60 °C microwave; g) TFA/dichloromethane (95:5 (v/v)), 2 h, RT. Adapted 
from Asfaw et al., 2019. 
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2.3.5. Microwave-assisted rhodamine B-labeling of the peptoid (Procedure 2): After the 

deprotection of Fmoc (3 × 5 min with 3 mL of 20% piperidine in DMF) and accurate washing with DMF. 

Rhodamine B (653 µmol, 3.00 equiv), HOBt•H2O (653 µmol, 3.00 equiv) and DIC (653 µmol, 3.00 equiv) were 

dissolved in DMF biotech grade (6.50 mL) to obtain a 0.1 M solution related to the dye. The reaction solution 

was added to the resin of procedure 1 and stirred for 30 min at 60°C in a CEM microwave oven. The reaction 

solution was filtered, and the resin was treated a second time with freshly prepared reaction solution for 30 min 

at 60°C in the microwave oven (double coupling). The resin was not dried after the reactions. 

2.3.6. 2,3-Dimethoxy-5-methyl-(6-(10-bromodecyl)-1,4-benzoquinone coupling (Procedure 

3): To couple the 2,3-dimethoxy-5-methyl-(6-(10-bromodecyl)-1,4-benzoquinone via a 1,3-dipolar cycloaddion 

(click reaction), the resin from procedure 2 was reacted according to (Fürniss et al., 2013; Movahedi et al., 2014).  

In a one pot reaction with 2,3-dimethoxy-5-methyl-(6-(10-bromodecyl)-1,4-benzoquinone (131 mg, 327 µmol, 

1.50 equiv) and sodium azide (327 µmol, 1.50 equiv) in DMF at room temperature. To this solution, a CuSO4 

solution (10 mol%) was added. Eventually, sodium ascorbate (30 mol%) and deionized water (5 vol%) was 

added. The temperature was then increased to 50°C and the resin was agitated for 2 d. After agitating for 2 d 

the reaction mixture was removed and the resin was washed thoroughly with DMF.  

2.3.7. Microwave-assisted Boc-deprotection on solid phase (Procedure 4): For the deprotection 

of the Boc-functionalized amino groups, the resin of procedure 3 (218 µmol, 1.00 equiv) was covered with 3 mL 

of a 3 M hydrochloric acid in DMF solution and stirred for 100 min at 120°C in a CEM microwave oven. The resin 

was washed with DMF. 

2.3.8. Microwave-assisted guanidinylation on solid phase (Procedure 5): After the Boc 

deprotection of the side-chain amines the resin from procedure 4 (218 µmol, 1.00 equiv) was covered with a 

solution of 1H-pyrazol-1-carboxamidine (1.09 mmol, 20.0 equiv), DIPEA (2.18 mmol, 40.0 equiv) and 3.20 mL of 

DMF. The reaction was performed in a CEM-microwave (120 min reaction time, 60°C). The resin was washed 

with DMF. 

2.3.9. Cleavage and isolation (Procedure 6): To cleave the peptoid from solid support, a solution of 

2.00 mL TFA in dichloromethane (95:5 (v/v) was added to the resin of procedure 5 and shaken for 2 h. The resin 

was rinsed two times with 0.5 mL methanol. Water was added to the solution and the sample was frozen and 

lyophilized and purified by HPLC. 

2.3.10. Plant PeptoQs 
Using general procedures 1, (2), 3 - 6 the product was obtained as a red solid. HPLC purification and lyophilisation 

yielded 15.39 mg (7.36 µmol, 3.38% over 20 steps) of Rhodamine-labeled plant PeptoQ 3. with a purity of >98%. 

MS (MALDI-TOF, matrix: DHB, m/z (%): 1993 [M]+ and 18.74 mg (11.3 µmol, 5.16% over 19 steps) of non-labeled 

plant PeptoQ 4 with a purity of 93 %. MS (MALDI-TOF, matrix: DHB, m/z (%): 1567 [M]+
. 
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2.3.11. HPLC purification: Preparative high performance liquid chromatography (HPLC) was performed on 

an Äkta Purifier 100 UPC equipped with a pump P-900, monitor UV-900 and UPC-900, Valve INV-907, Mixer M-

925 and Valve PV-908 employing a reverse phase C18 semi-preparative column (Macherey Nagel VP 250/10 

Nucleodur 100-5 C18ec), flow rate 1.5 mL/min, solvent A: 0.1% trifluoroacetic acid (TFA) in water, B: methanol 

and Agilent 1200 Series equipped with a diode array detector employing a reverse phase C8 semi-preparative 

column (Zorbax 300SB-C8 (Agilent), 5 µm, 9.4 mm × 250 mm), flow rate 1 mL/min, A: 0.1% TFA in water, B: 0.1% 

TFA in acetonitrile for purification assessment. Analytical high-performance liquid chromatography (HPLC) was 

performed on an Agilent 1100 Series equipped with a diode array detector employing a reverse phase C18 

analytical column (PerfectSil Target (MZ-Analytik), 5 μm, 4.0 mm × 250 mm), flow rate 1 mL/min, A: 0.1% TFA in 

water, B: 0.1% TFA in acetonitrile for purification assessment. Analytical and preparative high-performance 

liquid chromatography (HPLC) was performed on a chromatographic system from Jasco (Tokyo, Japan) equipped 

with diode-array detector. Reverse phase C18 analytical (4.6 x 250 mm, 5 µm) or semi-preparative (10 x 250 

mm, 10 µm) columns from Grace (Grace, Deerfield, IL) were employed for purity assessment and purification 

respectively. For chromatographic separation of the peptoids, focused gradients were run from 48% to 56% at 

a constant temperature of 40°C. Solvent A: 0.1% trifluoroacetic acid (TFA); B: 90% acetonitrile in 0.1% TFA. The 

separation of the peptoids was monitored with UV-detection in the range of 200 - 650 nm and ultraviolet (UV) 

spectra along with matrix-assisted laser desorption/ionization-time of flight (MALDI-TOF)-mass spectrometry 

(MS) to identify the product peaks. Manually collected fractions of the semi-preparative runs were freeze-dried 

and immediately used in the biological assays. Prior to lyophilization, fraction aliquots were directly re-injected 

onto the analytical column to quantify purity, which was determined by integration of the respective single peak 

area from the chromatograms at 218 nm. 

2.4. Agrobacterium mediated transformation of WT BY-2 cells 
To overexpress the rice OPR7 (OsOPR7) gene in the WT BY-2 cells, agrobacterium mediated genetic 

transformation was used using Agrobacterium tumefaciens (strain LBA4404). 

2.4.1. LR reaction and selection of efficient transformation (Plasmid construction) 
An entry clone of rice OPR7 (OsOPR7) gene (explained in Tani et al., 2008) was kindly provided by Dr. Rohit 

Dhakarey and used to construct the OsOPR7-GFP binary vector using the Gateway® LR Clonase enzyme mix kit 

(Invitrogen). In brief, the LR reaction mixture contained: 1-5µl (100ng) of the entry clone plasmid DNA, 1µl 

(100ng) of destination vector, pH7WGF2,0 (GFP, Hyg) plasmid DNA, 2µl LR reaction buffer and 2µl of the LR 

clonase enzyme. The reaction mixture was vortexed and spun for a while and brought to a final volume of 10µl 

by adding TE buffer (pH 8.0) and incubated at 25oC on a PCR cycler overnight. The following day, 2µl of 

proteinase K solution was added and incubated for 10 min at 37oC.  To check the efficiency of transformation, 

selection was carried out using Eschercia coli DH5α strain (Table 4). About 7µl of the LR reaction product and 

mCherry binary vector (PTS1-mCherry) plasmid DNA were transferred into 100µl DH5α competent cells (Table 
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4) and incubated on ice for 30 min. The cells were heat-shocked at 42oC for 45 seconds. Then 900µl LB was 

added under sterile condition, mixed well and incubated for 1 and half hour at 37oC. About 150µl from each 

reaction mixture was plated on appropriate LB plates containing 100mg/L spectinomycin (for OsOPR7) or 

50µg/mL Kanamycin (for mCherry) and spread well using glass beads. After emptying the glass beads, plates 

were sealed with parafilm and incubated overnight at 37oC. In each case, just one bacterial colony was touched 

with a tip and ejected into a glass tube containing 5ml LB with 100mg/L spectinomycin and incubate at 37oC 

overnight at 180rpm continuous shaking. The OsOPR7-GFP and mCherry (PTS1-mCherry) binary vectors were 

extracted using Roti®-Prep Plasmid MINI (Carl Roth GmbH + Co. KG, Karlsruhe, Germany). In both cases, briefly 

1-3ml bacterial cell culture was harvested by centrifuging at 8,000g for 2 min. The supernatant was discarded, 

and the pelleted bacterial cells were resuspended in 250µl. Resuspension Buffer which contains RNase A.  

Bacterial cells were lysed and neutralized by adding 250µl Lysis Buffer and 350µl Neutralization Buffer 

respectively, and centrifuged at 15,000g at room temperature for 10 min.  The supernatant was applied into 

spin column and centrifuged at 10,000g for 30 seconds, and the flow-through was discarded. Column washing 

was done by adding 750µl Washing Buffer to the spin column, centrifuged at 10,000g for 2 min, and the flow-

through was discarded. The residual ethanol was removed by centrifuging the empty column at 10,000g for 30 

seconds. The spin column was placed into 1.5ml microtube, 30-50µl Elution Buffer was added and incubated for 

1 min at room temperature.  Finally, the OsOPR7-GFP and mCherry (PTS1-mCherry) binary vectors DNA were 

eluted by centrifuging at 10,000g for 1 min. 

2.4.2. Agrobacterium transformation (Agroinfection) 
The OsOPR7-GFP and mCherry (PTS1-mCherry) binary vectors plasmid DNAs were introduced into the A. 

tumefaciens (strain LBA4404; Invitrogen Corporation, Paisley, UK) (Table 4) using an improved freeze–thaw 

transformation protocol (Chen et al., 1994): after thawing cells at room temperature for 10 min, 500 ng of 

plasmid DNA were added to competent cells and mixed gently. After shock-freezing the cells in liquid nitrogen 

for 1 min, they were thawed for 5 min at 37oC in a water bath. Then 900 µl of LB medium (Bertani, 1951. Duchefa, 

Haarlem, The Netherlands) were added and incubated shaking at 28oC for 2 h. Subsequently, cells were spun 

down at 8000g for 2 min and about 800–900 µl of the supernatant was removed. The pellet in the remaining 

volume of 100-200 µl was then resuspended and plated on solid LB medium with 100 µg/mL Spectinomycin, 

300 µg/mL Streptomycin, 50 µg/mL Kanamycin and 50 µg/mL Rifampicin.  Petri dishes were incubated at 28oC 

and colonies appeared after 2-3 days (Guan et al., 2015). A single colony of A. tumefaciens strain LBA4404 was 

inoculated into 4mL of LB medium supplemented with the appropriate antibiotics. The bacterial cultures were 

incubated at 28oC at 200 rpm on an orbital shaker overnight. 

2.4.3. Pre-culture and co-cultivation (Plant transformation) 
The overnight incubated, OsOPR7-GFP binary vector containing bacterial culture was transferred into 50 ml 

falcon, and centrifuged at 8,000rpm for 7 min. The supernatant was discarded, and the pellet resuspended by 
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adding 180 µl Paul´s Medium. Then 5 days old WT BY-2 cell culture (Table 3) was filtered three times using a 

sterile cell filtration device (Nalgene or similar) which contains 20 µm mesh filter and cells were mechanically 

damaged by pipetting up and down 15 to 17 times. About 6.5 ml of the filtered BY-2 cells were transferred to 

each falcon containing the binary vector bearing bacteria, and the falcons were agitated for 5 min at 100rpm to 

mix the bacteria with the plant cells. Aliquots (1 ml from each) of this suspension were dropped on Paul agar 

plates (no antibiotics) that contains sterile filter paper, incubated at 22oC in darkness for 4 days. After 4 days, a 

single colony was taken, resuspended using distilled water and the efficiency of transformation was checked by 

spinning disc microscopy. 

2.4.4. Elimination of agrobacterium and generation of a suspension cell line 
Following successful transformation (which is confirmed by the expression of GFP), the filter papers carrying the 

cells were transferred onto MS agar plate containing 300µg/ml cefotaxime and 60µg/ml hygromycin, sealed 

with parafilm, put into a box, covered with black polyethene sheet and incubated in the culture room, in 

darkness for 2-3 weeks. Two weeks later, 2-3 mm diameter piece of callus was cut with sterile razor blade, put 

into 100ml Erlenmeyer flask containing 30ml fresh MS medium and treated with filter-sterilized antibiotics 

(300µg/ml cefotaxime and 60µg/ml hygromycin), the callus was broken down by pipetting the culturing medium 

up and down, sealed with aluminum foil and shaken in the dark at 26°C on a KS260 basic orbital shaker (IKA 

Labortechnik, Germany) at 150 rpm. It was subcultured every 7 days and the cefotaxime concentration reduced 

by 50µg/mL each week and finally stopped. However, the 60µg/mL Hygromycin treatment continued.  

For transient transformation of mCherry binary vector, the BY-2 suspension cells transformed with OsOPR7-GFP 

were co-transformed with agrobacterium containing PTS1-mCherry plasmid. Grown on solid Paul’s medium for 

3 days, and then examined microscopically (without proceeding to selection step) to check the localization of 

OPR7 protein. 
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2.5. Plant materials, bacterial strains and primers 
2.5.1. Plant materials: Tobacco cell cultures 
Table 3: Description of tobacco BY-2 cell cultures. 

 

Name 

 

Genotype 

 

Application 

 

Source 

 

BY-2 WT 

Nicotiana tabacum L. cv Bright Yellow 2 

(BY-2), Wild Type 

Phenotyping and molecular 

characterization 

 

Nagata et al., 1992 

 

BY-2 GF11 

Nicotiana tabacum L. cv Bright Yellow 2 

(BY-2), CaMV-35S (GF11 GFP) Hygromycin 

 

Phenotyping 

 

Sano et al., 2005 

BY-2 TuB6 Nicotiana tabacum L. cv Bright Yellow 2 

(BY-2), CaMV-35S (TUB6 GFP) Kanamycin 

 

Phenotyping 

Hohenberger et al., 

2011 

BY-2 AUX1 Nicotiana tabacum L. cv Bright Yellow 2 

(BY-2), Estradiol-inducible (AUX1-YFP) 

Hygromycin 

 

Phenotyping 

Lankova et al., 2010 

 

BY-2 OsOPR7  

Nicotiana tabacum L. cv Bright Yellow 2 
(BY-2), CaMV-35S (OsOPR7 GFP) 
Hygromycin 

Phenotyping and molecular 

characterization 

 

This work 

 

 2.5.2. Bacterial strains 
Table 4: Description of bacterial strains. 

 

Name 

 

Genotype 

 

Application 

 

Source 

A.tumefaciens 

LBA4404 

 

pAL4404, pIG121 

 

BY-2 transformation 

 

Invitrogen, Karlsruhe, Germany 

 

E. coli DH5α 

F-, φ80dlacZ∆M15, ∆ 
(lacZYA-argF) U169, 
recA1, endA1, gyrA96, 
thi-1, hsdR17, supE44, 
relA1 

 

Cloning 

 

Invitrogen, Karlsruhe, Germany 
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2.5.3. Primers 
All the primers used in this dissertation were ordered at Sigma-Aldrich (Steinheim, Germany). 

Table 5: Overview of primers used both in semiquantitative PCR (SQ-PCR) and quantitative real-time PCR (qRT-PCR). 

 

Gene name 

GenBank 

accession No. 

 

Forward (5´-3´ prime) 

 

Reverse (5´-3´ prime) 

NtEF-1α D63396 TGAGATGCACCACGAAGCTCTTC GCTGAAGCACCCATTGCTGGG 

NtL25 L18908 GTTGCCAAGGCTGTCAAGTCAGG GCACTAATACGAGGGTACTTGGGG 

NtJAZ1 AB433896 CCAATTGCGAGACGAAATTCACTTAC CCAAGCCATGCCTTATTTTCCTCATTC 

NtJAZ2 AB433897 GCAGCACCTGCTCAACTGACC GCACCACATTAGGAGGAACGCAACC 

NtJAZ3 AB433898 GGATTCCGGTCGATTCGCCG CCAAGGCTGAGATCTCCAAAGGAAC 

NtSOS1 AY383599 GCTCAACGTACACTTCACGG CCTTGCAACTTCAGCACGAC 

NtSOS3 KM658158 CAGAAGAGTGGAAGGAGTTTGC CTTCAACCTCAGAGCTCATCAC 

NtNHX1-Like XM_016587346 AGGATGCTACTTTCTGCGCC TGGTTCCTGTTCCGTTGGAG 

NtHKT1-Like XR_001648440 TTCCGATACCCTGAATGGGC GAGCACTACCAAAACGGCTG 

NtSKOR-Like NM_001326274 TTTATCCCGATGACCGGTGG AAAGCTTCCTGGGCAATCCC 

OsOPR7 XM_015795324 CCAAACGGTGCTGCACCAATATCC GGTATTTCCGATGCTGCCAGGC 

NtSLT1 AF213399 CTTGAAGCGTCGTCCTCAGA CACCGTTCCTGATCCATCGT 

NtHAK1 DQ841950 TTGGACCCAAAGAGTACCGC GTCCCTCTGAGCGGATGAAT 

NtNAC HQ413134 TTACGCTGGAAAAGCACCCA ACCCAATCGTCAAGCCTCAA 

NtMnSOD XP_016513256 TCGACACTAACTTTGGCTCCC GTGGTTTCAATCACCAGGCG 
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2.6. Plant PeptoQ cellular uptake characterization 

2.6.1. Dose-response and time-course assay 
If not stated otherwise, all treatments were conducted with tobacco WT BY-2 cells collected at the peak of the 

proliferation phase (day 3 after subcultivation). To record the dose-response relation, non-transformed WT 

tobacco BY-2 cells were collected at the peak of proliferation (day 3 after subcultivation) and incubated with 

0.5,1, 1.5, 2, 2.5, 3, 4, 5 and 6µM of plant PeptoQ for 2 h. To measure the time-course of uptake, the same age 

cells were treated with 2µM rhodamine labelled plant PeptoQ and incubated for 10, 30, 60, 90, 120, 180, 240, 

300 and 360 min. The procedure was repeated three times with three independent experimental series. 

2.6.2. Plant PeptoQ subcellular localization assay 
To pinpoint the subcellular localization of plant PeptoQ, WT BY-2 cells were treated with 2µM rhodamine 

labelled plant PeptoQ at day 1 to day 7 and incubated for 2 h. Then cells were washed with distilled water using 

custom made filter chamber. On each day, the treated and washed cells were stained with MitoTracker Green 

FM mitochondrial dye and incubated for 5 minutes and visualized under spinning disc microscope immediately.  

The procedure was repeated three times with three independent experimental series. 

2.6.3. Cellular uptake mechanisms of plant PeptoQ 
To find out the possible cellular uptake mechanism(s) of plant PeptoQ, 3 days old WT BY-2 cells were treated 

with endocytotic inhibitor, 33µM Wortmannin (Sigma–Aldrich, Taufkirchen, Germany) and 10µM Ikarugamycin 

(IKA) (IKA, Sigma–Aldrich, Taufkirchen, Germany), clathrin-mediated endocytosis (CME) inhibitor and incubated 

for 30 minutes. Then these cells were further treated with 2µM rhodamine labelled plant PeptoQ and incubated 

for additional 2 h. On the other hand, cells were treated with 2µM, the polystyryl dye FM4-64 and followed by 

5 minutes incubation. This is used as readout for the state of endocytosis. To probe for the role of actin 

filaments, the actin marker cell  line, GF11 was pretreated for 1 h with 10 µM of Latrunculin B (Lat B, Sigma–

Aldrich, Taufkirchen, Germany), while the role of microtubules was tested by pretreatment of the microtubule-

marker cell line, TuB6 with 10 µM Oryzalin over 1 h (Sigma–Aldrich, Taufkirchen, Germany). Both inhibitors were 

diluted from a stock solution in DMSO with the culture medium to get the final working concentration. To 

visualise the endoplasmic reticulum during the uptake of plant PeptoQ, cells were first incubated with 2 µM 

plant PeptoQ, for different time points (10, 20, 30, 40, 50, 60, 90 and 120 min), then followed by the addition of 

3,3´-dihexyloxa carbocyanine iodide, DiOC6 (Sigma–Aldrich, Taufkirchen, Germany), incubated for 10 min at 

each time point, washed thoroughly with distilled water, and finally investigated by spinning-disc microscopy. 

Likewise, 2µM plant PeptoQ treated cells were further treated with 0.1% v/v of MitoTracker Green (Molecular 

Probes) at similar time points like above to visualise mitochondria during the uptake of plant PeptoQ and to 

diagnose the role of endosomes in the process. The entire procedure was repeated three times with three 

independent experimental series. 
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2.6.4. Potential cytotoxicity of plant PeptoQ on WT BY-2 cells 
To test for potential toxicity of plant PeptoQ (2, 4, 8, 16, 25, 40 and 50 µM) on 3 days old non-transformed WT 

BY-2 cells, on the one hand, and a potential functionality for the mitigation of salt-induced programmed cell 

death on the other, mortality was followed over time using the Evans Blue dye exclusion test (Gaff and Okong’O-

Ogola, 1971) after addition of 75 mM NaCl at the time of subcultivation, either with or without supplementation 

of 2 µM plant PeptoQ. Mortality was followed on a daily base till day 4 after onset of the stress treatment. 

Mortality was determined as relative proportion of cells that after thorough washing had retained the blue dye. 

Each data point represents average and standard error from at least 1000 cells counted and collected from at 

least three independent experimental series. 

2.7. Microscopy 
About 0.5µL aliquots were collected and transferred into custom-made chambers (Nick et al., 2000) to eliminate 

the medium. Except in the case of MitoTracker staining, cells were washed thoroughly in culture medium 

(distilled water) and then immediately visualized under the microscope. Aliquots of 30 µl were mounted on a 

microscope slide, covered with a cover slip, and viewed under an AxioObserver Z1 microscope (Zeiss, Jena, 

Germany) that was equipped with a spinning-disc device (YOKOGAWA CSU-X1 5000) and a cooled digital CCD 

camera (AxioCam MRm). The signal from GFP and MitoTracker Green was activated using the 488-nm line of an 

Ar-Kr laser (Zeiss), while the signal from rhodamine and FM4-64 was activated through the 561-nm line of the 

same laser. Images were operated via the Zen 2012 (Blue edition) software platform. Mortality scores were 

conducted by means of an Axioskop microscope (Zeiss, Jena, Germany), equipped with a 32x long distance 

objective (Zeiss Neofluar, Jena, Germany), and a digital CCD camera (AxioCam MRm).  

2.8. Quantitative image analysis and modelling of uptake 
Uptake was quantified as described in Eggenberger et al. (2017) making use of the Image J software 

(http://rsb.info.nih.gov/ij/). It is important that image acquisition is standardised with respect to laser power 

and exposure time, which requires that automatic optimisation tools are inactivated during imaging. 

Fluorescence intensity in confocal sections in the cell center, was averaged over the interior of the cell and 

corrected against the background of a calibration area chosen from the environment of the measured cell. The 

regions of interest were selected using the freehand selection tool of Image J. Uptake was modelled on base of 

a conventional Michaelis-Menten scheme: 

E + S ⇌ ES → E + P 

with E representing the binding site, S the plant PeptoQ, ES the complex driving membrane passage, and P the 

internalised plant PeptoQ. In case of the two-step modelling, [S] was replaced by an effective concentration 

[S]eff, whereby [S]eff = [S] – cap1 with [S] concentration of plant PeptoQ added to the assay, and cap1 capacity of 

the first binding step. Experimental data were fitted by minimising the sum of squared deviations of observed 

versus predicted variables over the tested concentrations of plant PeptoQ. 
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To quantify the association of the plant PeptoQ signal with other fluorescent markers labelling different 

compartments, the channels of the merged image were split, and then the individual pixel intensities of the red 

channel (recording the plant PeptoQ signal) were subtracted from the green channel (recording the respective 

fluorescent marker). Mean pixel intensity of the resulting differential image was then divided by the mean pixel 

intensity of the green channel for normalisation. The resulting ratio would be 0% in case that the two signals 

match completely, it would be 100% in case that the two signals would be completely mutually exclusive. 

