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Conversely, CAT 2 was only detected on 10% and 20% PEG treatments. This 

suggests that this isoform could serve as a CAT biomarker for chia plants 

experiencing water stress. This could further suggest that at lower 

concentrations of water stress (5%) chia limits the demand for active 

enzymatic CAT in the peroxisome given the reduction in ROS molecules 

present in the plant at this concentration (Figure 4.1). 

 

4.3.2.3 Glutathione reductase activity is altered by PEG-induced water 

stress in chia leaves 

 

Glutathione reductase (GR) is the last enzyme in the ascorbate-glutathione 

cycle and is also crucial for H2O2 detoxification in green leaves (Foyer and 

Harbinson, 1994). GR has a central role of maintaining the reduced 

glutathione (GSH) pool during stress conditions (Hossain et al., 2012). 

Therefore, it was important to evaluate the regulation of this enzyme in chia 

plants when treated with the varying concentrations of PEG 8000.  The GR 

total was increased in 20% PEG treated chia leaves, which is in supported by 

Lai et al., (2007), the authors demonstrated an enhanced GR activity in 

leaves treated with 40% PEG. On the contrary, there were slight reductions 

in the 5% and 10% PEG treated plants respectively. This slight reduction has 

been suggested to occur at low to moderate levels of water stress imposed 

by PEG (Cruz de Carvalho, 2008). Furthermore, it is likely that the enhanced 

expression levels of SOD and APX could be directly linked to the levels ROS 
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molecules present in chia plants, thus the lower expression of GR at these 

concentrations.  

This significant reduction in the 5% and 10% PEG treated plants was further 

correlated with detected three GR isoforms (Figure 4.10). Although there 

were enhanced levels of GR in the 20% treated plants, however the results 

suggest that this increase in the GR activity as insufficient for the 

regeneration of GSH in plants. Thus, the end result of insufficient GSH 

regeneration in plants is what led to the accumulation of ROS and the 

incredibly high cell death that was reported in the 20% treated plant (Figure 

4.1 and 4.2). 
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 CONCLUSION AND FUTURE REMARKS 

Water deficit stresses manifested as water stress have detrimental effects on 

the human population globally.  These effects pose more threats on the 

agricultural sector of developing countries especially in arid and semi-arid 

environments. Despite the well-studied effects of drought on cereals such as 

maize, there is yet to be any molecular work on chia that investigates this 

plant as an alternative food crop. Thus this work aims to form part of a long 

term vision that will have an impact on the food insecurity, malnutrition and 

poverty problems that Africa faces.  

This work was described in two research chapters. Chapter three described 

the effects of increasing concentrations of water stress on chia germination 

rate, growth parameters, biomass production and on the photosynthetic 

metabolism. Increasing water stress induced by PEG 8000 concentrations 

conferred a reduction in the germination rate and morphology of seeds 

(Figure 3.2). Elevated concentrations of PEG 8000 (20 %) further reduced 

physiological parameters marker, presenting a reduction in plant growth 

(Figure 3.3), biomass (Figure 3.4) and increased photo-inhibition (Figure 3.5). 

This study showed correlations between the decrease osmotic potential of 

the PEG 8000 solutions (Figure 3.1) and the reduction in germination rate 

and morphology and the physiological parameters described. The reduction 

of physiological parameters at high PEG concentrations was also supported 
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by the accumulation of ROS and the alteration of the antioxidant enzyme 

capacity that was investigated in Chapter 4.  

Chapter four analysed the biochemical responses of chia to PEG-induced 

water stress, by monitoring ROS metabolism and antioxidant capacity. The 

molecular responses of chia to water stress are yet to be described in 

literature and thus this study was the first to describe the effects of 

increasing PEG-induced stress on the biochemical responses of chia. Water 

stress significantly enhanced ROS biomarkers in chia leaves, a phenomenon 

that is well documented in literature (Figure 4.1 and 4.2). These results 

further implicated that deleterious effects observed in the plant 

physiological parameters were caused by the enhanced levels of ROS 

molecules. Overproduction of ROS is known to lead to oxidative damage and 

ultimately cell death. Hence, there was an increase in the lipid peroxidation 

which was correlated to the increase in the cell death (Figure 4.2 A-B) with 

the most significant increase in the 10% and 20% treated plants. However, 

plants have detoxification mechanisms and in this study we evaluated how 

the antioxidant enzymes (SOD, APX, CAT and GR) are regulated in chia plants 

induced with osmotic stress. The differential regulation of antioxidant 

enzyme activity (as seen for changes in individual isoforms) in this study 

suggest these enzyme (individual isoforms) can be potential biomarkers to 

improve water stress tolerance in chia plants.  
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Therefore, it can be concluded from this study that chia has some level of 

tolerance to water stress at low to moderate concentrations but shows signs 

of sensitivity at higher concentrations. However, further research is required 

to support this hypothesis. Therefore, a comparative analysis of the leaf and 

root proteome will be analysed using gel based proteomics. This will allow us 

to identify and functionally characterise differentially expressed proteins 

under various treatment conditions that could serves as potential 

biomarkers to enhance stress tolerance in chai plants. To note, the work 

presented in this thesis is the first of its kind that evaluated the influence of 

PEG-induced water stress on physiological and biochemical responses of chia 

plants. 
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