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ABSTRACT  

The concentrations of carbon dioxide (CO2) and ozone (O3) are increasing in the 

atmosphere. The effects of elevated CO2 (700 ppm), O3 (80 and 120 ppb) and the 

combination of these two gases on the photosynthetic performance of canola and wheat 

plants were studied under well-watered (WW) and water-stressed (WS) conditions in 

open-top chambers (OTCs). The plants were fumigated in OTCs for four weeks. The 

fast chlorophyll (Chl) a fluorescence transients, stomatal conductance and chlorophyll 

content index (CCI) were measured between Week 1 and 4 in fumigated plants as well 

as in control plants. Biomass measurements were done only after four weeks with and 

without fumigation. Analysis of the fluorescence transients by the JIP-test led to the 

calculation of several photosynthetic parameters and the total Performance Index 

(PItotal). Elevated CO2 resulted in a reduction of the PItotal in canola and wheat plants 

under well-watered conditions. In the absence of any other treatment, water stress 

caused a decrease of the PItotal, while it was partly eliminated by fumigation with 

elevated CO2 and the combination of elevated CO2 and O3. This indicates that elevated 

CO2 reduces the drought effect both in the absence and presence of O3. The effect of 

O3 was minor under water-stressed conditions in both crops. The absorption 

(ABS)/reaction centre (RC) increased as a result of elevated O3 levels, while the 

maximum quantum yield of primary photochemistry (φPo) underwent slight changes and 

trapping (TR0)/RC closely followed the increase in ABS/RC. This indicates that the 

changes of ABS/RC are changes of functional antenna size, meaning that the functional 

antenna size was affected by O3 and drought. The observed decline of the PItotal under 

the 80 ppb O3 treatment was due to a lower density of reaction centres (RC/ABS). The 

decline under the 120 ppb O3 was found to be due both to a further decline of RC/ABS 

and a pronounced lowering of the efficiency with which an electron can move from the 

reduced intersystem electron acceptors to the PSI end acceptors (δRo). The φPo 

indicated slight differences for all treatments, suggesting that this parameter is less 

sensitive to environmental stress. Elevated O3 levels resulted in a reduction of biomass 

in both crops. The reduction in biomass corresponded with the lowering of CCI and the 

photosynthetic efficiency parameters. These suggest that two simple, non-invasive and 

rapid methods, namely, the analysis of OJIP fluorescence transients and the 

measurement of CCI, can be used to screen the effect of elevated O3 levels on 
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biomass. It can be concluded that the more sensitive components of the photosynthetic 

electron transport chain appeared to be the probability that an electron from the 

intersystem electron carriers is transferred to reduce end electron acceptors at the PSI 

acceptor side and the RC density on a chlorophyll basis.   

Keywords: Biomass; Canola; Chlorophyll a fluorescence; Elevated CO2; JIP-test; 

Open-top chambers; Ozone; Wheat.  
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CHAPTER 1: INTRODUCTION  

1.1 Background  

The concentrations of carbon dioxide (CO2) and ozone (O3) are increasing in the 

atmosphere (Mulholland et al., 1997; Pleijel et al., 2000). According to Wang et al. (2017), 

from 1960 to 2015, the atmospheric CO2 concentrations have risen from 320 ppm to 400 

ppm and are predicted to reach 700 ppm by 2100. Ozone concentrations are increasing 

between 1–2% per year and may be as high as 70 ppb by 2100 (Wang et al., 2017). The 

increase of the CO2 concentration is mostly caused by extensive use of fossil fuels for 

combustion and changing land use practices (Pleijel et al., 2000; Sanderson et al., 2007). 

Elevated CO2 enhances plant growth and development whereas elevated O3 often has an 

opposite effect when compared to elevated CO2 (Li et al., 2011; Porter et al., 2014).  

 

Ozone is mainly produced from volatile organic compounds (VOCs), carbon monoxide 

(CO) and oxides of nitrogen (NOx), which are emitted from anthropogenic sources such as 

fossil fuel power plants, industrial activities and transportation as well as natural sources 

such as lightning and soil (NOx) and vegetation (biogenic VOCs such as isoprene) 

(Racherla and Adams, 2008). Wildfires are also a significant direct source of atmospheric 

pollutants such as CO, NOx, VOCs and particulate matter (Pfister et al., 2008; Jaffe and 

Wigder, 2012). The formation of O3 occurs naturally but anthropogenic activities enhance 

the concentrations by the emission of precursors. Ozone formation increases with 

increasing temperature, particularly above 32 ◦C (Myers et al., 2017). In southern Africa air 

pollutants originate from industry, wildfires and domestic burning (Laakso et al., 2013).  

 

Ozone enters the plants through the stomata, generating other reactive oxygen species 

and causing oxidative stress, which results in reduced photosynthesis, plant growth and 

biomass accumulation (Ainsworth et al., 2012). This results in yield reduction and low 

crops quality (Gornall et al., 2010; Vandermeiren et al., 2012) and poses a growing threat 

to food security (Porter et al., 2014). The seasonal trend of O3 shows the highest O3 

concentrations during spring and winter and the lowest during summer (Laakso et al., 

2013). The maximum O3 concentrations are between 40– 60 ppb and can reach more than 

90 ppb during the spring period (Zunckel et al., 2004). Laakso et al. (2013) reported the 

highest O3 concentrations in the central eastern part of southern Africa (i.e. northern South 
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Africa, Botswana and Zimbabwe). This indicates that agricultural crops could be at risk due 

to elevated O3 levels in southern Africa (Van Tienhoven et al., 2006). 

 

Acute O3 exposure in sensitive plants causes visible O3 injury and chronic exposures to O3 

levels above 40 ppb, a level already reached in southern Africa, leads to a reduction in 

crop yields because of reduced photosynthesis and disruption to metabolism (Krasensky 

et al., 2017). Experiments indicate that the O3 concentrations of 54–75 ppb found currently 

in polluted regions decrease yields by 8–25% in rice, soybean, and wheat (Myers et al., 

2017). The global relative yield losses due to O3 damage are estimated to range between 

7% and 12% for wheat, 6% and 16% for soybean, 3% and 4% for rice and 3% and 5% for 

maize (Van Dingenen et al., 2009). Limited studies exist on the effects of O3 on crop yield 

or quality outside of Europe and North America (Royal Society, 2008). In the case of 

southern Africa, Van Tienhoven et al. (2005) gave two possible reasons that either 

potential O3 effects are not recorded due to lack of knowledge to differentiate between O3 

damage and effects from other abiotic stress; or local species may have adapted to the 

high O3 levels resulting from frequent wildfires. The adaption aspect was also discussed by 

Scholes and Scholes (1998). It is therefore important to establish experimental studies on 

the effects of elevated O3 levels on local crop species (or vegetation).  

 

It is projected that climate change, either as rising trends in temperature, CO2, drought 

and/or O3 will have impacts on agriculture and food security (Hatfield et al., 2011). 

Agriculture plays a critical role in ensuring food security and economic growth of 

developing countries. Many subsistence farmers in southern Africa are dependent on 

staple crops to provide food for their families. Commercial farmers will also be affected, 

which could affect food security on a national and international scale. The effect of 

elevated CO2 and O3 on important crops has received a lot of attention in Europe and 

North America. To be specific, studies that relate to the effect of elevated CO2 in 

combination with O3 and drought are very limited in southern Africa. Consequently, the 

findings of the northern hemisphere countries have been extrapolated in southern Africa, 

but given the differences in atmospheric and weather conditions, these findings may not 

represent the local conditions. In addition, the combined effects of O3 with elevated CO2 

and drought are important but not well understood. In fact, there has been little 

consideration on how the different components of climate change might combine and 

interact to influence the agricultural systems (Emberson et al., 2018). 
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Photosynthesis is an important process to be affected by abiotic stress such as elevated 

O3 and insufficient water which caused a decline in CO2 diffusion to the chloroplast and 

metabolic constraints (Bhagat et al., 2014). It involves multiple step processes (I) CO2 

diffusion from the atmosphere to the leaf through the stomata, (II) light energy utilisation 

and conversion and (III) ribulose-1,5 biphosphate carboxylase/oxygenase (Rubisco) 

carboxylation (Yang et al., 2016). Inhibition of one of these steps may affect the overall 

photosynthetic performance of the plant. To study the effect of elevated CO2 and O3 on 

canola and wheat concerning the photosynthetic apparatus, the chlorophyll (Chl) a 

polyphasic fluorescence rise kinetics OJIP was used. Analysis of the OJIP kinetics by the 

JIP-test gives a lot of information on the structure and function of the photosynthetic 

apparatus (Strasser et al., 2010). The parameters calculated by the JIP-test and the shape 

of the kinetics have been found to be very sensitive to stress caused by environmental 

conditions such as light intensity, temperature, drought, atmospheric CO2 or elevated O3 

and chemical influences (Tsimilli-Michael and Strasser, 2001; Strasser et al., 2004; 

Bussotti et al., 2011; Kalaji et al., 2016; Brestic et al., 2018; Zlobin et al., 2018).  

 

In general, C3 crops are more sensitive to elevated CO2 and O3 compared to C4 crops 

(Rozema, 1993; Li et al., 2008). Canola and wheat were selected for the present study as 

they are both C3 and O3-sensitive crops (Booker et al., 2009). Canola varieties are 

cultivated worldwide for edible oil, animal feed and biodiesel (Zhu et al., 2016) and wheat 

is one of the world’s most important crop plants (Wang et al., 2013). These crops are 

grown during the winter season in South Africa when O3 concentrations are elevated at a 

degree sufficient to reduce photosynthetic performance and plant growth. Plants with C3 

photosynthetic pathway grown at chronic elevated O3 (60–100 ppb) indicates similar 

physiological responses, including decreased photosynthesis and stomatal conductance 

and increased rates of respiration (Ainsworth, 2017). The current study investigates the 

effects of elevated CO2 (700 ppm), O3 (80 and 120 ppb) and the combination of these 

gases (CO2+O3) on canola and wheat under well-watered (WW) and water-stressed 

conditions (WS). The study aims at answering the following questions: 

 

 What are the effects of elevated levels of CO2 and O3 on canola and wheat plants? 

 What are the physiological constraints that elevated CO2 and O3 imposes on canola 

and wheat plants? 
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 What is the interaction between the effects of elevated CO2, O3 and soil water 

regime (i.e. non-limiting and drought stress conditions)?   

1.2 Objectives 

The projected changes in atmospheric conditions will have an impact on agriculture. It is 

vital to understand the effects of elevated CO2 and O3 on agricultural crops under different 

conditions as well as to evaluate ways by which the agricultural sector can adapt. The 

objectives of the study were: 

 To expose canola and wheat plants to elevated CO2 and O3 alone and in 

combination under well-watered and water-stressed conditions in open-top 

chambers. 

 To quantify the biophysical and physiological responses of the plants when exposed 

to elevated CO2 and O3.  

 To understand the interaction between CO2 and O3 effects and soil water regime 

(i.e. non-limiting and drought stress conditions). 

1.3 Hypotheses  

The study tested the following hypotheses: 

 Elevated CO2 and O3 are the major climate change factors affecting the biophysical 

and physiological parameters of canola and wheat plants negatively. 

 Elevated CO2 does not reduce the water stress (drought) effect both in the absence 

and presence of O3. 

 Elevated O3 does not reduce the photosynthetic efficiency of water-stressed plants.  

1.4 Thesis layout  

This thesis conforms to the guidelines set for a standard thesis at the North-West 

University. It contains six chapters and the scientific results are presented in three 

chapters (3–5) in an article format. Chapter 3 has been accepted for publication in Plants 

(MDPI journal). Chapter 4 has been published in Water, Air and Soil Pollution (Springer 

journal). Chapter 5 is published in the Journal of Integrative Agriculture (Elsevier journal, 

see Appendix A). References cited in the text are included in the list of references at the 
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end of each chapter of the thesis. In this regard, a certain amount of duplication was 

unavoidable.  

The content of each chapter is described below: 

Chapter 2 

Chapter 2 presents a detailed literature review related to the title of the study.  

Chapter 3 

Chapter 3 presents results on the photosynthetic responses of canola and wheat to 

elevated levels of CO2 (700 ppm), O3 (80 ppb) and the combination of these two gases 

under well-watered and water-stressed conditions.  

Title: Photosynthetic responses of canola and wheat to elevated levels of CO2, 

O3 and water deficit in open-top chambers 

Authors: Bheki G. Maliba, Prabhu M. Inbaraj and Jacques M. Berner  

Journal:  Plants 

Manuscript ID: Plants-503895 

 

Chapter 4 

Chapter 4 describes the effect of elevated O3 (80 and 120 ppb) on the biomass of canola 

plants. The use of fluorescence transients to monitor the effect of elevated O3 is also 

discussed.  

Title: The use of OJIP fluorescence transients to monitor the effect of elevated 

ozone on biomass of canola  

Authors: Bheki G. Maliba, Prabhu M. Inbaraj and Jacques M. Berner 

Journal:  Water, Air and Soil Pollution 

DOI: 10.1007/s11270-019-4124-y 

 

Chapter 5 

Chapter 5 provides results on the effect of elevated O3 and drought on the photosynthetic 

performance of canola.  
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Title: The effect of ozone and drought on the photosynthetic performance of 

canola 

Authors: Bheki G. Maliba, Prabhu M. Inbaraj and Jacques M. Berner 

Journal:  Journal of Integrative Agriculture 

DOI: 10.1016/S2095-3119(17)61834-3 

 

Chapter 6 

Important findings are presented and the contribution towards our existing knowledge on 

the effects of elevated CO2 and O3 alone and in combination on canola and wheat under 

well-watered and water-stressed conditions are expressed. Furthermore, this chapter 

integrates these findings in a general discussion and concludes the relevance of the 

research. It also presents recommendations for future research. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Agriculture and food security under climate change 

Agriculture plays a critical role in sustaining rural livelihoods and economic growth over 

most of Africa (Challinor et al., 2007). Climate change is expected to adversely affect 

agricultural production in Africa (Bryan et al., 2009). This is because agricultural production 

remains the main source of income for most rural communities in the region and therefore 

adaptation of the agricultural sector is vital to ensure food security (Bryan et al., 2009). A 

decline in production because of climate change is likely to adversely affect food security 

because it will also increase food prices (Davis and Vincent, 2011). In a meta-analysis 

study on the impacts of climate change on the yield of major crops in Africa and South 

Asia, Knox et al. (2012) found that the projected mean change in yield of all crops is – 8% 

by the 2050s in both regions. Across Africa, mean yield changes of –17% (wheat), – 5% 

(maize), –15% (sorghum) and –10% (millet) and across South Asia of –16% (maize) and –

11% (sorghum) were estimated. However, no mean change in yield of rice was found. It 

has been projected that CO2 and O3 will continue to increase due to climate change. This 

will affect plant growth and development due to changes in photosynthetic carbon 

assimilation patterns. The responses of plants to rapid changing atmospheric environment 

and understanding the potential effects of combined climate change factors (e.g. elevated 

CO2, O3 and temperature) will be vital for modelling plant growth and productivity.  

2.2 Plants response to changing atmospheric environment  

The increasing concentrations of atmospheric CO2 and O3 are important aspects of global 

environmental change (Wang et al., 2017). The response of plants to changing 

atmospheric environment can be rapid depending on the type of stress and can include 

adaptation mechanisms (Bhagat et al., 2014). Environmental stresses adversely affect 

physiological mechanisms associated with plant responses, adaptation and tolerance to 

stresses in terms of photosynthetic mechanisms (Bhagat et al., 2014). This indicates that 

photosynthesis is a crucial process for controlling variables of crop growth and 

development (Thompson et al., 2017). Carbon dioxide must diffuse from the atmosphere 

towards the chloroplasts for photosynthesis to take place. The majority of crop species 

(e.g. rice, wheat, grain legumes, canola, and all root crops) use C3 photosynthesis, while 

C4 crops (e.g. maize, sorghum, and sugarcane) are a minority (Kant et al., 2012). Plants 
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with C3 photosynthetic pathway uses the Calvin cycle for fixing CO2 catalysed by ribulose-

1, 5-bisphosphate carboxylase (Rubisco), which takes place inside of the chloroplast in 

mesophyll cell (Figure 2-1) (Wang et al., 2012). For C4 plants, photosynthetic activities are 

partitioned between mesophyll and bundle sheath cells. As shown in Figure 2-1, the initial 

carbon fixation is catalysed by phosphoenolpyruvate carboxylase (PEPC) forming 

oxaloacetate (OAA) from CO2 and phosphoenolpyruvate (PEP). Oxaloacetate is 

metabolised into malate and then diffuses into the bundle sheath cell where it is 

decarboxylated to provide an increased concentration of CO2 around Rubisco. The initial 

substrate of the C4 cycle, PEP, is regenerated in mesophyll cell by pyruvate 

orthophosphate dikinase (PPDK). Inhibition of any of these steps may affect the 

photosynthetic performance.  

 

The next sections discuss the responses of plant (crop) species to elevated CO2 and O3 

and the combination of these gases under well-watered and water-stressed conditions. 

Rising temperature is another critical aspect of climate change considered in this chapter. 

The systems for assessing CO2 and O3 effects on crops and the monitoring of stress by 

the chl a fluorescence are also discussed. 

 

 

Figure 2-1: A schematic diagram of C3 and C4 photosynthesis (Wang et al., 2012).  
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2.3 Carbon dioxide (response) 

Population growth, industrial development, burning of fossil fuels and changing land use 

practices, contribute to a substantial increase in atmospheric CO2 (Vanaja et al., 2006). 

The effect of elevated CO2 on crops has received a lot of attention in the northern 

hemisphere but there has been little attention on this issue in southern Africa. Figure 2-2 

indicates the distribution of elevated CO2 experiments conducted in open-top chambers 

(OTCs) and free air concentration enrichment (FACE) facilities. Elevated CO2 levels affect 

plant physiological processes of photosynthesis and transpiration (Gornall et al., 2010). 