2.9. Cellular uptake of plant PeptoQ by real plant cell system 
The rice cultivar Nipponbare (Oryza sativa L. ssp.japonica  cv. Nipponbare) was used in the investigation of the 

cellular uptake of plant PeptoQ into real plant cell system. First, caryopses were dehusked using hand grinder, 

incubated the seeds in 70% ethanol for 1 min to surface sterilized, then followed by a briefly twice washing with 

double-distilled water. Subsequently, seeds were incubated for 30 min in a sodium hypochlorite solution that 

contains ~5% of active chlorine and eventually washed using sterilized double-distilled water five times (Hazman 

et al., 2015). Seeds were sown on plastic mesh floating on 100ml distilled water in a cubic plastic box where the 

embryo pointing downward. The box was covered and sealed with parafilm, further covered with black 

polyethylene sheet and placed inside a custom-made cardboard box and incubated for 5 days under darkness 

in the cell culture room. After 5 days, the germinated and well grown roots were taken, cut into three parts 

(root tip, elongation zone and maturation zone) using razor blade. Then each part of rice root were placed in a 

separate 35mm petri dish containing 4ml distilled water, treated with 2µM rhodamine B labelled plant peptoQ 

and incubated for 2 h. Eventually, washed three times with double-distilled water, treated with MitoTracker 

Green FM dye, incubated for 5 min and visualized under confocal spinning disc microscope. The procedure was 

repeated three times with three independent experimental series. 

2.10. Measurement of packed cell volume, cell density and cell length 
2.10.1. Packed cell volume (PCV) 
WT BY-2 cells were treated with 0, 75 and 150 mM NaCl with and without the plant PeptoQ (2 µM) pretreatment 

during subcultivation. Likewise, the stably OsOPR7 overexpressor (OE) BY-2 cells were also treated with the 

same salt concentrations during subcultivation. Then, packed cell volume (PCV) was measured at day 7 (at 

stationary phase) after subcultivation and treatment (Jovanovic et al., 2010) to quantify cell growth. Aliquots of 

14 ml of 0, 75 and 150 mM NaCl treated WT BY-2 suspension cells with and without plant PeptoQ pretreatment, 

and OE suspension cells were poured from the Erlenmeyer flasks directly into 15ml falcon tubes and kept 

vertically at 4oC for 48  and 72 h depending on the density of the cell culture until the cells sedimented well and 

the supernatant became completely clear. Eventually, the PCV was read directly from the scale of the 15 ml 

falcon tube. The procedure was repeated three times with three independent experimental series. 
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2.10.2. Cell density 
WT BY-2 cells were treated with 0, 75 and 150 mM NaCl during subcultivation with and without plant PeptoQ 

(2µM) pretreatment. Similarly, the OE transgenic BY-2 cells were also treated with 0, 75 and 150 mM NaCl during 

subcultivation without plant PeptoQ pretreatment. Cell counts were performed daily (from day 0 till day 4), by 

triplicate, with Fuchs-Rosenthal hematocytometer (0.2 mm depth) to determine the maximum cell density and 

doubling time (τ). Cell number was calculated using the formula: Number of Cells/mL = 
୘୭୲ୟ୪ ୒୳୫ୠୣ୰ ୭୤ େୣ୪୪ୱ

୒୳୫ୠୣ୰ ୭୤ ୱ୯୳ୟ୰ୣୱ
 X DF X 5,000 (Abubakar, 2016 with minor modification). On the other hand, based on the 

time courses for cell density and the assumption of first order kinetics:  ௗ௡

ௗ௧
= 𝑘. 𝑛 where n and k represent 

number of cells and the time constant of exponential growth respectively, we have the natural logarithm ln(n(t)) 

= ln(n(t=0)) + kt where the slope K could be approximated by linear regression and the natural logarithm should 

follow a straight line. Then, doubling time τ (= duration of the cell cycle) could be estimated from the estimated 

k value based on the following equation:  ln (2.n(t=0)) = ln(n(t=0)) + kτ as τ = ln (2)/k.  The procedure was 

repeated three times with three independent experimental series. 

2.10.3. Cell length and cell width 
For cell length and cell width measurement, WT BY-2 cells were treated with, 0, 75 and 150mM NaCl with and 

without plant PeptoQ (2µM) pretreatment. And also, the OE transgenic BY-2 cells were treated with the same 

salt concentrations during subcultivation without plant PeptoQ pretreatment. Then cells at day 3 (exponential 

phase) and day 7 (stationary phase) after subcultivation/treatment were imaged using an AxioImager.Z1 

Apotome microscope (Zeiss, Jena, Germany) with a 20x objective by a digital image acquisition system with a 

cooled digital CCD camera (AxioCamMRm; Zeiss) controlled by AxioVision Software 4.8 (Zeiss). Cell width and 

length of the longest cell axis were measured using the AxioVision software Rel. 4.8 (Zeiss) from MosaiX images 

taken. For each time point, 500 cells were measured, and the procedure was repeated at least three times with 

three independent experimental series. 

2.11. Determination of mitotic index (MI) and cell viability 
2.11.1. Mitotic Index (MI) 
WT tobacco BY-2 cells, treated with 0, 75 and 150 mM NaCl with and without plant PeptoQ (2µM) pretreatment, 

and the OE transgenic BY-2 cells treated with the same salt concentrations (without plant PeptoQ pretreatment) 

during subcultivation were used to measure the mitotic index (MI) in order to investigate the potential effect of 

salt stress on the proliferation status of BY-2 cells (Maisch and Nick, 2007). Mitotic index was recorded at 24, 

48,72 and 96 h after subcultivation/ treatment. MI provides the proportion of cells in prophase, metaphase, 

anaphase and telophase.  About 0.5mL aliquots of cell suspension were fixed in Carnoy fixative (3:1 [v/v] 96% 

[v/v] ethanol:glacial acetic acid) plus 0.25% Triton X-100 and nuclei were stained with 2-(4-hydroxyphenyl)-5-(4-

methyl-1-piperazinyl)-2.5-bi(1Hbenzimidazole) trihydrochloride (Hoechst 33258, Sigma–Aldrich, Neu-Ulm, 

Germany final concentration 1µg mL-1). This is to discriminate non-mitotic (uncondensed chromatin) from 
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mitotic (condensed chromosomes) cells using the fluorescent dye Hoechst 33258 which intercalates into the 

DNA. Dividing and non-dividing cells were scored under a fluorescence microscope, AxioImager.Z1 Apotome 

microscope (Zeiss, Jena, Germany) with a 20x objective and digital image acquisition controlled by AxioVision 

Software 4.8 (Zeiss). The mitotic index was calculated as the ratio between the number of dividing cells to that 

of the total number of cells scored. For each time point, 1,000 cells were scored, and the procedure was 

repeated at least three times with three independent experimental series. 

2.11.2. Cell viability  
To determine cell viability, 0.5µl aliquots of 0, 75 and 150 mM NaCl treated WT BY-2 cells suspension with and 

without plant PeptoQ (2µM) pretreatment, and the OE transgenic BY-2 cells treated with same NaCl 

concentrations (without plant PeptoQ pretreatment) during subcultivation were collected at 24, 48, 72 and 96 

h after subcultivation/treatment. To get rid of the medium, each sample was transferred into custom-made 

staining chambers (Nick et al., 2000), and then cells were stained with the vital dye Evans Blue (2.5% w/v, 

dissolved in distilled water) and incubated cells and dye together for 3-5 minutes (Gaff and Okong’O-Ogola, 

1971). The Evans Blue was eliminated by washing three times with distilled water. In dead cells, owing to the 

breakdown of the plasma membrane, Evans Blue can enter cells, stain the interior of the cell blue. Thus, those 

cells that accumulated Evans Blue were considered dead. Cells were mounted on a slide and viewed under 

Axioskop microscope (Zeiss, Jena, Germany), equipped with a 32x long distance objective (Zeiss Neofluar, Jena, 

Germany), and a digital CCD camera (AxioCam MRm). The number of dead and alive cells was counted, and 

percent cell death was calculated as the ratio of the number of dead cells over the total number of scored cells.  

For each independent treatment, at least 3000 cells were counted in three independent experiments.  

2.12. Reactive oxygen species (ROS) level assay 
Reactive oxygen species (ROS) were measured both in the extracellular (apoplastic) and intracellular phases.  

 2.12.1. Extracellular ROS level 
In the extracellular (apoplastic) phase hydrogen peroxide (H2O2) and superoxide (O2∙−) were measured. 

2.12.1.1. Measurement of H2O2 

The oxidative burst was determined by measuring H2O2 according to Bellincampi et al. (2000) in the extracellular 

phase. To measure extracellular H2O2, 4 days old cells of both WT and OE BY-2 were treated with 0, 75 and 150 

mM NaCl. In brief, 1 ml cell culture from both cell lines was harvested at 1, 4 and 6 h after salt treatment by 

centrifugation (10 000 g, 20 sec, and 250C) and then H2O2 concentration was measured in the supernatant. An 

aliquot of supernatant (500 µl) was added to 500 µl assay reagent (500 µM ferrous ammonium sulphate, 50 mM 

H2SO4, 200 µM xylenol orange, 200 mM sorbitol). After 45 min incubation, the peroxide-mediated oxidation of 

Fe2+ to Fe3+ was determined by measuring the absorbance at 560 nm of the Fe3+-xylenol orange complex (De 

Pinto et al., 2006). The procedure was repeated three times with three independent experimental series.  
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2.12.1.2. Measurement of O2
•− 

The detection of O2∙− in the extracellular phase was performed by using the nitroblue tetrazolium method 

(Murphy et al., 1998). To measure extracellular O2∙−, 4 days old cells of both WT and OE BY-2 were treated with 

0, 75 and 150 mM NaCl. Then, 1 mL of cell culture from both cell lines was harvested by centrifugation (10,000g, 

20s, 25°C), and O2∙− concentration was measured in the supernatant by monitoring the reduction of nitroblue 

tetrazolium (100 µM) at 530 nm. The amount of O2∙−, was then calculated using ɛ550 nm 12.8 mM-1 cm-1 

(Murphy et al., 1998). The procedure was repeated three times with three independent experimental series. 

       

 2.12.2.  Intracellular ROS level 
To examine the salt induced intracellular ROS production, WT BY-2 cells were treated with 0, 75 and 150 mM 

NaCl with and without plant PeptoQ (2µM) pretreatment (at day 3 to 4 after subcultivation) and placed under 

continuous shaking. Sampling was done at 10 min, 2 and 4 h after treatment by taking 200 µl of BY-2 cells, 

suspending them in 800µl PBS and followed by treatment with a cell-permeable fluorogenic probe reporting 

oxidative burst (Henderson and Chappell, 1993) dihydrorhodamine 123 (DHR 123, final concentration 10 µM), 

at 10 min, 2 and 4 h after treatment. After 30 min incubation, cells were washed 3 times using pre-warmed PBS 

at 37oC and resuspended in 1 ml PBS. Changes of the fluorescent signal were followed over time under an 

AxioImager Z.1 microscope (Zeiss, Jena, Germany) using the filter set 38 HE (excitation at 470 nm, beamsplitter 

at 495 nm, and emission at 525 nm), a 20x objective and a constant exposure time of 300 ms, and the procedure 

was repeated three times with three independent experimental series.  

 2.13.  Antioxidant enzymes activity and lipid peroxidation measurement 
In order to determine the antioxidant enzyme activities, 0.1g of both WT and OE BY-2 suspension cultured cells, 

treated with 0, 75 and 150 mM NaCl with and without plant PeptoQ (2µM) pretreatment, were vacuum-dried. 

Then those vacuum-dried cells were homogenized in 50 mM phosphate buffer (pH 7.0) that contains 1 mM 

EDTA, 1 mM polyvinylpyrolidone (PVP) and 0.05% triton X and followed by the centrifugation of the homogenate 

at 10,000g for 20 min at 4oC. Finally, the resulting supernatant was used for determination of antioxidant 

enzymes activities.  

2.13.1. Catalase (CAT)    
The antioxidant activity of CAT (EC.1.11.1.6) was measured on the basis of the disappearance of hydrogen 

peroxide (H2O2) (extinction coefficient of 39.4 mM-1cm-1) spectrophotometrically. The amount of enzyme 

needed to oxidize 1µmol of H2O2 per minute is considered as one unit of CAT activity (Weydert and Cullen, 2010). 

CAT activity was determined according to Aebi et al. (1984) protocol by combining 0.5ml enzyme extract with a 

2.5ml reaction mixture that contains 0.5ml of 30mM H2O2 and 2ml of 100mM sodium phosphate buffer pH 6.8 

that makes a final volume of 3 ml. Then spectrophotometer was used to measure the decrease in absorbance 

at 240nm which emanates from the depletion of hydrogen peroxide, and the procedure was repeated three 

times with three independent experimental series. 



Materials and Methods  

44 
 

2.13.2. Superoxide dismutase (SOD)   
The antioxidant activity of SOD (EC 1.15.1.1) was determined using the Beauchamp and Fedovich (1971) 

method. Briefly, a reaction mixture of 2.7ml containing, 2µM riboflavin, 13mM L-methionine, 75µM NBT and 

0.05M sodium carbonate (pH 10.2) was combined with 0.3ml of the extract that adds up to a final volume of 

3ml. The absorbance was recorded at 560nm using spectrophotometer, extinction coefficient of 12.8 mM-1cm-

1. Units per mg of protein was used to express the specific activity of SOD. The amount of enzyme needed for 

the inhibition of NBT reduction by 50%, represents SOD units, and the procedure was repeated three times with 

three independent experimental series. 

2.13.3. Lipid peroxidation  
The product of lipid peroxidation, malondialdehyde (MDA), indicator of oxidative burst was measured using a 

reaction between MDA and 2-thiobarbituric acid (TBA) according to Hodgson and Raison (1991) with minor 

modification as follows: 4 days old WT BY-2 cells were treated with 0, 75 and 150 mM NaCl  with and without 

plant PeptoQ (2µM) pretreatment, and also OE BY-2 cells were also treated with the same NaCl  concentrations  

and samples were collected  at 1 and 4 h by removing the medium using vacuum pump and about 0.1g cells 

were put in 2ml Eppendorf tube and frozen in liquid nitrogen. Then the combined cell fresh weight and steel 

bead was recorded, and cells were shock frozen again in liquid nitrogen, and then homogenized with steel beads 

(Tissue Lyser, Qiagen/ Retsch, Germany) in standardized manner (twice 30s at 25Hz), and frozen in liquid 

nitrogen. Then 1ml of sodium phosphate buffer 10mM (pH 7.4) was added to each sample, homogenized and 

centrifuged for 4 min at 8000g. Then 200µl of the supernatant from each treatment was added to the respective 

already prepared reaction mixture containing 100µl of 8.1% (w/v) Sodium Dodecyl Sulfate (SDS), 750µl of 20% 

(w/v) acetic acid (pH 3.5), 750µl of 0.8%(w/v) aqueous 2-thiobarbituric acid (TBA) and 200μl of Milli-Q water. 

For the blank, identical reaction mixture was used where the 200µl supernatant was replaced with the sodium 

phosphate buffer. Both reaction mixtures were mixed very well and incubated at 98oC for 1 h. Then the mixtures 

were cooled at room temperature and centrifuged at 8000g for 5 min and absorbance was measured at 535 nm 

(specific signal) and 600 nm (background). The MDA concentration in the supernatant was determined from the 

difference in absorption (A535 - A600nm) using a molar extinction coefficient of 155 mM-1 cm-1and fresh weight 

(Lata et al., 2011), and the entire procedure was repeated three times with three independent experimental 

series. 

2.14. Measurement of cellular cations content 
 
WT BY-2 cells were treated with 0, 75 and 150 mM NaCl with and without plant PeptoQ (2µM) pretreatment, 

and also OE BY-2 cells were treated with the same salt concentrations at day 4 after subcultivation and incubated 

on a shaker at 150 rpm. Samples were collected at 1 and 3 h by removing the medium using Büchner funnel 

fitted vacuum pump, and then dried in an oven at 80°C for 3 days. Cells were digested according to Ippolito and 

Barbarick (2000) with slight modification after determining the dry weight of the samples: Digestion tubes 
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(Gerhardt, UK) were used to mix the dry cells of each technical and biological replicates with 5 ml of 

concentrated nitric acid (HNO3) and then followed by 24 h room temperature incubation along with 6 and 24 h 

interval vertexing. Samples were boiled in a water bath at 105°C for 2 h, and after cooling, distilled water was 

added into each sample in order to obtain a final and adjusted volume of 10 ml which is vortexed accordingly. 

Eventually, flame atomic absorption spectrometry (AAnalyst200, Perkin Elmer) in an air-acytelene flame 

(Institute of Applied Geosciences, Karlsruhe Institute of Technology) was used to measure the Na+, K+, Ca2+ and 

Mg2+ contents. To prepare blank samples, 5 ml concentrated nitric acid was added into an empty digestion vessel 

and processed in the same way as above. Three independent technical and biological replicates were taken into 

consideration in calculating cations concentration with reference to the dry weights.  

2.15. Molecular analysis: Gene expression 
2.15.1. Total RNA extraction 
Prior to total RNA extraction, 4 days old WT BY-2 with and without plant PeptoQ (2µM) pretreatment, and OE 

BY-2 cells (without plant PeptoQ pretreatment) were treated with 0, 75 and 150 mM NaCl. About 100 mg 

samples were collected using vacuum pump both from the control and the treated cells at 1 and 3 h after the 

onset of salt treatment, and cells were immediately shock-frozen in liquid nitrogen. Then the frozen cells were 

homogenized with Tissue Lyser II (Qiagen/ Retsch, Hilden, Germany) 22Hz, 2x30seconds. Total RNA was 

extracted using the InnuPREP plant Kit (Analytik Jena, Germany) including genomic DNA digestion with RNase-

free DNAse I (Qiagen) according to the manufacturer´s instructions. The purity and integrity of the extracted 

total RNA was checked using both Nano-Drop 2000 and % (w/v) agarose gel electrophoresis, and the whole 

procedure was repeated three times with three independent experimental series. 

2.15.2. Agarose gel electrophoresis 
The integrity of extracted total RNA was verified using agarose gel electrophoresis. Where 1% [w/v] powdered 

agarose gel (Roth) was dissolved in TAE buffer [50x stock: 2 M Tris-HCl, 0.57% (v/v) acetic acid, 50 mM EDTA; pH 

7.5] by heating in a microwave, and 0.5x SYBR Safe (Invitrogen, Karlsruhe, Germany) was added when the 

temperature lowered around 50oC (it is used for detection). Total RNA samples were mixed with 5x loading dye 

[50% (v/v) glycerine, 0.05% (w/v) bromphenol blue, 0.05% (w/v) xylencyanol] before loading. Samples were 

loaded on the gel along with DNA ladder (NEB, Frankfurt, Germany) and separated by running it at 75-100 V for 

30 min. Bands were visualized on a Safe Imager blue light transilluminator (Invitrogen) and photographed with 

a Rainbow Camera system (Hama, Monheim, Germany). Similarly, to monitor the quality of the semi-

quantitative PCR (SQ-PCR) products, except the agarose gel being 1.5% (w/v), the same procedure as above was 

followed, and the entire procedure was repeated three times with three independent experimental series. 

2.15.3. cDNA synthesis 
The cDNA synthesis was carried out using total RNA as a template by means of the M-MuLV cDNA Synthesis Kit 

(NEB), with Oligo(dTs) (Thermo Fisher, Germany) according to the manufacturer’s instructions. In brief, 1µl dNTP 
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(10mM), 2µl oligo (dT) 500ng (= 100µM) and 1µg total RNA were mixed together, the volume was adjusted to 

16µl with RNase-free H2O, vortexed and spin down. Then the mixture containing the total RNA sample was 

denatured for 5 minutes at 72oC. It was spin briefly and put promptly on ice and followed by the addition of 2µl 

10X Reverse Transcriptase (RT) buffer, 1µl RNase inhibitor and 1µl M-MuLV Reverse transcriptase. Then 

vortexed and spin briefly, and the semiquantitative reverse transcription PCR (RT-PCR) reaction was continued 

at 42oC for 1 h. The enzyme was inactivated at 90oC for 10 min and hold at 12oC. The synthesized cDNA was 

diluted (1:10) with nuclease-free water and stored at -20oC until to be used for semiquantitative and 

quantitative real-time polymerase chain reactions (SQ-PCR and qRT-PCR). The procedure was repeated three 

times with three independent experimental series. 

2.15.4. Semiquantitative PCR (SQ-PCR) 

The semiquantitative PCR (SQ-PCR) was carried out as per the standard system described in (Tables 6 and 7) 

using the primers mentioned in (Table 5) by a conventional PCR cycler (peqLab Primus 96, Erlangen, Germany). 

In order to obtain the amplifications of the whole primers considered in exponential phase (which helps the 

clear identification of the products on the agarose gels), 30-35 cycle number has been chosen. The PCR products 

were processed and checked by 1.5% (w/v) agarose gel electrophoresis.  A MITSUBISHI P91D screen (Invitrogen) 

was used to record the gel images by means of a digital image acquisition system (SafeImage, Intas, Germany). 

The procedure was repeated three times with three independent experimental series. 

Table 6: Standard set-up for semiquantitative PCR (SQ-PCR) (20µL). 

Component                                                                                                                 Amount in µL 

10X Standard Taq Reaction Buffer (TB)                       2 

10mM dNTPs                                                               0.4 

Taq DNA Polymerase                                                                                                                                         0.1 

10µM Forward Primer                                                                                                                                                   1 

10µM Reverse Primer                                                                                                                                                    1 

Template cDNA                                                                                                                                                               2 

Nuclease-free water                                                                                                                                              to     20 
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Table 7: Cycling parameters for semiquantitative PCR (SQ-PCR). 

Step                                                                             Temperature                                                                       Time 

Heating up                                                                        95oC                                                                                 2 min 

Denaturation                                                                    94oC                                                                                30 S 

Annealing                                                                          60oC                                                                                30 S 

Elongation                                                                        72oC                                                                                1 min 

Final Extension                                                                 68oC                                                                                5 min 

Hold                                                                                    10oC                                                                                  ∞ 

 

2.15.5. Quantitative real-time PCR (qRT-PCR) 

The quantitative real-time PCR (qRT-PCR) was conducted by preparing a master mix with respect to the available 

genes, then split up into 61.8µl triplet mix, and eventually, mixed with 3.25µl of the respective cDNA. The entire 

components of the qRT-PCR mix per reaction are described in (Table 8) below. The Bio-Rad CFX Touch real-time 

PCR system (Bio-Rad, Munich, Germany) detection system was used to perform the qRT-PCR reaction according 

to the manufacturer’s instructions where the following cycler conditions were applied: 95°C for 3 min, 39 cycles 

(95°C for 15 s and 60°C for 40 s). The primer sequences of the genes used are listed in (Table 5). 

The analysis of the qRT-PCR data was carried out by 2-∆∆Ct method (Livak and Schmittgen, 2001). First of all, the 

average of the three technical replicates of the cycle threshold (Ct) values of the treated, non-treated and the 

endogenous controls samples was calculated. Then the values of both the treated and non-treated samples 

were normalized by the endogenous control by calculating ∆Ct values. The ∆Ct of the treated and non-treated 

samples was calculated as (Ct gene-Ct endoControl) treated and (Ct gene-Ct endoControl) non-treated where 

the Ct of the endogenous control was the geometric mean of the two reference genes, ribosomal protein L25 

and elongation factor-1α (EF-1α). The values normalized by the endogenous controls were also further 

normalized by the calibrator (non-treated) samples by calculating ∆∆Ct values as (∆Ct gene) treated - (∆Ct gene) 

non-treated. Finally, the induction factor was calculated using the formula 2-∆∆Ct. The procedure was repeated 

three times with three independent experimental series. 
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Table 8: Standard set-up for quantitative real-time PCR (qRT-PCR) (20µL)-mix per reaction.                                                                                        

Component                                                                                                                   Amount in µL 

Nuclease-free H2O                                                                                                               11.75 

5X GoTaq buffer ( NEB, Frankfurt, Germany)                                                                  4 

5U/µl GoTaq Polymerase ( NEB, Frankfurt, Germany)                                                              0.1 

10mM dNTPs                                                                                                                                     0.4 

10µ M Forward Primer                                                                                                                      0.4 

10µM Reverse Primer                                                                                                                        0.4 

MgCl2 (50mM)                                                                                                                              1 

SybrGreen                                                                                                                                           0.95 

Template cDNA (1:10)                                                                                                                 1                                               

Final volume                                                                                                                            20µL 

 

2.16. Experimental Design and Statistical Data Analysis  

A factorial experiment with randomized complete block design (RCBD) was used with two factors: tobacco cells 

[(WT BY-2 cells with versus without plant PeptoQ) and (WT BY-2 cells versus OsOPR7 overexpressor BY-2 cells)] 

and salinity (0, 75 and 150mM NaCl). All the presented data are mean values and standard errors and generated 

from three independent biological replicates. All data were analyzed by analysis of variance (ANOVA), LSD and 

Tukey HSD Post-Hoc tests using a statistical package, SPSS version 24 assuming independence, normal 

distribution of values and confidence interval of 95%. The significance of differences between individual samples 

was determined using excel based two-tailed student’s t-test assuming 95% of confidence interval. Values with 

*P ≤ 0.05, **P ≤ 0.01 and ***P ≤ 0.001 are denoted as significant, highly significant, and very highly significant, 

respectively. 
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3. Results 
3.1. Time-course and dose-response characterization of plant PeptoQ 
Time-course and dose-response experiments were conducted to gain insight into the cellular uptake aspects of 

the plant PeptoQ by walled, non-transformed WT tobacco BY-2 cells. Uptake was quantified by measuring the 

mean fluorescence intensity of the plant PeptoQ-associated rhodamine, corrected for background intensity 

(Eggenberger et al., 2017), in proliferating cultures at day 3 after subcultivation (Huang et al., 2017).  

