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Abstract 

The impact of different industrial related abiotic stresses on maize photosynthesis: 

A Thesis submitted to the North-West University (Potchefstroom campus) for the degree of 

Philosophiae Doctor - November 2015 

During the past few decades, a sharp rise in industrial activity in the mineral rich Highveld region of 

South Africa has been seen. Together with this increase in industrial activity, an accompanying 

increase in urbanization is also evident. As a result of increased industrial activity and urbanization, a 

large increase in environmental pollution followed, which resulted in the area being declared a 

priority area. In this study, three distinct types of industrial related pollution sources (ionic metal 

species, ozone and nano-fine particle matter) were investigated in terms of their impact on maize 

photosynthesis. Maize was chosen because most of the maize in South Africa is produced in the 

heavily industrialized Highveld area. The efficiency of the partial processes of photosynthesis is often 

used as abiotic stress indicators. 

The influence of different concentrations of Cu, Fe, Mn and Zn on PSII and PSI electron transport 

was investigated for a South African maize cultivar (IMP 52-11). The non-invasive (in vivo) 

techniques of chlorophyll a fluorescence induction (JIP-test) and modulated reflection at 820 nm 

(MR8200m) were measured simultaneously to follow the PSII and PSI activity, respectively. We could 

demonstrate that both deficient and excess heavy metals concentrations resulted in significant 

decreases (p:S0.05) in PSII and PSI activity, which has never been presented before in so much detail. 

Metal deficiency induced down-regulation was attributed to a lowering in metal specific electron 

carriers containing these metals as co-factors, resulting in lower PSII and PSI activity. 

The photosynthetic sensitivity of two popular South African maize cultivars (IMP 52-11 and PAN 

6411) to chronic 0 3 exposure was also investigated. Two different cultivars were used in order to 

determine whether or not these cultivars have similar sensitivities to 0 3 induced stress. The effect of 

0 3 on both photosynthetic electron transport and photosynthetic gas exchange was monitoried (in 

parallel) by means of chlorophyll a fluorescence, MR82onm reflection and infrared gas analysis, in both 

cultivars. Although a concentration dependent inhibitory effect was found in both cultivars, the data 

suggested that PAN 6411 was less sensitive to the chronic 0 3 exposure than IMP 52-11, showing 

lower stomatal, mesophyll and electron transport limitation. Furthermore, a simple and novel 

decoupling model was proposed for the first time, with which a new parameter, e, could be obtained. 

The % decoupling (e) is indicative of the amount of decoupling (electron losses) between PSI and 

COrassimilation. 
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Furthermore, chlorophyll a fluorescence, MR8201101 reflection, photosynthetic gas exchange and 

antioxidant capacity studies were also used to evaluate the influence of increasing concentrations of 

nano-Ti02 and nano-Si02 foliar sprays, with regard to the photosynthetic efficiency of the IMP 52-11 

maize cultivar. Both particles caused significant (p:S0.05) reductions in both the photochemical 

(electron transport) and biochemical (Calvin Benson Cycle) phases of photosynthesis. The negative 

effect of Ti02 was ascribed to its photocatalytic activity, which induced increased ROS formation. 

Given that Si02 is rather inert, the decrease in photosynthetic efficiency at high Si02 concentration 

was attributed to the increased stomata! closure. This increased stomata! limitation caused a decrease 

in the electron demand for COrassirnilation and subsequent electron buildup. The decoupling model 

was used to determine e under increasing stress conditions. The increase in ROS formation and the 

consequent increase in antioxidant activity, which coincided with an increase in e, suggested that the 

electrons lost between PSI and COr assimilation were being lost to alternative electron acceptors such 

as 0 2. 

Key words: Maize, abiotic stress, heavy metals, ozone, nanoparticles, photosynthesis, chlorophyll a 

fluorescence, photosynthetic gas exchange. 
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Opsomming 

Die impak van verskillende industriele verwante abiotiese stresfaktore op mielies fotosintese: 

'n Proefskrif voorgele aan die Noordwes-Universiteit (Potchefstroom -kampus) vir die graad 