The CO2 response differs between species, depending on the two different pathways of 

photosynthesis (C3 and C4). The difference between C3 and C4 plants lies in whether 

Rubisco within the plant cells is saturated by CO2 or not. In C3 plants, Rubisco is not CO2-

saturated in present-day atmospheric conditions, as a result elevated CO2 levels increase 

net uptake of carbon and thus growth. However, in C4 crops elevated CO2 levels offer no 

extra physiological benefits because CO2 is concentrated and thus Rubisco is already 

saturated (Gornall et al., 2010).  

 

The effect of elevated CO2 on the function of plants is dependent on other environmental 

conditions, such temperature, nutrients and soil moisture (Leakey et al., 2012). In addition, 

there is significant variation in the response to elevated CO2 among species and crop 

varieties. Several studies have shown that the productivity of C3 plants can be significantly 

increased by elevated CO2 (Coskun et al., 2016; Namazkar et al., 2016; van der Kooi et 

al., 2016). For instance, Clausen et al. (2011) reported that elevated CO2 (700 ppm) 

increased yield and biomass of canola (Brassica napus L.) and spring barley (Hordeum 

vulgare L.) plants. Jablonski et al. (2002) investigated 79 species; they found that on 

average, elevated CO2 resulted in more flowers (19%), more fruits (18%), more seeds 

(16%), greater individual seed mass (4%) and greater total seed mass (25%). This can be 

attributed to an increase in photosynthesis, decreased stomatal conductance and 

improved leaf water status which results in increased productivity (Namazkar et al., 2016).  

 

In a meta-analysis study on the effects of elevated CO2, van der Kooi et al. (2016) found 

that for crop species with C3 metabolism, elevated CO2 enhance biomass production and 

yield under both well-watered and water-stressed conditions to a similar extent. However, 

for C4 crops, they found that enhancement of biomass production and yield by elevated 

CO2 take place only under dry growing conditions. The better performance for C3 plants 
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under elevated CO2 is ascribed to increased rubisco carboxylation efficient and 

suppression of photorespiration (Rai et al., 2016). 

 

 

Figure 2-2: Global distribution of elevated CO2 experiments in open-top chambers (OTCs) 

and free air concentration enrichment (FACE) facilities (Leakey et al., 2012).   

It has been reported that the increase on the photosynthetic performance induced by 

elevated CO2 tends to declines with time when plants are exposed to elevated CO2 over 

longer periods (Kant et al., 2012; Thompson et al., 2017). Long-term exposure of plants to 

elevated CO2 reduces the initial stimulation of photosynthesis and as a result suppresses 

photosynthesis, which reduces growth responses and negatively affects the final yield 

(Makino and Mae, 1999; Wang et al., 2013). On the response of photosynthesis to 

elevated CO2 the following patterns emerged (Bazzaz, 1990): 

 Elevated CO2 reduces or completely eliminates photorespiration. 

 C3 plants are more responsive than C4 plants to elevated CO2 levels. 

 Photosynthesis is enhanced by CO2 but this enhancement may decline with time.  

 The response to CO2 is more pronounced under high levels of other resources, 

especially water, nutrients, and light.  

 Adjustment of photosynthesis during growth occurs in some species but not in 

others and this adjustment may be influenced by resource availability, and species 

of the same community may even differ in their response to CO2. 
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It has been found that crops grown under elevated CO2 levels exhibit greater yields but at 

the same time decreased nutritional quality (Uddling et al., 2018). Experiments where 

crops are grown at elevated CO2 levels indicate a reduction in the protein content in the 

edible portion of these crops. C3 crops including rice, wheat, barley, and potatoes 

experience 7–15% reduction in protein content, while C3 legumes and C4 crops show 

either very small or insignificant reductions (Myers et al., 2017). Crops grown under 

elevated CO2 levels also decrease concentrations of important minerals. In cereal grains 

and legumes, CO2 concentrations of 550 ppm can lead to lower zinc and iron 

concentrations by 3–11% (Myers et al., 2017). Elevated CO2 reduced concentrations of 

phosphorus, potassium, calcium, sulphur, magnesium, iron, zinc and copper by 6.5–10% 

across a wide variety of crops under concentrations of 690 ppm CO2 (Loladze, 2014).  

2.3.1 Elevated CO2 and soil water availability  

The effect of CO2 enrichment on plants depends on soil water availability (Wu et al., 2004). 

It has been suggested that water-stressed crop plants will respond more to elevated CO2 

compared to well-watered crop plants, since CO2-induced increases in stomatal resistance 

(Porter et al., 2014) and the response may vary among species (Oliveira et al., 2013). The 

effect of elevated CO2 on photosynthesis also tended to be greater under water stress 

conditions in terms of plant development and growth (Bernacchi et al., 2006). The greater 

biomass in dry conditions in response to elevated CO2 has been discussed by Fitzgerald 

et al. (2016). The biomass stimulation caused by elevated CO2 can also come from 

reduced water loss and water stress, or/and from decreased respiration (Long et al. 2006). 

The beneficial effect of elevated CO2 in plants subjected to water stress not only increases 

biomass production but it also translates into higher crop yields (van der Kooi et al., 2016), 

for instance, elevated CO2 stimulated yield of water-stressed wheat plants (Amthor, 2001). 

Based on these results, elevated CO2 appears to mitigate the negative effects of water 

stress in plants and the responses can differ among species. 

 

2.3.2 Elevated CO2 and temperature 

 

The combined effect of CO2 and temperature is critical to the response of crops to 

changing atmospheric environment. Climate model projections have suggested that global 

surface air temperature may increase in association with doubling of global atmospheric 

CO2 concentrations (Kim et al., 2007). The C3 photosynthesis pathway is positively 
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affected by reductions in temperature because oxygenase activity is reduced relative to 

carboxylation activity, increasing quantum yield (Ward et al., 2008). But, the quantum yield 

of C4 photosynthesis is not dependent on temperature due to the absence of temperature-

dependent photorespiration (Ward et al., 2008). DaMatta et al. (2010) reviewed data 

concerning the physiological effects of CO2 enrichment and temperature rise on crop 

species. They found that there is growing evidence suggesting that C3 crops are likely to 

produce more harvestable products and that both C3 and C4 crops are likely to use less 

water with rising atmospheric CO2 in the absence of stressful conditions. In a review of 

experiments with elevated CO2 in wheat, Amthor (2001) reported that increasing 

temperatures can counteract the positive effects of elevated CO2 and elevated CO2 can 

offset the negative effects of higher temperatures. Furthermore, Qaderi et al. (2006) found 

that higher temperature and drought inhibit physiological processes but elevated CO2 

partially mitigate some adverse effects on Brassica napus L.  

 

As indicated in Figure 2-3, higher temperatures may counteract the positive effect of 

elevated CO2. However, Xiong et al. (2009) assessed the effect of greenhouse gas-

induced climate change and the direct fertilisation effect of CO2 on rice, they showed that a 

slight increase in temperature without considering the CO2 fertilisation effect will produce 

declines in yield, but the combined effects of increases in the levels of CO2 and 

temperature will increase yields. In contrast, Frenck et al. (2011) observed that the 

negative effects of a 5 °C temperature rise on yield in Brassica napus L. could not be 

compensated by elevated CO2 (700 ppm). Similarly, Clausen et al. (2011) found that a 

combination of CO2 and temperature in oilseed rape (Brassica napus L.) and spring barley 

(Hordeum vulgare L.) decrease production parameters. In a study of temperature 

dependence growth, development and photosynthesis on maize (C4) under elevated CO2, 

Kim et al. (2007) found that growth, development and photosynthesis were not changed in 

response to CO2 enrichment but were significantly changed by growth temperatures. They 

also found that leaf appearance rate and leaf photosynthesis showed curvilinear response 

with optimal temperatures near 32 and 34 ◦C, respectively. Above ground biomass and leaf 

area were negatively correlated with growth temperature.  
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Figure 2-3: Effects of elevated CO2 and increased temperature, singly and in combination 

on the yield of wheat (Fuhrer, 2003). 

2.4 Ozone (response)  

Ozone is a strong oxidant that is harmful to crops (and vegetation) (Challinor et al., 2009; 

Fowler et al., 2009). As shown Figure 2-4, it enters the plant through the small pores called 

stomata. In addition, Figure 2-4 highlights the non-stomatal uptake. Plants are able to 

detoxify O3 and can repair or compensate for O3 effects, such as avoidance of exposure 

through stomatal closure, detoxification of O3 by chemical reaction, adjustment by 

changing metabolic pathways or repair of damaged tissue (Van Tienhoven et al., 2005). 

The damaging effect of O3 depends on the dose of O3 absorbed by the plant and the 

duration of O3 exposure, as well the timing of exposure (Fuhrer and Bungener, 1999; 

Black et al., 2000; Mills and Harmens, 2011).  
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Figure 2-4: The sinks for O3 and process regulating its exchange (Folwer et al., 2009). 

 

Plants are able to detoxify low concentrations of O3 to a certain level, but above this level, 

O3 damage to crop occurs in two ways: (1) acute visible and (2) chronic damage 

(Ashmore, 2005; Gornall et al., 2010; Mills and Harmens, 2011). Acute injury occurs due to 

exposure to high O3 concentrations that usually occur during O3 episodes. Visible O3 injury 

on the leaves reduces the economic value of crops (Mills and Harmens, 2011). Visible 

injury resulting from exposure of high O3 concentrations includes changes in pigmentation 

or bronzing, chlorosis and premature senescence (Felzer et al., 2007). Chronic damage 

occurs due to exposure to elevated background O3. Often no visible damage is observed 

(Mills and Harmens, 2011) but O3 reduces photosynthetic rates which in turn impacts on 

final yield (Gornall et al., 2010). Physiological effects resulting from O3 exposure include 

reduced photosynthesis, increased turnover of antioxidant systems, damage to 

reproductive processes, increased dark respiration, lowered carbon transport to roots, 

reduced decomposition of early successional communities, and reduced forage quality of 

C4 grasses (Felzer et al., 2007). 
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In a meta-analysis study of soybean, Morgan et al. (2003) found that chronic O3 exposure 

of 70 ppb reduced the average shoot biomass and seed yield by 34% and 24%, 

respectively. They also found a significant decrease in biomass and seed production in 

studies where O3 concentration was below 60 ppb. In general, O3 exposure causes 

stomatal closure, which is regarded as the most important avoidance mechanisms to O3 

stress because reduced stomatal conductance reduced O3 uptake by plants. Previous 

studies have shown a decrease of stomatal conductance caused by O3, for example in 

wheat and maize crops (Bagard et al., 2015; Monga et al., 2015) and it is commonly 

considered to be the cause of reduced photosynthesis or direct damages on guard cells 

(Fiscus et al., 2005; Monga et al., 2015). Furthermore, O3 reduces the chlorophyll content 

of crops (Bindi et al., 2002; Bagard et al., 2015). Table 2-1 shows the summary of O3 

effects on plants, including reduction of new growth, reduced root, reduced biomass and 

crop yield, and photosynthesis.  

  

Table 2-1: Summary of O3 effects; arrows indicate that O3 exposure increases (up) or 

decreases (down) the variable. Dark arrows indicate agreement among a wide range of 

studies, while clear arrows indicate less certain results (Felzer et al., 2007). 

Parameter Ozone effect 

Visible injury 
 

Photosynthesis 
 

Stomatal conductance 
 

Dark respiration 
 

Tree biomass 
 

Crop yield 
 

Root growth 
 

Decomposition 
 

Nitrogen uptake 
 

 

Figure 2-5 indicates some different contributions to the reduced availability of 

photosynthate for grain filling from (I) reduced photosynthetic performance, (II) reduced 

stomatal conductance, (III) reduced growth and development, (IV) reduced root biomass, 

and (V) reduced partitioning of available carbon to grains in favour of synthesis of 

protective chemicals.   
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Figure 2-5: Effects of O3 on carbon gain and carbon use that impact on crop yield 

(Wilkinson et al., 2012).  

 

Crop species vary widely in their susceptibility to O3 and the lists of species or genotypes 

that are resistant or sensitive to ozone have been reported in several studies (Mills et al., 

2007, Van Tienhoven et al., 2005). Ozone-sensitive crop and horticultural species include 

alfalfa, bean, clover and other forages, cotton, grape (Vitis vinifera L.), lettuce, oat (Aveva 

sativa L.), peanut, potato (Solanum tuberosum L.), rape (Brassica napus L.), rice, 

soybean, spinach (Spinacia oleracea L.), tobacco, tomato, watermelon (Citrullus lanatus 

(Thunb.) Matsum and Nakai) and wheat. The definition of crop sensitivity to O3 can be 

misrepresentative. For instance, crops can be sensitive to O3 with regard to visible 

damage at early stages of growth and development but this may not have a negative 

equivalent impact on the final yield harvest. In rice and wheat, plants in which yields were 

mostly affected by ozone showed the least visible injury symptoms (Sawada and Kohno, 

2009; Picchi et al., 2010). This was attributed to genotypic variation in the extent of 

stomatal closure response to O3. Cultivars in which O3 induced stomatal closure could be 

regarded as O3 resistant in reference to visible injury because the influx of O3 will be 

reduced due to this closure and thus preventing foliar injury. However, prolonged stomatal 
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closure reduces carbon fixation and thus the amount of assimilate available for grains. So, 

with regard to yield these cultivars are O3 sensitive. These suggest that mechanisms that 

induce acute leaf injury do not necessarily relate to chronic O3 effects that reduce yields. 

The effects of O3 on biomass have also been showed to vary among crops and cultivars. 

For example, Monga et al. (2015) observed that only two out of five wheat cultivars 

showed a significant decrease (by 19.7% and 25%) in above ground biomass when 

exposed to O3. As discussed earlier, in addition to decreased biomass or crop yield, 

studies show that O3 affect the quality of crops. Crops with visible damage are often not 

marketable. The impact of elevated O3 on the quality of spring oilseed rape (Brassica 

napus cv Ability) and broccoli (Brassica oleracea L. cv Italic cv Monaco) was assessed in 

OTCs experiment by Vandermeiren et al. (2012). They found that elevated O3 has an 

effect on the quality of harvested products of spring oilseed rape and broccoli. Visible 

damages caused by O3 stress have been recorded mostly in European countries. Figure 

2-6 indicates locations around the world where there is well-documented evidence of 

visible injury or effects on yield, predicted using a global three-dimensional atmospheric 

chemistry model.  

 

 

Figure 2-6: Global distribution of mean maximum growing season O3 concentration based 

on 1990 emissions, using the global three-dimensional atmospheric chemistry model. The 

leaf symbols indicate regions where visible injury or yield reductions caused by O3 have 

been demonstrated (Ashmore, 2005).  
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2.4.1 Elevated O3 and soil water availability  

 

The availability of soil water influences crops growth and productivity but on the other 

hand, the effect of O3 on plants is influenced by water availability. Water stress and O3 

exert similar effects on photosynthesis, including stomatal closure and deactivation of 

Rubisco (Pollastrini et al., 2014). Because of photosynthesis limitations, plants exposed to 

water stress and/or O3 reduce their growth and development. Khan and Soja (2003) found 

that water-stressed wheat plants are more tolerant of O3 exposures than well-watered 

plants. In poplar plants, Gao et al. (2017) observed that water stress reduced biomass 

production, but the negative effects of O3 were less in limited water supply than in well-

watered for total biomass per plant. The results are consistent with Fagnano et al. (2009), 

that exposure to water stress significantly reduced O3 effects on crop yield. Wilkinson and 

Davies (2009) found that O3 will worsen the harmful effects of drought plant species that 

respond to this pollutant by emitting more ethylene (Wilkinson and Davies 2009). 

 

There is strong evidence that water stress protects plants from deleterious O3 effects on 

important photosynthetic parameters. This mechanism is attributed to a reduction in 

stomatal conductance in water-stressed plants which led to reduced O3 uptake and thus 

less damage to photosynthetic processes (Biswas and Jiang, 2011; Gao et al., 2017). 

However, Biswas and Jiang (2011) revealed that drought does not always protect against 

O3-induced yield reduction in wheat. They demonstrated that O3 tolerance of a drought-

sensitive winter wheat species can be completely lost under combined drought and O3 

exposure. The genetic variability in O3 sensitivity may be related to the extent to which O3 

reduces the sensitivity of stomatal closure to soil drying (Mills and Harmens, 2011). Based 

on stomatal uptake, Mills et al. (2018) estimated that O3 reduces global yield annually by 

12.4%, 7.1%, 4.4% and 6.1% for soybean, wheat, rice and maize, respectively. Ozone 

often reduces stomatal aperture under well-watered conditions. Several mechanisms that 

may explain ozone-induced stomatal closure in well-watered plants includes (Wilkinson 

and Davies, 2010):  

 Reduced photosynthesis and increased guard cell CO2 concentrations.  

 Direct guard cell ion channel modulation.  

 Altered plant calcium homeostasis.  

 Altered hormone production.  
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 Altered induction of signal transduction intermediates such as hydrogen peroxide 

(H2O2) and nitric oxide (NO).  

2.4.2 Elevated O3 and temperature  

Ozone causes a wide variety of damages to agricultural yields of many crops (Ainsworth et 

al., 2012) and temperature extremes are shown to be damaging to various crops (Lobell et 

al., 2008, Butler and Huybers, 2013). For instance, Schlenker and Roberts (2009) found 

yield increase with temperature up to 29° C for maize, 30° C for soybeans and 32° C for 

cotton and that temperatures above these thresholds are damaging to crops. From these 

studies, it is clear that rising temperatures are likely to reduce crop yields. Kasurine et al. 

(2012) studied the combined effects of moderate warming and chronic O3 exposure on 

silver birch carbon allocation. They found that both moderate warming and chronic O3 

exposure affected silver birch carbon allocation. However, the effects were genotype 

dependent and some counteractive effects of O3 on temperature responses were 

observed.  