3.1.1. Time-course assay of plant PeptoQ 
For the time-course study, non-transformed WT BY-2 cells were incubated with 2 µM of labelled plant PeptoQ, 

and the rhodamine signal was followed by spinning disc confocal microscopy (Fig. 9A). The signal was rapidly 

increasing during the first hour of uptake and was then accumulating in vermiform structures that were 

interpreted as mitochondria. However, during the first hour, most of the signal this mitochondrial pattern was 

not developed, which can be visualized by normalising the signal amplitude for the overall lower levels at the 

early stages of uptake (Fig. 9B). While at 10 min after the start of incubation (the earliest time point that could 

be reliably observed in this time series), mostly punctate signals were seen in the peripheral cytoplasm, just 

adjacent to the cell membrane, and at 30 and 60 min of incubation, a reticulate signal was dominating, probably 

representing the endoplasmic reticulum. Only later, from 90 min of incubation, the mitochondria became 

evident, and the reticulate signals outside of mitochondria disappeared progressively. Also, the quantification 

of the signal over time revealed a non-steady nature of uptake. While the uptake was rapid during the first 20 

min, it halted between 30 and 60 min, followed by a second wave of uptake became evident between 60 and 

120 min. Then, beyond 120 min, no further uptake was seen (Fig. 9C). When the rate of uptake (as first derivative 

of the cumulative values obtained from the quantification) was plotted over time, the two waves of uptake 

activity became clearly evident (Fig. 9D). The first wave of uptake coincided with the reticulate distribution of 

the fluorescent signal, while the second wave of uptake was seen at a time, when the signal from the first wave 

had been mostly translocated to the mitochondria. Thus, both the cellular details as well as the quantification 

show that the plant PeptoQ reaches the mitochondria not in a linear process, but in a biphasic process, where 

in a first step a pool in the ER is filled, before the signal in a second, slower step accumulates in the mitochondria 

themselves.   
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Figure 9: Time course for the uptake of plant PeptoQ into tobacco BY-2 cells. Cells were treated at day 3 after subcultivation 

(at the completion of the proliferation phase of the culture) with 2 µM of plant PeptoQ and followed by spinning disc confocal 

microscopy making use of the fluorescent signal of the conjugated rhodamine. Representative cells recorded at constant 

laser power and exposure time are shown in A, the white squares mark the region of interest magnified in B to show the 

subcellular details. White arrows indicate punctate structures that are seen in early time points which represent endoplasmic 

reticulum (ER) structures that have active role in the internalization process, white arrowheads indicate filamentous 

structures. C Quantification of intracellular accumulation based on the integrated intensity inside the cell corrected for 

background. Mean values and standard errors from three independent experiments are shown. D Uptake determined from 

the first derivative of the cumulative time course shown in C to show the non-steady nature of the process, where a first 

period of rapid uptake in the first 20 min is followed by a static period, and then the second, third and fourth waves of uptake 

became evident after 60, 90 and 120 min respectively. Beyond 120 min, it became saturated. This signifies that the uptake 

of plant PeptoQ depends on receptor(s) molecule(s). Adapted from Asfaw et al., 2019. 

 



Results 

51 
 

3.1.2. Dose-response assay of plant PeptoQ 
To dissect uptake further, a dose-response study was conducted, where the BY-2 cells were incubated for 120 

min (the time point, when uptake was seen to be complete in the time-course experiment) with 0.5 to 5 µM of 

labelled peptoid. Again, the dependency was not linear (Fig. 10A, B): for 0.5 and 1 µM, the resulting signal was 

not confined to mitochondria, while for higher concentrations, the mitochondrial signal clearly dominated the 

background in the cytoplasm. Similar to the situation at early time points seen during the uptake of 2 µM of 

plant PeptoQ (Fig. 9B), structures connecting patterns could be seen indicative of a situation, where the peptoids 

were still trapped in the ER and did not travel further (Fig. 10B, arrowheads). When a dose-response curve was 

constructed from a quantification of the signals, a significant increase in uptake became evident, when the 

concentration of the plant PeptoQ was raised from 0.5 to 2 µM. Uptake became saturated above this 

concentration (Fig. 10C). It has to be noted that there was a clear threshold at around 1 µM plant PeptoQ. Below 

this threshold, the signal was virtually absent. Michaelis-Menten based algorithm was used to model these 

uptake data (Fig. 10D). For the one-step model, a dissociation constant of 0.4 µM was determined by fitting 

observed and predicted data. However, the fit was very poor-especially, the modelling failed to reproduce the 

pronounced threshold seen in the data. Therefore, we changed to a two-step model, where a first uptake step 

saturated at 0.9 µM was followed by a second step with a dissociation constant of 0.2 µM, which fitted the 

observed data much more efficiently. 
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Figure 10: Dose-response for the uptake of plant PeptoQ into tobacco BY-2 cells. Cells were treated at day 3 after 

subcultivation (at the completion of the proliferation phase of the culture) with 0.5-5 µM of plant PeptoQ and observed by 

spinning disc confocal microscopy making use of the fluorescent signal of the conjugated rhodamine. Representative cells 

recorded at constant laser power and exposure time are shown in A, the white squares mark the region of interest magnified 

in B to show the subcellular details. White arrowheads indicate connective structures between 

mitochondria. C Quantification of intracellular accumulation based on the integrated intensity inside the cell corrected for 

background. Mean values and standard errors from three independent experiments are shown. D Modelling the observed 

values for the dose-response of uptake (white squares) by a Michaelis-Menten algorithm. In the one-stage model (left), a 

dissociation constant of 0.4 µM was derived from the fitting, in the two-stage model (right), a first step saturated at 0.9 µM, 

followed by a second step with a dissociation constant of 0.2 µM was derived. Adapted from Asfaw et al., 2019. 

Therefore, the dose-response study supports the conclusion from the time-course experiments that uptake 

proceeds in two stages. The first stage is rapid leads to accumulation of the signal in the ER and is saturated at 

~1 µM, the second stage proceeds more slowly and shows a higher affinity (KD ~ 0.2 µM) partitions the signal 

from the ER to the mitochondria itself, where it accumulates to high levels. 
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3.2. Subcellular localisation of plant PeptoQ 
In the time-course assay above, the vermiform-vesicular final pattern obtained for the labelled plant PeptoQ 

was interpreted as mitochondrial localisation. To test this assumption, WT BY-2 cells were treated with labelled 

2 µM plant PeptoQ and incubated for 120 min, washed thoroughly, and incubated with the specific 

mitochondrial dye MitoTracker Green FM (1 µl/ml) for 5 min. The potential colocalisation of both signals was 

then assessed by spinning disc confocal microscopy using simultaneous excitation of the MitoTracker Green FM 

dye through the 488-nm line, and the rhodamine conjugated to the plant PeptoQ through the 561-nm line of 

the Ar-Kr laser. The result showed a clear colocalisation between the mitochondrial dye and the plant PeptoQ 

conjugated probe (Fig. 11). This tight association of the signal recording the plant PeptoQ with mitochondria 

was observed independently of the proliferation status and was seen both for cells from the proliferating (Figs. 

11A-C) or the stationary (Figs. 11D, E) phases of the culture. 

 

Figure 11: Mitochondrial localisation of the plant PeptoQ in tobacco BY-2 cells assessed at day 3 (A-C) or day 6 (D, E). Cells 

were incubated for 2 hours with 2 µM of plant PeptoQ followed by labelling with MitoTracker Green FM and then followed 

by spinning disc confocal microscopy making use of the fluorescent signal from MitoTracker Green FM (A), and the 

rhodamine signal from the labelled plant PeptoQ (B). The merge of the two channels shown in (C-E) shows the close overlap 

of both signals. Confocal sections recorded in the mid-plane from representative cells recorded at constant laser power and 

exposure time are shown. Adapted from Asfaw et al., 2019. 
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3.3. Cellular uptake mechanisms of plant PeptoQ  
In the effort to identify the possible cellular uptake mechanism(s) of plant PeptoQ into non-transformed WT BY-

2 cells, endocytosis was investigated as one of the potential options. To do so, two inhibitors that are known to 

disrupt endocytosis were used. Such as Wortmannin (Wm) which disrupts endocytosis as a whole and 

Ikarugamycin (IKA) which inhibits clathrin-dependent endocytosis. First of all, the effectiveness of these drugs 

was verified using the fluorescent endosomal marker FM4-64 where 3 days old cells were pretreated with both 

drugs (33µM Wortmannin and 10µM Ikarugamycin) and incubated for 30 min, treated with 2 µM FM4-64   and 

incubated for 5 min. Eventually, visualized under spinning disc microscope. The FM4-64 was taken up readily in 

the control cells (Fig. 12D) such that numerous endosomes could be seen in trans-vacuolar strands and also 

around the nucleus. However, in Wortmannin (33µM) pretreated BY-2 cells, the uptake of FM4-64 was inhibited. 

This implies that Wortmannin blocks endocytosis effectively in our experimental set up (system). Tobacco BY-2 

cells of the same stage (day 3 after subcultivation) were pretreated with Wortmannin (incubated for 30min), 

further treated with 2µM plant PeptoQ and incubated for additional 2 h, a time point that allows a maximum 

uptake (Fig. 9, Fig. 12A). Like the efficacy test with FM4-64, the cellular uptake of plant PeptoQ was blocked 

effectively, and the signal remained attached to the cross wall (Fig. 12B). On the other hand, Ikarugamycin was 

used in order to test to what extent the cellular uptake of plant PeptoQ depends on clathrin mediated 

endocytosis. First the efficiency of Ikarugamycin on the uptake of FM4-64 was assayed. Like the case with 

Wortmannin above, 3 days old WT tobacco BY-2 cells were pretreated with 10µM Ikarugamycin, incubated for 

30min and followed by treatment with 2µM FM4-64 and 5min incubation. The spinning disc microscopic result 

showed effective internalization of the FM4-64 in the control BY-2 cells and characterized by fluorescent 

endosomes in trans-vacuolar strands and around the nucleus (Fig. 12D). However, such fluorescent endosomes 

localised in trans-vacuolar strands and around the nucleus were eliminated by pretreatment with 10µM 

Ikarugamycin (Fig. 12F). Instead, punctate signals were lining the membrane like beads on a string. Here, unlike 

the situation created by treatment with wortmannin, the signal was not confined to the cross walls (compare 

Fig.12E and 12F). Then 10µM Ikarugamycin pretreated (incubated for 30 min) WT tobacco BY-2 cells were 

treated with 2µM plant PeptoQ and incubated for 2 h. After washing three times with MS medium, cells were 

observed under spinning disc microscope. The result showed a punctate rhodamine B signal at the cell 

membrane, and predominantly at the lateral walls. The pattern observed here was the same as seen for FM4-

64 (Fig. 12C). Since the cellular uptake of plant PeptoQ was effectively inhibited by Ikarugamycin pretreatment, 

hardly any mitochondria were detected despite the fact that the BY-2 cells were incubated with plant PeptoQ 

for 2 h (the time point that would allow for complete uptake). 
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Figure 12: Inhibitors of endocytosis impair the cellular uptake of plant PeptoQ into BY-2 (A-C) as compared to the endosomal 

tracer FM4-64 (D-F). Control cells (A, D) are shown in comparison to cells that had been pretreated for 30 min with either 

33 µM Wortmannin (B, E) or with 10 µM Ikarugamycin (C, F). Confocal sections recorded in the mid-plane from 

representative cells are shown. Adapted from Asfaw et al., 2019. 

To test, whether the plant PeptoQ passes through endosomes, the plasma-membrane located auxin-influx 

carrier AUX1 was employed. A tobacco BY-2 strain expressing a fusion of AUX1 with YFP (from Arabidopsis 

thaliana) under an estradiol-driven promoter (Laňková et al., 2010) was induced for expression by adding ꞵ-

estradiol (1 µM) for 24 h at day 2 after subcultivation, and then treated with 2µM plant PeptoQ and followed 

by 2 h incubation. Upon microscopic inspection of the cell surface (Fig. 13, left-hand panel), fine punctate signals 

of AUX1 could be observed that were aligned like beads on a string. These strings were clustered to larger 

agglomerations and also, they were interspersed with larger speckles that presumably represented sites of 

endocytotic activity. The plant PeptoQ signal was not seen in the aligned punctae that probably represent the 

working form of the AUX1 carrier but instead in the above-mentioned speckles and agglomerations. On the 

other hand, the topology of uptake could be observed (Fig. 13, right-hand panel) in confocal sections of the cell 

center where different sized vesicular structures harbor the plant PeptoQ. The larger vesicles were localized 

somewhat deeper in the cytoplasm whereas the smaller ones were situated closer to the plasma membrane. 
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Figure 13: Colocalisation of a YFP fusion with the auxin-influx carrier AUX1 (as marker for endosomes) with the plant PeptoQ 

in surface view (left-hand panel) and in a central confocal section (right-hand panel). White arrows indicate vesicular 

structures that are labelled by both signals. Expression of AUX1-YFP was driven by an estradiol-driven promoter, which was 

induced 24 h prior to the experiment by ꞵ-estradiol (1 µM). Adapted from Asfaw et al., 2019. 

To identify the involvement of the endoplasmic reticulum in the cellular uptake of plant PeptoQ, cells were first 

incubated with rhodamine B labeled 2 µM plant PeptoQ for different time points, before adding 3,3´-dihexyloxa 

carbocyanine iodide (DiOC6), washed thoroughly with distilled water, and then investigated by spinning-disc 

microscopy. This cationic dye, DiOC6 is labelling the ER, including the nuclear envelope, but also has a high 

affinity for mitochondria (Matzke and Matzke, 1986). We observed that at 10 min after addition, the rhodamine 

signal reporting the plant PeptoQ was tightly colocalised with a reticulate structure, probably representing the 

endoplasmic reticulum (Fig. 14A), especially in vicinity of the cross-walls. Individual speckle-like structures 

reporting both signals, probably representing mitochondria were seen as well. At later stages of uptake (Fig. 

14B), the signals were more separate-while the speckles showing both the rhodamine B and the DioC6 signal 

were now quite abundant, the reticulate network interconnecting those bona-fide mitochondria, was depleted 

from the rhodamine signal and appeared green in the channel merge. Then the degree of signal separation (Fig. 

14C) was quantified over time by integrating over each individual pixel the intensity difference between the two 

channels divided by the average intensity of the green DioC6 signal. In case of a complete overlap of both signals, 

this value should be 0%, while in case of complete separation, it should be 100%. At early phases of uptake, the 

signals for plant PeptoQ and DioC6 were tightly linked (giving a score of 25%), but during the first hour of uptake, 

they progressively separated, until from 60 min a plateau with a score of a bit more than 35% was reached.  
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Figure 14: Dual labelling of plant PeptoQ with DioC6. Tobacco BY-2 cells collected at day 3 after subcultivation were 

incubated for different time intervals with 2 µM plant PeptoQ, and further labelled with 2.5 µg/ml DiOC6 immediately 

(incubated for 10 min) prior to observation by spinning-disc microscopy. The plant PeptoQ signal as reported by the 
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rhodamine reporter, and DiOC6 signal as reported by the green channel, as well as the merge of both channels is shown 

exemplarily for an early time point (10 min after addition of the plant PeptoQ) in A, and for a late time point (120 min after 

addition of the plant PeptoQ) in B. The yellow colour in the merge picture indicates overlap of both signals, bold white arrows 

indicate putative mitochondria, the white ellipse shows a site, where the ER is labelled, while the plant PeptoQ is only weakly 

detectable (indicated by the green colour in the merge). C Time course of separation between plant PeptoQ and DioC6 

signals. Individual pixel intensities of the two signals were subtracted and normalised over the mean intensity of the DioC6 

signal. Data represent mean values and standard errors. Full overlap of both signals would yield a value of 0%, complete 

separation of both signals would produce a value of 100%.  

Similarly, to visualize mitochondria during the uptake of plant PeptoQ, 0.1% v/v of MitoTracker Green FM was 

added at different time intervals after treating tobacco BY-2 cells with 2 µM rhodamine B labelled plant PeptoQ. 

Mitotracker Green FM is a voltage sensitive dye for mitochondria, but also cross-labels the endoplasmic 

reticulum to a certain extent (Cruz et al., 2011). At 10 min after addition of the plant PeptoQ, used as early time 

point, numerous speckles were labelled by Mitotracker Green FM, presumably representing mitochondria, 

along with reticulate structures and vesicles in-between, presumably representing the endoplasmic reticulum 

(Fig. 15A). In the signal merge, both structures appeared yellowish, indicative of simultaneous presence of 

Mitotracker Green FM and plant PeptoQ. Adjacent to the cross wall, the plant PeptoQ signal was dominating 

(Fig. 15A, white ellipse). When Mitotracker Green FM was added 120 min after the plant PeptoQ, the reticulate 

structures between mitochondria appeared mostly green, indicative of a depletion from the plant PeptoQ. 

Similar to the DioC6 experiment, the signal separation (Fig. 15B) was quantified and observed a similar time 

course, except that the curve levelled off at values that were around 10% higher as those seen for DioC6, linked 

with a weaker labelling of the endoplasmic reticulum by Mitotracker Green FM signal as compared to 

DioC6.Thus, both fluorescent dyes report accumulation of the plant PeptoQ in the mitochondria from an 

intermediate pool that is in the endoplasmic reticulum. 
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Figure 15: Dual labelling of plant PeptoQ (PPQ) with Mitotracker Green FM. Tobacco BY-2 cells collected at day 3 after 

subcultivation were incubated for different time intervals with 2 µM plant PeptoQ, and further labelled with 0.1 % 

Mitotracker Green FM, incubated for 5 min, and then visualized by spinning-disc microscopy. The plant PeptoQ signal as 

reported by the rhodamine reporter, and the Mitotracker Green FM signal as reported by the green channel, as well as the 

merge of both channels is shown exemplarily for an early (10 min after addition of the plant PeptoQ), and a late time point 

(120 min after addition of the plant PeptoQ). The yellow colour in the merge picture indicates overlap of both signals, bold 

white arrows indicate putative mitochondria, the white ellipse shows a site, where the plant PeptoQ signal is dominant in 

vicinity of the cross-wall, while the Mitotracker Green FM signal is weak. B Time course of separation between plant PeptoQ 

and Mitotracker Green FM signals. Individual pixel intensities of the two signals were subtracted and normalised over the 

mean intensity of the signal for Mitotracker Green FM. Data represent mean values and standard errors. Full overlap of both 

signals would yield a value of 0%, complete separation of both signals would produce a value of 100%.  

3.4. The role of cytoskeleton in the cellular uptake of plant PeptoQ 
The role of cytoskeleton such as actin filaments and microtubules in the cellular uptake of plant PeptoQ by the 

WT tobacco BY-2 cells was investigated. 
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3.4.1. The role of actin filaments in the cellular uptake of plant PeptoQ 
The marker cell line GF11, where actin filaments are visualized by a fusion of the actin-binding domain 2 of 

Arabidopsis thaliana fimbrin with Green Fluorescent Protein (GFP) as reporter was used to investigate the role 

of actin filaments in the cellular uptake of the plant PeptoQ.  To test whether actin is involved in the cellular 

uptake of plant PeptoQ, GF11 cells were pretreated with 10 µM of Latrunculin B (sufficient to completely 

eliminate actin filaments), a specific inhibitor that sequesters G-actin from assembly into F-actin and incubated 

for 1 h. The pretreated cells were further treated with 2µM plant PeptoQ for 2 h. The confocal spinning disc 

microscopic observation showed strong impairment of the plant PeptoQ internalization into the GF11 cells (Fig. 

16D, E) characterized by the presence of only few punctate signals lining the nuclear envelope and the shift of 

the nuclei to the cross walls. Furthermore, at the lateral walls, there were signals lining the cell membranes 

which is similar to the case observed with Ikarugamycin treatments (compare Figs. 16D and 12F). Occasionally 

a double line could be visualized at the cross walls, that might represent the cell membranes of the two 

neighbouring cells (Fig. 16E, inset). In the control GF11 cells, the colocalization between the signal from the 

plant PeptoQ conjugated rhodamine B and GFP labelled actin filaments was assessed by spinning disc confocal 

microscopy (Figs. 16A-C). The actin filaments were intact, and the mitochondria were aligned along them as it 

is evident from the effective colocalization between the red and green fluoresces. The dual labelling revealed 

the mitochondria (Fig. 16C, inset, asterisks) where actin filaments were also labelled partially by the rhodamine 

B signal (Fig. 16B, indicated by an arrow). From the above observations, it is possible to infer that actin filaments 

are required for the cellular uptake and the mitochondrial localization of the plant PeptoQ.  
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Figure 16: Uptake of plant PeptoQ depends on actin. Cells of the actin marker line GF11 (collected at day 3 after 

subcultivation) were incubated with 2 µM of plant PeptoQ for 2 h either without (A-C) or with (D-F) elimination of actin 

filaments by Latrunculin B (10 µM, 1 h). The GFP signal recording actin (A, D), the rhodamine signal recording the plant 

PeptoQ (B, E), and the merged signal (C, F) is shown in a central confocal section of representative cells. The inset in C 

highlights the association of the rhodamine-labelled mitochondria with actin filaments (asterisks), the white arrow in A-C 

the association of the rhodamine signal along actin, the inset in E the signals lining the two sides of the cross wall after 

treatment with Latrunculin B. Adapted from Asfaw et al., 2019. 

3.4.2. The role of microtubules in the cellular uptake of plant PeptoQ 
In analogy to actin filaments, the cell line expressing the beta-tubulin TuB6 from Arabidopsis thaliana fused with 

the Green Fluorescent Protein was used to assess the potential role of microtubules in the internalization of the 

plant PeptoQ. To eliminate microtubules, TuB6 cells were pretreated with 10 µM Oryzalin, a plant-specific 

inhibitor of microtubules, for 1 h, so as to eliminate microtubules, followed by treatment with 2 µM plant 

PeptoQ and with 2 h subsequent incubation. Microtubules were completely eliminated by Oryzalin 

pretreatment which was accompanied by more prominent fluorescent background signal (Fig. 17D). There was 

effective cellular uptake of plant PeptoQ irrespective of the complete elimination of microtubules by Oryzalin 

(Figs. 17E, F). Cortical microtubules were clearly seen against the background that might come from non-

assembled tubulin heterodimers in the control which lacks pretreatment by Oryzalin (Fig. 17A). When the 

rhodamine B signal from the labelled plant PeptoQ was colocalized with the microtubule signal from attached 

GFP (Fig. 17B), at the first instance, the merged figure (Fig. 17C) looks alike the one seen for actin. However, in 

a profound and closer look, it could be realized that some mitochondria were colocalised with microtubules, 

often with a deviation orientation (Fig. 17C, white arrows in the inset). Therefore, microtubules are not involved 

in the cellular uptake of plant PeptoQ.  
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Figure 17: Uptake of plant PeptoQ does not depend on microtubules. Cells of the microtubule marker line AtTuB6 (collected 

at day 3 after subcultivation) were incubated with 2 µM of plant PeptoQ for 2 h either without (A-C) or with (D-F) elimination 

of microtubules by Oryzalin (10 µM, 1 h). The GFP signal recording tubulin (A, D), the rhodamine signal recording the plant 

PeptoQ (B, E), and the merged signal (C, F) is shown for representative cells. The inset in C highlights cases, where the 

rhodamine-labelled mitochondria deviate in their orientation from the microtubule (arrows). Adapted from Asfaw et al., 

2019. 