Doctor Philosophiae - Februarie 2015 

Gedurende die afgelope paar dekades, het 'n skerp styging in die industriele aktiwiteit in die mineraal 

ryke Hoeveld-streek van Suid-Afrika plaasgevind. Saam met hierdie verhoging in die industriele 

aktiwiteit het 'n gepaardgaande toename in verstedeliking ook plaasgevind. Die verhoogde industriele 

aktiwiteit en verstedeliking het 'n groot toename in omgewingsbesoedeling teweeg gebring, wat 

daartoe gelei het dat die gebied tot 'n prioriteitsgebied verklaar is. In hierdie studie is drie afsonderlike 

tipes industriele verwante besoedelingsbronne (ioniese metaal spesies, osoon en nano-fyn deeltjies 

materie) ondersoek in terme van die impak daarvan op mielie-fotosintese. Mielies is gekies omdat die 

meeste van die mielies in Suid-Afrika geproduseer word in die swaar gei"ndustrialiseerde Hoeveld

streek. Die doeltreffendheid van die gedeeltelike prosesse van fotosintese word dikwels gebruik as 

abiotiese stresaanwysers. 

Die invloed van verskillende konsentrasies van Cu, Fe, Mn en Zn op PSil en PSI elektronoordrag van 

'n Suid-Afrikaanse mieliekultivar (IMP 52-11) is ondersoek. Die nie-indringende (in vivo) tegnieke 

van chlorofil a fluoressensie-induksie (JIP-toets) en gemoduleerde 820 nm refleksie (MR8200m) is 

gelyktydig gemeet om PSII en PSI aktiwiteit onderskeidelik te bepaal. Beide tekort en oormaat 

konsentrasie toestande van swaarmetale bet gelei tot beduidende dalings in PSil en PSI aktiwiteit. 

Metaaltekort-gelnduseerde afregulering is toegeskryf aan 'n verlaging in metaalspesifieke 

elektrondraers wat gelei het tot 'n verlaging in PSI en PSII aktiwiteit. 

Die fotosintetiese sensitiwiteit van twee Suid-Afrikaanse mieliekultivars (IMP 52-11 en PAN 6411) 

t.o.v. chroniese 0 3 blootstelling is ook ondersoek. Die effek van 0 3 op fotosintetiese elektronoordrag 

en fotosintetiese gaswisseling is gemeet met behulp van chlorofil a fluoressensie, MRszonm refleksie en 

fotosintetiese gaswisseling. Alhoewel 'n konsentrasie afuanklike inhiberende effek in beide kultivars 

bevind is, het die data daarop gewys dat PAN 6411 minder sensitief vir die chroniese 0 3 blootstelling 

as IMP 52-11 was. Hierdie verskynsel is toegskryf aan 'n geringer mate van huidmondjie-, mesofil

en elektronoordragbeperking. 'n Nuwe eenvoudige fotosintetiese ontkoppelingsmodel is voorgestel, 

waardeur 'n nuwe parameter, e, verkry kon word . Die % ontkoppeling (e) is 'n aanduiding van die 

heoveelheid ontkoppeling (elektron verliese) tussen PSI en COrassimilering. 

Chlorofil a fluoressensie , MR82011111 refleksie, fotosintetiese gaswisseling en anti-oksidant 

kapasiteitsstudies is ook gebruik om die invloed van toenemende konsentrasies nano-Ti02 en nano

Si02 blaarbespuitings op die fotosintese van die IMP 52-11 mieliekultivar te evalueer. Beide deeltjies 
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het 'n verlaging in die fotosintetiese doeltreffendheid veroorsaak. Die negatiewe effek van Ti02 is 

toegeskryf aan die fotokatalitiese aktiwiteit wat verhoogde huidmondjie-opening en 'n toename in 

ROS-vorrning veroorsaak het, a.g.v. Ti02 se vermoe om as elektronskenker op te tree. Gegewe dat 

Si02 inert is, is die afname in die fotosintetiese doeltreffendheid by hoe Si02 konsentrasies toegeskryf 

aan verhoogde huidmondjiesluiting wat 'n afname in elektron aanvraag deur COr assirnilering 

veroorsaak. Die ontkoppejjngsmodel was weereens gebruik om c te bepaal onder toenemende nano

deeltjie konsentrasies. Die toename in ROS vanning en antioksidant aktiwiteit, tesame met 'n toename 

in c, het daarop gewys dat die elektrone wat verlore raak tussen PSI en COr assirnilering, aan 

alternatiewe elektronontvangers soos 0 2 geskenk is. 