2.5 The combined effects of elevated CO2 and O3 

Increasing concentrations of CO2 and O3 might pose a threat to plant growth and 

productivity. How elevated CO2 and O3 will interact and influence the agricultural systems 

is less clear because very limited CO2-O3 interaction experiments have been conducted in 

open field conditions (Emberson et al., 2018). Table 2-2 shows that elevated O3 and CO2 

often affect plant physiology and soil process in opposite directions. In addition, Figure 2-7 

indicates the flux of O3 and the role of repair mechanisms and detoxification to changes in 

carbon allocation either directly or indirectly through its impacts in photosynthesis. From 

Figure 2-2 it is evident that CO2 and O3 enters the plant via the stomata and thus both may 

influence stomatal conductance. Numerous studies have reported that elevated CO2 

reduces stomatal conductance (Fuhrer, 2009; Ainsworth et al., 2008; Drake et al., 1997) 

which reduce O3 uptake and the potential for oxidant damage (Volin et al., 1998). This 

suggests that elevated CO2 might offset some of the negative effects of O3 on plants 

growth and productivity. Indeed, a number of reports have suggested that plants grown 

under elevated CO2 were protected against O3 injury to the leaves (Mulholland et al., 1997; 

McKee et al., 2000; Cardoso‐Vilhena et al., 2004). Booker et al. (2004) found that elevated 

CO2 counteracted the effects of O3 on water use, growth, and yield in soybean. Similarly, 

https://www.sciencedirect.com/science/article/pii/S1352231017305836#bib20
https://www.sciencedirect.com/science/article/pii/S1352231017305836#bib20
https://www.sciencedirect.com/science/article/pii/S1352231017305836#bib7
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Burkey et al. (2007) reported that increasing levels of O3 will suppress the yield of O3–

sensitive peanut cultivars, while elevated CO2 will moderate this effect.  

 

Table 2-2: Ozone and CO2 impacts on plant physiology and other process are often in 

opposite directions (Harmens et al., 2012).  

Parameter Ozone CO2 

Photosynthesis - + 

Stomatal conductance* -/+ - 

Leaf area index - + 

Ratio photosynthesis: respiration - + 

Phenology + -/+ 

Ratio root: shoot biomass - -/+ 

Isoprene emissions** -/+ - 

Soil respiration -/+ + 

* ‘-’ reduces, ‘+’ enhances susceptibility to drought stress; ** warming enhances isoprene 

emissions. 

 

Feng and Kobayashi (2009) found that O3 concentration between 31 – 50 ppb decreased 

the yield of potato by 5.3% and it decreased the yield of barley, wheat and rice by 8.9%, 

9.7% and 17.5% respectively. The yield losses were 19.0% and 7.7% for bean and 

soybean crops respectively. Elevated CO2 reduces O3 induced yield losses in crop plants 

(Fiscus et al., 2005). This ameliorative effect of elevated CO2 may be the result of 

increased photosynthesis or stomatal closure, which will decrease O3 entry into leaves 

(Bailey et al., 1999). Also, elevated CO2 ameliorated the inhibition of photosynthesis 

induced by O3 exposure in leaves (Kobayakawa and Imai, 2011). In spring wheat (Triticum 

aestivum L. cv. Wembley), McKee et al. (1997) found that elevated CO2 did manage to 

protect against the detrimental effect of elevated O3 on biomass. It is widely agreed that 

the adverse effects of O3 on C3 crop plants are ameliorated by elevated CO2, but the 

degree of the interaction can vary depending on the species concentrations of CO2 and O3 

and other experimental conditions (Burkey et al., 2007; Mishra et al., 2013). It is also of the 

utmost importance to understand how crops will respond to the combined stresses of 

elevated CO2, O3 and drought in order to predict future impacts on food security. In wheat, 

Feng et al. (2008) showed that elevated CO2 and water stress significantly ameliorated the 

detrimental effects of elevated O3.  
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Figure 2-7: Conceptual model of the effects of CO2 and O3 on carbon assimilation and 

allocation including links to detoxification and repair (Ashmore, 2005). 

2.6 Systems for assessing CO2 and O3 effects on crops 

There are currently two general approaches to study the effects of elevated CO2 and O3 on 

crops (or vegetation), which are, open-top chambers (OTCs) and free air concentration 

enrichment (FACE). The OTCs are transparent enclosures of plastic with an open top. As 

is typical of all research, there are advantages and limitations to every approach. Open-top 

chamber limitations include some attenuation of light levels, are warmer inside than the 

outside ambient air (Amthor, 2001) and by design have constant air movement throughout 

the canopy. FACE does not have the limitations of the open-top chambers, but FACE does 

not allow for a low O3 control which is a problem if you are studying O3 effects in an area 

that has air pollution events where O3 concentrations exceed 40 – 50 ppb. Plant response 

to CO2 and O3 is similar in OTCs and FACE, but the magnitude of the effects can vary 

between approaches. No matter which approach is used, it must be kept in mind that 

genetic variation in response to CO2 and O3 between cultivars can be large and can have 

as great an effect as the gas treatments. Open-top chambers afford a much better 
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evaluation to study the effects of elevated CO2 on plants, whereas with FACE the 

maximum affordable levels that can be reached is 550 ppm (DaMatta et al., 2010). With 

OTC a level of 1000 ppm CO2 can be reached with relatively low costs involved compared 

to FACE experiments. Open-top chambers offer better conditions regarding logistics and 

affordability to perform a greater number of experiments with a combination of elevated 

CO2 and other environmental conditions such as drought and air pollution. Recent 

examinations of exposure have revealed similar results for OTC and FACE systems (Prior 

et al., 2005). For example, in soybean studies, Morgan et al. (2006) indicated that their 

results validate previous chamber studies suggesting that soybean yields will decrease 

under elevated O3 exposure. From the cost perspective, FACE is much more expensive 

and often requires a larger initial investment in infrastructure (Amthor, 2001). The use of 

OTCs is strategic as it is much more affordable than FACE (DaMatta et al., 2010). In the 

present study OTCs system was used to study the effects of elevated CO2 and O3 on 

canola and wheat plants (see Heyneke et al., 2012 for further reading on the application of 

OTCs).  

2.7 Monitoring of plant stress by the use of chlorophyll fluorescence kinetics 

The fluorescence induction curve from F0 to Fm in dark-adapted samples is called 

fluorescence transient and the JIP-test is an analysis of the fast fluorescence transients 

OJIP exhibited by all oxygenic photosynthetic organisms upon illumination (Strasser et al., 

2007). The analysis of the Chl a fluorescence transient has been proven to be a very 

useful, non-invasive tool for the investigation of environmental stress effects on the 

structure and function of the photosynthetic machinery (Tsimilli-Michael and Strasser, 

2013; Stirbet et al., 2018). Examples of successful applications of chl a fluorescence 

measurements and parameters have been discussed in detail in recent reviews (Kalaji et 

al., 2014; 2016; Stirbet et al., 2018). It was indicated that the fluorescence rise kinetics is 

polyphasic and display clearly when plotted on logarithmic time scale the steps J (at 2 ms) 

and I (30 ms) between the initial (F0) and the maximum (FP or FM) fluorescence level 

(hence denoted as OJIP transient) (Tsimilli-Michael and Strasser, 2013) (Figure 2-8). The 

first part of the transient curve (O-J) is called a single turnover region. It expresses the 

photochemical events and represents a single event of a reduction of QA (Tsimilli-Michael 

and Strasser, 2008). The J-I-P region (thermal phase) of the fluorescence transient reflects 

the velocity of ferredoxine reduction beyond the PSI. Using the differences of suitably 

normalised transients exhibited by stressed and non-stressed plants, more bands can be 
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revealed which are usually hidden among the OJIP steps of the original transients (Tsimilli-

Michael and Strasser, 2008).  
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Figure 2-8: A typical chlorophyll a polyphasic fluorescence rise OJIP, exhibited by plants 

plotted on a logarithmic time scale from 20 μs to 1 s and the steps O (at 20 μs), J (at 2 

ms), I (at 30ms), and P (at ≈300 ms) are labelled. Fluorescence values are expressed as 

Ft/F0, where Ft represents measured fluorescence intensity at each time interval and F0 

represents fluorescence intensity at 20 µs. 

 

The parameters calculated by the JIP-test and the shape of the kinetics have been found 

to be very sensitive to stress caused by environmental conditions. The following original 

data are used by the JIP-test (Refer to Table 2-3 for definitions): the fluorescence intensity 

at 20 µs (considered as F0, O step), when all PS II reaction centres (RC) are open; the 

fluorescence intensities at 50 and 300 µs (F300 and F50) for the calculation of initial slope 

(M0); the fluorescence intensity at 2 ms (J step); the fluorescence intensity at 30 ms (I 

step) and the maximal measured fluorescence intensity when all PS II RCs are closed 

(Fm, P step; ensured by the high actinic light intensity). The JIP-test equations are based 

on the Theory of Energy Fluxes in Biomembranes. The definitions and equations of the 

JIP-test are presented using a Z-scheme of photosynthesis, expressed by sequential 

energy fluxes (Figure 2-9). Formulae and definitions of terms used by the JIP-test are 

shown in Table 2-3. 
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Table 2-3: Formulae and definitions of terms used by the JIP-test for the analysis of Chl a 

fluorescence transient OJIP (from Strasser et al., 2007; Tsimilli-Michael and Strasser, 

2013). 

Data extracted from the recorded fluorescence transient OJIP 

Ft      Fluorescence at time t after onset of actinic illumination 

F20μs 
minimal reliable recorded fluorescence, at 20 μs with the 
Handy-PEA-fluorimeter 

F50μs Fluorescence at 50 μs 

F300μs Fluorescence at 300 μs 

FJ Fluorescence at the J-step (2 ms) of OJIP 

FI Fluorescence at the I-step (30 ms) of OJIP 

FP  
Maximal recorded (equal to maximal possible) 
fluorescence, at the peak P of OJIP 

Fluorescence parameters derived from the extracted data 

F0=F20μs Minimal fluorescence, when all PS II RCs are open  

FP (FM) Maximal fluorescence, when all PS II RCs are closed   

Fυ=Ft−F0 Variable fluorescence at time t 

FV=FM −F0 Maximal variable fluorescence 

Vt= ( Ft – F0)/(FM – F0) Relative variable fluorescence at time t 

VJ= ( FJ – F0)/(FM – F0) Relative variable fluorescence at the J-step 

VI= ( FI – F0)/(FM – F0) Relative variable fluorescence at the I-step 

M0= [(ΔF/Δt)0]/(FM – F50 μs) Approximated initial slope (in ms–1) of the fluorescence 
transient normalised on the maximal variable 
fluorescence FV 

  = 4(F300 μs – F50 μs)/(FM  – F50 μs) 

Specific energy fluxes (per QA-reducing PSII reaction centre—RC) 

ABS/RC = M0 (1/VJ) (1/φPo)  Absorption flux per RC 

TR0/RC = M0 (1/VJ) Trapped energy flux per RC  

ET0/RC = M0 (1/VJ)ψEo Electron transport flux per RC  

RE0/RC = M0 (1/VJ)ψEo δRo   
Electron flux reducing end electron acceptors at 

the PSI acceptor side, per RC 

Yields or flux ratios 

φPo = TR0/ABS = [1 – (F0/FM)] Maximum quantum yield of primary photochemistry  

ψEo = ET0/TR0 = (1 – VJ) 
Efficiency of a trapped exciton to move an electron into 
the electron transport chain further than QA

-   

φEo  =  ET0/ABS = [1 – (F0 /FM)]ψEo Quantum yield of electron transport at time zero 

δRo = RE0/ET0 = (1 – VI)/(1 – VJ) 
Efficiency/probability with which an electron from the 
intersystem electron carriers is transferred to reduce end 
electron acceptors at the PSI acceptor side (RE)  

φRo = RE0/ABS = [1 – (F0/Fm)](1 – VI) 
Quantum yield for reduction of end electron acceptors at 
the PSI acceptor side (RE) 

γRC = ChlRC/Chltotal = RC/(ABS + RC) Probability that a PSII Chl molecule functions as RC  

RC/ABS = γRC/(1 − γRC)=φPo (VJ/M0)  
QA-reducing RCs per PS II antenna Chl (reciprocal of 
ABS/RC) 

Performance indexes 

PIABS =[ γRC/(1 − γRC)] . [φPo/(1−φPo)] . 
[ψEo/(1 − ψEo)] 

Performance index (potential) for energy conservation 
from exciton to the reduction of intersystem electron 
acceptors 

PItotal = PIABS . [δRo/(1 − δRo)]      
Performance index (potential) for energy conservation 
from exciton to the reduction of PSI end acceptors 
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The energy fluxes are: for PSII absorption (ABS); trapping in PSII (TR0); electron transport 

(ET0) from Q–
A to the intersystem electron acceptors; reduction of end acceptors at the PSI 

electron acceptor side (RE0). The efficiencies/yields, defined as ratios of energy fluxes, 

are: the maximum quantum yield of primary photochemistry, TR0/ABS = φPo = [1– (F0/FM)]; 

the efficiency with which a trapped exciton can move an electron into the electron transport 

chain further than Q–
A, ET0/TR0 = ψEo = (1 – VJ); the quantum yield of electron transport 

further than Q–
A , ET0/ABS = φPo. ψEo; the efficiency with which an electron can move from 

the reduced intersystem electron carriers to the PSI end electron acceptors, RE0/ET0 = δRo 

= (1 – VI)/(1 – VJ); the quantum yield for reduction of PSI end electron acceptors, RE0/ABS 

= φRo  = φPo. ψEo. δRo ; the efficiency with which a trapped exciton can move an electron into 

the electron transport chain from Q–
A to the PSI end electron acceptors, RE0/TR0 = ψRo = 

ψEo. δRo. 

 

 

Figure 2-9: A schematic presentation of the JIP-test (Tsimilli-Michael and Strasser, 2013). 
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CHAPTER 3: PHOTOSYNTHETIC RESPONSES OF CANOLA AND 

WHEAT TO ELEVATED CO2, O3 AND WATER DEFICIT IN OPEN-TOP 

CHAMBERS 

3.1 Introduction 

Elevated CO2 and O3 pollution are important components of the changing environment 

with more pronounced effects on agriculture (Mulholland et al., 1997; Pleijel et al., 2000). 

The increase of the CO2 concentration is mostly caused by extensive use of fossil fuels for 

combustion and partly altered land use (Pleijel et al., 2000). It is predicted that the CO2 

concentration will rise to about 550 ppm by 2050 (Jaggard et al., 2010). It has been 

reported that elevated CO2 stimulates plant growth and development whereas elevated O3 

often has an opposite effect compared to elevated CO2 (Li et al., 2011; Porter et al., 2014). 

Ozone causes a wide range of damage in agricultural crops, including visible injury, 

reduced photosynthesis, alterations to carbon allocation and reduced yield quantity and 

quality (Ainsworth et al., 2012; Emberson et al., 2018). Prolonged exposures to O3 levels 

above 40 ppb result in a reduction in crop yields due to reduced photosynthesis and 

disruption to metabolism (Krasensky et al., 2017). These findings suggest that agricultural 

crops in southern African may be at risk due to elevated O3 levels (Van Tienhoven et al., 

2006). What is of concern is how these changes will interact with one another and 

influence plant growth and the interaction of these gases with other aspects of climate 

change such as drought. Elevated CO2 and O3 concentrations in the near future will have 

some influences on agriculture and food security. Agriculture plays a critical role in 

ensuring food security and economic growth in developing countries. Many subsistence 

farmers in this region are dependent on staple crops for income and to provide food for 

their families. Commercial farmers will also be affected, which could affect local, regional 

and global food security. The effect of elevated CO2 and O3 on important crops (and 

vegetation) has received a lot of attention in developed countries but little attention has 

been given in developing countries. 

___________________________  

The results presented in this chapter were accepted for publication in Plants: MALIBA, 

B.G., INBARAJ, P.M AND BERNER, J.M. 2019. Photosynthetic responses of canola and 

wheat to elevated levels of CO2, O3 and water deficit in open-top chambers. Plants. 
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As a result, the effects of environmental change in many regions of the world are projected 

by extrapolation. This is a concern because the under-studied regions include places 

where food security is a major problem. Plants grown under elevated CO2 have been 

shown to alleviate the effects of drought stress (Robredo et al., 2007; van der Kooi et al., 

2016), since CO2-induced increases in stomatal resistance. Moreover, elevated CO2 is 

understood to alleviate the harmful effects of O3 by reducing stomatal conductance and 

thus reduce O3 uptake and the potential for oxidant damage (Volin et al., 1998). 

Experimental work on the effects of elevated CO2, O3 and drought will be important to gain 

a better insight into how these environmental changes will affect plant growth. This 

information is necessary to influence legislation regarding the protection of agricultural 

crops (and vegetation). Photosynthesis is regarded as a good measure of the overall 

performance in plants (Kalaji et al., 2018a). It is one of the important processes to be 

affected by abiotic stress such as elevated O3 and drought which caused a decline in CO2 

diffusion to the chloroplast and metabolic constraints (Bhagat et al., 2014). Drought stress 

gradually decreases CO2 assimilation rates because of reduced stomatal conductance 

(Reddy et al., 2004). Stomatal closure is the initial response to drought and the main 

limitation to photosynthesis at mild to moderate drought stress (Flexas and Medrano, 

2002). At severe drought, inhibition of metabolic process induces reduction in the contents 

of ribulose bisphosphate, which becomes main limitation and thus inhibits photosynthetic 

CO2 assimilation (Flexas and Medrano, 2002). In addition, drought stress enhances the 

generation of active oxygen species and antioxidant defences (Reddy et al., 2004). In a 

meta-analysis of photosynthesis and drought, Pinheiro and Chaves (2010) indicated the 

interaction of sugars, reactive oxygen species and hormones with photosynthetic 

responses to drought. Furthermore, Zivcak et al. (2013) showed that under drought stress 

conditions there is a complex interconnected and regulated photoprotective responses. To 

study the effects of elevated CO2 and O3 on canola and wheat on the photosynthetic 

apparatus, the chlorophyll (Chl) a polyphasic fluorescence rise kinetics OJIP was used. 