3.5. Potential cytotoxicity of plant PeptoQ 
As a matter of fact, a tool for chemical manipulation should not impose toxicity on the target cell. Therefore, 

potential toxic effects of plant PeptoQ on WT BY-2 cells was scrutinised after loading with 2 µM plant PeptoQ 

for 2 h and then followed potential changes of mortality by the membrane-impermeable dye Evans Blue (2.5% 

w/v). It has been observed that the cells excluded the dye both in control cells as well as in cells incubated with 

the plant PeptoQ (Fig. 18A), cell toxicity was low (<5%) in both cases and there was no significant difference for 

the cells treated with the plant PeptoQ, even for prolonged cultivation for 96 h (Fig. 18B). Furthermore, the 

potential toxicity in response to increasing concentrations of plant PeptoQ (2, 4, 8, 16, 25, 40 and 50 µM) was 

followed over prolonged time (24, 48, 72, and 96 h) but any indication of increased cell toxicity could not be 

detected (Fig. 19). Mortality was below 5% throughout. To test whether the time frame of up to 96 h was 

sufficient to pick up potential programmed cell death, cell death induced by high salt stress (150 mM NaCl) was 

used as positive control. Here, the full level of mortality (60%) was already reached after 24 h with only minor 

increases during the subsequent days.  
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Since the plant PeptoQ was found to fully preserve the physiology of the treated cells even for prolonged 

incubation, in the next step, it has been asked, whether a pretreatment with plant PeptoQ could mitigate cellular 

damage imposed by disrupted oxidative balance in the mitochondria. Thus, moderate salt stress (75 mM NaCl) 

was used as stressor which induced significant toxicity, accompanied by cytosolic shrinkage, breakdown of 

cytoplasmic structure, and loss of membrane integrity as visualised by the penetration of Evans Blue (Fig. 18A). 

The mortality induced by 75 mM NaCl reached almost 50% within 24 h but dropped subsequently over the 

following days to around 20%, indicative of progressive adaptation and proliferation of surviving cells 

compensating for the initial mortality (Fig. 18B). This decrease is not caused by a resurrection of dead cells, but 

simply by the fact that dead cells of a suspension culture grown on the shaker, rapidly decay to debris and 

therefore eclipse from the sampling population, while surviving cells will proliferate. The decrease of mortality, 

therefore, reflects the level of adaptation and subsequent recovery. When the cells were pretreated with the 

plant PeptoQ prior to the salt stress, the initial mortality was much lower (from almost 50% to around 25%), and 

the subsequent recovery proceeded more rapidly, until 96 h after the onset of salt stress, only 7% of cells were 

found to be dead, which was not significantly different from cells that had not experienced any salt stress (Fig. 

18B). This means that the plant PeptoQ not only did not impose any toxicity, but in addition significantly 

improved the survival and adaptation to salt stress. To test, whether this mitigation effect was dependent on 

the presence of rhodamine moiety, mortality under high salt stress (150 mM NaCl) was probed over two days 

(Fig. 18C). The unconjugated peptoid seemed to be slightly more effective than its rhodamine conjugate, but 

the difference was not significant. What was highly significant, however, was the mitigation of mortality in the 

peptoid treated samples. 
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Figure 18: Plant PeptoQ does not cause any toxicity and mitigates the mortality caused by salt stress. A Representative cell 

were probed by the Evans Blue dye exclusion test. B Time courses of mortality. C Mitigation of salt-induced mortality (150 

mM NaCl) by plant PeptoQ is independent of conjugation to rhodamine (PeptoQ-Rho) or absence of rhodamine moiety 

(PeptoQ). Data represent means and standard errors from at least three independent experimental series scoring samples 

of 1000 individual cells.  Moderate salt stress (75 mM NaCl) was administered from 2 h after the addition of the plant PeptoQ. 

** indicate differences that are significant at P ≤ 0.01, * at P ≤ 0.05 based on a student’s t-test. Adapted from Asfaw et al., 

2019. 

 

Figure 19: Effect of plant PeptoQ in different concentrations (from 0-50 µM) and salinity stress upon viability of tobacco BY-

2 cells scored at different time points (24, 48, 72 & 96 h). Data represent mean and standard errors from three different 

biological replicates, representing a sample population of 1000 cells per replicate.  Adapted from Asfaw et al., 2019. 

3.6. Effect of plant PeptoQ on mitochondrial fragmentation  
On the other hand, whether plant PeptoQ could suppress mitochondrial fragmentation caused by disturbed 

electron transport that emanates from exposure to salt stress or not was tested. At day 3 after subcultivation, WT 

tobacco BY-2 cells were pretreated with plant PeptoQ (incubated for 2 h), exposed to moderate salt stress (75 

mM NaCl), and followed by the determination of mitochondrial area coverage at 2 and 24 h after the onset of salt 

stress. In the control, mitochondria were characterized by ovoid shape, and decayed into small fragments 

following treatment with 75 mM NaCl (Fig. 20A).  However, in WT BY-2 cells that were pretreated with plant 

PeptoQ, the detrimental effect of salt stress was partially mitigated (Fig. 20B). 
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Figure 20: Effect of the plant PeptoQ on mitochondrial morphology and coverage. A Mitochondrial morphology in controls 

(0 mM NaCl) versus moderate salt stress (75 mM NaCl) in the absence (w/o), or presence (with) of plant PeptoQ (2 µM) 2 h 

after the onset of salt stress. The insets are given as zoom-ins in the upper row to show the differences in mitochondrial 

shape. B Mitochondrial coverage after 2 (left), or 24 h (right) of treatment with different concentrations of NaCl. Data 

represent mean values and standard errors of three independent experimental series. ** indicate differences significant at 

P ≤ 0.01, *at P ≤ 0.05 based on a student’s t-test. Adapted from Asfaw et al., 2019. 

3.7. Internalisation of plant PeptoQ into the real plant cell system 
To investigate the cellular uptake of plant PeptoQ by real plant cell system, the rice cultivar Nipponbare (Oryza 

sativa L. ssp.japonica  cv. Nipponbare) was used. Five days old germinated seeds were taken, and the roots were 

cut into three parts such as root tip, elongation zone and maturation zone by means of razor blade. Each root 

section was placed on separate 35mm petri dish, supplied with 4 ml distilled water and incubated with 

rhodamine B labelled plant PeptoQ for 2 h. Finally, washed with double distilled water three times, treated with 

0.1% v/v of MitoTracker Green FM dye, incubated for 5 min and observed under confocal spinning disc 

microscope. The result showed a significant cellular uptake of plant PeptoQ both by the main root (Fig. 21 B) 

and the root hairs (Fig.22 B) system. Furthermore, there was remarkable and clear colocalisation between the 

green fluorescence from mitochondrial dye, MitoTracker Green FM and the rhodamine B signal attached to the 

plant PeptoQ (Fig. 21C and Fig. 22 C). The intensity of colocalisation is similar to the colocalization observed in 

the 6 days old tobacco BY-2 cells (compare Figs.11C, D, E, 21C and 22C.). Overall, the result implies that the plant 

PeptoQ could enter into the real plant cells system such as rice root and localized in the mitochondria as a final 

destination. 
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Figure 21: Cellular uptake and mitochondrial localization of the plant PeptoQ in rice root (root tip, elongation zone and 

maturation zone) assessed on 5 days old germinated seeds. Cells were incubated for 2 h with 2 µM plant PeptoQ followed 

by labelling with MitoTracker Green FM and then visualised using spinning disc confocal microscopy making use of the 

fluorescent signal from MitoTracker Green FM (A), and the rhodamine signal from the labelled plant PeptoQ (B). The merge 

of the two channels shown in (C) shows the close overlap of both signals. Confocal sections recorded in the mid-plane from 

representative cells recorded at constant laser power and exposure time are shown.  
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Figure 22: Cellular uptake and mitochondrial localization of the plant PeptoQ in rice root hairs (root tip, elongation zone and 

maturation zone) assessed on 5 days old germinated seeds. Cells were incubated for 2 h with 2 µM plant PeptoQ followed 

by labelling with MitoTracker Green FM and then visualised using spinning disc confocal microscopy making use of the 

fluorescent signal from MitoTracker Green FM (A), and the rhodamine signal from the labelled plant PeptoQ (B). The merge 

of the two channels shown in (C) shows the close overlap of both signals. Confocal sections recorded in the mid-plane from 

representative cells recorded at constant laser power and exposure time are shown.  

3.8. Effects of plant PeptoQ on the salt tolerance of wild type tobacco BY-2 
cells 
The role of plant peptoQ in mitigating salt stress-induced deleterious effects with respect to numerous aspects 

including cell proliferation, expansion and viability, ionic balance, redox homeostasis and gene expression was 

investigated profoundly. 

3.8.1. Plant PeptoQ mitigates the impact of salt stress on cell growth, proliferation, 

expansion, and viability  

3.8.1.1. Packed cell volume (PCV) 
The packed cell volume (PCV), an indicator of cell growth was measured at day 7 after subcultivation. It showed 

significant decrease at high salt stress (150 mM NaCl) but it was not affected at moderate salt stress (75 mM 

NaCl) in WT BY-2 cells both with and without plant PeptoQ pretreatment (Fig. 23). In both cell samples, there 
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was slightly higher percentage of packed cell volume [PCV (%)] at moderate salt stress (75 mM NaCl) as 

compared to the control (0 mM NaCl). This implies that moderate salt stress (75 mM NaCl) stimulates cell growth 

to a certain extent. At both moderate (75 mM NaCl) and high (150 mM NaCl) salt stress there was no significant 

difference in PCV (%) between WT BY-2 cells in the presence and absence of plant PeptoQ pretreatment. 

 

Figure. 23:  Effect of plant PeptoQ on cell growth.  The percent packed cell volume [PCV (%)] at the control (0 mM NaCl), 

moderate (75 mM NaCl) and high (150 mM NaCl) salt stress. Data represent mean values and standard errors of three 

independent experimental series. *** indicate differences significant at P ≤ 0.001, *at P ≤ 0.05 based on a student’s t-test. 

3.8.1.2. Cell density 
Salinity caused a drastic decline in cell proliferation activity, and this decline was mitigated by pretreatment with 

plant PeptoQ (Fig. 24). Even for moderate salt stress (75 mM NaCl), cell density was reduced as compared to 

the control (Fig. 24A). This decrease was already significant (29%) at the first measured time point (24 h), and 

became progressively accentuated with time, with 44% inhibition at 48 h, 60% at 72 h, and 68% at 96 h. After 

pretreatment with plant PeptoQ, this decrease of cell density was significantly dampened (Fig. 24B). This effect 

was detectable already at 24 h (21% reduction as compared to 29% in the experiment without peptoid) and 

persisted throughout the experiment (45% reduction as compared to 68% at 96 h after the onset of salt stress). 

For high salt stress (150 mM NaCl), proliferation was almost completely suppressed, leaving only 8.2% (at 96 h) 

of the activity seen for untreated control (Fig. 24A). Here, the pretreatment with plant PeptoQ restored some 

of the proliferation with 14.7% (at 96 h) compared to the untreated control (Fig. 24B). From the time courses of 

proliferation, doubling times were estimated based on an exponential growth model (Fig. 24C). In the absence 

of salt stress, cell number doubled once a day independently of presence or absence of the peptoid. For 

moderate salt stress (75 mM NaCl), doubling increased to 39 h in the absence of the peptoid, while in presence 

of the peptoid, the delay was milder (30 h). For high salt stress (150 mM NaCl), doubling became virtually 

arrested in absence of the peptoid (with a hypothetical time of 330 h required to complete one cycle), while in 

presence of the peptoid, the doubling was slowed down strongly as well, but significantly less (81 h). 
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Figure 24: Effect of the plant PeptoQ on salt-induced inhibition of cell proliferation in WT tobacco BY-2 cells. Time courses 

of cell density in the absence of salt stress (0 mM NaCl, open circles), under moderate (75 mM NaCl, grey squares), and 

under high salt stress (150 mM NaCl, black triangles) without (A) or with (B) plant PeptoQ (2 µM). C Doubling time estimated 

from the time constant of exponential growth over the concentration of NaCl without (white bars) or with (black bars) plant 

PeptoQ (2 µM). Data represent mean values and standard errors of three independent experimental series. ** indicate 

differences significant at P ≤ 0.01 based on a student’s t-test. 

3.8.1.3. Cell length and width 
Cell length was measured at day 3 and day 7 after subcultivation when the cells enlarge their central vacuole 

(Fig. 25). The relative growth rate was measured through the percent in cell length change. In the absence of 

the peptoid, relative growth rate decreased drastically already for moderate salt stress (at 75 mM NaCl, less 

than 30% residual growth as compared to 0 mM NaCl). For high salt stress (150 mM NaCl), the values became 

even negative, meaning nothing else than that the cells shrank, presumably because the osmotic potential in 

the medium was more negative than that of the protoplast. In presence of the peptoid, the decline of cell 

expansion was clearly compensated: at 75 mM NaCl, the same growth rate was observed as in the non-stressed 

controls, meaning that the cells were able to fully compensate the negative osmotic potential of the medium. 

Even at high salt stress (150 mM NaCl), a residual expansion of around 30% was maintained (i.e. a level 

comparable to that seen for 75 mM NaCl in the absence of peptoid). Thus, application of plant PeptoQ fully 

compensated the impact of moderate salt stress (75 mM NaCl) upon cell expansion, and even for high salt stress 

(150 mM NaCl) allowed for a partial mitigation. As compared to the effects seen on cell proliferation under salt 

stress, cell expansion seemed to be more responsive to the peptoid treatment. Salt stress had no significant 

effect on cell width in WT BY-2 cells both in the presence and absence of plant PeptoQ pretreatment. However, 

cell length(L) to width(W) ratio (L: W) was significantly decreased in WT BY-2 cells both with and without plant 

PeptoQ pretreatment at day 3 and day 7. In the former time point, there was no significant difference in the 

two cell samples (Fig.  25B) but in the latter one, BY-2 cells with and without plant PeptoQ pretreatment attained 

significantly different L to W ratio (Fig. 25C). The Plant PeptoQ pretreated BY-2 cells displayed better L to W 

ratio as compared to those cells without plant PeptoQ pretreatment. Thus, this displays that the plant PeptoQ 
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pretreated BY-2 cells attained elongated and less broader cells as compared to BY-2 cells in the absence of plant 

PeptoQ pretreatment. 

 

Figure 25: Effect of the plant PeptoQ on salt-induced inhibition of cell expansion in tobacco BY-2 cells. A relative elongation 

during the expansion phase (days 3 to 7 after subcultivation) in controls (0 mM NaCl), under moderate (75 mM NaCl), and 

under high (150 mM NaCl) salt stress. Cell length to width (L/W) ratio at day 3(B) and day 7(C) in the absence or presence of 

plant PeptoQ (2 µM) at the control (0mM NaCl), moderate (75 mM NaCl) and high (150 mM NaCl) salt stress. Data represent 

mean values and standard errors of three independent experimental series. ** indicate differences significant at P ≤ 0.01 

based on a student’s t-test. 

3.8.1.4. Cell viability 
Arrested proliferation in response to salt stress is usually followed by cell death. Thus, cell mortality in response 

to salt stress over 96 h was followed using the Evans Blue Dye Exclusion assay (Fig. 26). Under moderate salt 

stress (75 mM NaCl, Fig.26B), in the absence of the peptoid, cell mortality first increased sharply to more than 

40% at 24 h, but decreased subsequently over time to 20% (96 h), since the surviving cells continued to 

proliferate, while the dead cells were not able to do so. While this temporal pattern was also seen in presence 

of plant PeptoQ, the amplitude of the mortality response was strongly reduced: here, the peak of mortality at 

24 h was only 25%, and dropped to 6%  at 96 h, which means nothing else than that these cells had fully returned 

to the viability seen prior to salt stress. For high salt stress (150 mM NaCl, Fig.  26C), the cells were not able to 

recover viability, at least not during the considered time interval of 96 h. In the absence of the peptoid, about 

80% of the cells had died within the first day after addition of salt, and the death toll increased further during 

the subsequent days reaching to more than 90% (at 96 h). While plant PeptoQ was not able to suppress this 

salt-induced mortality, it did significantly reduce its amplitude. Even 96 h after the onset of salt stress, still one 

third of the cells had remained alive (mortality was 67%).  



Results 

71 
 

 

Figure 26: Effect of the plant PeptoQ on salt induced mortality in WT tobacco BY-2 cells. Time courses of mortality in absence 

or presence of plant PeptoQ (2 µM) at the control(A), moderate (B) and high (C) salt stress. Data represent mean values and 

standard errors of three independent experimental series. ** indicate differences significant at P ≤ 0.01 based on a student’s 

t-test. 

3.8.1.5. Mitotic Index (MI) 
Mitotic index (MI) measurement started just after subcultivation and continued until 96 h (day 4). In general, 

MI increased at the control (0 mM NaCl), moderate (75 mM NaCl) and high (150 mM NaCl) salt stress as the 

incubation time increased from day 0 to day 1 (24 h). However, it decreased as the incubation time proceeds 

from 24 (day 1) to 96 h (day 4) both at the control and the salt stress. Moreover, the percent decline in MI, at 

moderate and high salt stress was more prominent in BY-2 cells without peptoid as compared to those with 

peptoid (Fig. 27). Thus, in BY-2 cells without peptoid, it decreased from 62% (24 h) to 46% (96 h) at moderate 

salt stress (Fig. 27B) but it increased from 72% (24 h) to 79 %(96h) at high salt stress (Fig. 27C) exceptionally. On 

the other hand, in BY-2 cells with peptoid, the percent decrease in MI, dropped from 36% (24 h) to 9% (96 h) at 

moderate (75mM NaCl) and from 59% (24 h) to 45% (96 h) at high (150mM NaCl) salt stress as compared to the 

control (Fig.27B,C). Except the fact that in BY-2 cells without plant PeptoQ pretreatment, at high salt stress (150 

mM NaCl), the maximum decline in MI (compared to the control)  was being at 96 h, in all the rest cases, the 

maximum declines in MI  were registered at 24 h incubation time and high salt stress (150 mM NaCl).  
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Figure 27:  Effect of plant PeptoQ on mitotic index (MI). The value of MI at the control (0 mM NaCl) (A), moderate (75 mM 

NaCl) (B) and high (150 mM NaCl) (C) salt stress. Data represent mean values and standard errors of three independent 

experimental series. *** indicate differences significant at P ≤ 0.001, **at P ≤ 0.01, * at P ≤ 0.05 based a student’s t-test. 

3.8.2. Plant PeptoQ improved oxidative homeostasis under salt stress 
3.8.2.1. Lipid Peroxidation 
The level of lipid peroxidation can be used as the readout for oxidative degradation of membranes (Heath and 

Packer, 1968) and measured using the product malondialdehyde (MDA) as readout. To investigate, whether 

plant PeptoQ can compensate the oxidative effects of salt stress on the WT tobacco BY-2 cells, cells were 

exposed at the onset of cell expansion (i.e. at day 4 after subcultivation) to salt stress (75 and 150 mM NaCl) 

either with or without plant PeptoQ pretreatment, and then sampled for MDA determination at 1  and 4 h after 

treatment along with a negative control not challenged by salt. MDA content increased in a dose- and time 

dependent manner to more than double of the salt-free control, when 150 mM NaCl were applied both at 1 and 

4 h. This increase was strongly (by more than 75%) suppressed by plant PeptoQ. For 75 mM NaCl, the peptoid 

was even able to suppress the salt-induced increase of MDA steady-state levels completely at both time points 

(Fig. 28 A, B). 
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Figure 28: Effect of the plant PeptoQ on lipid peroxidation. Content of malondialdehyde (MDA) at the control (0mM NaCl), 

moderate (75 mM NaCl), and high (150 mM NaCl) salt stress in WT BY-2 cells without (white square) and with (black square) 

plant PeptoQ pretreatment at 1 (A) and 4 h (B). Data represent mean values and standard errors of three independent 

experimental series. ** indicate differences significant at P ≤ 0.01 based on a student’s t-test. 

3.8.2.2. Intracellular Reactive Oxygen Species (ROS) 
To understand the observed lipid peroxidation monitored by MDA, intracellular ROS level were investigated 

using the non-fluorescent dihydrorhodamine 123 (DHR 123), which is converted to the green fluorescent 

rhodamine 123 upon oxidation, mainly by superoxide (O2∙−). The intensity of fluorescence increased 

progressively, both, in a dose and a time dependent manner, in salt stressed WT BY-2 cells. However, the green 

fluorescence was quite significantly reduced in salt stressed BY-2 cells pretreated with plant PeptoQ, irrespective 

of the administered level of salinity, and incubation time (Fig. 29A). Even for high salt stress (150 mM NaCl), the 

suppression of ROS was almost complete. When the cells were observed at high magnification, the fluorescence 

was not evenly distributed across the cytoplasm, but accumulated in vesicular structures that according to size 

and subcellular location (e.g. preferentially near the nucleus) resembled mitochondria. The attempt to double-

visualise these ROS-generating structures simultaneously with mitochondria using MitoTracker Green was not 

successful, because the two dyes interfered optically. The patterns seen for MDA are therefore mirrored by the 

patterns for intracellular ROS formation. This salt induced ROS formation is associated with particular organelles 

that might be mitochondria (although conclusive evidence for this statement is still lacking).  

 

Figure 29: Effect of the plant PeptoQ on oxidative balance. Accumulation of intracellular Reactive Oxygen Species (ROS) in 

salt stressed WT BY-2 cells without (white square) and with (black square) plant PeptoQ pretreatment. Data represent mean 

values and standard errors of three independent experimental series. ** indicate differences significant at P ≤ 0.01 based 

on a student’s t-test. 
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To get further insight into intracellular levels of specific ROS species, we determined steady-state levels of 

superoxide (using the Nitroblue Tetrazolium Assay) and hydrogen peroxide (using Ferrous Oxidation with 

Xylenol Orange Assay) at 4 h after onset of salt stress. In the absence of the peptoid, the steady-state levels of 

superoxide increased somewhat (by 50%) as compared to the control, albeit not significantly (Fig. 29A). 

However, the peptoid strongly suppressed the accumulation of superoxide (by around 90%) and prevented any 

salt-induced increase. It should be noted that the superoxide levels were already reduced in the absence of salt. 

In contrast, the peptoid did not have any effect on the steady-state levels of hydrogen peroxide (Fig. 29B) that 

increased significantly (to around twice the resting level) under salt stress. 

3.8.3. Plant PeptoQ stimulated SOD activity and expression of the mitochondrial SOD 
3.8.3.1. Antioxidant enzymes activity 
In order to identify the mechanisms behind the observed effects of peptoid and salt stress on the steady-state 

levels of intracellular ROS, the specific activities of superoxide dismutase (SOD) and catalase (CAT) were 

measured as central enzymatic components of intracellular oxidative homeostasis. While in absence of the 

peptoid, SOD activity decreased to less than a third of the control when salt stress was administered (Fig. 30A) 

but there was a significant increase (by 80%), when salinity was accompanied by treatment with plant PeptoQ. 

It should be noted that the SOD activity was not increased by the peptoid, when no salt stress was applied, 

which is in contrast to the superoxide levels that were strongly suppressed by the peptoid even in the absence 

of salt (compare Fig. 29A and 30A, black bars for 0 mM NaCl). In contrast to the effect of plant PeptoQ on SOD 

activity, no effect of the peptoid was seen, when catalase activities were measured (Fig. 30B), although these 

activities increased significantly under salt stress (around twofold).  

 

Figure 30: Effect of the plant PeptoQ on antioxidant enzyme activities. Superoxide dismutase (Mn-SOD) (A) and catalase 

(CAT) (B) activities in absence (white square) and presence (black square) of plant PeptoQ pretreatment. Data represent 

mean values and standard errors of three independent experimental series. ** indicate differences significant at P ≤ 0.01 

based on a student’s t-test. 
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3.8.3.2. Mitochondrial SOD gene expression 
Since the peptoid causes a strong and specific increase of SOD activity (Fig. 30A) while at the same time 

suppressing intracellular steady-state levels of superoxide (the substrate of this enzyme) (Fig. 29A), followed by 

a reduced lipid peroxidation under salt stress (Fig. 28A, B), the fact that whether this activity increase was linked 

with modulated expression of SOD gene or not was investigated. The steady-state transcript levels after 1 h (Fig. 

31A), or after 3 h (Fig. 31B) either in the absence of the peptoid, or after pretreatment with 2 µM of plant 

PeptoQ for 2 h, was measured to ensure that the peptoid had fully accumulated in the mitochondria. To ensure 

comparability, the value at 1 h in absence of the peptoid was used as reference for all conditions. In the absence 

of plant PeptoQ, moderate salt stress (75 mM NaCl) had induced the transcript level more than 15-fold already 

1 h after the addition of NaCl (Fig. 31A), while high salt stress (150 mM NaCl) was only inducing by a factor of 3. 

If measured at 3 h to see a later time point (Fig. 31B), also for 150 mM NaCl, the steady-state transcript level 

had increased to around 15-fold, and the value for 75 mM NaCl remained at the level seen after 1 h. 