Sleutel woorde : Mielies, abiotiese stres, swaar metale, osoon, nanopartikels , fotosintese , chlorofil a 

fluoressensie, fotosintetiese gaswisseling. 
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Chapter 1: General introduction 

1. General introduction to environmental pollution 

Pollution is the introduction of contaminants into the natural environment that causes adverse 

changes. Pollution can take the form of chemical substances or energy, such as noise, heat or 

light. Pollutants, the components of pollution, can be either foreign substances (anthropogenic) or 

naturally occurring contaminants. Although pollution had been known to exist for a very long time (at 

least since people started using fire thousands of years ago), it had seen the growth of truly global 

proportions only since the onset of the industrial revolution during the 19th century. 1
•
2 The industrial 

revolution brought with it technological progress such as discovery of oil and its virtually universal 

use throughout different industries. At the same time, of course, development of natural sciences Jed 

to the better understanding of negative effects produced by pollution on the environment. 

Environmental pollution is a problem both in developed and developing countries. Factors such as 

industrialization, population growth and urbanization invariably place greater demands on the planet 

and stretch the use of natural resources to the maximum.1
•
2 Chemical substance pollution can 

principally be subcategorized according to the three main states of matter: i) liquid (ionic pollution 

such as heavy metal ions), ii) gaseous (air pollution such as ozone) and solid state matter (such as very 

fine metal oxide nano-particulates). All of these types of matter have been shown to have a very high 

prevelance in heavily industrialized/urbanized areas due to anthropogenic activities. 

1.1 Enviromental stress 

Any living organism is subjected to a set of environmental conditions throughout its lifespan. These 

conditions may be favourable for development, but in reality, these conditions are very rarely optimal. 

All living organisms will be subjected to sub-optimal environmental conditions at one or more 

occasions in their lifetime. Sub-optimal conditions can be caused by a single or a series of stress 

factors. To understand the reactions of a particular organism in a certain situation, individual external 

influences, or so-called stress factors, are usually considered separately, if at all possible. In plants, 

these stress factors have principally been divided into two sub-categories, i) biotic stress- and ii) 

abiotic stress factors .29 

Biotic stress resulting from interactions with other organisms, are, for example, infection or 

mechanical damage by herbivory or trampling, as well as effects of symbiosis or parasitism. Abiotic 

stress factors include temperature, humidity, light intensity, the supply of water and minerals, and 

C02.
30 These are the parameters and resources that determine the growth of a plant. Stress effects and 

responses caused by it can be used as a measure of the strength of the stress on a scale of intensity, 

ranging from deficiency to excessive supply. 
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Many other abiotic stresses have been identified over the years and all have been found to limit 

'normal' physiological function. Figure 1.1 is a schematic listing of the most common biotic- and 

abiotic stress factors that limit plant growth.2 Abiotic and biotic stresses cause alterations in the 

normal physiological processes of all plant organisms, including the economically important crops. 

Plant damage and decrease in their productivity most often take place due to naturally occurring 

unfavourable factors of the environment (natural stress factors) - extreme temperatures, water deficit 

or abundance; increased soil salinity, high solar irradiance, early autumn or late spring ground frosts; 

pathogens etc. Recently, along with these factors plant organisms are subjected to a large scale of new 

stressors related to human activity (anthropogenic related stress factors) - toxic environmental 

pollutants such as pesticides, noxious gasses (S02, NO,, 0 3 and photochemical smog), photo

oxidants, soil acidification and mineral deficit due to acid rains, overdoses of fertilizers and heavy 

metals (Fig. 1.1 ). 

All these stresses decrease the biosynthetic capacity of plant organisms, alter their normal functions 

and cause damages which may lead to plant death. 1
-
3 
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Figure 1.1: Schematic summary of most common stress conditions reported for plants .30 

As a result of these numerous stress conditions, plants have developed certain adaptations in an 

attempt to minimize the limiting effect of these stresses. Under stress, a cascade of reactions take 

place, ranging from the activation of genes, up-regulation in the production of signalling and stress 

quenching compounds as well as stress avoidance mechanisms. In a typical situation, after a stress is 

sensed by the plant, genes are activated to produce signalling hormones (primary signalling 

messenger) such as abscisic acid (ABA), which elicit certain responses. 31 Inhibition of electron 
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transport can-iers and COrassimilation is often the consequence of stress conditions. The danger 

exists that the amount of electrons produced by the light flux exceeds the capacity of the 

photosynthetic apparatus (under a certain set of conditions) for photochemical energy conservation, in 

which case dissipative pathways become essential for avoiding photoinactivation.33
'
42 The reaction 

center of photosystem II is a highly effective light-driven electron pump. The electrons it takes from 

water must be transported to and consumed by external acceptors to avoid damaging reduction of 

electron carriers. During photorespiration, oxygen can serve as an effective electron sink in addition 

to carbon assimilation, because coupled electron flow to oxygen is linked to photorespiratory ATP 

consumption, which leads to the formation of reactive oxygen species (ROS). Reactive oxygen 

species have been shown to act as secondary signalling messengers (Figure 1.1 ).3 Reactive oxygen 

species are species of oxygen which are in a more reactive state than molecular oxygen, resulting 

from excitation or incomplete reduction of molecular oxygen. Generally, ROS consist of free radical 