Analysis of the OJIP kinetics by the JIP-test gives a lot of information about the structure 

and function of the photosynthetic apparatus (Strasser et al., 2010; Baghel et al., 2018; 

Olechowicz et al., 2018). The parameters calculated by the JIP-test and the shape of the 

kinetics have been found to be very sensitive to stress caused by environmental conditions 

such as light intensity, temperature, drought, flooding, atmospheric CO2 or elevated O3 

and chemical influences (Tsimilli-Michael and Strasser, 2001; Strasser et al., 2004; 

Bussotti et al., 2011; Perboni et al., 2012; Kalaji et al., 2016). Therefore, it was 
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hypothesised that elevated CO2 reduces the water stress effect both in the absence and 

presence of O3 in canola and wheat crops. The hypothesis was tested by exposing canola 

and wheat plants to elevated levels of CO2, O3 and the combination of these two gases in 

open-top chambers (OTCs) under well-watered and water-stressed conditions to quantify 

the biophysical and physiological responses. The objective was to understand how locally 

cultivated canola and wheat respond to elevated CO2 and O3 and if these environmental 

factors will interact with each other under well-watered and water-stressed conditions.  

3.2 Materials and methods 

3.2.1 Experimental site and plant material 

The experiments were performed in OTCs located at the North-West University, 

Potchefstroom campus, South Africa (26°40′50′′S, 27°05′48′′E, 1348 m above sea level). 

The canola and wheat experiments were performed from June to August in 2014 and 

2015, respectively. The design and operation of the specific OTCs system employed in 

this study has been discussed in detail by Heyneke et al. (2012). Seedlings were grown 

under a 14-h/10-h day/night cycle with natural light conditions. The temperature and 

humidity inside the OTCs were monitored using a RHT03 humidity and temperature 

sensor with a single wire digital interface. It provides a voltage output that is linearly 

proportional to the Celsius temperature and relative humidity (RH). 

 

Canola (Brassica napus L. cv. Rainbow) and wheat (Triticum aestivum L. cv. SST875) 

seeds were hand sown in 30 cm diameter pots. The pots were well watered manually 

before the start of fumigation to ensure that seeds germinate and grow healthy without any 

environmental stress. To each pot six-month slow release fertiliser (25 g) was added, 

containing 17 nitrogen: 11 phosphorus: 10 potassium: 2 magnesium oxide: TE 

(Osmocote Pro, Netherlands). The growth medium used was a mixture of topsoil, river 

sand and vermiculite (2:1:1, v/v). The pots were equally distributed into eight OTCs. The 

treatments were: control (Carbon filtered air, OTC 1 and 2); CO2 (700 ppm, OTC 3 and 4); 

O3 (80 ppb, OTC 5 and 6) and CO2 + O3 (700 ppm + 80 ppb, OTC 7 and 8).  

 

3.2.2 Fumigation and water treatment 

Plants were fumigated with elevated levels of CO2 (700 ppm) and O3 (80 ppb) and the 

combination of CO2 and O3 from 08:00 am to 17:00 pm every day, starting 35 days after 
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sowing, for four weeks. Elevated CO2 levels inside the OTCs were continuously monitored 

at regular intervals with a CO2 monitor (Model 174687 CO2_temp-relative-humidity 

monitor, Scientific Associates, Inc., China). Ozone levels were monitored at regular 

intervals by the O3 monitor (Model 205 Ozone Monitor, 2B Technologies, Inc., USA).  

The plants inside each OTCs were subjected to well-watered and water-stressed 

conditions and were receiving water via the glass fibre wicks that were projected into the 

water reservoirs. Wicks were cut at specific lengths (90 or 60 cm with a diameter of about 

7 mm) and layered clockwise in a partial circle close to the perimeter of the pot. In the 

water-stressed treatment, one glass fibre wick (90 cm) was placed at the mid-level of each 

pot, whereas in the well-watered pots four wicks (two 90 cm and two 60 cm wicks) were 

placed at four levels within the pots to ensure sufficient supply of water from the reservoir 

to the growth medium. Pots were placed into reservoirs which were connected to a drip 

irrigation system that refill the water. The irrigation system was applied when the 

fumigation was initiated. The plants were irrigated on alternate days from the start to the 

end of the experiment. 

3.2.3 Chlorophyll a fluorescence 

Chlorophyll a polyphasic fluorescence rise kinetics OJIP were measured with a Handy 

PEA fluorimeter (Hansatech Instruments Ltd, UK) on intact fully grown young leaves from 

plants exposed to fumigation for two and four weeks and from non-fumigated plants of the 

same age in the evening. Four plants in each chamber were selected for the readings and 

measurements were taken at 5 positions on each leaf, 3 leaves were assessed on each 

plant. The leaves were dark-adapted for 1 hour before measurements, to ensure that the 

primary quinone electron acceptor of PSII (QA) is fully oxidised, i.e. all the photosynthetic 

reaction centres are open. The transients in leaves were induced by red light (peak at 650 

nm) of 3000 μmol photons m−2s−1 provided by an array of 3 light-emitting diodes, and 

recorded for 1 s with 12 bit resolution. The data acquisition was at every 10 μs (from 10 μs 

to 0.3 ms), every 0.1 ms (from 0.3 to 3 ms), every 1 ms (from 3 to 30 ms), every 10 ms 

(from 30 to 300 ms) and every 100 ms (from 300 ms to 1 s). The first reliable data are 

considered to be at 10 μs.  

The OJIP kinetics were analysed by the JIP-test (Strasser et al. 2004; Tsimilli-Michael and 

Strasser 2013) with the PEA Plus ver. 1.10 Program (Hansatech Instruments Ltd, UK). 

The following original data were used by the JIP-test: the fluorescence intensity at 20µs 
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(considered as F0, O step), when all PS II reaction centres (RC) are open; the fluorescence 

intensities at 50 and 300 µs (F300 and F50) for the calculation of initial slope (M0); the 

fluorescence intensity at 2 ms (J step); the fluorescence intensity at 30 ms (I step) and the 

maximal measured fluorescence intensity when all PS II RCs are closed (Fm, P step; 

ensured by the high actinic light intensity). The following JIP-test parameters derived from 

the OJIP transients, all referring to time zero were used:  

 The maximum quantum yield of primary photochemistry, φPo = TR0/ABS = [1 – 

(F0/FM)].  

 The efficiency/probability that an electron moves further than QA
- into the electron 

transport chain, ψEo = ET0/TR0 = (1 – VJ). 

 The efficiency/probability with which an electron from the intersystem electron 

carriers is transferred to reduce end electron acceptors at the PSI acceptor side 

(RE), δRo = RE0/ET0 = (1 – VI)/(1 – VJ).  

 The density of reaction centres, RC/ABS = γRC /(1 − γRC) = φPo (VJ/M0).  

 The total performance index (PItotal) = [γRC /(1 − γRC)] . [φPo /(1− φPo)] . [ψEo /(1 − 

ψEo)]. [δRo /(1 − δRo)],an index (potential) for energy conservation from excitons to 

the reduction of PSI end-electron acceptors. 

3.2.4 Above ground biomass 

Plants exposed to four weeks of fumigation and non-fumigated plants of the same age 

were harvested. The fresh plant material was oven-dried at 60°C for 72 hours and 

weighed. 

3.2.5 Statistical analysis 

The effect of fumigation on selected biophysical (JIP-test) parameters and biomass were 

determined by one-way Analysis of Variance (ANOVA) and significant differences (p < 

0.05) between treatment means were determined by the Tukey’s Honest Significant 

Difference (HSD) post-hoc test, using STATISTICA 13 (Stat Soft. Inc., Tulsa, OK, USA).  
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3.3 Results 

3.3.1 Canola 

3.3.1.1 Chlorophyll a fluorescence transient 

The averages of the raw fluorescence transients of canola leaves, plotted on logarithmic 

time scale from 20 µs to 1 s and the values are expressed as F t/F0 (Figure 3-1). The steps 

O, J, I, and P are indicated. In order to reveal hidden differences, the fluorescence data 

were normalised between O (20 μs) and K (300 μs) steps, as VOK = (Ft − F0)/ (FK − F0), 

and plotted as difference kinetics ΔVOK = VOK (treatment) − VOK (control). Also, fluorescence data 

were normalised between the steps O and J (2 ms), as VOJ = (Ft − F0)/ (FJ − F0), and 

plotted as difference kinetics ΔVOJ = VOJ (treatment) − VOJ (control). These allowed the 

visualisation of the positive ΔL (0.15 ms) and ΔK-band (0.3 ms) in the O3 treatment (Figure 

3-2). The appearance of ΔL and ΔK-band can be a good indicator to identify the 

physiological disturbances of plants caused by environmental stress (Oukarroum et al., 

2007). 
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Figure 3-1: Average (of all weeks) Chl a fluorescence transients of dark-adapted canola 

leaves from non-fumigated and fumigated plants under well-watered (A) and water-

stressed conditions (B). The transients are plotted on a logarithmic time scale from 20 μs 

to 1 s and the steps O (at 20 μs), J (at 2 ms), I (at 30 ms), and P (≈ at 300 ms) are 

labelled. 
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Figure 3-2: Effect of elevated CO2, O3 and the combination of CO2 and O3 on differential 

plots of relative chlorophyll a fluorescence (Vt) under well-watered (A and C) and water-

stressed conditions (B and D) in leaves of canola. The data represent the average of all 

weeks. A-B, ΔVOK = VOK (treatment) − VOK (control); C-D, ΔVOJ = VOJ (treatment) − VOJ (control). 
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3.3.1.2 Performance index 

Canola plants fumigated with elevated CO2 and O3 resulted in a decline of the PItotal when 

subjected to well-watered conditions (Figure 3-3). However, in water-stressed plants no 

significant difference was found when compared to the control. The combination of 

elevated CO2 and O3 had higher PItotal values under both water regimes (Figure 3-3). 

 

Figure 3-3: Average (of all weeks) PItotal of canola plants exposed to CO2 (700 ppm), O3 

(80 ppb) and the combination of CO2 and O3 under well-watered and water-stressed 

conditions for four weeks. For the same water regime, different letters above the columns 

indicate statistically significant differences (p<0.05).   

 

The PItotal is an overall index that combines JIP-test parameters evaluating the 

performance of sequential processes of the photosynthetic apparatus. The parameters 

are; the density of reaction centres (RC/ABS); the parameter (φPo /(1 - φPo), where φPo is 

the maximum quantum yield of primary photochemistry; the parameter (ψEo /(1 - ψEo), 

where ψEo is the efficiency with which an electron moves into the electron transport chain 

further than QA
-; the parameter (δRo /(1 - δRo), where δRo is the efficiency with which an 

electron from the intersystem electron carriers is transferred to reduce end electron 
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acceptors at the PSI acceptor side. The statistical analysis of the effect of elevated CO2, 

O3 and CO2 + O3 on the components of the PItotal in canola leaves is shown in Table 3-1.  

 

Table 3-1: Effect of elevated CO2, O3 and CO2 + O3 on the components of the PItotal in 

canola plants under well-watered and water-stressed conditions. Values are means of 

weeks and SE. Different letters in the same row indicate statistically significant differences 

between the treatments (p<0.05). 

Well-watered Control CO2 O3 CO2 + O3 p-level 

φPo /(1 - φPo) 5.775 ± 0.033a 5.584  ± 0.029b 5.359 ± 0.027c 5.459 ± 0.031c <0.001 

ψEo /(1 - ψEo) 2.181 ± 0.043a 2.214 ± 0.029a 2.444 ± 0.031b 2.180 ± 0.032a <0.001 

δRo /(1 - δRo) 1.164 ± 0.019a 1.140 ± 0.023a 1.042 ± 0.011b 1.293 ± 0.020c <0.001 

RC/ABS 0.725 ± 0.005a 0.692 ± 0.004b 0.659 ± 0.004c 0.704 ± 0.004b <0.001 

Water-stressed  

φPo /(1 - φPo) 5.388 ± 0.038a 5.652 ± 0.036b 5.643 ± 0.025b 5.624 ± 0.036b <0.001 

ψEo /(1 - ψEo) 2.020 ± 0.034a 2.164 ± 0.033b 2.480 ± 0.027c 2.124 ± 0.035ab <0.001 

δRo /(1 - δRo) 1.154 ± 0.016a 1.121 ± 0.016a 0.964 ± 0.012b 1.243 ± 0.021c <0.001 

RC/ABS 0.695 ± 0.004a 0.699 ± 0.004a 0.671 ± 0.005b 0.718 ± 0.005c <0.001 

 

Plants in the O3 treatment enhanced the parameter, ψEo/(1- ψEo) under both water 

regimes, while the parameter, δRo /(1 - δRo) was reduced. The combination of CO2 and O3 

improved the parameter, δRo /(1 - δRo) when subjected to well-watered and water-stressed 

conditions (Table 3-1). 

3.3.1.3 Biomass 

Elevated CO2 and the combination of CO2 and O3 had no significant effect on the above 

ground biomass of well-watered plants. However, canola plants exposed to O3 (80 ppb) 

caused a significant (p<0.05) reduction in biomass under well-watered conditions (Figure 

3-4). In water-stressed plants, none of the treatments had a significant effect on biomass 

production, but based on average values, elevated CO2 and the combination of CO2 and 

O3 led to higher biomass than the control (Figure 3-4). 
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Figure 3-4: Average values of above ground biomass of canola plants exposed to CO2, O3 

and the combination of CO2 and O3 under well-watered and water-stressed conditions 

after four weeks. For the same water regime, different letters above the columns indicate 

statistically significant differences (p<0.05).   

 

3.3.1.4 Radar plot 

The radar plot indicates that the decline of PItotal in well-watered canola plants exposed to 

elevated O3 was caused by the parameter, δRo /(1 - δRo) (Figure 3-5). This drop is well 

associated with a decrease in biomass accumulation. The higher PItotal in canola plants 

fumigated with a combination of CO2 and O3 was triggered by the parameter, δRo /(1 - δRo). 
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Figure 3-5: Radar plot of selected JIP-test parameters derived from the chl a fluorescence 

transients (PItotal, RC/ABS, φPo /(1 - φPo), ψEo /(1 - ψEo), δRo /(1 - δRo) and biomass for 

canola. Values were normalised on those of the corresponding control (non-fumigated), 

which is thus presented by the regular hexagon for well-watered (A) and water-stressed 

(B) plants. For the JIP-test parameters, the data represent the average of all weeks. 
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3.3.2 Wheat 

3.3.2.1 Chlorophyll a fluorescence transient 

The average Chl a fluorescence transient of dark-adapted wheat leaves for the four 

treatments under well-watered (Figure 3-6A) and water-stressed (Figure 3-6B) conditions 

were plotted on a logarithmic time scale, 20μs to 1 s and expressed as Ft/F0 for clarity. The 

four transients showed a typical OJIP shape, with small differences between them. In 

order to reveal hidden differences, the fluorescence data were normalised between O (20 

μs) and K (300 μs) steps, as VOK = (Ft − F0)/ (FK − F0), and plotted as difference kinetics 

ΔVOK = VOK (treatment) − VOK (control) which revealed the ΔL-band. Positive ΔL-band indicates 

lower energetic connectivity while negative ΔL-band indicates higher energetic connectivity 

(Yusuf et al., 2010). Furthermore, the fluorescence data were normalised between the 

steps O and J (2 ms), as VOJ = (Ft − F0)/ (FJ − F0), and plotted as difference kinetics ΔVOJ = 

VOJ (treatment) − VOJ (control) revealing the ΔK-band.  
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Figure 3-6: Average (of all weeks) Chl a fluorescence transients of dark-adapted wheat 

leaves from non-fumigated and fumigated plants under well-watered (A) and water-

stressed (B) conditions. The transients are plotted on a logarithmic time scale from 20 μs 

to 1 s and the steps O (at 20 μs), J (at 2 ms), I (at 30 ms), and P (≈ at 300 ms) are 

labelled. 

 

A positive ΔK-band indicates an increased reduction rate of quinone (QA), the primary 

electron acceptor of PSII, from QA to QA
−, which suggest that the oxygen evolving complex 

(OEC) may have become leaky and offers access to non-water electron donors (Gururani 
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et al., 2015). Positive ΔL- and ΔK-bands in the O3 treatment were revealed clearly under 

both water regimes (Figure 3-7).   

 

Figure 3-7: Effect of elevated CO2, O3 and the combination of CO2 and O3 on differential 

plots of relative chl a fluorescence (ΔVt) under well-watered (A and C) and water-stressed 

conditions (B and D) in leaves of wheat. The data represent the average of all weeks. A-B, 

ΔVOK = VOK (treatment) − VOK (control); C-D, ΔVOJ = VOJ (treatment) − VOJ (control).  
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3.3.2.2 Performance index 

Elevated CO2 caused a significant decrease in the total performance index (PItotal) in wheat 

plants subjected to well-watered conditions (Figure 3-8). However, there was no significant 

difference in water-stressed plants exposed to elevated CO2. Ozone fumigation led to a 

significant decline in PItotal under both water regimes. The combination of elevated CO2 

and O3 did not affect the photosynthetic performance (based on the PItotal) of well-watered 

wheat plants. However, in water-stressed wheat plants, the PItotal was increased 

significantly by 9% compared to the non-fumigated plants (Figure 3-8). 

 

 

Figure 3-8: Average (of all weeks) PItotal of wheat plants exposed to CO2, O3 and the 

combination of CO2 and O3 under well-watered and water-stressed conditions for four 

weeks. For the same water regime, different letters above the columns indicate statistically 

significant differences (p<0.05).   

 

The statistical analysis of the effect of elevated CO2, O3 and CO2 + O3 on these 

parameters under well-watered and water-stressed conditions is presented in Table 1. We 

note that fumigation on wheat plants had significant effect on the components of the PItotal 

with the exception of the parameter, (ψEo /(1 - ψEo) in well-watered plants. Elevated CO2 
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and O3 resulted in a significant decline in the density of reaction centres and the 

parameter, δRo /(1 - δRo) (Table 3-2). The combination of CO2 and O3 enhanced the density 

of reaction centres under both water regimes. 