Interestingly, the peptoid by itself (i.e. in the absence of salt stress) was inducing by around 15 and 25-fold at 1 

and 3 h respectively, and this induction was suppressed almost completely under salinity (both 75 and 150 mM 

NaCl). This suppression was seen for both time points. The comparison with the enzymatic activity of SOD (Fig. 

30A) shows that the steady-state transcript levels measured at 3 h were decreased, while the SOD activity 

measured at 4 h were increased in presence of plant PeptoQ. Thus, accumulation of transcripts and activity of 

the enzyme encoded by these transcripts, were modulated in the opposite manner. 

 

Figure 31: The relative expression of manganese superoxide dismutase (Mn-SOD), mitochondrial gene, at earlier (1 ) (A) and 

later (3 h) (B) time points in salt stressed WT BY-2 cells without (black curve) and with (broken curve) plant PeptoQ 

pretreatment. The expression of all the other salt-stress related genes in salt stressed BY-2 cells both with (+) and without (-

) plant PeptoQ pretreatment (C). Agarose gel image of semiquantitative PCR (SQ-PCR) product of one representative 

example out of three independent experiments is shown. Data represent mean values and standard errors of three 

independent experimental series. ** indicate differences significant at P ≤ 0.01 based on a student’s t-test. 
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3.8.3.3. Other salt-related genes expression 
To judge, whether these strong modulations of steady-state transcript levels were specific for Mn-SOD, or a 

rather general feature of salinity related gene expression, the transcripts for relevant ion channels (SOS1 as 

channel extruding sodium through the plasma membrane, NHX1 as channel responsible for sequestration of 

sodium in the vacuole, and SKOR as channel involved in sodium-potassium homeostasis), regulators for ion 

channels (SOS3 as calcium-dependent regulator of SOS1, and STL1, a phosphate regulating sodium-potassium 

homeostasis), jasmonate-related genes (OPR as key enzyme for the peroxisomal synthesis of jasmonic acid, JAZ3 

as salinity-related jasmonate-responsive regulator), and NAC as readout for retrograde signalling from 

mitochondria to the nucleus were measured (Fig. 32 A-H).  To ensure comparability, the value at 1 h in the 

absence of the peptoid was used as reference for all conditions (w/o peptoid 3 h, and with peptoid 1 and 3 h). 

Generally, with two exceptions, the vast majority of these transcripts did not show strong modulations (Fig. 31C) 

neither in response to salinity, nor to the peptoid. Interestingly, the sodium extruder SOS1 showed a threefold 

increased level in response to the peptoid in the absence of salt stress (0 mM NaCl) at 3 h (Fig. 32A). This increase 

was not seen in presence of salt and it was also not seen for the earlier time point (1 h). This means that SOS1 

shows a regulation pattern that was similar to that of Mn-SOD, albeit developing more slowly and also to a much 

lower amplitude. The other transcript that stuck out, was a tobacco homologue of AtNAC13, which for simplicity 

is termed NAC (Fig. 32F): By peptoid treatment, it was first significantly, by 40%, reduced, but later induced, 

independently of the respective concentration of NaCl. Based on a phylogeny constructed on Arabidopsis and 

tobacco NAC sequences, this gene seemed to be the closest homologue of ANAC013 (Fig. 33), a factor shown to 

be involved in retrograde signalling of oxidative disbalance (De Clercq, 2013). 
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Figure 32: Expression of different salt-stress related genes. A-H Effect of salt stress on the expression of eight genes in WT 

BY-2 cells without (black curve) and with (broken curve) plant PeptoQ pretreatment. In each case, agarose gel image of 

semiquantitative PCR (SQ-PCR) product of one representative example out of three independent experiments is shown.  

Data represent mean values and standard errors of three independent experimental series. **indicate differences significant 

at P ≤ 0.01, *at P ≤ 0.05 based on a student’s t-test. 

 

Figure 33: Neighbour-joining (NJ) phylogenetic tree that shows the close relationship of tobacco (Nicotiana tabacum) NtNAC 

gene (red arrow) to its homologue Arabidopsis (Arabidopsis thaliana) NAC13 (ANAC013) unlike its relationship to Arabidopsis 

NAC16 and NAC17. 
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In addition to, the genes mentioned above, additional salt-related genes; namely, JAZ1 and JAZ2 (salinity-related 

jasmonate-responsive regulators), and HKT1 and HAK1 (high-affinity K+ transporters) had been investigated in 

preparatory studies (Fig. 34) using semiquantitative PCR (SQ-PCR) using the primers mentioned in (Table 5). 

However, since no significant responses were detected with respect to the expression of these genes, they were 

not pursued further. 

Figure 34.  Agarose gel image of the semiquantitative PCR (SQ-PCR) product of four salt-related genes. In each case, one 

representative example out of three independent experiments is shown. 

3.8.4. Plant PeptoQ does not improve ionic balance under salt stress  
The damage caused by salt stress is partially due to ionic stress, such as elevated levels of sodium ions, 

accompanied by depletion of potassium. We determined therefore, the cellular contents for both ions after 

treatment with 0, 75, and 150 mM NaCl either in absence or presence of plant PeptoQ pretreatment (Fig. 35). 

As expected, salt stress caused a dose dependent increase in the content of sodium ions (Fig. 35A). This increase 

was very strong and not mitigated by the peptoid. The uptake of sodium was accompanied by a significant 

decrease of potassium ions (Fig. 35B). This decrease (around 30% of the initial value) was already saturated for 

75 mM NaCl and was not accentuated further for high salt stress (150 mM NaCl), although sodium uptake was 

doubled as compared to moderate salt stress (75 mM NaCl). However, also for potassium, there was no effect 

of peptoid treatment. Thus, ionic balance was strongly perturbed under salt stress, and this perturbation was 

not mitigated by plant PeptoQ. 
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Figure 35: Effect of the plant PeptoQ on salt-induced uptake of sodium ion (A) and potassium ion (B) in non-transformed 

WT tobacco BY-2 cells in control (0 mM NaCl), under moderate (75 mM NaCl), and under high (150 mM NaCl) salt stress in 

absence (white bars) or presence (black bars) of plant PeptoQ (2 µM). Ion content is given relative to dry weight. Data 

represent mean values and standard errors of three independent experimental series. ** indicate differences significant at 

P ≤ 0.01 based on a student’s t-test. 

3.8.5. Plant PeptoQ partitions jasmonate synthesis towards OPDA 
Salt stress leads to activation of jasmonate synthesis and signalling, which improves adaptation, if appropriately 

down-modulated, but can initiate salinity-induced necrosis, if constitutively active (Ismail et al., 2014). 

Therefore, the levels of the precursor OPDA, jasmonic acid (JA), and the final product JA-Ile were compared in 

salt stressed cells with or without pretreatment with plant PeptoQ after 1 and 3 h of salt stress. While JA was 

not detectable in none of the samples, OPDA and JA-Ile accumulated to measurable amounts (Fig. 36). The 

steady-state levels of OPDA did not respond to NaCl (Fig. 36A). However, they were significantly increased in 

presence of the peptoid at 3 h, and this increase was constant independently of the respective concentration of 

NaCl. It was maximum at the control (0 mM NaCl) and decreased in a dose-dependent manner a 1 h. For JA-Ile, 

the levels were not significantly changed by the peptoid (Fig. 36B). Again, salt stress did not cause any significant 

change either. At both 1  and 3 h, at the control (0 mM NaCl), BY-2 cells with and without plant PeptoQ 

pretreatment attained similar value; however, at moderate (75 mM NaCl) and high (150 mM NaCl) salt stress, 

the latter attained relatively higher JA-Ile value as compared to the former. Since OPDA is not only a precursor 

of active jasmonate, but a signal by itself, the molar ratio between JA-Ile and OPDA was plotted, to see, whether 

salt stress or peptoid treatment repartitioned the balance between these two signalling molecules (Fig. 36C). 

Here, a significant shift of the biosynthetic pathway from JA-Ile towards OPDA was seen after peptoid treatment. 

This channeling of the pathway towards OPDA was significantly more accentuated for 75 mM NaCl, but faded, 

if the concentration of salt was raised further at 3 h. On the other hand, in the absence of the peptoid, more JA-

Ile per OPDA was formed at both 1 and 3 h time points.  
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Figure 36: Effect of salt stress on 12-oxo-phytodienoic acid (12-OPDA) and jasmonyl-isoleucine (JA-Ile) levels as well as on 

the ratio between JA-Ile and OPDA (%). The level of 12-OPDA (A), JA-Ile (B) and JA-Ile/OPDA (%) (C) in salt stressed WT BY-2 

cells with (broken curve) and without (black curve) plant PeptoQ pretreatment. Data represent mean values and standard 

errors of three independent experimental series. ** indicate differences significant at P ≤ 0.01, *at P ≤ 0.05 based on 

student’s t-test. 

3.9. Effect of OsOPR7 overexpression in WT tobacco BY-2 cells on salt 
tolerance 
3.9.1. Localisation of OsOPR7 protein 
To identify the subcellular localisation of the OsOPR7 protein (enzyme), WT suspension-cultured tobacco BY-2 

cells were transformed with OsOPR7-GFP binary vector plasmid DNA and further co-transformed with 

agrobacterium containing PTS1-mCherry plasmid (for transient transformation of mCherry binary vector). 

Grown on solid Paul’s medium for 3 days, and then examined microscopically (without proceeding to selection 

step) for the localisation of OsOPR7 protein. The result showed that the OsOPR7 protein was localised in 

peroxisomes of the stably OsOPR7 overexpressor (OE) BY-2 cells which is evident from the significant 

colocalisation (Fig. 37C) between the mCherry (Fig. 37A) and OsOPR7 bound GFP (Fig. 37B). 
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Figure 37: Peroxisomal localisation of OsOPR7 enzyme in the OE BY-2 cells. Agrobacterium containing PTS1-mCherry plasmid 

was co-transformed with WT BY-2 cells which were transformed with OsOPR7-GFP binary vector plasmid DNA and grown 

on solid Paul’s medium. Eventually, followed by spinning disc confocal microscopy making use of the red fluorescent signal 

from mCherry (A), and the green fluorescent signal from GFP(B). The merge of the two channels shown in (C) shows the 

close overlap of both signals. Confocal sections recorded in the mid-plane from representative cells recorded at constant 

laser power and exposure time are shown.  

3.9.2. OsOPR7 overexpression improved cell proliferation, expansion and viability  
In comparison to salt stressed WT BY-2 cells, cell density, mitotic index (MI), cell length and width, cell viability 
and doubling time were improved in salt stressed OE BY-2 cells. 

3.9.2.1. Cell density 
Salinity caused a drastic decline in cell proliferation activity, but this decline was ameliorated in the OE BY-2 cells 

as compared to the WT counterparts (Fig. 38). In WT BY-2 cells, cell number was decreased at moderate salt 

stress (75 mM NaCl) even at the initial incubation time, 24 h (29%) and it increased progressively in the 

subsequent incubation times: 48 h (44%), 72 h(60%) and 96 h(68%) (Fig. 38A). However, this decline in cell 

number was effectively mitigated in the OE BY-2 cells:  15% (24 h), 29% (48h), 37% (72h) and 38% (96h) (Fig. 

38B). In WT BY-2 cells, for high salt stress (150 mM NaCl), at 96 h, cell proliferation activity was almost entirely 

inhibited, only 8% of cells were in proliferation activity as compared to the untreated control (Fig. 38A). At the 

same salinity level and incubation time, in the OE BY-2 cells, relatively better and reasonable cells were in 

proliferation phase, 17% (96 h) as compared to the untreated control (Fig. 38B). On the one hand, doubling time 

was estimated on the basis of an exponential growth model, from the time course of cells proliferation (Fig. 

38C). In the absence of salt stress, cells were doubling each day irrespective of the cell types under 

consideration. However, doubling time was affected and delayed, in the presence of salt stress where in WT BY-
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2 cells, at moderate salt stress (75 mM NaCl), doubling time was increased to 39 h whereas in the OE BY-2 cells, 

the increase was relatively low (28 h). For high salt stress (150 mM NaCl), in WT BY-2 cells, doubling time was 

extremely high (330 h) which implies doubling was practically arrested but in the OE BY-2 cells, even if, doubling 

time was quite delayed, it was significantly low (69 h ) (Fig. 38C). 

 

Figure 38: Effect of salt stress on cell proliferation in non-transformed WT and OE BY-2 cells. Time courses of cell density in 

the absence of salt stress (0 mM NaCl, black circles), under moderate (75 mM NaCl, black triangles), and under high (150 

mM NaCl, black squares) salt stress in WT BY-2 cells (A) and  OE BY-2 cells (B). Doubling time was estimated from the time 

constant of exponential growth over the concentration of NaCl in WT BY-2 cells (white bars) and OE BY-2 cells (black bars) 

(C). Data represent mean values and standard errors of three independent experimental series. ** indicate differences 

significant at P ≤ 0.01 based on a student’s t-test. 

3.9.2.2. Cell length and cell width 
Whether the salt stress mitigation observed with respect to cell proliferation in OE BY-2 cells has relationship 

with cell expansion phase or not was considered at day 3 and day 7 after subcultivation (during the expansion 

phase) as cells enlarge their central vacuole (Fig. 39A). In WT BY-2 cells, at moderate salt stress (75mM NaCl), 

relative growth rate was decreased profoundly where it attained less than 30% residual growth as compared to 

the untreated control (0mM NaCl). The value became even negative for high salt stress (150 mM NaCl) which 

implies the cells shrank perhaps due to the fact that the osmotic potential in the protoplast was less negative 

than that of the medium. However, in the OE BY-2 cells, the decrease in cell expansion (relative cell growth rate) 

was significantly compensated where at moderate salt stress (75 mM NaCl), similar (even slightly better) relative 

growth rate was observed as compared to the non-stressed control (0 mM NaCl). This implies that the negative 

osmotic potential of the medium was completely compensated by the OE BY-2 cells. Unlike the case in WT BY-

2 cells, even, at high salt stress (150 mM NaCl), a residual expansion of about 24% was attained (i.e. a level 

slightly less than that seen for 75 mM NaCl in the WT BY-2 cells).  Thus, in the OE BY-2 cells, the impact of 

moderate (75 mM NaCl) and high (150 mM NaCl) salt stress upon cell expansion was fully and partially mitigated 

respectively. As compared to the effects seen on cell proliferation under salt stress, cell expansion seemed to 
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be more responsive to the OsOPR7 overexpression.  On the other hand, salt stress had no significant effect on 

cell width in both WT and OE BY-2 cells. However, cell length(L) to width(W) ratio (L: W) was significantly 

decreased both in the OE and WT BY-2 cells at day 3 and day 7. In the former time point, there was no significant 

difference in the two cell samples (Fig. 39 B) but in the latter, the OE and WT BY-2 cells attained significantly 

different L to W ratio, specifically at high salt stress (150 mM NaCl) (Fig. 39C). The OE BY-2 cells displayed better 

L to W ratio as compared to the WT BY-2 cells. Thus, this shows that OE BY-2 cells attained elongated and less 

broader cells as compared to the WT BY-2 cells under salt stress. 

 

Figure 39: Effect of salt stress on cell expansion in WT (white bars) and OE (black bars) tobacco BY-2 cells. A relative 

elongation during the expansion phase (day 3 to 7 after subcultivation) in control (0 mM NaCl), under moderate (75 mM 

NaCl), and under high (150 mM NaCl) salt stress. Cell length to width (L/W) ratio at day 3(B) and day 7(C) in WT (black curve) 

and OE (broken curve) BY-2 cells at the control (0mM NaCl), moderate (75 mM NaCl) and high (150 mM NaCl) salt stress. 

Data represent mean values and standard errors of three independent experimental series. ** indicate differences 

significant at P ≤ 0.01, *at P ≤ 0.05 based on a student’s t-test. 

3.9.2.3.  Cell viability 
Cell death is the usual subsequent consequence of salt-induced arrest in cell proliferation. Thus, using the Evans 

Blue Dye Exclusion assay, cell mortality was followed in response to salt stress over 96 h incubation period. In 

WT BY-2 cells, at moderate salt stress (75 mM NaCl), cell mortality was sharply increased to more than 40% at 

initial incubation time (24 h) but it decreased during later incubation times and attained 20% at 96 h (Fig. 40B). 

This improvement in cell viability implies the continued proliferation of surviving cells unlike the dead ones 

which were incapable of doing so. Even if, this temporal pattern happened in the OE BY-2 cells, the amplitude 

of cell mortality was profoundly reduced. At moderate salt stress (75 mM NaCl), the maximum cell mortality at 

24 h was 38% and it dropped to 15% at 96 h.  This implies that more cells were able to return to viability through 

the elapse of time as compared to the case in salt stressed WT BY-2 cells. At high salt stress (150 mM NaCl), cells 
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were not able to recover to viability (at least not during the maximum incubation period considered, 96 h) (Fig. 

40C). In the WT BY-2 cells, about 80% of cells were died during the initial incubation time (24 h) after salt 

treatment and the percent of mortality increased progressively in the subsequent incubation times, and it 

reached more than 90% at the final incubation time, 96 h.  Whereas, in the OE BY-2 cells, even if, there was 

increased cell mortality (that increases upon increment in incubation time), the amplitude of death toll is 

relatively low. For example, at 96 h after the onset of salt stress, the cell mortality was only 81% (still about one 

fourth of the cells had remained alive). 

 

Fig. 40: Effect of salt stress on cell mortality of WT (white bars) and OE (black bars) tobacco BY-2 cells. Time courses of 

mortality at the control(A), moderate (B) and high (C) salt stress. Data represent mean values and standard errors of three 

independent experimental series. *** indicate differences significant at P ≤ 0.001, **at P ≤ 0.01, *at P ≤ 0.05 based on a 

student’s t-test. 

3.9.2.4. Mitotic Index (MI) 
Mitotic index (MI) was measured just after subcultivation and continued until 96 h (day 4). In general, MI 

increased at the control (0 mM NaCl), moderate (75 mM NaCl) and high (150 mM NaCl) salt stress as it goes 

from day 0 to day 1 (24 h). However, it decreased as the incubation time proceeds from 24 (day 1) to 96 h (day 

4) both at the control and the salt stress. Moreover, the percent decline in MI, at moderate and high salt stress 

as compared to the control was more prominent in the WT BY-2 cells as compared to the OE counterparts (Fig. 

41).Thus, in WT BY-2 cells, it decreased from 62% (24 h) to 46% (96 h) at moderate salt stress (Fig. 41B) but it 

increased from 72% (24 h) to 79 %(96h) at high salt stress (Fig. 41C) exceptionally. On the other hand, in OE BY-

2 cells, the percent decrease in MI dropped from 34% (24 h) to 13% (96 h) and from 57% (24 h) to 40% (96 h) at 

moderate (75mM NaCl) and high (150mM NaCl) salt stress respectively as compared to the control (Fig.41B,C). 

Except that  the maximum decline in MI (compared to the control) in WT BY-2 cells, at high salt stress (150mM 

NaCl) was being at 96 h, in all the rest cases, the maximum declines in MI  were observed at 24 h incubation 

time and high (150 mM NaCl) salt stress.  



                                                                                                                                                                                                           
Results 

86 
 

 

Figure 41: Effect of salt stress on mitotic index (MI) in WT (white bars) and OE (black bars) tobacco BY-2 cells. The value of 

MI at the control (0 mM NaCl) (A), moderate (75 mM NaCl) (B) and high (150 mM NaCl) (C) salt stress. Data represent mean 

values and standard errors of three independent experimental series. *** indicate differences significant at P ≤ 0.001, **at 

P ≤ 0.01 based on a student’s t-test. 

3.9.3. OsOPR7 overexpression ameliorated oxidative homeostasis under salt stress 
3.9.3.1. Lipid Peroxidation 
The level of lipid peroxidation is measured using the product malondialdehyde (MDA) and can be used as the 

readout for oxidative degradation of membranes (Heath and Packer, 1968). In order to investigate whether the 

OsOPR7 overexpression compensated the oxidative effect of salt stress in tobacco BY-2 cells, both WT and OE 

BY-2 cells were treated with moderate (75 mM NaCl) and high (150 mM NaCl) salt stress at day 4 after 

subcultivation (at the onset of cell expansion). Sampling for MDA determination was carried out at 1 and 4 h 

after salt treatment together with non-stressed (0 mM NaCl) negative control. In WT BY-2 cells, MDA content 

increased in a dose-and time-dependent manner at both moderate (75 mM NaCl) and high (150 mM NaCl) salt 

stress (Fig. 42).  At the latter salt stress, it attained, MDA value of more than double of the negative control (0 

mM NaCl) both at 1 and 4 h. In the OE BY-2 cells, at moderate salt stress (75 mM NaCl), the salt-induced increase 

of MDA steady-state levels were completely suppressed at both time points. Even at high salt stress (150 mM 

NaCl), the MDA level was similar to the MDA level of WT BY-2 at moderate salt stress (75 mM NaCl) (Fig. 42A, 

B). 
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Figure 42: Effect of salt stress on lipid peroxidation. Content of malonedialdehyde (MDA) at the control (0mM NaCl), 

moderate (75 mM NaCl), and high (150 mM NaCl) salt stress in WT (white bars) and OE (black bars) tobacco BY-2 cells at 

1(A) and 4 h (B). Data represent mean values and standard errors of three independent experimental series. ** indicate 

differences significant at P ≤ 0.01 based on a student’s t-test. 

3.9.3.2. Apoplastic Reactive Oxygen Species (ROS) 
To understand the relation of the observed lipid peroxidation (measured by MDA) with the reactive oxygen 

species (ROS), the steady-state levels of apoplastic ROS such as, hydrogen peroxide (using Ferrous Oxidation 

with Xylenol Orange Assay) and superoxide (using the Nitroblue Tetrazolium Assay) was determined at 1, 4 and 

6 h after the onset of salt stress. In the WT BY-2 cells, the superoxide level increased (Fig. 43C) while hydrogen 

peroxide level decreased (Fig. 43A) in a dose-dependent manner. On the other hand, in the OE BY-2 cells, just 

the opposite effect had occurred; that is, the superoxide level decreased (Fig. 43D), and the hydrogen peroxide 

level increased (Fig. 43B) in a dose-dependent manner. In both the WT and OE BY-2 cells, the effect of incubation 

time was negligible with respect to superoxide content. 
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Figure 43:  Effect of salt stress on oxidative balance. Accumulation of apoplastic Reactive Oxygen Species (ROS) in salt 

stressed WT and OE tobacco BY-2 cells at 1 (white bars), 4 (grey bars) and 6 h (black bars). Data represent mean values and 

standard errors of three independent experimental series. ** indicate differences significant at P ≤ 0.01 based on a student’s 

t-test. 

3.9.4. OsOPR7 overexpression stimulated SOD activity and mitochondrial SOD expression  
3.9.4.1. Antioxidant enzymes activity 
The specific activities of superoxide dismutase (SOD) and catalase (CAT) were measured as central enzymatic 

components of intracellular oxidative homeostasis. This is in order to pinpoint and identify the mechanisms 

behind the better performance of the OE BY-2 cells under salt-induced oxidative stress. In WT BY-2 cells, SOD 

activity decreased significantly and attained less than third of the untreated control at high salt stress (150 mM 

NaCl). In the OE BY-2 cells, the SOD activity at moderate salt stress (75 mM NaCl) was more or less comparable 

to the SOD activity in the non-stressed control (0 mM NaCl) but at high salt stress (150 mM NaCl), SOD activity 

increased by 27%. On the other hand, in the OE BY-2 cells which were pretreated with plant PeptoQ, the SOD 

activity was increased both at moderate (75 mM NaCl) and high (150 mM NaCl) salt stress by 98% and 130% 

respectively as compared to salt free negative control (0 mM NaCl) (Fig. 44A). In the WT, OE and plant PeptoQ 

pretreated OE BY-2 cells, the activity of catalase (CAT) increased more or less, in a comparable manner (Fig. 

44B). Unlike, the case in SOD activity, both OsOPR7 overexpression and plant PeptoQ pretreatment of OE BY-2 

cells, had less prominent effect on CAT activity.   
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Figure 44: Effect of salt stress on antioxidant enzymes activity. Superoxide dismutase (Mn-SOD) (A) and catalase (CAT) (B) 

activities in WT (white bars), OE without peptoid (grey bars) and OE with peptoid (black bars) tobacco BY-2 cells. Data 

represent mean values and standard errors of three independent experimental series. ** indicate differences significant at 

P ≤ 0.01, * at P ≤ 0.05 based on a student’s t-test. 