(0 2• -, RO', Ho2· , OH') and non-radical forms (H20 2, 
10 2) . For plants, ROS have certain advantages 

and disadvantages which appear to be concentration dependent.3' On the one hand; they are highly 

reactive, toxic and harmful by-products of normal cellular metabolism, causing oxidative damage to 

proteins, lipids, carbohydrates and DNA, which ultimately results in cell death in plants. On the other 

hand, it has also been proved that ROS can affect gene expression and signal transduction pathways, 

which mean that cells may use ROS as biological stimuli and signals to activate and regulate va1;ous 

genetic stress-response processes.33 One such genetic response is an increase in the production and 

activity of cellular detoxifying entities of which there are numerous. These detoxifying entities are 

often sub-categorized into enzymatic- and non-enzymatic detoxifying systems. Enzymatic detoxifiers 

include the following enzymes: superoxide dismutase (SOD), catalase (CAT), ascorbate peroxidase 

(APX), glutathione reductase (GR), mono-dehydroascorbate reductase (MDHAR), dehydro-ascorbate 

reductase (DHAR), glutathione peroxidase (GPX), peroxidase (POD) and glutathione-S-transferase 

(GST). Non-enzymatic compounds such as ascorbic acid (ASH), praline, glutathione (GSH), phenolic 

compounds and several amino acids which also play a vital role in protecting plants from oxidative 

damage.32 

As mentioned earlier, the production of ROS is part of the normal metabolic processes and the natural 

detoxifying systems of the plant keep the damage caused by ROS in check, but once under stress, the 

rate of ROS production can increase dramatically. When this happens, these detoxifying systems can 

become overwhelmed and can no longer effectively protect the cellular systems, resulting in oxidative 

damage to membrane structures, proteins, lipids, carbohydrates and DNA.34 This causes down

regulation of the plants' metabolic processes, which ultimately leads to reduced vegetative growth, 

yield and finally death. 
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1.2 Maize in South Africa 

In developing countries, such as South Africa, food security is a very real problem. Agriculture and 

more specifically, field-crop production stands central as a means to supply food security and self

sustenance for South Africa. Maize is the most important grain crop in South Africa, being both the 

major feed grain and the staple food of the majority of the South African population. About 48% of 

maize produced in South Africa is white and the remaining 52% is yellow maize (2013). White maize 

is primarily used for human consumption, while yellow maize is mostly used for animal feed 

production. Approximately 700 000 tons of maize was produced during the 2013 growing season. The 

value of maize production was on average around 50 billion rand from the 20 I 0-2013 period. 1 

Because of the large climate variations in South Africa over the various regions and provinces, only 

parts of South Africa is conducive to maize production. 1 Fihure 1.2 shows the major and minor maize 

growing regions in South Africa. 

WCape 
0 

Figure 1.2: The % contribution by provinces to maize production during the 2012/13 production 

season. 1 

Large parts of these maize growing areas are usually subjected to large variations in rainfall and water 

availability, with drought (< 300 mm per annum) conditions often placing a strain on the production 

capacity. It therefore becomes imperative to monitor other stress conditions that can have a negative 

effect on crop and especially maize production. Figure 1.3 is a map showing the major maize 

producing areas in South Africa. In 2013, it was established by an independent survey, that PAN 641 1 

and IMP 52-11 were the most popular maize cultivars grown, with combined seed sales of almost 

60% of the total amount sold in 2012. 10 
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Figure 1.3: A map of the major maize producing areas in South Africa. 1 

1.3 Industrial related stress in a South African context 

1.3.1 Industrial operations impacting maize production 

South Africa is very rich in minerals, with a very diverse mineralogical distribution. Excavation of the 

rich mineral resources has led to a large increase in industrialization in South Africa over the last few 

decades. Industrial activities such as mining, energy production and other value adding manufacturing 

practices, combined with the increased development of human settlements, have placed increasing 

strain on the environment and agricultural land previously only used for crop- and horticulture 

production.2 Most, if not all anthropogenic activities, result in the release of large amounts of waste 

and by-products into the environment. These industrial sectors have a very big impact on the soil, 

water and air qualities in the areas surrounding these industries, which place increasing strain on 

natural and agricultural vegetation. 
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1.3.1.1 Metal effluent as a source of pollution 

1.3.1.1.1 Metal pollution sources in South Africa 

In South Africa, metal pollution has been reported to originate from many sources. Table 1 .1 shows 

some metal types and their pollution sources that have been reported previously. 