 

Table 3-2: Effect of elevated CO2, O3 and CO2 + O3 on the components of the PItotal in 

wheat plants under well-watered and water-stressed conditions. Values are means of 

weeks and SE. Different letters in the same row indicate statistically significant differences 

between the treatments (p<0.05).   

Well-watered  Control CO2 O3 CO2 + O3 p-level 

φPo /(1 - φPo) 5.034 ± 0.021a 4.987 ± 0.030a 4.965 ± 0.22a 5.161 ± 0.033b <0.001 

ψEo /(1 - ψEo) 2.321 ± 0.036a 2.406 ± 0.039a 2.357 ± 0.033a 2.354 ± 0.043a N.S. 

δRo /(1 - δRo) 0.974 ± 0.010a 0.880 ± 0.014b 0.918 ± 0.015b 0.892 ± 0.016b <0.001 

RC/ABS 0.555± 0.004a 0.533 ± 0.003b 0.532 ± 0.003b 0.572 ± 0.004c <0.001 

Water-stressed  

φPo /(1 - φPo) 5.039 ± 0.022a 5.013 ± 0.021a 4.745 ± 0.028b 5.101 ± 0.028a <0.001 

ψEo /(1 - ψEo) 2.125 ± 0.030a 2.236 ± 0.025b 2.270 ± 0.031b 2.196 ± 0.037ab 0.006 

δRo /(1 - δRo) 0.948 ± 0.011ab 0.952 ± 0.009a 0.913 ± 0.010b 0.956 ± 0.015a 0.017 

RC/ABS 0.520 ± 0.003a 0.515 ± 0.002a 0.485 ± 0.003b 0.539 ± 0.003c <0.001 

 

3.3.2.3 Biomass 

Ozone fumigation caused a reduction in biomass of wheat when subjected to well-watered 

and water-stressed conditions. Compared with the control, biomass was reduced about 

40% under well-watered and 22% under water-stressed conditions (Figure 3-9). In water-

stressed plants, fumigation did not have any significant effect on biomass. However, based 

on average values the plants exposed to elevated CO2 and CO2 + O3 treatments had 

higher biomass than the control (Figure 3-9).  
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Figure 3-9: Average values of above ground biomass of wheat plants exposed to CO2, O3 

and the combination of CO2 and O3 under well-watered and water-stressed conditions 

after four weeks. For the same water regime, different letters above the columns indicate 

statistically significant differences (p<0.05).  

 

3.3.2.4 Radar plot 

The radar plot of the PItotal and its components and the above ground biomass is shown in 

Figure 3-10. The values of each parameter were normalised on those of the control (non-

fumigated). As shown the reduction in biomass of ozone-treated plants is related –to the 

decrease of the PItotal. On the other hand, the biomass enhancement in water-stressed 

wheat plants exposed to the combined effect of elevated CO2 and O3 is well associated 

with the increase in PItotal. We noted that the PItotal was generally influenced by the density 

of reaction centres and the efficiency with which an electron from the intersystem electron 

carriers is transferred to reduce end electron acceptors at the PSI acceptor side (Figure 3-

10).  
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Figure 3-10: Radar plot of selected JIP-test parameters derived from the chl a 

fluorescence transients (PItotal, RC/ABS, φPo /(1 - φPo), ψEo /(1 - ψEo), δRo /(1 - δRo) and 

biomass of wheat plants. Values were normalised on those of the corresponding control 

(non-fumigated), which is thus presented by the regular hexagon for well-watered (A) and 

water-stressed (B) plants. For the JIP-test parameters, the data represent the average of 

all weeks.    
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3.4 Discussion  

3.4.1 Elevated CO2 effects 

Elevated CO2 increases the photosynthetic performance of plants which result in higher 

biomass production (Kant et al., 2012; Thompson et al., 2017), but often declines with time 

when plants are exposed to elevated CO2 over longer periods (Kant et al., 2012). Makino 

and Mae (1999) reported that long-term exposure of plants to elevated CO2 reduces the 

initial stimulation of photosynthesis and as a result suppresses photosynthesis, which 

reduces growth responses and negatively affects the final yield (Wang et al., 2013). It has 

been suggested that water-stressed crop plants will respond positively to elevated CO2 

compared to well-watered crop plants, because CO2 causes an increase in stomatal 

resistance (Porter et al., 2014). We found that plants fumigated with elevated CO2 resulted 

in a decline of the photosynthetic performance (as revealed by the PItotal) under well-

watered conditions in both crop species. This decline in PItotal can be ascribed to applying 

fumigation with elevated CO2 for more than four weeks. The decrease in the PItotal under 

well-watered conditions was mainly influenced by the density of reaction centres and 

efficiency with which an electron from the intersystem electron carriers is transferred to 

reduce end electron acceptors at the PSI acceptor side (δRo). A low I-P amplitude may 

indicate a low capacity of electron transport through PSI. It was shown that the activity of 

PSI can limit photosynthetic electron transport through PSI and PSI can be limiting for CO2 

assimilation (Brestic et al., 2015; Zivcak et al., 2015), which can be especially important 

under elevated CO2 (Li et al., 2018). Liu et al. (2018) reported that elevated CO2 enhanced 

photosynthetic performance of cucumber plants under moderate drought stress. In the 

present study, none of the water-stressed plants were affected significantly by elevated 

CO2 but on average the PItotal values were higher than the control. The PItotal values were 

well-maintained by an increase of the parameter δRo, indicating an increased capacity to 

reduce end acceptors beyond PSI. The increase of the I-P amplitude was shown to be 

associated also with increase of capacity alternative electron transport pathways (Pšidová 

et al., 2018). In addition, above ground biomass in both crops was not significantly affected 

by elevated CO2 when subjected to well-watered and water-stressed conditions. However, 

previous studies reported that elevated CO2 significantly increased biomass in canola and 

wheat plants (Bender et al., 1999; Clausen et al., 2011; Frenck et al., 2011). This 

difference can be attributed to the decline in the photosynthetic capacity of the plants as 

indicated by the PItotal and that the response of crops to elevated CO2 is genotype specific 
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(Porter et al., 2014). Even though there was no significant difference in the water-stressed 

plants, the CO2 treatment enhanced the biomass production of both crops. The biomass 

stimulation caused by elevated CO2 can also result from reduced water loss and water 

stress, or/and from decreased respiration (Long et al., 2006). The greater biomass in dry 

conditions in response to elevated CO2 has been discussed by Fitzgerald et al. (2016). It 

should be noted that the beneficial effect of elevated CO2 in plants subjected to water-

stress not only increases biomass production but it also translates into higher crop yield 

(van der Kooi et al., 2016). For example, elevated CO2 stimulated yield of water-stressed 

wheat plants (Amthor, 2001). Our results do suggest that elevated CO2 concentrations 

may counteract the negative effect of drought in relation to photosynthetic performance 

and biomass production of canola and wheat plants. It therefore, appears that crop plants 

grown in limited water availability will benefit more from elevated CO2. 

3.4.2 Elevated O3 effects 

The appearance of the positive ΔL- and ΔK-bands indicates that both crops are more 

sensitive to elevated O3 with reference to lower energetic connectivity and inactivation of 

the OEC, respectively (Strasser et al., 2004, 2007; Yusuf et al., 2010). Similar findings 

were reported by Desotgiu et al. (2012) in (poplar) plants subjected to O3 and water stress. 

The amplitude of the ΔK-band was higher in the well-watered plants compared to the 

water-stressed plants. This suggests that limited water availability can reduce inactivation 

of the OEC. The OEC represents one of the sensitive components of the PSII (Rastogi et 

al., 2019; Kalaji et al., 2018b). The transients were further analysed with the JIP-test 

equations, which leads to the calculation of several photosynthetic parameters and the 

total performance index. The PItotal is the most sensitive parameter of the JIP-test 

parameters and in the present experiment both crop species, canola and wheat, showed a 

tendency to reduce the PItotal in the O3 treatment (80 ppb) particularly under well-watered 

conditions. Under drought conditions, the differences were relatively small. This indicates 

that the effect of O3 is minor under drought conditions (Maliba et al., 2018). The reduction 

of the PItotal was mainly caused by the efficiency with which an electron from the 

intersystem electron carriers is transferred to reduce end electron acceptors at the PSI 

acceptor side as well as the decline of the density of reaction centres, which, taking into 

account that φPo remained nearly unchanged, indicates an increase of the functional PSII 

antenna size (Strasser et al., 2004). The probability that an electron moves further than 

QA

was relatively less affected by elevated O3 in both plants. Although a temporarily 
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enhanced ψEo was detected in canola plants, it did not reflect in the overall photosynthetic 

performance (PItotal). This increased efficiency is connected to the activating of repair 

processes but when it is connected to a reduced end acceptor capacity in combination 

with reduced Calvin cycle energy demand lead to over-excitation of the photosynthetic 

apparatus and initiates response towards visible foliar injury (Bussotti et al., 2011). These 

results are in accordance with the results obtained from other studies that the I-P region 

(as revealed by the relevant parameters) is sensitive to stress caused by ozone (Bussotti 

et al., 2011; Desotgiu et al., 2013). The biomass was found to be significantly affected by 

O3 fumigation in both crop plants under well-watered conditions. There was no significant 

difference under water-stressed treatment but based on average values the biomass was 

reduced in O3 treatment. In the experiment where fumigation with 60 ppb of O3 was 

applied in canola and also in barley, Clausen et al. (2011) found that biomass was barely 

affected and similar findings were reported by Frenck et al. (2011) in a study using four 

canola cultivars. In a meta-analysis of wheat data, Feng et al. (2008) reported that 

elevated O3 decreased above ground biomass by 18%. This observation was noted even 

in studies where the O3 concentration range was between 31 and 59 ppb (average 43 

ppb). The response to O3 found in the present study can be construed by the higher than 

60 ppb concentration applied and, also, to cultivar variations as discussed by Ollerenshaw 

et al. (1999) in a study of different canola cultivars. Similarly, Monga et al. (2015) observed 

that only two, out of five wheat cultivars showed a significant decrease (by 19.7% and 

25%) in above ground biomass when exposed to O3. Based on the radar we can argue 

that the decline of biomass is related with the lowering of the JIP-test parameters in 

agreement with earlier studies relating them with growth reduction (Clark et al., 2000; 

Pollastrini et al., 2010).  

3.4.3 The combined effects of elevated CO2 and O3 

The ΔL-band revealed differences in energetic connectivity among PSII units (Strasser et 

al., 2004). The energetic connectivity among PSII units improved in the CO2 +O3 treatment 

under water-stressed conditions. This was demonstrated by the appearance of the 

negative ΔL-band which indicates higher energetic connectivity. A higher energetic 

connectivity results in an improved use of the excitation energy and a higher stability of the 

photosynthetic system (Tsimilli-Michael and Strasser, 2013; Yusuf et al., 2010). This 

suggests that elevated CO2 and reduced water supply could improve the utilisation of 

excitation energy and the stability of photosynthetic systems. Furthermore, the appearance 
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of the negative ΔK-band under water-stress showed that plants fumigated with elevated 

CO2 + O3 compared to the control have either a more active oxygen evolving system or a 

smaller PSII antenna size (Tsimilli-Michael and Strasser, 2013). Both effects should be 

seen as beneficial for the photosynthetic apparatus (Tsimilli-Michael and Strasser, 2013). 

As shown by the performance index (PItotal), fumigation with elevated CO2 + O3 increased 

the photosynthetic efficiency of canola plants under both well-watered and water-stressed 

conditions. In wheat plants, the increase was significant only under water-stressed 

conditions. The increase in the PItotal was mostly caused by the probability that an electron 

from the intersystem electron carriers is transferred to reduce end electron acceptors at 

the PSI acceptor side. The combination of CO2 and O3 did not reveal any significant 

reductions in biomass for canola and wheat. This suggests that elevated CO2 can 

ameliorate the detrimental effects of elevated O3 and drought in canola and wheat plants. 

The increase in photosynthetic performance (as revealed by the chlorophyll fluorescence 

parameters) is associated with the increase in biomass production. The biomass 

enhancement was most likely caused by the increase in photosynthetic capacity of the 

plants.  

3.5 Conclusions 

In conclusion, elevated O3 led to a decrease in biomass production of canola and wheat 

plants. This reduction was probably caused by a decline in the photosynthetic capacity of 

the plants as revealed by the total performance index. The results of the current study 

ratify that elevated O3 could pose a threat in future on agricultural crops. The decline in the 

PItotal was mostly influenced by the efficiency with which an electron from the intersystem 

electron carriers is transferred to reduce end electron acceptors at the PSI acceptor side. 

The present study also suggests that the PSII was damaged and the photosynthetic 

process was compromised due elevated O3. Elevated CO2 reduces the drought effect both 

in the absence and presence of O3. This was also supported by above ground biomass 

results, which showed higher values under elevated CO2. Our findings suggest that 

elevated CO2 can reduce the negative effects of abiotic stress such as drought and O3 in 

canola and wheat plants. The measurement of Chl a fluorescence can be used to screen 

the effect of elevated CO2, and O3 in canola and wheat plants. Further studies should seek 

to investigate several local varieties of canola and wheat responses to elevated CO2, O3 

and drought and their interaction.  
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CHAPTER 4: THE USE OF OJIP FLUORESCENCE TRANSIENTS TO 

MONITOR THE EFFECT OF ELEVATED OZONE ON BIOMASS OF 

CANOLA  

4.1 Introduction 

Ozone (O3) in the stratosphere provides protection from lethal short-wave solar ultraviolet 

radiation, but in the troposphere is harmful to plants (Booker et al., 2009; Porter et al., 

2014). It is formed in the troposphere by reactions between oxides of nitrogen (NOx), 

carbon monoxide (CO), methane (CH4) and non-methane volatile organic compounds 

(NMVOCs) in the presence of sunlight. There has been a steady increase in the 

background O3 concentration due to anthropogenic emission of its precursors (Mills and 

Harmens, 2011; Porter et al., 2014). The precursors of O3 are emitted by vehicles, power 

plants, biomass burning and other sources of combustion (Avnery et al., 2011). Ozone 

enters the plants through the stomata, generating reactive oxygen species and causing 

oxidative stress, which results in reduced photosynthesis, plant growth and biomass 

accumulation (Ainsworth et al., 2012). The global relative yield losses due to O3 damage 

are estimated to range between 7% and 12% for wheat, 6% and 16% for soybean, 3% and 

4% for rice and 3% and 5% for maize (Van Dingenen et al., 2009). The damaging effect of 

O3 is strongly dependent on the dose of O3 absorbed by the plant and the duration of O3 

exposure, as well the timing of exposure (Fuhrer and Bungener, 1999; Black et al., 2000; 

Mills and Harmens, 2011). Plants' function can remain unaffected up to a certain threshold 

level, which is considered to be at 40 ppb when accumulated over the course of a growing 

season (Fuhrer et al., 1997). Sensitivity to O3 differs among species and even among 

cultivars of the same species (Mills and Harmens, 2011; Kalaji et al., 2014). The sensitivity 

to O3 has been reported for different crops and indices of crop sensitivity to O3 have been 

made based on the accumulated amount of O3 above the threshold value (AOT40) (Mills 

and Harmens, 2011). However, AOT40 and related exposure-response relationships are 

largely based on European studies and plant species (Laakso et al., 2013).  

___________________________  

The results presented in this chapter were published in Water, Air and Soil Pollution: 

MALIBA, B.G., INBARAJ, P.M AND BERNER, J.M. 2019. The use of OJIP fluorescence 

transients to monitor the effect of elevated ozone on biomass of canola plants. Water, Air 

and Soil Pollution, 230:75. DOI: 10.1007/s11270-019-4124-y. 
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In addition, a few studies exist on the effects of O3 on crop yield or quality outside of 

Europe and North America (Royal Society, 2008). In the case of southern Africa, Van 

Tienhoven et al., (2005) gave two possible reasons that either potential O3 effects are not 

recorded due to lack of knowledge to differentiate between O3 damage and effects from 

other abiotic stress; or local species may have adapted to the high O3 levels resulting from 

frequent wildfires. The adaption aspect was also discussed by Scholes and Scholes 

(1998). This highlights the need to establish experimental studies on the effects of 

elevated O3 levels on local crop species (or vegetation). In the present study, we 

contribute to bridge the current gap of knowledge by studying the effect of elevated O3 

levels on canola plants (Brassica napus L.) under local conditions. Canola is an O3-

sensitive crop (Booker et al., 2009) and we decided to conduct this study because in South 

Africa it grows in winter when O3 concentrations are elevated at a degree sufficient to 

reduce photosynthesis, plant growth and biomass accumulation. The seasonal trend of O3 

shows the highest O3 concentrations during spring and winter and the lowest during 

summer (Laakso et al., 2013). The maximum O3 concentrations are between 40–60 ppb 

and can reach more than 90 ppb during the spring period (Zunckel et al., 2004). In O3-

sensitive plants, photosynthesis is the most important physiological process affected by 

elevated O3 levels (Bussotti et al., 2007) and suppressed photosynthesis results in 

reduced growth rate, measured as volume or biomass (Felzer et al., 2007). Reductions in 

biomass accumulation have been reported for a wide range of crop and tree species due 

to exposure to elevated O3 (Morgan et al., 2006; Kleier et al., 1998; Feng et al., 2008; 

Wittig et al., 2009; Pollastrini et al., 2010). In a meta-analysis study of photosynthesis, 

growth and yield in soybean, Morgan et al. (2003) found that at a mild increase of O3 

reduced biomass and seed production corresponded to a decrease in leaf photosynthesis, 

while at higher O3 concentrations the reduction in production was associated with a 

decrease in both leaf photosynthesis and leaf area. This indicates that the primary target 

of O3 in plants is the photosynthetic machinery and its associated components (Cho et al., 

2011).  