3.9.4.2. Mitochondrial SOD gene expression 
Under salt stress,  in OE BY-2 cells, there were reduced lipid peroxidation level, and increased (strong and 

specific) SOD activity unlike the case in WT BY-2 cells; consequently, whether these effects are related with 

modulated SOD expression (Fig. 45) or not was investigated. Thus, the steady-state transcript levels of SOD after 

1 (Fig. 45A) and 3 h (Fig. 45B) of salt treatment in WT and OE BY-2 cells were measured. To ensure comparability, 

the value at 1 h in the WT BY-2 cells, in absence of the peptoid was used as reference for all conditions (WT BY-

2, 3 h, and OE BY-2, 1 and 3 h). At earlier time point (1 h), the Mn-SOD gene was significantly and stably induced 

at the control (0 mM NaCl), moderate (75 mM NaCl) and high (150 mM NaCl) salt stress in the OE BY-2 cells; 

however, in the WT BY-2 cells, at the control (0 mM NaCl), it was not induced whereas at moderate (75 mM 

NaCl) and high (150 mM NaCl) salt stress, it was induced significantly and attained the maximum induction at 

the former salinity level (Fig. 45A). On the other hand, at the later time point (3 h), the Mn-SOD gene was 

induced significantly at all salinity levels in both WT and OE BY-2 cells.  At the control (0 mM NaCl), it stuck out 

and induced quite significantly in OE BY-2 cells but in WT BY-2 cells it was minimum. At moderate (75 mM NaCl) 

and high (150 mM NaCl) salt stress, the Mn-SOD gene was induced more or less similarly in WT and OE BY-2 

cells (Fig. 45 B). 
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Figure 45: The relative expression of the mitochondrial gene, manganese superoxide dismutase (Mn-SOD),  at earlier (1 ) (A) 

and later (3 h) (B) time points in salt stressed WT (black curve) and OE (broken curves) tobacco BY-2 cells. The expression of 

all the other salt-stress related genes in salt stressed WT and OE tobacco BY-2 cells (C). Agarose gel image of semiquantitative 

PCR (SQ-PCR) product of one representative example out of three independent experiments is shown. Data represent mean 

values and standard errors of three independent experimental series. ** indicate differences significant at P ≤ 0.01 based 

on a student’s t-test. 

3.9.4.3. Other salt-related genes expression 
On the other hand, the transcripts for relevant ion channels (SOS1 as channel extruding sodium through the 

plasma membrane, NHX1 as channel responsible for sequestration of sodium in the vacuole, and SKOR as 

channel involved in sodium-potassium homeostasis), regulators for ion channels (SOS3 as calcium-dependent 

regulator of SOS1, and STL1, a phosphate regulating sodium-potassium homeostasis), jasmonate-related genes 

(OPR as key enzyme for the peroxisomal synthesis of jasmonic acid, JAZ3 as salinity-related jasmonate-

responsive regulator), and NAC as readout for retrograde signalling from mitochondria to the nucleus were 

measured (Fig.46 A-H). This is in order to identify, whether the strong modulations of steady-state transcript 

levels seen for Mn-SOD were specific for it, or a rather general feature of salinity related genes expression.  

In order to ensure compatibility, the value at 1 h, in the WT BY-2, in absence of the peptoid was used as reference 

for all conditions (WT BY-2 w/o peptoid 3 h, and OE BY-2, 1  and 3 h). Generally, the transcripts of the two genes 

considered (SKOR and SLT1) were not induced at all both in response to salinity and OsOPR7 overexpression at 

both earlier and later time points (Fig. 46 C, D). Furthermore, the SOS1 and SOS3 genes were not induced in 

both the WT and OE BY-2 cells except that they were relatively upregulated at the control (0 mM NaCl) at 3 h 

(Fig. 46 A, E). Likewise, the transcript of the NHX1 gene was induced constantly irrespective of the salinity levels 
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in WT but was not induced in OE BY-2 cells at 1 h. At 3 h, in both WT and OE BY-2 cells, there was transcript 

induction at the control (0 mM NaCl) and high (150 mM NaCl) salt stress but it was downregulated at moderate 

(75 mM NaCl) salt stress in both cell types (Fig. 46 B). On the other hand, at 1 h, the transcript of JAZ3 gene was 

induced relatively in a dose-dependent manner under salt stress similarly both in the WT and OE BY-2 cells. At 

3 h, in OE BY-2 cells, the JAZ3 transcript level was not induced and was the same irrespective of salinity level but 

in WT BY-2 cells it was induced slightly in a dose-dependent manner (Fig.46 H). Furthermore, the NAC (tobacco 

homologue of AtNAC13) gene, was downregulated at both moderate (75 mM NaCl) and high (150 mM NaCl) 

salt stress at 1 h both in WT and OE BY-2 cells. However, in the WT at 3 h, its transcripts were induced at the 

control (0 mM NaCl) but down regulated at moderate (75 mM NaCl) and high (150 mM NaCl) salt stress in both 

the WT and OE BY-2 cells (Fig. 46F).  Based on a phylogeny constructed on Arabidopsis and tobacco NAC 

sequences, this gene seemed to be the closest homologue of ANAC013 (Fig. 33). Unlike all the rest genes, in the 

OE BY-2 cells, OPR7 gene was stuck out and modulated quite significantly at both time points. At 1 h, the 

induction was more or less constant irrespective of salinity level but at 3 h the induction was dose dependent. 

But in the WT BY-2 cells, this gene was not induced at all the three salinity levels and both time points (Fig. 46G).  
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Figure. 46: Expression of different salt-related genes. Effect of salt stress on the expression of eight genes in WT (black curve) 

and OE (broken curve) tobacco BY-2 cells (A-H).  In each case, agarose gel image of semiquantitative PCR (SQ-PCR) product 

of one representative example out of three independent experiments is shown.  Data represent mean values and standard 

errors of three independent experimental series. **indicate differences significant at P ≤ 0.01, *at P ≤ 0.05 based on a 

student’s t-test. 

In addition to, the genes mentioned above, additional four salt-related genes; namely, JAZ1 and JAZ2 (salinity-

related jasmonate-responsive regulators), and HKT1 and HAK1 (high-affinity K+ transporters) had been 

investigated in preparatory studies (Fig. 47) using semiquantitative PCR (SQ-PCR) using the primers mentioned 

in (Table 5). However, since no significant responses were detected with respect to the expression of these 

genes, they were not studied further. 

 

Figure 47. Agarose gel image of the semiquantitative PCR (SQ-PCR) product of four salt-related genes. In each case, one 

representative example out of three independent experiments is shown. 
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3.9.5. OsOPR7 overexpression did not improve ionic balance under salt stress 
Ionic stress, such as elevated levels of sodium ions, accompanied by depletion of potassium is part of the causes 

of salt stress induced cellular damage. Therefore, the cellular contents for both ions after treatment with 0, 75 

and 150 mM NaCl in WT and OE BY-2 cells were measured (Fig. 48). As expected, salt stress caused a dose-

dependent increase in the content of sodium ions (Fig. 48A). The increase was quite strong and not alleviated 

by OsOPR7 overexpression. There was a significant decrease in potassium ions following the uptake of sodium 

ion (Fig. 48B). Despite the fact that sodium uptake was doubled at high salt stress (150 mM NaCl), as compared 

to moderate salt stress (75 mM NaCl), the decrease in potassium ion was already saturated at moderate salt 

stress (75 mM NaCl) and was not accentuated further at high salt stress (150 mM NaCl) (Fig. 48B). Similar to the 

case with sodium ion, OsOPR7 overexpression had no peculiar effect on potassium ion. Under salt stress, ionic 

balance was strongly perturbed, and it showed no sign of alleviation in OE BY-2 cells.  

 

Figure 48: Effect of salt stress on the uptake of sodium (A) and potassium (B) at the control (0 mM NaCl), moderate (75 mM 

NaCl), and high (150 mM NaCl) salt stress in WT (white bars) and OE (black bars) tobacco BY-2 cells. Ion content is given 

relative to dry weight. Data represent mean values and standard errors of three independent experimental series. ** 

indicate differences significant at P ≤ 0.01, *at P ≤ 0.05 based on a student’s t-test. 

3.9.6.  OsOPR7 overexpression and plant PeptoQ pretreatment partition jasmonate  

synthesis towards OPDA 
Salt stress leads to activation of jasmonate synthesis and signalling, which improves adaptation, if appropriately 

down-modulated, but can initiate salinity-induced necrosis, if constitutively active (Ismail et al., 2014). 

Therefore, the levels of the precursor OPDA, jasmonic acid (JA), and the final product JA-Ile were compared in 

salt stressed WT and OE BY-2 cells after 1 and 3 h of salt stress. While JA was not detectable in none of the 

samples, OPDA and JA-Ile were accumulated to measurable amounts (Fig. 49). The steady-state levels of OPDA 
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did not respond to NaCl (Fig. 49A). However, they were significantly increased in the OE BY-2 cells at both 1 h 

[control (0 mM NaCl) and moderate (75 mM NaCl) salt stress], and 3 h [control (0 mM NaCl), moderate (75 mM 

NaCl) and high (150 mM NaCl) salt stress], and this increase was constant independently of the respective salt 

stress. At 1 h, at high salt stress (150 mM NaCl) both WT and OE BY-2 cells attained equal OPDA level (Fig. 49A). 

For JA-Ile, the levels were not significantly changed by the OsOPR7 overexpression, and again, salt stress did not 

cause any significant change either. At 1 h [moderate (75 mM NaCl) salt stress] and 3 h [control (0 mM NaCl) 

and moderate (75 mM NaCl) salt stress], the OE BY-2 cells attained relatively higher JA-Ile level as compared to 

the WT BY-2 cells. However, at 1 h [control (0 mM NaCl)] and 3 h [high salt stress (150 mM NaCl)], both OE and 

WT BY-2 cells secured more or less similar JA-Ile values (Fig. 49B). Since OPDA is not only a precursor of active 

jasmonate, but a signal by itself, the molar ratio between JA-Ile and OPDA was plotted, to see, whether salt 

stress or OsOPR7 overexpression repartitioned the balance between these two signalling molecules (Fig. 49C). 

Here, a significant shift of the biosynthetic pathway from JA-Ile towards OPDA was seen with regard to OsOPR7 

overexpression. This channeling of the pathway towards OPDA was significantly more accentuated for 75 mM 

NaCl, but faded, if the concentration of salt was raised further especially at 3 h. On the other hand, in the WT 

BY-2 cells, more JA-Ile per OPDA was formed at both 1 and 3 h time points.  

 

Figure 49: Effect of salt stress on 12-oxo-phytodienoic acid (12-OPDA) and jasmonyl-isoleucine (JA-Ile) levels as well as on 

the ratio between JA-Ile and OPDA (%). The level of 12-OPDA (A), JA-Ile (B) and JA-Ile/OPDA (%) (C) in salt stressed OE (broken 

curve) and WT (black curve) BY-2 cells. Data represent mean values and standard errors of three independent experimental 

series. ** indicate differences significant at P ≤ 0.01, *at P ≤ 0.05 based on a student’s t-test. 
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On the other hand, the precursor OPDA, JA, and the final product JA-Ile levels, in OE BY-2 cells with and without 

plant PeptoQ pretreatment after 1 and 3 h salt stress were measured. While JA was detectable in none of the 

samples, OPDA and JA-Ile accumulated to measurable amounts (Fig. 50).  In the OE BY-2 cells, both plant PeptoQ 

pretreatment and salt stress did not cause significant effect on OPDA level at both 1 and 3 h.  At moderate (75 

mM NaCl) and high (150 mM NaCl) salt stress, peptoid treatment had antagonistic effect on OPDA level where 

at 1 h it increased but at 3 h it decreased in a dose-dependent manner as compared to the OE BY-2 cells without 

peptoid pretreatment (Fig. 50A). With regard to JA-Ile level, at 1 h, OE BY-2 cells both in the presence and 

absence of plant PeptoQ pretreatment had more or less comparable value at the control (0 mM NaCl), moderate 

(75 mM NaCl) and high (150 mM NaCl) salt stress. At 3 h, the plant PeptoQ pretreated OE BY-2 cells attained 

lower JA-Ile value at the control (0 mM NaCl) and moderate (75 mM NaCl) salt stress as compared to the OE BY-

2 cells without plant PeptoQ pretreatment but they secured the same value at high (150 mM NaCl) salt stress 

(Fig. 50B).  On the other hand, since OPDA is not only a precursor of active jasmonate, but a signal by itself, the 

molar ratio between JA-Ile and OPDA was plotted to see, whether, salt stress, OsOPR7 overexpression or plant 

PeptoQ pretreatment repartitioned the balance between these two signalling molecules.  At 1 h in the absence 

of salt stress, peptoid treatment caused the synthesis of more JA-Ile per OPDA; however, at moderate (75 mM 

NaCl) and high (150mM NaCl) salt stress, OE BY-2 cells with and without peptoid treatment, achieved similar JA-

Ile/OPDA percentage. At 3 h, at the control (0 mM NaCl) and moderate (75 mM NaCl) salt stress, a significant 

and comparable shift of the biosynthetic pathway from JA-Ile towards OPDA was seen in peptoid treated OE BY-

2 cells. However, this situation was reversed at high salt stress (150 mM NaCl) where the biosynthetic pathway 

generated more JA-Ile per OPDA as compared to the case in OE BY-2 cells without peptoid pretreament (Fig. 

50C).  
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Figure 50: Effect of salt stress on 12-oxo-phytodienoic acid (12-OPDA) and jasmonyl-isoleucine (JA-Ile) levels as well as on 

the ratio between JA-Ile and OPDA (%). The level of 12-OPDA (A), JA-Ile (B) and JA-Ile/OPDA (%) (C) in salt stressed OE tobacco 

BY-2 cells without (black curve) and with (broken curve) plant PeptoQ pretreatment. Data represent mean values and 

standard errors of three independent experimental series. * indicate differences significant at P ≤ 0.05 based on a student’s 

t-test.  
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3.10. Summary of results 
In this dissertation, we tried to impart salt tolerance to non-transformed WT tobacco BY-2 cells through plant 

PeptoQ pretreatment and OsOPR7 overexpression. Hence, the interaction of plant PeptoQ with the WT BY-2 

cells was investigated and characterized. The dose-response and time-course experiments indicated that the 

uptake of plant PeptoQ proceeds in two stages where in the first step a pool in the endoplasmic reticulum (ER) 

is filled before the signal in the second slower step accumulates in the vermiform-vesicular final patterns. Upon 

subcellular localisation study of plant PeptoQ, these vermiform-vesicular patterns were interpreted as 

mitochondria. Thus, the final subcellular destinations of plant PeptoQ are mitochondria. To reach the 

mitochondria, plant PeptoQ passes through endosomes, trans-Golgi network (TGN), Golgi complex and the ER 

using both the clathrin-dependent and clathrin-independent endocytosis where actin filaments are actively 

involved whereas microtubules are dispensable. A tool for chemical manipulation like plant PeptoQ should not 

impose toxicity on the target cell. To this effect, the potential cytotoxicity of plant PeptoQ (2-50µM) on WT BY-

2 cells was investigated, and the result showed no sign of toxicity at all. Instead, it improved the survival and 

adaptation of WT BY-2 cells to salt stress, and this mitigation effect of plant PeptoQ was not dependent on the 

conjugated rhodamine moiety. On the other hand, following the complete and effective internalisation of plant 

PeptoQ into the WT BY-2 cells, the fact that whether it is able to be internalised into the real plant cell system 

or not was scrutinised using rice root and root hairs. Consequently, the result depicted that plant PeptoQ was 

able to be internalised into both the rice root and root hairs effectively and efficiently. Like the case in WT BY-2 

cells, its final subcellular destination was in the mitochondria. 

Both pretreatment with plant PeptoQ and overexpression of OsOPR7 in WT BY-2 cells, mitigated salt stress 

induced detrimental effects more or less in a similar manner. Cell expansion and cell viability were fully and 

partially compensated at moderate (75 mM NaCl) and high (150 mM NaCl) salt stress respectively by both 

approaches. However, even if, the detrimental effects of salt stress on cell division (proliferation) were mitigated 

by both peptoid treatment and OsOPR7 overexpression, it was more sensitive as compared to cell expansion 

and cell viability. Both approaches significantly ameliorated doubling time, and strongly suppressed the salt 

stress induced increase in MDA and superoxide (ROS) levels in WT BY-2 cells. However, they had no effect on 

the level of hydrogen peroxide. Plant PeptoQ pretreatment and OsOPR7 overexpression lead to increased SOD 

activity but decreased Mn-SOD transcript induction under salt stress. However, both approaches had no effect 

on Catalase (CAT) activity. Except SOS1, NAC and OPR7 genes, other salt-related genes such as ion channels 

(NHX1 and SKOR), regulators for ion channels (SOS3 and SLT1) and jasmonate related gene (JAZ3) did not show 

strong transcript modulation in response to salinity, plant PeptoQ pretreatment and OsOPR7 overexpression. 

Similarly, even if, ionic balance was strongly perturbed by salt stress, both plant PeptoQ pretreatment and 

OsOPR7 overexpression had no mitigatory role at all. Pretreatment of salt stressed WT and OE BY-2 cells with 

plant PeptoQ caused increased OPDA level; however, it had no significant effect on JA-Ile level. On the other 

hand, it lead to a significant shift of the biosynthetic pathway from JA-Ile to OPDA, and this channeling of the 

pathway towards OPDA was significantly more accentuated for moderate salt stress (75 mM NaCl) but it faded 

as it proceeds to high salt stress (150 mM NaCl). 
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4. Discussion 
Although powerful as approach, plant genetic engineering is limited by the need to introduce the foreign gene 

into the target cell and to regenerate an entire organism from this cell, which often turns out to be difficult, if 

one moves beyond Arabidopsis thaliana as model. Approaches, where functional cargo molecules are directly 

delivered into cell of interest by means of cell penetrating peptides have potential as alternative strategy of 

manipulation. Since peptides are prone to proteases, their stability in vivo might become limiting. To overcome 

this limitation, peptidomimetics are interesting alternatives. Consequently, in this dissertation, a particular 

strategy was used, where the cationic amino-acid side chains are linked to nitrogen instead of carbon, such that 

these molecules should not be accessible for proteolytic cleavage. As proof of concept for a functional cargo 

delivered to tobacco BY-2 cells as experimental model, a rhodamine-labelled semiquinone (plant PeptoQ) as 

mimetic of coenzyme Q10 was used  to test the efficiency of cellular uptake, the mechanism for cellular 

internalisation, the route of subcellular targeting, and potential impacts on cellular physiology.  

4.1. Characterization of the interaction between plant PeptoQ and non-
transformed WT tobacco BY-2 cells 
The cellular uptake of plant PeptoQ was both, dose and time dependent, impaired by inhibitors of endocytosis, 

and strongly depends on actin, while microtubules are dispensable. Furthermore, plant PeptoQ specifically 

targets to mitochondria, is not toxic, and even, if followed over several days; it ameliorates the adaptation of 

tobacco BY-2 cells to salt stress. 

4.1.1. The plant PeptoQ targets to mitochondria in two steps involving passage through 
the ER membrane 
To determine the molar concentrations to which the peptoid accumulates in mitochondria, it would be 

necessary to purify the mitochondria and quantify the plant PeptoQ by mass spectroscopy based analytical 

methods. However, even based on the relative quantification using the rhodamine fluorescence, it is evident 

that the plant PeptoQ is efficiently targeted to the mitochondria (Fig. 11). While the outer mitochondrial 

membrane probably does not represent a tight barrier due to the presence of porins with an exclusion size limit 

of 5 kDa (reviewed in Flowers et al., 2015), there must be one point, where the peptoid has to pass a membrane 

to reach the outer mitochondrial membrane. Principally, this membrane passage could occur at the plasma 

membrane. Alternatively, the peptoid might be taken up through endocytosis and exit into the cytoplasm from 

endosomes. Both mechanisms have been reported for the uptake of cell penetrating peptides into mammalian 

cells (reviewed in Madani et al., 2011; Gao et al.,2016) depending on the type of transporter and also depending 

on the type of cargo.  

For the uptake of the plant PeptoQ, a working model was developed that describes a third scenario (Fig. 51): 

The plant PeptoQ is taken up by endocytosis (both clathrin-dependent and clathrin-independent), depending 
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on dynamic actin filaments. Then, it reaches the ER by retrograde transport passing early endosomes, trans-

Golgi network, and the Golgi organelle, and arrives at its final destination, the mitochondrial intermembrane 

space at the contact sites between ER and mitochondria (Jaipargas et al., 2015). It is this final step, where the 

peptoid has to pass through a membrane-this membrane is neither the plasma membrane, nor the endosomal 

membrane, but the membrane of the ER. The evidences that lead to the working model are discussed below. 

4.1.2. The uptake of the plant PeptoQ is saturable. Membrane passage of a cell penetrating peptide 

might involve interaction with a binding site. If this binding site is present with limited abundance, uptake should 

be saturable. Alternatively, the membrane passage could proceed at any point of the membrane, independently 

of a particular binding site, as it seems to be the case for the Tat and Tat2 cell penetrating peptides, where the 

entry into triticale mesophyll protoplasts never became saturated (Chugh and Eudes, 2007). The uptake of the 

plant PeptoQ is clearly saturable, but this uptake seems to occur in two steps (Fig. 10): Since there was no 

detectable uptake below a threshold of 0.9 µM (a value derived from fitting the data by a two-phase Michaelis-

Menten model, Fig. 10D), it seems that a first binding site has to be occupied, before the plant PeptoQ becomes 

available for the passage from the ER into the mitochondrion. This first binding site (which is predicted to be 

relatively abundant, in the range of 1 µM) might reside on the plasma membrane and defines, how much 

peptoid can enter clathrin-dependent endocytosis (Fig. 51, ). The second bottleneck is the membrane passage 

itself, which occurs at the ER-mitochondrial contact points (Fig. 51, ). The size-exclusion of the porins in the 

outer mitochondrial membrane would be large enough to allow for back-diffusion from the stroma to the 

cytoplasm, but the negative charge of the inner mitochondrial membrane supposedly sequesters the charged 

side-chains of the peptoid very efficiently. The reticulate patterns seen during early stages of uptake of a 

saturating pulse with plant PeptoQ (Fig. 9) can be explained by this two-step model-this ER pool of labelled 

peptoid should become manifest as intermediary state at early time points, when the second step (the passage 

through the ER membrane) becomes limiting. This is indeed the case, as to be concluded from the patterns 

observed for dual labelling of the plant PeptoQ along with DioC6 (Fig. 14), and Mitotracker Green FM (Fig. 15), 

support the existence of a transient pool in the ER. The second step, i.e. the transition from this ER pool into the 

final destination, the mitochondrial stroma, is much more constrained, with an estimated KD of 0.2 µM, 

indicative of a presumed binding site that is a factor of 5 less abundant as compared to the binding site at the 

membrane. Due to this difference in the abundance of the two binding sites, feeding lower concentrations of 

plant PeptoQ should lead to a steady state, where more peptoid is delivered to the ER as can be exported in the 

second step, such that the signal should accumulate in the ER also for later time points. Also, this implication of 

the model is supported by the available data (Fig. 10). A third piece of evidence is the pronounced discontinuity 

in uptake seen for incubation with saturating (2 µM) concentrations of the plant PeptoQ (Fig. 9). The two waves 

of uptake can be interpreted by a situation, where the first step is saturated within 60 min, possibly because the 

recycling of the clathrin-dependent machinery towards the membrane becomes limiting, or because the 
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peptoids accumulating in the ER due to time-limiting membrane passage into the mitochondrion shift the 

equilibrium to the left side. It then takes some time to recover the capacity of uptake, such that the second 

wave can proceed. A similar threshold of uptake followed by time- and concentration dependent, saturable 

uptake was also seen in human cells for guanidinium- and amino-peptoids (Schröder et al., 2007; 2008) and 

might, thus, represent a feature of the uptake system that has been conserved during evolution. 

Neither the molecular nature of both binding sites is known at this stage, nor the involvement of temperature-

sensitive events, nor the potential mechanisms regulating membrane passage at the ER-mitochondrial contact 

points. From structure-function relationships (reviewed in Wender et al., 2000), positively charged side groups 

have been determined as central factor for efficient uptake, whereby arginine and guanidine residues were 

more effective than lysines. In case of the plant PeptoQ, the positive charges will not only promote membrane 

passage, but may also be a key factor for the strong partitioning to the mitochondria, because the cytosolic face 

of the inner membrane (where the “natural” ubiquinone, mimicked by this peptoid, is located as well) is 

negatively charged due to the proton gradient across this membrane. 

 

Figure 51: Working model for the cellular uptake of plant PeptoQ into non-transformed WT tobacco BY-2 cells. The majority 

of the plant PeptoQ (red dots) enters via clathrin-dependent endocytosis, following interaction with a binding site (, red 

arrows). Alternatively, the plant PeptoQ can enter through pinocytotic, clathrin-independent, uptake (, blue arrows). The 

invagination of the plasma membrane requires a dynamic subpopulation, which is subtending the membrane and can be 

eliminated by Latrunculin B. Both pathways of uptake converge at the trans-Golgi Network (TGN), which is the plant version 
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of the early endosome (). The site of action of Ikarugamycin is assumed to be upstream in the clathrin-dependent pathway 

(, red arrows), while Wortmannin is assumed to act more downstream, at the TGN. From the TGN, the plant PeptoQ 

reaches by retrograde transport via the Golgi complex to the ER (black arrows). The ER is structured by stable cables of actin 

that also is responsible for the movement of mitochondria. The membrane passage of the plant PeptoQ is proposed to occur 

at the mitochondria-associated ER membranes (). Through the porins of the outer mitochondrial membrane, the plant 

PeptoQ readily enters the intermembrane space of the mitochondrion. Due to the negative charge of the cytoplasmic face 

of the inner mitochondrial membrane, the positively charged plant PeptoQ attaches to this membrane and is therefore 

removed from the equilibrium at the outer face of the ER membrane, such that the plant PeptoQ accumulates in the 

mitochondrion to levels that are much higher than those seen in the ER lumen. Note that the model is simplified and focused 

on the route of uptake, aspects of membrane trafficking that are not relevant here (such as the multivesicular body or the 

vacuole, microtubules) have been deliberately omitted for the sake of clarity. Adapted from Asfaw et al., 2019. 

4.1.3. The plant PeptoQ enters the BY-2 cells via clathrin-dependent and clathrin-
independent endocytosis 
 To understand, whether the plant PeptoQ undergoes a membrane passage at the plasma membrane, or 

whether it is first taken up through endocytosis, two inhibitors of endocytosis were used such as Wortmannin 

and Ikarugamycin (Fig. 10). While both inhibitors suppressed the uptake into mitochondria, the observed 

patterns were significantly different: After treatment with Wortmannin, only few residual signals could be seen 

at the cross walls, while with Ikarugamycin, the residual signals were significantly more abundant and also lining 

the lateral walls (Fig.12). Also, for FM4-64, which was used as control for the efficacy of the two inhibitors, the 

suppression of uptake after treatment with Wortmannin was more pronounced as that seen for Ikarugamycin. 

This is not the first time that such a difference in efficacy has been observed: Also, for the endocytotic uptake 

of nanobeads into tobacco BY-2 cells, the suppression by Wortmannin was more pronounced as compared to 

that achieved by Ikarugamycin (Bandmann et al., 2012). Unfortunately, the mode of action of the two inhibitors 

is far from clear, not even in mammalian cells, but the published record supports a scenario, where Ikarugamycin 

blocks internalisation of membrane receptors, while leaving intracellular trafficking untouched (Hasumi et al., 

1992; Luo et al., 2001). Wortmannin blocks phosphatidyl-inositol 3-kinase. Phosphorylated phosphatidyl inositol 

3 interacts with the proteins that build up the retromer. Wortmannin, therefore, seems to interfere with a step 

of clathrin-dependent endocytosis downstream of the early endosome (Kundra and Kornfeld, 1998). Consistent 

with this scenario, Wortmannin was found, for root cells of Arabidopsis thaliana, to cause rapid fusions of 

multivesicular bodies, a plant specific precursor of vacuoles (Wang et al., 2009). In addition to clathrin-

dependent endocytosis, clathrin-independent pathways have been demonstrated also for plant cells. For 

instance, the uptake of a fluorescent derivative of glucose, 2-(N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino)-2-

deoxyglucose, into tobacco BY-2 protoplasts still proceeds, when clathrin-dependent endocytosis (probed by 

the uptake of FM4-64) is suppressed by either Ikarugamycin, or by genetic interference by overexpression of a 

fragment of the clathrin heavy chain (Bandmann and Homann, 2012). Since the fluorescent glucose derivative 

was later seen in the trans-Golgi network, the two pathways seem to converge here (Fig. 51, ), similar to their 
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mammalian counterparts (for review see Gruenberg, 2001). If this assumption holds true, the stronger inhibition 

by Wortmannin observed for the uptake of the plant PeptoQ (Fig. 12), would mean that both endocytotic 

pathways are intercepted, while for Ikarugamycin only the contribution from clathrin-dependent endocytosis is 

suppressed. Irrespective of the relative contribution of the two pathways, the plant PeptoQ should be 

detectable in both early and late endosomes. By using a strategy, where the plasma-membrane located auxin-

influx carrier AUX1 was expressed in fusion with YFP under a estradiol-inducible promoter, we were able to see 

the plant PeptoQ small vesicles close to the plasma membrane that presumably represented early endosomes 

(Fig. 13), and were accompanied by larger vesicles deeper in the cytoplasm that might be late endosomes 

supporting the conclusion from the experiments with endocytotic inhibitors. 

4.1.4. Membrane-associated actin is needed for endocytic uptake, microtubules are 
dispensable 
Mitochondria were seen to be aligned with actin cables, and pretreatment with Latrunculin B eliminated uptake 

as efficiently as pretreatment with the endocytotic inhibitors, leaving only punctate signals lining the lateral cell 

membrane (Fig. 16). This leads to the question, whether the tethering of ER and mitochondrial by actin cables 

is required for mitochondrial targeting. This question is stimulated by three reasons: (i) The role of actin cables 

for ER structure and movement of the Golgi complex in plant cells has been addressed in classical work (Boevink 

et al., 1998). (ii) The close link between mitochondria and ER structure has been shown by live imaging (Jaipargas 

et al., 2015). (iii) Plant mitochondria move along actin cables (Van Gestel et al., 2002). However, if Latrunculin B 

would act by interrupting the actin-dependent association of ER and mitochondria, the signal is expected to 

remain trapped in the ER. This is not observed-the signal fails to enter the cell almost completely, only 

occasionally, fluorescent foci are seen at the nuclei that have been displaced to the cross wall (Fig. 16) in 

consequence of the breakdown of the perinuclear actin cage that usually tethers the nucleus (Durst et al., 2014). 

Our data indicate a different scenario linked to a different population of actin: Highly dynamic actin filaments 

subtend the cell membrane and participate in the sensing of membrane integrity (Eggenberger et al., 2017). 

Their proximity to the membrane is so close that it is possible to image fluorescently labelled actin filaments by 

Total Internal Reflection Fluorescence (TIRF) Microscopy in tobacco protoplasts (Hohenberger et al., 2011), 

indicative of a distance that must be well below 50 nm. We propose that Latrunculin B eliminates this 

membrane-associated, highly dynamic (and therefore also highly sensitive) population of actin filaments, which 

will intercept the formation of membrane invagination and, thus, block endocytotic uptake. In fact, the role of 

actin filaments for endocytotic uptake in mammalian and yeast cells is well established (for review, see Engqvist-

Goldstein and Drubin, 2003), and has also been discovered in plants from experiments, where the internalisation 

of the auxin-transport facilitator PIN1 was blocked by cytochalasin D (Geldner et al., 2001). Since the anchoring 

of mitochondria has been linked with microtubules (Van Gestel et al., 2002), and since the microtubule +TIP 

protein CLASP was found to participate in endocytotic cycling of PIN2 (Ambrose et al., 2013), a role of 

microtubules for peptoid uptake is plausible. In fact, the uptake of polyguanidine peptoids (mimicking a 
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polyarginine peptide) into tobacco BY-2 cells was inhibited by Oryzalin, although only partially. Although we 

could see, using a fluorescent tubulin marker line, that some mitochondria colocalised with microtubules (Fig. 

17), the orientation of the mitochondrion often deviated from the direction of the tethering microtubules 

indicative of a different lattice (actin cables) intersecting with the microtubules. Most importantly, when we 

eliminated microtubules using Oryzalin, the plant PeptoQ was still taken up in the same manner as in the 

controls, where microtubules were intact. Thus, in contrast to actin filaments, microtubules were not involved 

in the uptake and mitochondrial targeting of the plant PeptoQ. 

4.1.5. The plant PeptoQ efficiently circumvented programmed cell death 
 The peptoid used in the current study represents a novel approach to deliver functional cargoes to the 

mitochondria. However, alternative strategies are possible and have been already employed in plants (Chuah 

et al., 2015; Yoshizumi et al., 2018): fusions of mitochondrial and plastid transit peptides with a charged domain 

binding DNA have been used to engineer the genomes of both organelles. By adding the cell penetrating BP100, 

the efficiency of delivery could be increased (Chuah et al., 2015) indicating that passage through the plasma 

membrane is limiting for these constructs. While the use of peptides as carrier is convenient and versatile, the 

need of the transit peptides to travel through the cytoplasm, might also have certain limitations: Even a transient 

perturbation of membrane integrity can activate a sensory circuit composed of the membrane-located NADPH 

oxidase RboH and membrane associated actin which acts as trigger for programmed cell death (Eggenberger et 

al., 2017). By hijacking the endosome-ER-mitochondria pathway, this problem can be circumvented. In fact, 

even for high concentrations of peptoid, we could not detect any indication of elevated mortality (Fig. 19), which 

is in stark contrast of the behaviour obtained by the cell-penetrating peptide BP100. For the purpose of 

organelle transformation, where most cells will be anyway eliminated by subsequent selection, this aspect may 

not be so relevant. For studies, where the response to altered mitochondrial physiology is to be studied, this 

aspect is crucial, though. Here, the peptoid strategy brings significant payoff that makes up to the somewhat 

more cumbersome synthesis (although modular strategies of peptoid synthesis have strongly reduced this 

challenge). A further benefit for long-term studies, is the inaccessibility of the peptoid bond to protease activity.  

4.2. Role of plant PeptoQ on salt stress-induced deleterious effects in WT 
tobacco BY-2 cells 
In our published work, we showed that the  construct, plant PeptoQ (which is composed of a peptoid mediating 

mitochondrial import, and a functional cargo that mimics coenzyme Q10) was efficiently and specifically 

accumulating in mitochondria of walled tobacco BY-2 cells and improved their resilience against salinity stress 

(Asfaw et al., 2019). For cell expansion, this recovery was more pronounced, and, for moderate salt stress, even 

complete (Fig. 25), while cell proliferation was more sensitive and rescued only partially (Fig. 24). The 

mechanism, by which plant PeptoQ mitigates salt stress has been addressed and as a result, we found that plant 

PeptoQ improved oxidative balance under salt stress, evident from reduced steady-state levels of 
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malonedialdehyde and superoxide, which were correlated with increased activity of superoxide dismutase (Fig. 

28, 29, 30). The improved resilience was not caused by a better ionic homeostasis, because intracellular sodium 

increased, and intracellular potassium decreased to the same extent as in the absence of the peptoid in response 

to salt stress (Fig. 35). However, the steady-state levels of Mn-SOD transcripts were rapidly and strongly 

upregulated in response to plant PeptoQ in the absence of salt stress (Fig. 31A). This pattern is considered as 

specific, because the majority of salt-stress related genes (with exception of mild effects seen for the sodium 

extruder SOS1, the retrograde-signalling factor NAC, and the jasmonate signalling factor JAZ3), did not show 

significant responses to salt stress. These surplus Mn-SOD transcripts were then consumed under salt stress, 

which, together with the high enzymatic activity of SOD indicate that the peptoid induces a higher pool of 

transcripts that are then efficiently converted to protein under challenge. In the absence of the peptoid, Mn-

SOD transcript levels were low, but increased in response to salt stress. This increase was more efficient for 

moderate salt stress (75 mM NaCl) but developed more sluggishly under high salt stress (150 mM NaCl). In other 

words, the pretreatment with plant PeptoQ activated adaptive gene regulation in an anticipative manner. We 

pursued the working hypothesis that this “pre-adaptation” provides a time gain which is decisive for survival 

under salt stress and several implications of this working hypothesis are explored and discussed below. 

4.2.1. Is plant PeptoQ modulating retrograde signalling?  
Chloroplasts and mitochondria originated from independent prokaryotic organisms, but most of their genes 

have been either lost or transferred to the nucleus of their eukaryotic host. The proteins encoded by these 

transferred genes have to be imported by virtue of specific signal peptides. However, both organelles have still 

retained some genes, for instance, for components involved in electron transport across the inner membranes, 

or components involved in organelle gene expression (Gould et al., 2008; Blanco et al., 2014). The retention of 

a residual gene set in the organellar genome has attracted considerable attention. One of the most plausible 

explanations for this phenomenon has been given by the colocation for redox regulation of gene expression 

(CoRR) hypothesis (reviewed in Allen, 2015). Because, in both organelles, free electrons are transported across 

a membrane in the presence of oxygen, or partially reduced derivatives of oxygen, any disbalance would lead 

to fatal consequences, which means that there has been a strong selective pressure towards rapid and efficient 

redox homeostasis, which is not compatible with a regulatory system, where the organelle has first to launch 

retrograde signalling to the nucleus, transcriptional activation, and then posttranslational import of the 

respective gene product. Nevertheless, redox homeostasis in plant mitochondria is secured beyond the CoRR 

mechanism and involves retrograde signalling as well, conveyed by redox-active components, such as ATP, 

acetyl-CoA, NAD+, and glutathione (reviewed in Hartl and Finkemeier, 2012), which shows, how vital it is for a 

plant cell to safeguard redox balance against perturbations by biotic or abiotic stress. While retrograde signalling 

from the plastids has been intensively studied from the 1970ies (a historical review is given in Börner, 2017; for 

a recent update on the molecular components see the comprehensive review by Kleine and Leister, 2016), plant 

mitochondrial retrograde signalling is far less understood. However, disruption of mitochondrial electron 
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transport and subsequent accumulation of ROS has been shown as triggers for retrograde signalling (Ho et al., 

2008; Blanco et al., 2014). Still, the pathway that conveys the information about the perturbed functional status 

of mitochondria to the nucleus leading to a specific transcriptional response had remained enigmatic over years 

(reviewed in Ng et al., 2014). Based on mutant approaches, several members of the NAC family of transcription 

factors, such as NAC13 (De Clercq et al.,2013), for a recent review (see Hoang et al., 2017), or NAC17(Ng et al., 

2013) had been identified as crucial component for mitochondrial retrograde signalling. These proteins are 

integrated in the ER, but can be cleaved by a Rhomboid type protease, such that the N-terminal domain can be 

imported into the nucleus. Since mitochondria are transported along actin and since actin (Gestel et al., 2002) 

also is important for ER (Flis and Daum, 2013) mitochondrial contact, leakage of ROS through the mitochondrial 

permeability pore is expected to initiate this signal. 

At the moment, the molecular nature of the signal that transfers information from the disturbed mitochondria 

to the transcription factors through the ER remains unknown. However, several studies indicate that 

mitochondrial ROS (especially superoxide ions) are responsible in relaying such information from the 

dysfunctional mitochondria to the downstream transcription factors (Huang et al., 2016; Moller, 2016). 

Interestingly, retrograde signalling is not only deployed by excess of mitochondrial superoxide (O2•−), but as 

well, when steady-state levels of superoxide drop below normal (for a recent review see Wagner et al., 2018). 

In this dissertation, salt stress caused increased ROS generation (Fig. 29), impaired SOD activity (Fig. 30), but 

increased Mn-SOD transcripts (Fig. 31). This correlation would be consistent with a model, where Mn-SOD 

upregulation is the consequence of disturbed redox balance in the mitochondria. In response to pretreatment 

with plant PeptoQ, steady-state levels of Mn-SOD transcripts were strongly upregulated (Fig. 31), while resting 

levels of superoxide were extremely low (Fig. 29), as it would be expected, if the elevated transcripts result in 

enhanced accumulation of protein. This effect is not seen for hydrogen peroxide (Fig. 29) supporting Mn-SOD 

as specific target for the peptoid effect. Interestingly, the specific activity of SOD is not altered by the peptoid 

pretreatment (Fig. 30), but increases during salt stress, while the steady-state transcript levels for the Mn-SOD 

transcript decrease strongly (Fig. 31). These data suggest that the peptoid pretreatment stimulates transcription 

of Mn-SOD, and that this elevated pool of transcripts is then mobilised, once the mitochondria are challenged 

by salt stress. This scenario would indicate that posttranscriptional regulation becomes active during salt stress, 

but also that transcriptional activation of Mn-SOD prior to salt stress contributes to the mitigating effect of plant 

PeptoQ. To achieve this transcriptional activation, a signal has to be conveyed from the mitochondria, where 

plant PeptoQ accumulates, towards the nucleus, where the Mn-SOD gene is encoded. When this retrograde 

signalling is mediated by specific NAC proteins that are proteolytically cleaved during the process(De Clercq et 

al., 2013; Ng et al., 2013), meaning that the signalling molecule is consumed during signalling, one would expect 

that the corresponding genes would be upregulated in the long term to replenish the pool of the consumed NAC 

protein. The finding that the putative tobacco homologue of AtNAC13 is upregulated after prolonged incubation 
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with plant PeptoQ (Fig. 32F) is consistent with this hypothesis. Thus, our data support a scenario, where this 

peptoid activates retrograde signalling from mitochondria to the nucleus and, thus, induces the accumulation 

of Mn-SOD transcripts. Upon salt stress, this elevated pool is recruited to fuel elevated SOD activity, mitigating 

the oxidative disbalance caused by the excess of sodium ions.  

4.2.2. Beyond retrograde signalling-A role for post-transcriptional regulation of  

mitochondrial SOD 
The strong upregulation of steady-state transcript levels seen for Mn-SOD after treatment with plant PeptoQ 

prior to the onset of salt stress (Fig. 31A) would be expected to lead to elevated SOD activity resulting in reduced 

superoxide levels and concomitantly increased hydrogen peroxide levels. These implications are definitely not 

observed. Neither does the peptoid cause any elevated SOD activity in the absence of salt (Fig. 30A, 0 mM 

points), nor are hydrogen peroxide levels increased (Fig. 30B, 0 mM points). The only implication, which is met 

by the experimental data, is a drastic (by 90%) reduction of superoxide levels in presence of the peptoid (Fig. 

29A, 0 mM points). If superoxide levels are reduced, while SOD activity is not increased, there must be a non-

enzymatic component involved. This non-enzymatic component might be plant PeptoQ itself since its 

hydroxylated ring confers a very strong superoxide-scavenging property (Gulaboski et al., 2013). What remains 

to be explained is, why the massive (already 15-fold after 1 h) increase of transcripts does not culminate in an 

increase of SOD activity. This discrepancy calls for a role of post-transcriptional and even post-translational 

regulation. In fact, several mechanisms such as phosphorylation, nitration, methylation, glutathionylation, 

acetylation and metal incorporation (reviewed in Candas and Li, 2014) are known that control mitochondrial 

SOD beyond retrograde signalling. 

Using the mitochondrial Alternative Oxidase as paradigm, the role of local superoxide in activation of retrograde 

signalling was tested in rice (Li et al., 2013) by expressing SOD in different subcellular compartments before 

inducing superoxide by methyl viologen. Only when the SOD was overexpressed in the mitochondria, but not in 

other compartments, did this overexpression attenuate the effect of oxidative stress on Alternative Oxidase 

expression. Thus, Mn-SOD activity, mitochondrial homeostasis (functionality) and mitochondrial retrograde 

signalling seem to be intimately linked. As one mechanism, release of oxidised peptides has been proposed 

(reviewed in Moller and Sweetlove, 2010). Alternatively, peroxynitrite, resulting from the reaction of superoxide 

with mitochondrial nitric oxide, can inactivate SOD by specific nitration (Holzmeister et al., 2015).  

A third mechanism runs through a miRNA shown to regulate the stability of SOD transcripts in cytoplasmic and 

plastidic SODs (Sunkar et al., 2006). The abundance of the responsible miR398 is decreased under oxidative 

stress, such that SOD transcripts can accumulate to higher levels. Whether this mechanism can also act on Mn-

SOD, is not known. The strong induction of transcripts for Mn-SOD (Fig. 31) by the peptoid would be expected, 

when the peptoid can downmodulate the steady-state levels of miR398, a testable implication of this 

hypothesis. Still, none of the three mechanisms would explain, how plant PeptoQ by itself can induce SOD 
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transcripts, while these transcripts are not translating into elevated activity prior to the onset of salt stress (Figs. 

29, 30).  

A fourth regulatory mechanism might play a role here: the activity of SOD can unfold only in presence of the 

metal co-factor, in case of the mitochondrial SOD, a Mn. The association of this metal co-factor with the SOD 

apo-protein has been addressed in yeast mitochondria (Luk et al., 2005) (reviewed in Culotta et al., 2006) and 

shown to occur in the mitochondria themselves with the still unfolded imported apo-protein. The mitochondrial 

import of manganese would therefore turn into a regulator of SOD activity. If the peptoid would trigger SOD 

transcription, while not promote manganese import, a strong accumulation of transcripts would not translate 

into increased SOD activity, which is exactly what we observe (Figs. 29, 30). If manganese import is stimulated 

in response to salt stress, enzyme activity would increase, which is again consistent with our observations (Fig. 

30). 

Whether any of the four mechanisms is acting in the context of plant PeptoQ activity remains to be elucidated. 

As unifying principle, they would relay information on the enzymatic activity of mitochondrial SOD to the 

nucleus, which means that they employ retrograde signalling, albeit the cellular responses would be different: 

either activation of SOD transcription, down-regulation of a miRNA gene, or activation of Mn import. These 

mechanisms are not mutually exclusive, but are likely acting in concert, and they all lead to implications that are 

testable experimentally.   

4.2.3. Does plant PeptoQ deploy anticipative signalling by triggering the hypoxia pathway?  
The specific and multivariate response patterns seen on the level of transcripts, the level of enzyme activity, and 

on the level of ROS abundance (Figs. 28, 29, 30,31) can be explained by a model (Fig. 52A), where plant PeptoQ 

acts as scavenger of mitochondrial superoxide. Thus, steady-state levels of superoxide (originating from complex 

III of the mitochondrial electron transport chain, Fig. 52A, ) dissipate not only by conversion to hydrogen 

peroxide, catalysed by Mn-SOD (Fig. 52A, ), but also by direct reduction through plant PeptoQ (Fig. 52A, ). 

Thus, under physiological conditions, this additional mechanism of elimination, will reduce superoxide to a level, 

as it would occur during hypoxia. This deploys hypoxia-related retrograde signalling (Wagner et al., 2018), 

possibly involving specific NAC transcription factors (Fig. 52A, ). Since these NAC proteins would be consumed 

by proteolytic cleavage, they are expected to be replenished by induction of NAC transcripts, as we actually 

have observed in this dissertation (Fig. 31C, Fig. 32F). This retrograde signalling would culminate in the induction 

of Mn-SOD (Fig. 52A, ). After translation, the SOD protein is imported into the mitochondria establishing a 

pool of SOD that would, however, remain inactive, since it is still void of Mn (Fig. 52A, ). This pool of excess 

SOD is then gradually activated through ongoing Mn import and subsequent complexation into the active 

holoenzyme. When SOD becomes inactivated under salt stress, for instance by nitration, the additional pool of 

SOD can be recruited to compensate for this inactivation. Thus, excessive formation of superoxide as it would 
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normally occur under salinity, is prevented, which allows the cells to buffer, at least partially, the negative 

impact of salt stress.  

The implications from this working model under the four combinations derived from two factors (plant PeptoQ, 

salt stress) and two cardinal states (absence, presence) are met in detail by our observations (Fig. 52B-E). For 

instance, this model can explain, why pretreatment with plant PeptoQ in the absence of salt stress (compare 

Fig. 52B and D) leads to the observed (Fig. 29) very low steady-state levels of superoxide, while, simultaneously, 

steady-state levels of Mn-SOD transcripts increase more than 20-fold (Fig. 31) without a concomitant increase 

of SOD activity (Fig. 30). Likewise, the model can explain, why salt stress, in the absence of the peptoid (Fig. 52C) 

can induce SOD transcripts (Fig. 31), while SOD activity decreases (Fig. 30), while, simultaneously, superoxide 

levels increase (Fig. 29). Moreover, it can explain, why under salt stress in presence of plant PeptoQ (Fig. 52E) 

SOD transcript levels drop back to the levels found in cells that neither are exposed to salt stress, nor to peptoid 

treatment (Fig. 31), while SOD activities increase (Fig. 30). As a result, the oxidative damage resulting from 

salinity stress, is efficiently quelled, as evident from the observed suppression of MDA-levels in presence of 

plant PeptoQ (Fig. 28). In summary, the mitigation of salt-induced stress by pretreatment with plant PeptoQ can 

be explained by triggering the hypoxia pathway leading to anticipative stress signalling. 
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Figure 52: The steady-state levels of superoxide (originating from complex III of the mitochondrial electron transport chain 

A) dissipate both by conversion to hydrogen peroxide, catalysed by Mn-SOD A and by direct reduction through plant 

PeptoQ A. Under physiological conditions, the additional mechanism of elimination (direct reduction through plant 
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PeptoQ), will reduce superoxide to a level, as it would occur during hypoxia. Thus, this deploys hypoxia-related retrograde 

signalling, that might involve specific NAC transcription factors A. The NAC proteins would be consumed by proteolytic 

cleavage, they are expected to be replenished by induction of NAC transcripts. The retrograde signalling would culminate in 

the induction of Mn-SOD A. After translation, the SOD protein is imported into the mitochondria establishing a pool of 

SOD that would, however, remain inactive, due to the lack of Mn A. In the absence of plant PeptoQ pretreatment prior to 

salt stress (B) and in salt stressed plant PeptoQ pretreated non-transformed WT BY-2 cells (E) there was relatively limited 

retrograde signaling (due to low superoxide ion level)  but active Mn-SOD due to Mn import and subsequent complexation 

into the active holoenzyme. However, in non-plant PeptoQ pretreated salt stressed (C) and plant PeptoQ pretreated non-

salt stressed (D) non-transformed  WT BY-2 cells there was high level retrograde signalling (due to the increased superoxide 

ion level) but inactive Mn-SOD due to the lack of (very limited)  Mn import. 