 

To study the effect of elevated O3 levels (80 and 120 ppb) on canola concerning 

photosynthetic efficiency, the chlorophyll (Chl) a polyphasic fluorescence rise kinetics OJIP 

was used. The fluorescence rise kinetics is polyphasic, exhibited clearly, when plotted on 

logarithmic time scale, the steps J (at 2 ms) and I (30 ms) between the initial (F0) and the 

maximum (FP or FM) fluorescence level (hence is labelled as OJIP transient) (Tsimilli-
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Michael and Strasser 2013). The first part of the transient curve (O-J) expresses the 

photochemical events and represents a single event of a reduction of QA (Tsimilli-Michael 

and Strasser, 2008). The J-I-P region of the fluorescence transient reflects the velocity of 

ferredoxine reduction beyond the PSI. Analysis of the OJIP kinetics by the JIP-test 

provides a lot of information on the structure and function of the photosynthetic apparatus 

(Strasser et al., 2010; Digrado et al., 2017; Kalaji et al., 2018; Psidova et al., 2018). The 

parameters calculated by the JIP-test and the shape of the kinetics have been found to be 

very sensitive to stress caused by environmental conditions such as light intensity, 

temperature, drought, flooding, atmospheric CO2 or elevated O3 and chemical influences 

(see e.g., Tsimilli-Michael and Strasser, 2001; Strasser et al., 2004; Bussotti et al., 2011; 

Perboni et al., 2012; Kalaji et al., 2016). Recent reports have also shown a clear reduction 

in photosynthetic activity of plants as a result of toxic effects of different pollutants (Huang 

et al., 2018; Rastogi et al., 2019).  The objective of the study was to determine whether 

under a two times (80 ppb) and three times (120 ppb) higher O3 concentration than the 

limit (40 ppb) considered to be tolerated by agricultural crops, will have an effect on the 

photosynthetic performance and biomass of canola plants. 

 

4.2 Materials and methods 

4.2.1 Experimental site and plant material 

The experiment was carried out in open-top chambers (OTCs) located at the North-West 

University, Potchefstroom campus, South Africa (26°40′50′′S, 27°05′48′′E, 1348 m above 

sea level). The design and operation of the specific OTCs system employed in this study 

have been described at length by Heyneke et al. (2012). Seedlings were grown under a 

14-h/10-h day/night cycle with natural light conditions. The temperature and humidity 

inside the OTCs were monitored using an RHT03 humidity and temperature sensor with a 

single wire digital interface. It provides a voltage output that is linearly proportional to the 

Celsius temperature and relative humidity (RH). 

 

Canola (Brassica napus L.) cultivar Rainbow seeds were hand sown in 30 cm diameter 

pots. The pots were well watered manually before the inception of O3 fumigation to ensure 

that seeds germinate and grow healthy. To each pot six-month slow release fertiliser (25 

g) was added, containing 17 nitrogen: 11 phosphorus: 10 potassium: 2 magnesium oxide: 
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TE (Osmocote Pro, Netherlands). The growth medium used was a mixture of topsoil, 

river sand and vermiculite (2:1:1, v/v). The pots were equally distributed into six OTCs. 

The treatments were: control (carbon filtered air in OTCs, OTC 1 and 2); O3 (80 ppb, OTC 

3 and 4) and O3 (120 ppb, OTC 5 and 6).  

 

4.2.2 Ozone fumigation and water treatment  

Plants were fumigated with O3 concentrations (80 and 120 ppb) from 08:00 am to 17:00 

pm every day, starting 35 days after sowing for 30 days. Ozone levels were monitored at 

regular intervals by the O3 monitor (Model 205 Ozone Monitor, 2B Technologies, Inc., 

USA). The plants were irrigated through glass fibre wicks that were projected into water 

reservoirs, which were connected to a drip irrigation system that refill the water. The glass 

fibre wicks were cut at specific lengths (90 and 60 cm) and layered clockwise at different 

and evenly spaced depths within the pots to guarantee consistent wetting of the soil. The 

irrigation system was applied when the O3 fumigation was initiated. The plants were 

irrigated on alternate days from the start to the end of the experiment. Measurements were 

performed after 15 and 30 days of O3 fumigation on youngest fully expanded leaves, as 

well as in control plants. The plants were developing harvestable vegetative plant parts at 

the beginning of the O3 treatment while after 15 and 30 days of O3 fumigation were 

flowering and fruiting, respectively.      

 

4.2.3 Chlorophyll a fluorescence 

Chlorophyll a polyphasic fluorescence rise kinetics OJIP were measured with a Handy 

PEA fluorimeter (Hansatech Instruments Ltd, UK) on intact fully grown young (matured) 

leaves from plants exposed to fumigation for 15 (about 2 weeks) and 30 (about 4 weeks) 

days and from non-fumigated plants of the same age in the evening. Four plants in each 

chamber were selected for the readings and measurements were taken at 5 positions on 

each leaf, 3 leaves were assessed on each plant. The leaves were dark-adapted for 1 

hour before measurements, to ensure that the primary quinone electron acceptor of PSII 

(QA) is fully oxidised, i.e. all the photosynthetic reaction centres are open. The transients in 

leaves were induced by red light (peak at 650 nm) of 3000 μmol photons m−2s−1provided 

by an array of 3 light-emitting diodes and recorded for 1 s with 12 bit resolution. The data 

acquisition was at every 10 μs (from 10 μs to 0.3 ms), every 0.1 ms (from 0.3 to 3 ms), 
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every 1 ms (from 3 to 30 ms), every 10 ms (from 30 to 300 ms) and every 100 ms (from 

300 ms to 1 s). The first reliable data are considered to be at 10 μs. The OJIP kinetics 

were analysed by the JIP-test (Strasser et al. 2004; Tsimilli-Michael and Strasser 2013) 

with the PEA Plus ver. 1.10 Program (Hansatech Instruments Ltd, UK). The following 

original data were used by the JIP-test: the fluorescence intensity at 20 µs (considered as 

F0, O step), when all PS II reaction centres (RC) are open; the fluorescence intensities at 

50 and 300 µs (F300 and F50) for the calculation of initial slope (M0); the fluorescence 

intensity at 2 ms (J step); the fluorescence intensity at 30 ms (I step) and the maximal 

measured fluorescence intensity when all PS II RCs are closed (Fm, P step; ensured by 

the high actinic light intensity). The following JIP-test parameters derived from the OJIP 

transients, all referring to time zero (onset of fluorescence induction), were considered in 

this study: 

 

 The maximum quantum yield of primary photochemistry, φPo = TR0/ABS = [1 – 

(F0/FM)]. 

 The efficiency/probability that an electron moves further than QA
- into the electron 

transport chain, ψEo = ET0/TR0 = (1 – VJ). 

 The efficiency/probability with which an electron from the intersystem electron 

carriers is transferred to reduce end electron acceptors at the PSI acceptor side 

(RE), δRo = RE0/ET0 = (1 – VI)/(1 – VJ). 

 The density of reaction centres, RC/ABS = γRC /(1 − γRC) = φPo (VJ/M0). 

 The total performance index (PItotal) = [γRC /(1 − γRC)] . [φPo /(1− φPo)] . [ψEo /(1 − 

ψEo)]. [δRo /(1 − δRo)]. An index (potential) for energy conservation from excitons to 

the reduction of PSI end-electron acceptors.  

 

4.2.4 Stomatal conductance 

Stomatal conductance was measured on intact leaves with a porometer (Model AP4, 

Delta-T Devices, Cambridge, UK) after 15 and 30 days of O3 fumigation between 09:00 

am and 14:00 pm. Four plants in each chamber were selected for measurements of 

stomatal conductance.  
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4.2.5 Chlorophyll content index 

Chlorophyll Content Index (CCI) was measured on the same leaves where stomatal 

conductance was measured and at the same time, using chlorophyll content meter (Model 

CCM 300, Opti-sciences, USA). The obtained CCI values are only relative but experience 

in our laboratory (data not published) has shown that there is a good correlation between 

them and the actual extractable chlorophyll concentration of leaves). 

4.2.6 Biomass 

Plants exposed to 30 days of O3 fumigation and non-fumigated plants of the same age 

were harvested. The fresh plant material was oven-dried at 60°C for 72 hours and 

weighed. 

4.2.7 Statistical analysis 

The effect of elevated O3 on selected biophysical (JIP-test) and physiological parameters 

were determined by one-way Analysis of Variance (ANOVA) and significant differences (p 

< 0.05) between treatment means were determined by the Tukey’s Honest Significant 

Difference (HSD) post-hoc test using STATISTICA 13 (Stat Soft. Inc., Tulsa, OK, USA). In 

order to determine the correlation between O3 and selected parameters, the Spearman's 

rank-order correlation was applied. The correlations between variables with the same 

sample size were tested by Spearman's rank-order correlation for each treatment. Where 

the number of observations in the variables was not the same, the larger data set was 

collapsed to consist of means per treatment and a correlation was determined, weighted 

by the number of observations per treatment. 

To take into consideration the effect of time the values measured inside the two OTCs 

replication for each treatment were pooled together. This was permitted since the plants 

were grown in the same conditions inside the two OTCs replicates and due to the fact that 

there were three treatments.  

4.3 Results 

The averages of the raw fluorescence kinetics plotted on a logarithmic time scale from 20 

ms to 1 s are presented in Figure 4-1. The steps O (at 20 μs), J (at 2 ms), I (at 30 ms), and 

P (at ≈300 ms) are labelled (Figure 4-1). The fluorescence values are expressed as Ft/F0 

to enable their comparison. The average F0 intensity increases as the O3 level increases 
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(from 80 ppb to 120 ppb). The four transients exhibited the typical OJIP shape, with 

differences among them. The observed differences in the fluorescence transients are 

mainly located in the I-P region, which reflects the velocity and quantity of ferredoxin and 

NADP reduction via electron donation of PSI. This region is known to be particularly 

sensitive to O3 stress (Bussotti et al., 2011).  
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Figure 4-1: The average chlorophyll a fluorescence transients OJIP emitted by leaves of 

canola plants exposed to O3 fumigation (80 ppb and 120 ppb) for 15 days (A) and 30 days 

(B), along with the transients from non-fumigated plants of the same age (control). 

 

In order to evaluate the differences, the transients were analysed by the JIP-test, which 

leads to the calculation of several photosynthetic parameters. Based on them, the PItotal is 

calculated, which, being a cumulative parameter, is very sensitive to environmental stress 

(Tsimilli-Michael and Strasser, 2013). The PItotal of plants fumigated with 80 ppb of O3 

decreased significantly by about 10% both after 15 and 30 days, while fumigation with 120 

ppb of O3 caused a pronounce significant decrease, by approximately 60% after 15 days 

and about 85% after 30 days (Figure 4-2).  
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Figure 4-2: Average PItotal of canola plants exposed to O3 fumigation (80 ppb and 120 ppb) 

for 15 and 30 days and of non-fumigated plants of the same age. Bars show standard 

error. For the same day, different letters above the columns indicate statistically significant 

differences (p<0.05).   

 

The PItotal is an overall index that combines biophysical parameters evaluating the 

performance of sequential processes of the photosynthetic apparatus (see materials and 

methods). As shown in Figure 4-3, the effect 80 ppb O3 on these individual components 

was as follows: the density of reaction centres (RC/ABS) decreased by about 9% both 

after 15 and 30 days; the parameter (φPo /(1 - φPo), where φPo is the maximum quantum 

yield of primary photochemistry, decreased by about 7% both after 15 and 30 days; the 

parameter (ψEo /(1 - ψEo), where ψEo is the efficiency with which an electron moves into the 

electron transport chain further than QA
-, exhibited no significant changes after 15 days, 

while after 30 days of fumigation an increase by 22% was observed; the parameter (δRo /(1 

- δRo), where δRo is the efficiency with which an electron from the intersystem electron 

carriers is transferred to reduce end electron acceptors at the PSI acceptor side, showed 

no significant changes after 15 days of O3 fumigation but it declined by 19% after 30 days.  

 

The effect of 120 ppb O3 fumigation on the individual components of PItotal after 15 and 30 

days was as follows: the RC/ABS ratio decreased by 22% and 38%, respectively, (φPo /(1 - 
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φPo) by 11% and 22%, (ψEo /(1 - ψEo) by 17% and 19% and (δRo /(1 - δRo) by about 31% 

and 68% (Figure 4-3). 

 

 

Figure 4-3: Average values of the four components [A, RC/ABS; B, φPo /(1 - φPo); C, ψEo 

/(1- ψEo); D, δRo /(1 - δRo)] of the performance index (PItotal) of canola plants exposed to O3 

fumigation (80 ppb and 120 ppb) for 15 and 30 days and of non-fumigated plants of the 

same age. Bars show standard error. For the same day, different letters above the 

columns indicate statistically significant differences (p<0.05).  
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Stomatal conductance already after 15 days of fumigation decrease about 45% that 

reached about 55% after 30 days under 120 ppb O3 (Figure 4-4).  

 

 

Figure 4-4: Average values of stomatal conductance of canola plants exposed to O3 

fumigation (80 ppb and 120 ppb) for 15 and 30 days and of non-fumigated plants of the 

same age. Bars show standard error. For the same day, different letters above the 

columns indicate statistically significant differences (p<0.05).   

 

The treatment with 80 ppb of O3 reduced CCI values by 21% after 15 days and by 44% 

after 30 days of fumigation (Figure 4-5). The chlorophyll content index in the plants 

fumigated with 120 ppb O3 showed a decrease of about 50% already after 15 days and a 

further decrease (by 29%) after 30 days of fumigation. 
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Figure 4-5: Average values of chlorophyll content index (CCI) of canola plants exposed to 

O3 fumigation (80 ppb and 120 ppb) for 15 and 30 days and of non-fumigated plants of the 

same age. Bars show standard error. For the same day, different letters above the 

columns indicate statistically significant differences (p<0.05). 

 

Biomass was found to be affected by O3 fumigation (for 30 days), decreasing by 40% at 80 

ppb and by more than 70% under 120 ppb i.e. under a two times and three times, 

respectively higher O3 concentration than the limit (40 ppb) considered to be tolerated by 

crops (Figure 4-6).  
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Figure 4-6: Average values of above ground biomass of canola plants exposed to O3 

fumigation (80 ppb and 120 ppb) for 30 days and of non-fumigated plants of the same age. 

Bars show standard error. Different letters above the columns indicate statistically 

significant differences (p<0.05). 

 

The correlation results of selected JIP-test parameters (PItotal, RC/ABS, φPo, ψEo and δRo) 

and physiological parameters (stomatal conductance, CCI and above ground biomass) are 

shown in Table 4-1. The correlations between O3 stress and the parameters were 

negative, which indicates that as O3 concentration increases, the photosynthetic efficiency 

(expressed by PItotal), stomatal conductance, CCI and growth (in terms of biomass) 

declines in canola plants.  
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Table 4-1: Correlation of the JIP-test parameters (PItotal, RC/ABS, and δRo) and 

physiological parameters (chlorophyll content index (CCI), stomatal conductance 

(St.cond.) and biomass. Values marked in bold are significant at p<0.05. Biomass 

measurements were done only after 30 days with and without fumigation. 

Day of 

fumigation 
Variable O3 PItotal δRo RC/ABS CCI St. conduct. Biomass 

15 

O3 1.000000 -0.699590 -0.539363 -0.736468 -0.763178 -0.464745 

 

PItotal -0.699590 1.000000 0.739353 0.759479 0.966593 0.607387 

δRo -0.539363 0.739353 1.000000 0.563195 0.893876 0.432350 

RC/ABS -0.736468 0.759479 0.563195 1.000000 0.999963 0.785434 

CCI -0.763178 0.966593 0.893876 0.999963 1.000000 0.790715 

St. conduct. -0.464745 0.607387 0.432350 0.785434 0.790715 1.000000 

 

30 

O3 1.000000 -0.654087 -0.789169 -0.767113 -0.729996 -0.800743 -0.857403 

PItotal -0.654087 1.000000 0.697064 0.768071 0.500544 0.739040 0.902718 

δRo -0.789169 0.697064 1.000000 0.795644 0.614916 0.761552 0.916845 

RC/ABS -0.767113 0.768071 0.795644 1.000000 0.745814 0.802759 0.941249 

CCI -0.729996 0.849788 0.867246 0.898283 1.000000 0.983131 0.993905 

St. conduct. -0.800743 0.739040 0.761552 0.802759 0.983131 1.000000 0.956976 

Biomass -0.857403 0.902718 0.916845 0.941249 0.993905 0.956976 1.000000 

 

 

The radar plot of selected biophysical parameters (the JIP-test parameters: PItotal, 

RC/ABS, φPo, ψEo and δRo) and physiological parameters (stomatal conductance, CCI and 

above ground biomass) is shown in Figure 4-7. The values of each parameter were 

normalised on those of the corresponding control (non-fumigated), which is thus presented 

by the regular octagon. The presentation of the data in this way, not only offers an 

overview of all the findings, but facilitates (I) the visualisation of the contribution of the 

response to O3 fumigation of each biophysical parameter to the response of PItotal and (II) 

the comparison of these responses to the responses of the physiological parameters. 

Figure 4-7 shows that the biomass is well associated with the lowering of the JIP-test 

parameters. 
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Figure 4-7: Radar plot of selected JIP-test parameters derived from the chlorophyll a 

fluorescence transients (PItotal, RC/ABS, φPo, ψEo and δRo), chlorophyll content index (CCI), 

stomatal conductance (St.cond.) and biomass. Values were normalised on those of the 

corresponding control (non-fumigated), which is thus presented by the regular octagon. 

4.4 Discussion 

The PItotal is closely related to the final outcome of plant’s activity, such as growth or 

survival under stress conditions (see e.g., Yusuf et al., 2010; Strasser et al., 2007, 2010). 

Our study demonstrated clearly that PItotal is a very sensitive parameter also for monitoring 

the effect of elevated O3 levels (80 and 120 ppb) on canola plants. As Figure 4-7 

demonstrates, the observed decline of PItotal caused by the 80 ppb O3 treatment was 

mainly due to the decrease of the RC/ABS ratio (i.e. to an increase in the ABS/RC), which, 

taking into account that φPo = TR0/ABS remained practically unaffected, indicates an 

increase of the functional PSII antenna size (Strasser et al., 2004). This reveals that the 

functional antenna size was affected by elevated O3 levels. On the other hand, the notable 
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decrease of PItotal under 120 ppb O3 fumigation is shown to be due to a further decline of 

RC/ABS and to a pronounced lowering of the efficiency with which an electron can move 

from the reduced intersystem electron acceptors to the PSI end acceptors. This is in 

agreement with other studies that the multiple turn-over region of the fluorescence 

transient, as revealed by the related parameter δRo, is sensitive to stress caused by O3 

(Bussotti et al., 2011; Desotgiut et al., 2013). The decrease of I-P phase of OJIP transient 

(and related parameter) occurs as a consequence of limitation of electron transport 

between PSII and PSI acceptor side (Schansker et al., 2005). It was shown that I-P 

amplitude in the OJIP transient can be related to the relative size of the pools of final PS I 

electron acceptors rather than the content and activity of PSI (Zivcak et al., 2015). On the 

contrary, it has been shown that in both sensitive and resistant snap bean genotypes, 

PItotal was not decreased by O3 fumigation (80 ppb for 20 days) (Salvatori et al., 2013); the 

PItotal values were sustained by an increase of δRo, showing an increased capacity to 

reduce end acceptors beyond PSI, i.e. ferredoxine and nicotinamide adenine dinucleotide 

phosphate (NADP+) which, combined with a reduced Calvin cycle, suggests a possible 

involvement of alternative electron transport pathways, i.e. cyclic and/or pseudocyclic. The 

maintenance of a high photosynthetic performance may induce over-excitation of the 

photosynthetic apparatus, thus triggering the response that leads to visible foliar injury 

(Salvatori et al., 2013). These might be distinguished by monitoring the behaviour of F0. In 

the current study, the average F0 intensity increases as the O3 level increases. It should be 

noted that the JIP-test assumes that F0 is the fluorescence when all reaction centres are 

open. Thus, the increase in F0 could be attributed to three possible reasons, that (I) some 

reaction centres cannot open in the dark, (II) there is damage in PSII or (III) in the excited 

cross section more Chls participates. If it is scenario (III), it does not affect the calculation 

of the JIP-test, since the JIP-test parameters are intensive. On the other hand, if it is 

scenario (I) or (II) then the parameters have not the meaning attributed to them by the JIP-

test. We found that φPo undergoes slight changes. However, φPo = 1 - (F0/FM), this means 

that either the changes of F0 go mostly together with changes of FM (so it is rather the case 

of III) or that it undergoes very minor changes that can cause very minor errors on the JIP-

test parameters.  

The response of the photosynthetic apparatus depends also from the way in which O3 

stress is applied, i.e. chronic stress vs acute stress. For an example, Salvatori et al. (2015) 

reported that, instead, acute O3 fumigation (140 ppb for 3 days) induced a decrease in 

PItotal in the same snap bean genotypes. As observed in the present study, the difference 
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in the response to O3 can be explained by not only the phenological stage of the plants but 

also the way in which O3 stress was applied. It is therefore apparent that the extent of the 

decline of the JIP-test parameters in canola plants depended upon the duration of O3 

fumigation and the concentration of O3 applied. 

 

The probability that an electron moves further than QA
 (ψEo) was comparatively less 

affected by elevated O3 levels. Although a temporarily enhanced ψEo was observed under 

80 ppb O3 after 30 days, it did not reflect in the overall photosynthetic performance (PItotal). 

This increased efficiency is connected to the activating of repair processes but when it is 

connected to a reduced end acceptor capacity in combination with reduced Calvin cycle 

energy demand lead to over-excitation of the photosynthetic apparatus and initiates 

response towards visible foliar injury (Bussotti et al. 2011). The most commonly used 

fluorescence parameter is the maximum quantum yield of PSII photochemistry (φPo = 

FV/FM) (Strasser et al., 2007). The minor effect of O3 fumigation on the maximum quantum 

yield for primary photochemistry is in agreement with previous studies (Bussotti et al., 

2007; Calatayud et al., 2007; Desotgiu et al., 2010; Bussotti et al., 2011; Desotgiu et al., 

2012) showing the insensitivity of FV/FM towards O3. Similar findings have been also 

reported for the behaviour of FV/FM upon other treatments, for example, under dark chilling 

(Strauss et al. 2006) and drought (Oukarroum et al., 2007), while Desotgiut et al. (2013) 

detected higher differences in the maximum yield of primary photochemistry of PSII. Our 

results demonstrate that the performance index, PItotal, can much better than Fv/Fm reflect 

the effect of elevated O3 on photosynthetic function in canola plants. Based on these 

results, the more sensitive components of the photosynthetic electron transport chain were 

the probability that an electron from the intersystem electron carriers is transferred to 

reduce end electron acceptors at the PSI acceptor side and the RC density on a 

chlorophyll basis.  

 

Stomatal conductance was strongly affected by both treatments and similar decreases of 

stomatal conductance caused by O3 have been shown in wheat and maize crops (Bagard 

et al., 2015; Monga et al., 2015). Furthermore, O3 reduces the chlorophyll content, as 

revealed by the effect on the CCI values (Figure 4-5). These findings are in consistence 

with results obtained in wheat, maize, poplar and potatoes studies, which revealed that O3 

damages chlorophyll (Bindi et al. 2002; Bagard et al., 2015). The production of biomass 

was found to be significantly affected by elevated O3 levels. Similarly, Wang et al. (2008) 



 

88 

 

 

reported that O3 reduced biomass production in canola. It should be noted that, applying 

fumigation with 60 ppb of O3, Clausen et al. (2011) found that biomass in canola (and also 

in barley) was barely affected; a similar finding was attained by Frenck et al. (2011) in a 

study using four canola cultivars, while Morgan et al. (2003) reported a significant decline 

in biomass production of soybean even at O3 concentration lower than 60 ppb. The 

response to O3 found in the present study can be construed to the higher than 60 ppb 

concentrations applied and, also, to cultivar variations of canola plants (Ollerenshaw et al., 

1999). Similarly, Monga et al. (2015) observed that only two out of five wheat cultivars 

showed a significant decrease (by 19.7% and 25%) in above ground biomass when 

exposed to O3.  

 

The PItotal has been found to correlate well with other physiological parameters responses, 

for an example, with the height of plants (Tsimilli-Michael and Strasser, 2013). From the 

radar plot (Figure 4-7) and correlation results (Table 4-1), it can be deduced that the 

decline of biomass is correlated with the lowering of the JIP-test parameters, in agreement 

with previous reports correlating them with growth reduction (Clark et al., 2000; Pollastrini 

et al., 2010). However, it should be taken into consideration that the JIP-test parameters 

are intensive parameters, meaning that they do not depend on Chl density; hence they 

cannot be the only factors affecting biomass. Figure 4-7 indicates indeed that biomass 

lowering is also related to the lowering of CCI, which is an extensive parameter. Also, the 

correlations between O3 stress and the parameters were negative, and similar results on 

the effect of O3 was observed in Populus clone (ozone-sensitive) between ozone, growth 

and fluorescence parameters (Pollastrini et al., 2010). Reduction of stomatal conductance 

is commonly considered to be the cause of reduced photosynthesis or direct damages on 

guard cells (Fiscus et al., 2005; Monga et al., 2015) and we found here a positive 

correlation between stomatal conductance and PItotal (Table 4-1). The results may indicate 

that O3 fumigation caused severe effects to the photosynthetic process of canola plants 

under both ozone treatments (80 and 120 ppb) since stomatal conductance exhibited 

patterns similar to those of the PItotal. 

4.5 Conclusions 

In conclusion, elevated O3 levels (80 and 120 ppb) were found to affect the photosynthetic 

efficiency (quantified by PItotal), CCI and biomass of canola. It was clearly demonstrated 

that the detrimental effect of ozone on the growth and photosynthetic efficiency 
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parameters depended on the duration of O3 fumigation and on the concentration of ozone 

applied as well as the timing of exposure. The decline of PItotal under the 80 ppb O3 

treatment was due to a lower density of reaction centres (RC/ABS) (i.e. to an increase in 

the ABS/RC). This indicates that the functional antenna size was affected by increasing 

concentrations of O3. Whereas the notable decline under the 120 ppb treatment was due 

to a further decline of RC/ABS and to a more pronounced lowering of the efficiency with 

which an electron can move from the reduced intersystem electron carriers to the PSI end 

acceptors (δRo). The decrease of chlorophyll content (extensive parameter) and efficiency 

parameters (intensive parameters) may be denoted as indicators well associated with a 

decrease of biomass production. They thus suggest that two simple, non-invasive and 

rapid methods, namely the analysis of OJIP fluorescence transients and the measurement 

of CCI, can be used to screen the effect of elevated O3 on biomass production of canola 

plants. It is well known that plant responses to O3 differ among species and among 

cultivars of the same species. As a result, future work should investigate the effect of 

elevated O3 levels on different cultivars of canola.  
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CHAPTER 5: THE EFFECT OF ELEVATED OZONE AND DROUGHT ON 

THE PHOTOSYNTHETIC PERFORMANCE OF CANOLA  

5.1 Introduction 

In agriculture, crop growth, development and yields mainly depend on photosynthesis. 

Crop photosynthesis is limited by diverse environmental factors such as biotic and abiotic 

stresses (Munns et al., 2006; Chaves et al., 2009; Bilgin et al., 2010), hence leading to 

reduced crop yields. Ozone (O3) is a secondary air pollutant and one of the abiotic 

stresses affecting agricultural crop production as it is highly reactive and reacts with a 

range of compounds associated with the cell wall and membranes (Roshchina, 2003). 

Climate change studies indicate that the global background concentration of O3 has 

increased due to anthropogenic emission of its precursors (Porter et al., 2014). It has been 

demonstrated that sensitive plant species show yield reduction when exposed to O3 

concentrations above the threshold of 40 ppb (Christ et al. 2006). Ozone levels in southern 

Africa exceed air quality guidelines determined to protect agricultural crops (Van 

Tienhoven et al., 2006). Laakso et al. (2013) concluded that crops may have adapted to 

elevated O3 levels in this region. However, they indicated that limited experimental studies 

exist on this issue to confirm whether local species may be tolerant to the high levels of 

O3. Elevated O3 reduces photosynthetic efficiency and other physiological functions such 

as stomatal conductance and leaf area, which in turn negatively impact final yield (Gornall 

et al., 2010; Mills and Harmens, 2011; Porter et al., 2014). Therefore, O3 effects on 

agricultural crops may become a major issue of concern in the future. The potential effect 

of O3 on agriculture has received much attention in developed countries but this issue has 

received little attention in the developing countries. As a consequence, findings of the 

northern hemisphere countries have been extrapolated in southern Africa but given the 

differences in atmospheric and weather conditions these findings may not represent the 

local conditions.  

 

___________________________  

The results presented in this chapter were published in the Journal of Integrative 

Agriculture: MALIBA, B.G., INBARAJ, P.M. AND BERNER, J.M. 2018. The effect of ozone 

and drought on the photosynthetic performance of canola. Journal of Integrative 

Agriculture, 17(5):1137-1144. DOI: 10.1016/S2095-3119(17)61834-3. 
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It is important to understand in more detail the effects that O3 has on crops under local 

conditions as well as to evaluate ways by which the agricultural sector can adapt to 

improve food security. It has been found that the fast kinetics of OJIP exhibited by all 

oxygenic photosynthetic plants upon illumination that follows dark-adaptation is sensitive 

to stress caused by changes in different environmental conditions and can reflect the 

physiological status and response of plants under various stresses (Van Heerden et al., 

2003; Öz et al., 2014). The JIP-test is an analysis of OJIP that quantifies the in vivo vitality 

of photosystem II (PS II) and evaluates plant photosynthetic performance (Strasser et al., 

2007; Öz et al., 2014). The Chl a fluorescence transient and its analysis by the JIP-test 

was used here to evaluate the changes in growth and photosynthetic performance of 

canola. 

Canola is a relatively new crop in South Africa and one of the major oilseed crops in the 

world. The production of oilseed rape will increase owing to the production of biofuel. 

According to the results of Zhu et al. (2016), canola is sensitive to drought during all 

stages of growth. The individual and combined effects of O3 and drought exposure can be 

influenced by a number of other factors such as O3 flux and antioxidant capacity, 

sensitivity to O3 and drought, time of day and vegetative season (Bohler et al., 2015). In 

the present study, particular parameters of Chl a fluorescence were used to determine the 

sensitivity of canola to elevated O3 and drought and the combination of them on the 

photosynthetic performance. The objectives were to:  

  Expose canola plants performance to O3 (120 ppb) under well-watered (WW-O3) 

and water-stressed (WS-O3) conditions in open-top chambers (OTCs). 

  Quantify the biophysical and physiological responses to O3 in both cases. 

5.2 Materials and methods 

5.2.1 Plant material and growth conditions 

The experiment was conducted in OTCs located at the North-West University, 

Potchefstroom campus, South Africa (26°40´50´´S, 27°05´48´´E, 1348 m above sea level). 

The design and operation of the specific OTC system used has previously been reported 

(Heyneke et al. 2012). Seedlings were grown under a 14-h/10-h day/night cycle with 

natural light conditions. The temperature and humidity inside the OTCs were monitored 

using an RHT03 humidity and temperature sensor with a single wire digital interface. It 
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provides a voltage output that is linearly proportional to the celsius temperature and 

relative humidity (RH).  

The canola (Brassica napus L. cv. Rainbow) seeds were hand sown in 30-cm diameter 

pots and watered manually before the onset of O3 fumigation and water stress treatment to 

ensure that seeds germinate and grow healthy without any environmental stress. The 

growth medium used was a mixture of topsoil, river sand and vermiculite (2:1:1, v/v). A 

total of 25 g six-month slow release fertiliser, containing 17 nitrogen: 11 phosphorus: 10 

potassium: 2 magnesium oxide:TE (Osmocote® Pro, the Netherlands), was added to each 

pot. 

5.2.2 Ozone fumigation and water treatment  

Fumigation of plants was started after 5 weeks of sowing with 120 ppb of O3 from 8:00 to 

17:00 every day. Ozone levels inside the OTCs were continuously monitored at regular 

intervals by the O3 monitor (Model 205 Ozone Monitor, 2B Technologies Inc., USA) 

throughout the fumigation period. 

The plants inside each OTCs were subjected to two water regimes, WW and WS 

conditions by means of a unique irrigation system (Mills et al., 2005). The plants were 

receiving water via the glass fibre wicks that were projected into the water reservoirs. 

Wicks were cut at specific lengths (90 or 60 cm with a diameter of about 7 mm) and 

layered clockwise in a partial circle close to the perimeter of the pot. In the water-stressed 

treatment, one glass fiber wick (90 cm) was placed at the mid-level of each pot, whereas in 

the well-watered pots four wicks (two 90 cm and two 60 cm wicks) were placed at four 

levels within the pots to ensure sufficient supply of water from the reservoir to the growth 

medium. Pots were placed into reservoirs which were connected to a drip irrigation system 

that refill the water. The irrigation system was applied when the O3 fumigation was initiated 

on some plants (after 5 weeks of sowing), i.e., treatments of WW-O3 and WS-O3, while the 

potted plants without O3 fumigation were WW and WS treatments, respectively. The plants 

were irrigated on alternate days from the start to the end of the experiment. 

5.2.3 Chlorophyll a fluorescence  

The photosynthetic efficiency was investigated by means of Chl a fluorescence. The Chl a 

fluorescence transients were measured with a Handy PEA fluorimeter (Hansatech 

Instruments Ltd., UK) on dark-adapted leaves. The leaves were dark-adapted for 1 h 
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before measurements, to ensure that the primary quinone electron acceptor of PSII (QA) is 

fully oxidised, i.e., all the photosynthetic reaction centres are open. The transients in 

leaves were induced by red light (peak at 650 nm) of 3 000 μmol photons m−2 s−1 provided 

by an array of three light-emitting diodes, and recorded for 1 s with 12 bit resolution. The 

data acquisition was at every 10 μs (from 10 μs to 0.3 ms), every 0.1 ms (from 0.3 to 3 

ms), every 1 ms (from 3 to 30 ms), every 10 ms (from 30 to 300 ms) and every 100 ms 

(from 300 ms to 1 s) (Strasser et al., 2004; Tsimilli-Michael and Strasser, 2013). The first 

reliable data are considered to be at 10 μs. Chl a fluorescence was measured after 1, 2, 3 

and 4 weeks of O3 fumigation. Three plants in each chamber were selected for the 

readings in both well-watered and water-stressed treatments. Measurements were taken 

at five positions on each leaf, four leaves were assessed in each plant and 6 plants (three 

WW and three WS plants) were assessed in each chamber, giving 120 readings in each 

chamber (in total 120 readings × 4 chambers). The data were analysed by using the PEA 

Plus ver. 1.10 Program (Hansatech Instruments Ltd., UK). OJIP were analysed according 

to the JIP-test formulae (Strasser et al., 2004; Tsimilli-Michael and Strasser, 2013) (see 

Table 2-3 in Chapter 2). The shape of the OJIP transient and its analysis by the JIP-test 

are efficient biophysical tools in the biophysical phenotyping of the photosynthetic 

apparatus of a plant under any stress (Strasser et al., 2007). 

5.2.4 Stomatal conductance 

Stomatal conductance was measured every week after the onset of fumigation on intact 

leaves with a porometer (Model AP4, Delta-T Devices, Cambridge, UK) between 9:00 and 

14:00. 

5.2.5 Statistical analysis 

Data were analysed with Statistica 12 Software (Statsoft, Inc., US). Histograms and 

normal probability plot were used to test the normal distribution of the data. In data sets 

with parametric distribution, significant differences between treatment means were 

determined using the Tukey’s Honest significant differences (HSD) in one-way analysis of 

variance (ANOVA). In data sets with non-parametric distribution, significant differences 

between treatment means were determined with Kruskal-Wallis test and the Dunn’s test 

for post-hoc comparisons. 
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5.3 Results 

The average Chl a fluorescence transient for the four treatments (WW, WW-O3, WS, WS-

O3) were plotted on a logarithmic time scale (Figure 5-1A-D), expressed as Ft/F0 for clarity. 