4.3. OsOPR7 overexpression mitigates salt stress-induced detrimental effects 
in OE BY-2 cells 
Like in the case of plant PeptoQ pretreatment, the overexpression of OsOPR7 in the WT BY-2 cells mitigated the 

salt stress-induced growth deterioration and resulted in improved cell proliferation, expansion and  viability, 

increased antioxidant enzymes activity, reduced ROS and MDA levels and certain salt-related genes transcripts 

induction. 

4.3.1. Does OsOPR7 overexpression mitigate salinity induced mitodepressive effect in OE 
BY-2 cells? 
In plants, early stages of developments are influenced by salinity (Hanif and Afshan, 2013), the rate at which an 

organ grows is a function of the rate of cell production (Yumurtaci et al., 2009), and the frequency of cellular 

division could be estimated reliably using mitotic index (Fernandes et al., 2007). Consequently, we measured 

the effect of salt stress on mitotic index (MI). Salinity caused both dose and time dependent reduction in MI in 

WT BY-2 cells with and without plant PeptoQ pretreatment and OE BY-2 cells. However, the decline was more 

pronounced and drastic in the WT BY-2 cells that lack plant PeptoQ pretreatment as compared to the case in 

the plant PeptoQ pretreated, and OE BY-2 counterparts (Figs.27 and 41). For instance, at 150mM NaCl salinity 

level at 96 h, the plant PeptoQ pretreated WT and OE BY-2 cells achieved MI of 2.4% and 3% respectively 

whereas at the same salt concentration and exposure time, WT BY-2 cells without plant PeptoQ pretreatment 

secured only 0.8% MI. Thus, salinity significantly affected mitotic activity and stimulated mitotic inhibition but 

the construct plant PeptoQ and OsOPR7 overexpression significantly mitigated the adverse effects of salinity on 

cell division. Our finding is in accordance with earlier reports in onion (Allium cepa L.) roots (Singh and Roy, 

2015, Kietkowska, 2017), wheat (Triticum aestivum L.) genotypes (Hanif and Afshan, 2013) and Turkish durum 

and bread wheat genotypes (Yumurtaci et al., 2009). Studies revealed that cytotoxicity could be measured using 

changes in mitotic activities and the accompanying inhibition (Singh and Roy, 2015). Cells respond to salt stress 

through inhibition of cell production which is a result of salinity effect on S or G2/M phase, reduction in cyclin-

dependent kinase (CDK) activity, inhibition of protein synthesis and DNA synthesis (Zhao et al., 2014) and 
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reduction in meristem size and inhibition of cell cycle (West et al., 2004). The remarkable reduction in mitotic 

index and mitotic activities under salt stress may be due to the decline in the number of dividing cells which is 

a result of the mitodepressive effect of the salt where it interferes in the normal process of mitosis (West et al., 

2004; Singh and Roy, 2015). The mitodepressive effect may be due to the toxic effects of accumulated Na+ and 

Cl- which lead to the overproduction of reactive oxygen species (ROS). Consequently, the resulting ROS could 

affect nuclear dynamics, chromosome movement and anaphase chromosomes through the induction of 

significant delay in prophase to prometaphase transition (Foreman et al., 2003). Thus, in general, salt stress 

induced ion homeostasis imbalance (Zhu, 2002) and the production of excessive amounts of ROS which have a 

damaging effect on DNA and cellular structures that eventually results in cell death (Affenzeller et al., 2009).  

4.3.2. OPDA induces retrograde signalling and reduces ROS levels through elevated 
antioxidant enzymes activity 
The level of JA precursor, 12-oxo-phytodieonic acid (12-OPDA) increased in OE BY-2 cells both in the presence 

and absence of peptoid pretreatment (Fig.50A). Especially, in the latter, the OPDA level was constantly (stably) 

higher irrespective of the salinity levels whereas the jasmonic acid (JA) was undetectable but the jasmonyl-

isoleucine (JA-Ile) accumulated to a measurable amount (Fig.50B). The increased OPDA level was accompanied 

by low MDA (Fig.42) and ROS levels (Fig.43), increased SOD activity (Fig.44A), and upregulation of Mn-SOD 

(Fig.45) and OsOPR7 (Fig.46G) genes. This result agrees with a recent report in variegated Epipremnum ‘Marble 

Queen’ plant leaves where increased OPDA level resulted in reducing the ROS levels by increasing glutathione 

(GSH) generation and scavenging activity through the upregulation of a group of glutathione-S-transferases 

(GSTs) (Sun et al., 2017). OPDA, JA and JA-Ile are known to be involved in responses to biotic and abiotic stresses 

as well as in plant growth and development (Dave and Graham, 2012). However, unlike JA-Ile, OPDA is not 

perceived by the SCFCOI1-JAZ-co-receptor complex (Thines et al., 2007) and genes involved in OPDA and JA 

signalling pathways are not identical (Taki et al., 2005; Park et al., 2013). It is known that OPDA is a signalling 

molecule by itself (Taki et al., 2005) and as a signalling molecule, it takes part in plastid retrograde signalling and 

induces the retrograde signalling upon binding to its plastid localized receptor cyclophilin 20-3 (CYP20-3) (Park 

et al., 2013). The OPDA-CYP20-3 complex forms the cysteine synthase complex (CSC) comprising serine 

acetyltransferase (SAT) for cysteine synthesis. Earlier reports show that the OPDA receptor, CYP20-3, binds with 

SAT, an enzyme that involves in sulfur assimilation (Dominguer-solis et al., 2008; Takahashi et al., 2011). This 

SAT binding with CYP20-3 increases its activity and results in elevated cysteine production (Blaszczyk et al., 

1999). Moreover, the binding is considered to be important for plants abiotic stress tolerance (e.g. salt stress) 

(Dominguer-solis et al., 2008) and is facilitated by the binding of OPDA with its receptor CYP20-3 (Park et al., 

2013).  The cysteine generated in this way, could not take part directly in the regulation of gene expression as a 

signal or secondary messenger, but it is the change in redox potential caused by increased concentration of thiol 

groups that convey the message from the plastid to the nucleus. Thus, the mediator of OPDA induced retrograde 

signalling is the change in the redox status of the cells (Kopriva, 2013).  More specifically, the increasingly and 
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newly synthesized cysteine can be metabolized into glutathione (GSH) to alter the redox state of the cells and 

to convey the redox signals that regulate expressions of OPDA-responsive genes (ORGs) through the activation 

of TGA transcription factors (Böttcher and Pollmann, 2009; Park et al., 2013; Sun et al., 2017). Thus, sulfur 

metabolites are necessary for OPDA-triggered retrograde signalling, and OPDA-induced retrograde signalling, 

sulfur metabolism and redox regulation are interconnected by the action of CYP20-3 (Kopriva, 2013). In general, 

the presence of increased OPDA level contributed for the reduced ROS level in two ways. First, under salt stress-

induced oxidative stress, increased ROS level leads to lipid peroxidation in the plastids where the latter releases 

OPDA precursors. Thus, it contributes for the generation of OPDA and this OPDA generation consumes ROS 

indirectly and eventually decreased their level. On the other hand, the accumulated OPDA would induce the 

expression of salt-stress related genes through retrograde signalling, and further reduce the ROS level by 

increasing scavenging activity through the induction of a group glutathione-S-transferases (GSTs) (Taki et al., 

2005; Sun et al., 2017). 

4.3.3. Salt stress-induced superoxide triggers peroxynitrite generation which ends up in 
cell death 
Mitochondrial genome contains bioenergetic (primary subset) and genetic system (secondary subset) genes 

(Allen, 2003b). The former actively involved in the mtETC (Allen, 2003a; Allen, 2017) and according to the CORR 

(co-location of genes and gene products for the redox regulation of gene expression) hypothesis, the expression 

of these mitochondrial bioenergetic genes is under the direct regulation of the redox state of respiratory 

electron carriers (gene products of bioenergetic genes or electron carriers with which the gene products 

interact) (Pfannschmidt et al., 1999, Allen, 2003b; Allen, 2015). In salt stressed WT BY-2 cells, the activity of Mn-

SOD in scavenging superoxide ion is quite low or impaired (Fig.44A). This is due to the fact that in the presence 

of increased superoxide radical (Fig. 43C), the  mitochondrial nitric oxide (NO) (which is generated through single 

electron leak from mtETC to nitrite) interacts with superoxide ion (Poyton et al., 2009; Gupta et al., 2011) and 

resulted in the formation of highly reactive peroxynitrite (ONOO−) (Beckman et al., 1990). Then the produced 

peroxynitrite inactivates the Mn-SOD enzyme irreversibly through the nitration of a critical Tyr residue (Tyr 34) 

at its active site (MacMillan-Crow et al., 1998; Quijano et al., 2001; Redondo-Horcajo et al., 2010). Moreover, 

the peroxynitrite also causes mitochondrial dysfunction through lipid peroxidation, irreversible nitration of 

proteins and inactivation of enzymes other than Mn-SOD, mitochondrial DNA (mtDNA) damage and disruption 

of mitochondrial integrity. Thus, the irreversible nitration of proteins and inactivation of other enzymes that 

may take part in the post-translational regulation of Mn-SOD activity, would lead to the entire inactivation of 

Mn-SOD enzyme. Moreover, this Mn-SOD inactivation/nitration acts as a positive feedback loop where it 

triggers further generation of ONOO− that in turn leads to severe oxidative stress through superoxide ion (O2•−) 

accumulation (Fukai and Ushio-Fukai, 2011; Candas and Li, 2014). As a result, the regulation of mitochondrial 

bioenergetic genes failed. This in turn leads to the failure of mitochondrial genetic system genes that controls 
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the redox state-based regulation of bioenergetic genes expression (Allen, 2003b). Consequently, the whole 

system failed and resulted in the generation of quite huge amount of ROS in a vicious circle manner, and 

eventually, the cumulative effect of the entire process ends up in cell death (Fukai and Ushio-Fukai, 2011; 

Candas and Li, 2014). Therefore, the salt stressed WT BY-2 cells would not be able to tolerate the deleterious 

effects of salinity owing to the reasons discussed above. However, in salt stressed OE BY-2 cells, there would 

not be such defects due to the presence of very limited superoxide ion and increased SOD activity, consequently, 

the Mn-SOD scavenges the superoxide ion effectively and efficiently. This maintains the redox state of mtETC at 

normal and optimal situation which leads to effective regulation of mitochondrial bioenergetic genes (CORR 

hypothesis). Effective bioenergetic genes regulation enables the mtETC to proceed normally and sustainably 

which resulted in oxidants/antioxidants balance and consequently, the ROS level will be kept as low as possible. 

Thus, as a result, the salt stress induced mitochondrial ROS (mtROS) that might lead to cell death, would be 

significantly and effectively scavenged, and the cumulative effect conferred salt tolerance to the salt stressed 

OE BY-2 cells. 

4.3.4. There is signalling from mitochondria to the plastids 
When the plant PeptoQ pretreated WT and OE BY-2 cells were salt stressed, unlike the salt stressed counterparts 

without peptoid treatment, the OPDA level obviously increased. Thus, the fact that the mitochondria localized 

plant PeptoQ resulted in increased OPDA level (which is localized in the plastids), implies the presence of 

signalling from mitochondria to plastids. Published research reports show the existence of bidirectional 

communications between mitochondria and plastids besides their retrograde and anterograde interaction with 

the nucleus. There are several proposed routes with regard to mitochondria-plastids communications. However, 

here, we shall consider only three of them. Firstly, mitochondria to plastids and vice versa interaction (signalling) 

could occur through the modulation of nuclear gene expression by making use of the coordinated expression of 

nuclear encoding mitochondrial and plastidal proteins. In other words, there is a cross talk between 

mitochondrial and plastidal retrograde signalling (Blanco et al., 2014). For instance, impaired chloroplast 

development affects mitochondrial transcripts (Hedtke et al., 1999) and the expression of nuclear encoded 

photosynthetic genes were altered by changes in mitochondrial physiology and metabolism (Schwarzländer et 

al., 2012). Secondly, dual targeting of proteins could be a mechanism for mitochondria to plastids or vice versa 

signalling (Bobik and Burch-Smith, 2015). For example, in Arabidopsis, more than 100 proteins are targeted to 

both mitochondria and plastids (Carrie and Whelan, 2013). Thirdly, mitochondria and plastids may communicate 

making use of their physical interaction (contact). To this effect, in leaves, a close association between 

mitochondria, plastids and peroxisomes has been observed (Bobik and Burch-Smith, 2015). Thus, the signalling 

that we observed in this dissertation, could take place through one of the above-mentioned mechanisms (or 

else), and it might be induced and mediated by the plant PeptoQ. This is supported by earlier studies where 

plastoquinone, a plant CoQ analog, can act as a retrograde mediator from chloroplast-to-nucleus (Petrillo et al., 

2014), and hence, the mitochondrial CoQ may play an analogous role, in mediating retrograde signalling from 
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mitochondria-to-nucleus (Stefely and Pagliarini, 2017). Since, the mitochondrial localized plant PeptoQ (a cell-

penetrating peptoid) is endowed with a mitochondria-targeting motif and a semiquinone mimetic of coenzyme 

Q10, it might also play a similar signalling role as the mitochondrial CoQ. 

4.3.5. OsOPR7 overexpression causes reduced ROS levels through increased antioxidant 
enzymes activity 
The OE BY-2 cells attained significantly better cell proliferation (Fig.38B), expansion (Fig.39) and viability (Fig.40) 

under salt stress as compared to the WT counterparts. Moreover, the MDA (Fig.42) and the ROS (Fig.43C) 

(especially superoxide radical) levels were profoundly low as a result of increased superoxide dismutase (SOD) 

activity (Fig.44A) in the former as compared to the latter. This implies that the overexpression of OsOPR7 caused 

increased antioxidant activity of SOD which resulted in quite low mtROS level. The fact that OsOPR7 

overexpression has alleviated ROS damage is inferred from the significantly low level of MDA (Fig.42). Because 

the reactive aldehyde MDA has been identified as an indicator of ROS-induced lipid peroxidation (Nankivell et 

al., 1994). Similar results were reported in wheat (Triticum aestivum) that overexpressed OPR1. The OPR1 

overexpressor wheat (TaOPR1) resulted in large leaves size, increased shoot and root length, increased 

antioxidants activity and low MDA and ROS levels as compared to the wild type wheat. Salinity stress tolerance 

frequently has been associated with tolerance to oxidative stress and the latter is quite closely linked to the 

homeostasis between ROS production and scavenging. Thus, TaOPR1 promotes the antioxidant enzymes activity 

and consequently, effectively scavenged salt stress induced ROS and reduced it significantly. Thus, TaOPR1 

promotes ROS scavenging in abscisic acid (ABA)-dependent manner to affect ROS removal but it does not 

directly protect cells from ROS-induced lipid peroxidation (Dong et al., 2013) that generates a number of toxic 

breakdown products such as α, ß-unsaturated aldehydes (Trotter et al., 2006). Even if, OsOPR7 gene is 

considered as it is involved in the biosynthesis of JA by encoding the enzyme that reduces (+)-cis-OPDA to (+)-

cis-OPC-8:0 (Tani et al., 2008), in this dissertation, it does not affect the biosynthesis of JA. Consequently, the JA 

level was undetectable whereas there was a measurable amount of JA-Ile. The possible reasons for the amount 

of JA to be undetectable might be failure of the transport of OPDA from the plastid to the peroxisomes and/or 

the presence of defect in OsOPR7 enzyme in converting OPDA to JA. Thus, as a result of the above reasons (or 

else), OPDA would be accumulated in a reasonable level in the OE salt stressed BY-2 cells. Similarly, the TaOPR1 

also does not disturb the JA biosynthesis and the signaling machinery. But here, it has been speculated that the 

TaOPR1 is not involved in the JA biosynthetic activity (Dong et al., 2013) unlike the case of OsOPR7.
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5. Conclusion and Perspectives 
5.1. The plant PeptoQ as tool to dissect spatial signatures of oxidative stress 
 Subcellular targeting to mitochondria has attracted considerable attention for biomedical applications, since 

mitochondria are not only crucial for energy acquisition, but also regulate numerous physiological and 

pathological processes (reviewed in Weissig, 2005). For plant cells as well, mitochondria have been intensively 

studied as central factors of oxidative balance and for the initiation of programmed cell death, for instance in 

the context of salt-stress (recently reviewed in Che-Othman et al., 2017). Sodium can enter the plasma 

membrane through non-selective cation channels and then activates oxidative signaling that either results in 

cellular adaptation, or in salt-induced necrosis, where the target cell undergoes self-sacrifice sequestering 

sodium from its neighbours. The decision on the respective response depends not only on the molecular nature 

of early signals, but mainly on their temporal and spatial pattern (reviewed in Ismail et al., 2014). Reactive 

oxygen species can convey a completely different signal, depending on the site of their occurrence (so called 

spatial signature). To experimentally address such a signature model requires to control oxidative balance 

differentially in different subcellular compartments. For instance, the sodium entering the cytoplasm, will 

accumulate at the cytoplasmic face of the inner mitochondrial membrane (reviewed in Flowers et al., 2015) and 

trigger the accumulation of superoxide. The same molecule, superoxide (O2•−), is also triggered at the plasma 

membrane by NADPH oxidase and seems to act as a signal, which has also been demonstrated for tobacco BY-

2 cells (Monetti et al., 2014). It will be interesting to examine if the plant PeptoQ gets integrated into the electron 

transfer chain of the inner membrane and affects oxidative phosphorylation there. We already know that the 

plant PeptoQ does not induce any detectable toxicity by itself but is able to mitigate salt-stress dependent 

programmed cell death. Although salt stress is a serious problem in global agriculture with sharply rising impact, 

application of this peptoid in agriculture would not be economically feasible, and this is also not, what this 

dissertation is planning to develop. Rather we want to use this new tool to dissect the functional role of plasma 

membrane and mitochondria as important cellular sites of superoxide accumulation. In this context, synthetic 

CoQ variants are of interest, which harbour a potential that is more negative than that of native CoQs, which 

should allow for even more efficient elimination of superoxide and hydrogen peroxide. This strategy to tailor 

the functional cargo, can be accompanied by strategies to tailor the molecular vehicle: We have already 

launched a combinatorial approach, where different peptoids are synthetized from modular building blocks to 

get insight into the structural features that can be used to optimise the different steps of uptake. Goal of these 

endeavours is to obtain a tool to shape oxidative balance in mitochondria as a lever to control adaptive gene 

expression, for instance to promote salt tolerance in plant cells. It would be the genetic components identified 

by this approach that would then be the starting point for agricultural application, for instance, as targets in 

marker-assisted breeding for salt tolerance.  
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5.2. What is the role of plastids and OsOPR7 overexpression in salt stress?  

Salt stress not only represents a challenge for mitochondrial redox homeostasis, but also impairs the 

performance of plastids. Even in non-photosynthetic cells as tobacco BY-2, plastids are present. Although their 

inner membranes are reduced, the plastids of suspension cells are metabolically active, and trigger, in response 

to salt stress, the synthesis of the plant stress hormone jasmonic acid (Ismail et al., 2012; Akaberi et al., 2018).  

Jasmonate signalling clearly responds to peptoid treatment. On the one hand, the transcripts of the jasmonate 

response factor JAZ3 are upregulated (by 50%) in response to plant PeptoQ in the absence of salt stress (Fig. 

46H). On the other hand, the jasmonate biosynthesis pathway is partitioned towards the precursor 12-oxo-

phytodieonic acid (OPDA), on cost of the final signal jasmonyl-isoleucine (JA-Ile) (Fig. 50C). This is interesting, 

because this precursor is normally exported from the plastids into peroxisomes, where it is converted to 

jasmonic acid. In the meantime, OPDA has been recognised as signal of its own virtue, triggering a separate 

signalling pathway (Park et al., 2013). One relevant target of OPDA is the induction of 3’-phosphoadenosine 5’-

phosphate (PAP), which is one of the secondary metabolites involved in plastid retrograde signaling (Estavillo et 

al., 2011). Thus, modulation of redox homeostasis in the mitochondria through plant PeptoQ bears also on 

retrograde signalling of plastids, leading to the question, how the two organelles can communicate. An exciting 

possibility are the recently discovered peroxules, filamentous outgrowths of peroxisomes that are formed under 

stress and get into touch with mitochondria (Jaipargas et al., 2016). The peroxisomes as organelles that can 

interact with both, mitochondria and plastids, seem to be important players in this inter-organelle crosstalk. 

The partitioning between OPDA and jasmonic acid signalling depends on the enzyme OPDA-reductase. This 

peroxisomal protein converts OPDA imported from the plastid and represents the first committed step of the 

jasmonate branch of the pathway. Therefore, we have overexpressed the salinity-related rice gene OsOPR7 in 

wild type BY-2 cells and observed that these cells are significantly more tolerant to salt stress as compared to 

the non-transformed wild type. Analysis of this cell line with respect to its response to plant PeptoQ should 

provide new insights into mitochondria-plastid signalling. 

Pretreatment of salt stressed WT and OE BY-2 cells with the construct plant PeptoQ resulted in an increased 

OPDA level through mitochondria to plastids signaling. Since plant PeptoQ confers a very strong antioxidant 

property through its hydroxylated ring (Gulaboski et al., 2013) and being a semiquinone mimetic of coenzyme 

Q10, it might activate the enzyme allen oxidase cyclase (AOC) which converts allene oxide to OPDA. Thus, this 

would result in the accumulation of OPDA, however, the exact mechanism by which plant PeptoQ contributes 

for the induction of OPDA level is far from clear. Thus, to have the clear picture, there should be future practical 

experimental investigations in relation to as how signaling between the two organelles would take place through 

plant PeptoQ mediation, and the precise effect of plant PeptoQ on AOC. On the other hand, in salt stressed, OE 

BY-2 cells, there was an increased OPDA level which is not completely expected. This is because of the fact that 

the peroxisome localised OsOPR7 enzyme is normally working in the reduction of OPDA level by converting it 
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into JA. But just contrary to this, in the OE BY-2 cells, accumulation of OPDA has been observed similar to the 

case in peptoid treated WT BY-2 cells. The two possible reasons might be: first, the transport of OPDA from the 

plastids to the peroxisomes, at least partly, through ATP binding-cassette (ABC) transporter called COMATOSE 

(CTS1) (Theodoulou et al., 2005) might fail and lead to the accumulation of OPDA in plastids. Second, the failure 

of the conversion of OPDA into JA which is evident from the undetectable JA level which might be due to a 

defect in the conversion machinery (e.g. inactivation OsOPR7 enzyme). However, since these might not be the 

only reasons, the exact reasons and mechanisms for the above antagonistic phenomenon with regard to OPDA 

level in the OE BY-2 cells, has to be investigated in detail by future practical endeavours.  
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7. Appendix 

 

Supplementary Figure S1: Agarose gel images of total RNA extracted from salt stressed (0, 75 and 150 mM NaCl) non-

transformed WT with and without plant PeptoQ pretreatment, and OE BY-2 cells without plant PeptoQ pretreatment. In 

each case, one representative example out of three independent experiments is shown. 

 

Supplementary Figure S2: Agarose gel images of the semiquantitative PCR (SQ-PCR) products of the two reference genes 

such as elongation factor 1 α (EF-1α) and ribosomal protein L25 from salt stressed (0, 75 and 150 mM NaCl) non-transformed 

WT with and without plant PeptoQ pretreatment, and OE BY-2 cells without plant PeptoQ pretreatment. In each case, one 

representative example out of three independent experiments is shown. 

 