We note that this normalisation was permitted since the differences of F0 values among 

treatments and over time were very minor and statistically not significant. In order to 

quantify and evaluate the differences between the transients, the JIP-test was applied for 

their analysis.  
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Figure 5-1: Average chlorophyll a fluorescence transient of dark-adapted canola leaves 

from non-fumigated and fumigated plants under well-watered (WW) and water-stressed 

(WS) conditions. A-D, week 1-4. The transients are plotted on a logarithmic time scale 

from 20 μs to 1 s and the steps O (at 20 μs), J (at 2 ms), I (at 30 ms), and P (at ≈300 ms) 

are labelled. 
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Figure 5-2: Performance indexes (A, PItotal; B, PIABS) and reaction centre (RC) density on a 

chlorophyll basis (RC/ABS) (C), the maximum quantum yield of primary photochemistry 

(φPo) (D), the efficiency (ψEo) with which a trapped exciton can move an electron into the 

electron transport chain further than QA
– (E), and the probability to reduce the end electron 

acceptors (δRo) (F) of non-fumigated and fumigated plants with O3 under well-watered 

(WW, WW-O3) and water-stressed (WS, WS-O3) conditions. Each bar represents the 

mean value, and vertical error bar is SE and denotes 0.95 confidence level. Capital letters 
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indicate significant differences (P<0.05) between treatments for the same week, whereas 

small letters indicate significant differences over time for each treatment (P<0.05). W1 - 4, 

week 1 - 4. 

 

Figure 5-2A-F shows the performance indexes PItotal and PIABS and the parameters used 

for their definition. i.e., the maximum quantum yield for primary photochemistry (φPo), the 

efficiency (ψEo) with which a trapped exciton can move an electron into the electron 

transport chain further than QA
–, the probability to reduce the end electron acceptors (δRo) 

and the reaction centre (RC) density on a chlorophyll basis (RC/ABS). 

Under WW, PItotal was found to decrease over time in non-fumigated plants (Figure 5-2A), 

which can be attributed to physiological and biochemical changes within the plant because 

of leaf ageing. The decline in WW and fumigated plants was more pronounced. The 

average values of PItotal for the whole course of the experiment were by about 27% lower 

in WW-O3 than in WW. In water-stressed plants without and with fumigation (WS and WS-

O3), PItotal increased from week 1 to 2 and then decreased until week 4 (Figure 5-2A). The 

difference between WS and WS-O3 of the average values of PItotal for the whole course 

(decrease of WS-O3 by about 3%) was statistically insignificant. These findings reveal that 

O3 affects well-watered but not water-stressed plants. Comparison of PItotal between WW 

and WS treatments revealed higher values in WW after week 1 and 3. There was no 

statistically significant difference between WW and WS in week 2 and 4; however, on 

average the PItotal was higher in WW treatment. The comparison between WW-O3 and 

WS-O3 showed higher PItotal values in WS-O3 per week, from week 2 to 4. In general, 

taking the average of all four weeks, WW had the highest PItotal and the lowest WW-O3 

(decrease by 27%), while in WS and WS-O3, it was lower than WW, 14 and 17% decrease 

respectively. Concerning the parameters constructing PItotal, the maximum quantum yield 

for primary photochemistry (φPo) (Figure 5-2D) and the efficiency (ψEo) (Figure 5-2E) were 

found to undergo only minor changes upon treatments and over time. Though the changes 

of ψEo are slightly bigger than those of φPo, they are both much smaller than the changes 

of PItotal. 

 

The δRo showed the widest changes (Figure 5-2F), followed by RC density on a chlorophyll 

basis (RC/ABS) (Figure 5-2C), particularly in the well-watered treatments. PIABS (Figure 5-

2B) is less sensitive than the PItotal since δRo is not contributing in its calculation. Ozone 

was found to increase the values of absorption (ABS)/RC over time under well-watered 
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conditions (Figure 5-3A). The changes of ABS/RC are the inverse of the changes of 

RC/ABS values. The ABS/RC exhibit changes closely followed by changes of trapping 

(TR0)/RC (Figure 5-3), as expected since φPo =TR0/ABS is almost insensitive. This 

indicates that ABS/RC stands for functional antenna size and not apparent antenna size 

(Strasser et al., 2004).  

 

Figure 5-3: Specific energy fluxes per reaction centre (RC) for non-fumigated and 

fumigated treatments under well-watered (WW, WW-O3) and water-stressed (WS, WS-O3) 

conditions: absorption flux (ABS/RC, A), trapping flux (TR0/RC, B), electron transport flux 

(ET0/RC, C), and electron flux for reducing end electron acceptors at PSI acceptor side 

(RE0/RC, D). Each bar represents the mean value, and vertical error bar is SE and 

denotes 0.95 confidence level. Capital letters indicate significant differences (P<0.05) 

between treatments for the same week, whereas small letters indicate significant 

differences over time for each treatment (P<0.05). W1-4, week 1-4. 

 

The drought stress affected stomatal conductance (WW vs. WS), which showed a decline 

in water stress plants by 44% than well-watered plants (Figure 5-4). In addition, the mean 
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values of well-watered and fumigated plants (WW-O3) were higher as compared to water-

stressed and fumigated plants (WS-O3) (28% difference) (Figure 5-4). 

 

 

Figure 5-4: Stomatal conductance of canola leaves from non-fumigated and fumigated 

plants under well-watered (WW, WW-O3) and water-stressed (WS, WS-O3) conditions. 

Each bar represents the mean value ± SE (average of all weeks). 

5.4 Discussion 

Chl a fluorescence transient data were analysed by the JIP-test to quantify the PS II 

behaviour of canola leaves. The effect of elevated O3 on PS II activity was quantified by 

the values for PItotal and PIABS. PItotal is a combination of the following parameters: φPo, ψEo, 

δRo and RC/ABS. PIABS combines three parameters: RC/ABS, φPo and ψEo. Comparing the 

sensitivity of the PIABS and PItotal to O3 and drought, we found that PIABS as a measure of 

plant performance is less sensitive than the PItotal, since the δRo (the probability to reduce 

an end electron acceptor) is not contributing to it. In a review, Bussotti et al. (2011) 

compared the two performance indexes (PIABS and PItotal) and showed that in most cases 

PItotal is affected by O3 treatment more than PIABS. Taking into consideration that the PItotal 

is a very sensitive parameter, our results revealed that PItotal in leaves changes over time. 

Since the photosynthetic process is affected by various environmental factors such as 

water stress and O3, it was expected that PItotal in the well-watered and non-fumigated 

plants will increase as the experiment continues over the weeks. However, it showed a 

downward trend over time in all treatments but in fumigated and well-watered plants the 
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decline was stronger. In Oxford clone experiment conducted in open-top chambers, 

Desotgiu et al. (2012) indicated that the PItotal in leaves changes over time according to the 

development stage and ageing process. The PItotal decreased over time due to ageing but 

O3 fumigation enhanced this downward trend under well-watered conditions. 

Higher differences between O3-treated and control plants in the maximum yield of primary 

photochemistry of PS II (φPo =TR0/ABS) at predawn (dark conditions) was observed by 

Desotgiu et al. (2013). In contrast, minor differences in the maximum yield of primary 

photochemistry of PS II were observed in our present study, showing that φPo is the less 

sensitive parameter to the effect of O3 and drought. Similar findings have been also 

reported under dark chilling, drought and O3 (Strauss et al., 2006; Oukarroum et al., 2007; 

Bussotti et al., 2011). In well-watered plants, the δRo decreased in fumigated plants, 

causing a significant reduction of PItotal. The reduction in density of PSI and the 

compromised ability of the end acceptors of electrons (ferredoxine, NADP+) and RuBP to 

manage effectively the flux of electrons may cause an imbalance between the electrons 

sent through the electron transport chain to recipients which are beyond the PSI (Bussotti 

et al., 2011). 

ABS/RC is a measure of the average absorption per active RC and concomitantly of the 

average amount of absorbing chlorophylls per active RC, i.e. of the apparent antenna size 

(Strasser et al., 2004). In addition, the changes of ABS/RC are the inverse of the changes 

of RC/ABS values. An increase of ABS/RC values means that a fraction of RCs is 

inactivated or the functional antenna has increased in size (Yusuf et al., 2010). However, 

we here found that ABS/RC increases whereas φPo undergoes slight changes and the 

TR0/RC closely follows the increase in ABS/RC. This indicates that the changes of 

ABS/RC are changes of functional antenna size, meaning that the functional antenna size 

was affected by O3 and drought. We note that the probability to reduce an end electron 

acceptor (δRo =RE0/ET0) as well the RC density on a chl basis (RC/ABS) is sensitive to O3 

even under water-stressed conditions, though much less than in well-watered.  

The more sensitive components of the photosynthetic electron transport chain appeared to 

have been the probability to reduce an end electron acceptor (δRo =RE0/ET0) as well the 

RC density on a chlorophyll basis (RC/ABS) under well-watered conditions, particularly in 

fumigated plants. The probability to move an electron beyond QA
– (ψEo =ET0/TR0) and the 

maximum quantum yield of primary photochemistry (φPo =TR0/ABS) were less affected. 
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Pollastrini et al. (2013) reported that drought had more effect than O3 stress in reducing 

growth and carbon allocation in plant organs and in driving acclimation processes. In the 

current study, the effect of O3 was slight under drought conditions and this is related with 

the results on stomatal conductance, which showed that it decreases in water-stressed 

plants compared to well-watered plants. 

5.5 Conclusions 

Based on the analysis of Chl a fluorescence in OTCs conditions, the effect of O3 was slight 

upon drought stress. Ozone caused an increase in the functional antenna size and a more 

pronounced decrease in the probability to reduce the end electron acceptors (δRo 

=RE0/ET0). Ozone and drought had a negligible effect on the maximum quantum yield of 

primary photochemistry (φPo=TR0/ABS) and only slight effect on the probability of an 

electron to move beyond QA – (ψEo =ET0/TR0). This study also supports the significance of 

the multiple turn-over region of the fluorescence transient (as revealed by the related 

parameter δRo =RE0/ ET0) in the response of plants to O3 and drought stress. It can be 

concluded that O3 and drought stress altered the fluorescence induction and impaired 

photosynthetic systems in canola plants. The JIP-test is a good indicator to detect 

fluorescence induction and photosynthetic activity of the PS II RC complex of O3-treated 

canola plants. Considering the importance of this crop, the current findings do suggest that 

elevated O3 levels will have an effect on the production of oilseeds which will, in turn, 

impact the local economy. It is important to acknowledge that this effect could be cultivar 

dependent and as a result it will be vital to gain a greater understanding of the canola 

cultivars responses to O3 in order to better predict crops response to changing 

atmospheric environment. 
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CHAPTER 6 CONCLUSIONS AND RECOMMENDATIONS 

6.1 Summary of main findings  

The present study investigated the effect of elevated CO2, O3 and the combination of the 

two gases on canola and wheat concerning the photosynthetic apparatus in OTCs under 

water-stressed and well-watered conditions. The Chl a fluorescence transient and its 

analysis by the JIP-test was used to evaluate the changes in photosynthetic responses of 

canola and wheat plants. In addition, stomatal conductance, chlorophyll content index and 

biomass measurements were taken. The most important findings of this study were as 

follows. 

6.1.1 Elevated CO2 effects 

Elevated CO2 resulted in a decline of the photosynthetic performance (as revealed by the 

PItotal) under well-watered conditions in crop species, canola and wheat. The PItotal is an 

overall index that combines biophysical parameters evaluating the performance of 

sequential process of the photosynthetic apparatus. The observed decline in 

photosynthetic efficiency was attributed to applying fumigation with elevated CO2 for more 

than four weeks. Longer exposure of plants to elevated CO2 reduces the initial stimulation 

of photosynthesis and as a result suppresses photosynthesis, which reduces growth 

responses. The water-stressed plants were not affected significantly by fumigation with 

elevated CO2 but on average, the PItotal and biomass values were higher than the control. 

These results do suggest that elevated CO2 concentrations may counteract the negative 

effect of drought in relation to photosynthetic efficiency and biomass production of canola 

and wheat plants. This indicates that crop plants grown in limited water availability will 

benefit more than well-watered plants from elevated CO2. It is therefore concluded that 

elevated CO2 in the future can stimulate plant growth and be beneficial to reduce the 

negative effects of drought stresses.  

6.1.2 Elevated O3 effects 

Elevated O3 fumigation caused a reduction of PItotal in canola and wheat plants. The 

decline in PItotal was due to a lower density of reaction centres (RC/ABS) and to a 

pronounced lowering of the efficiency with which an electron can move from the reduced 

intersystem electron acceptors to the PSI end acceptors (δRo). Ozone and drought had a 
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negligible effect on the maximum quantum yield of primary photochemistry (φPo) and only 

slight effect on the probability of an electron to move beyond QA
– (ψEo). This study also 

supports the significance of the multiple turn-over region of the fluorescence transient (as 

revealed by the related parameter δRo) in the response of plants to O3 and drought stress. 

It was also found that the ABS/RC increases whereas φPo undergoes slight changes and 

the TR0/RC closely follows the increase in ABS/RC. This indicates that the changes of 

ABS/RC are changes of functional antenna size, meaning that the functional antenna size 

was affected by O3 and drought. Based on the analysis of Chl fluorescence in OTCs 

conditions, the effect of O3 was minor upon drought stress. Elevated O3 caused a 

reduction of stomatal conductance and chlorophyll content index. These findings indicate 

that the decrease in chlorophyll content index and photosynthetic efficiency parameters 

may be denoted as indicators well associated with a decrease of biomass production. In 

general, the results indicate that in future O3 would be a threat for canola and wheat 

production. However, the differential response among genotypes might assist in finding 

suitable cultivars for the southern African region, which already experience high ozone 

levels particularly in the winter and spring seasons when these crops are planted. The 

study thus suggests that two simple, non-invasive and rapid methods, namely the analysis 

of OJIP fluorescence transients and the measurement of chlorophyll content index, can be 

used to screen the effect of elevated O3 on canola and wheat plants.  

6.1.3 Elevated CO2 in combination with O3 

The energetic connectivity among PSII units improved under the combination of elevated 

CO2 and O3 treatment under water-stressed conditions. This was demonstrated by the 

appearance of the negative ∆L-band which indicates higher energetic connectivity. The 

appearance of the negative ∆K-band under water-stressed showed that plants fumigated 

with elevated CO2 in combination with O3 compared to the control have either a more 

active oxygen evolving system or a smaller PSII antenna size. Plants fumigated with 

elevated CO2 in combination with O3 increased PItotal for both crops under water-stressed 

conditions. The increase in the PItotal was caused by the probability that an electron from 

the intersystem electron carriers is transferred to reduce end electron acceptors at the PSI 

acceptor side. The combination of CO2 and O3 did not reveal any significant reductions in 

biomass for canola and wheat plants. Elevated CO2 reduced the water stress effect both in 

the absence and presence of O3 for both crops. This suggests that elevated CO2 can 

ameliorate the detrimental effects of elevated O3 and drought in canola and wheat plants. 
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6.2 Implications of the findings in an agricultural context 

It is expected that elevated CO2 will increase plant growth and yield of many C3 crops but 

the extent of these potential benefit from CO2 will be affected by other factors of 

environmental changes such as water deficit and O3. The projected increase in CO2 levels 

could be beneficial in agriculture to reduce the negative effect of drought stress. However, 

it should be noted that elevated CO2 and other climate change factors may also impact 

indirectly on crops through effects on pests and disease (Gornall et al., 2010). Current 

levels of O3 are reducing plant growth and development which results in crop yield losses 

worldwide (Mills and Harmens, 2011). Ozone potentially threatens food production not only 

in currently cultivated lands but also in suitable lands that may be needed for agriculture in 

the future (Teixeira et al., 2011). Considering the present findings and projected increases 

in emissions of O3 precursors, further yield losses are expected in the future. Furthermore, 

the current contribution is that elevated CO2 influence the effect of O3 on growth and the 

health of plants. For that reason, the effect of O3 may be reduced in the future provided 

that the current O3 levels do not rise significantly. The magnitude of this interaction can 

differ depending on the species and concentrations of these gases. The information and 

techniques applied in this study can be used to determine the responses of different plant 

species to abiotic stresses under controlled and field conditions. This will assist us in 

determining cultivars that are resistant to abiotic stresses and for genetic improvement for 

adaptation to climate change. 

6.3 Recommendations and future research  

This study was conducted in OTCs, and although the conditions are quite similar to the 

surrounding environment, extrapolation of these results to field conditions should be done 

with care, taking into consideration the complexity and interaction of environmental 

stresses. Nevertheless, the current findings give a good idea of the types of multiple 

environmental stress interactions that can occur under future changes in atmospheric 

conditions. Air quality standards for the protection of agriculture crops (or vegetation) on 

the effect of O3 have not been established in South Africa. Elevated O3 affect the 

photosynthetic process by affecting photosynthetic pigments, chl a fluorescence kinetics 

and electron transport as well as carbon fixation. Application of the JIP-test which is a 

simple, non-invasive and rapid method can be successfully use to screen the effect of O3 

on crops, which will aid in determining the thresholds levels in this region. It can also be 
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used in the selection of cultivars suitable for adaptation to climate change in South Africa. 

Further studies should seek to repeat this experiment on other locally cultivated important 

crops and different cultivars. These studies should also be carried out under field 

conditions. This will give a better insight into how these crops will respond to the future 

atmospheric environment and help to model projections on the response of crop yields to 

CO2 fertilisation and O3 pollution. Plant species and cultivars display a wide range of 

sensitivity to O3 stress, which is usually determined in terms of biochemical, physiological, 

growth and yield responses. As a result, understanding cultivar sensitivity to O3 stress 

would be important in the development of potential O3 biomonitoring species and tolerant 

species for cultivation. It is necessary to incorporate O3 tolerance in crop plants in order to 

ensure food security for the future. Elevated CO2 levels have been reported to decrease 

protein and mineral concentrations in plants (Mcgrath and Lobell, 2013). Understanding 

the mechanisms of reductions of protein and mineral concentrations will be important in 

improving nutrient content under changing atmospheric environment.  
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