Table 1.1: Metals types and sources of metal pollution in South Africa.2
•
10

•
11 

Metal 

Cadmium 

Source 
Laundrettes, electroplating workshops, plastic manufacturing, pigments, 

enamels, paints 

Chromium Alloys, preservatives, dying and tanning activities, metal coatings 

Copper Electronics, plating, electrical wires, paper, textiles, rubber, printing, plastic 

Iron Galvanising, electroplating, polishing 

Lead Fuel additive, batteries, pigments, roofing, fishing weights 

Zinc Domestic wastes, galvanizing, batteries, paints, fungicides, textiles , cosmetics, 

Nickel 

Mercury 

pulp, paper-mills, and pharmaceutics 

Alloys, electroplating, nickel-cadmium batteries, laundrettes, paints 

Dental practices, clinical thermometers, glass mirrors 

Although all of these metal pollution sources may have an impact on the environment, the bulk of the 

metal pollution originates predominantly from the mining sector in South Afiica, where processes 

such as acid mine drainage (AMD) have been identified as a particular source of concern to the 

environment. Acid mine drainage arises primarily when the mineral pyrite ('fool's gold' or iron 

disulphide) comes into contact with oxygenated water.2 

(1) 

The pyrite undergoes oxidation in a two-stage process, the first producing sulphuric acid and ferrous 

sulphate and the second orange-red ferric hydroxide and more sulphuric acid. Pyrite is a common 

minor constituent in many mineral deposits and is associated with South African coal (it is the main 

host of sulphur in coal, the source of acid rain) and the gold deposits of the Witwatersrand Basin. 

During normal weathering of these mineral deposits, acid is produced through oxidation at a very 

slow rate, so slow that natural neutralisation processes readily remove the acidity. However, during 

mining and mineral extraction, the rock mass is extensively fragmented, thereby dramatically 

increasing the surface area and consequently the rate of acid production. Certain host rocks, 
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particularly those containing large amounts of calcite or dolomite, are able to neutralise the acid. This 

is not the case for South African coal and gold deposits in which these the natural neutralising 

processes are overwhelmed and large quantities of acidic water are released into the environment by 

mining activities, initially into the groundwater and ultimately into streams and rivers . The acidic 

water increases the solubility of base metal such as aluminium, copper, manganese, zinc, iron and 

other heavy such as lead and cadmium, depending on the metals which may be present in the affected 

region. The overall effect is to render the waste water toxic to varying degrees. Rainwater falling on 

the dumps oxidises the pyrite, forming sulphuric acid which percolates through the dump, dissolving 

heavy metals in transit, emerging from the base of the dump to join the local groundwater as a 

pollution plume. This polluted water ultimately emerges on the surface in streams draining the areas 

around the dumps. Streams draining the tailings dumps are therefore typically acidic and have high 

sulphate and heavy metal concentrations. Ultimately, the water becomes neutralised by a combination 

of dilution and reaction with river sediment or various minerals in soils, but certain constituents have 

relatively high solubilities and remain in the water, particularly sulphate.3 

The distribution of South Africa' s coal and gold mines (which are the primary sources of AMD) are 

primarily situated in the maize growing areas. South African coal occurs in layers within sedimentary 

rocks of the Karoo Supergroup. These are widespread, but coal mining is for the large part restricted 

to the provinces of Kwazulu-Natal, Gauteng, North West and Limpopo.4 South African gold occurs in 

layers of conglomerate rock which form part of the approximately 7000 m thick sequence of 

sedimentary rocks of the Witwatersrand Supergroup. The layers average about a metre in thickness. 

The conglomerates are not uniformly gold-bearing and only in certain localised areas are gold present 

in economically recoverable concentrations. These areas form the goldfields and within any individual 

goldfield, only a few of the conglomerate layers have been rnined.2
'
4 These goldfields mainly stretches 

over large areas of the Gauteng, North West and Free State provinces, which coincides with the 

largest maize growing areas in South Africa (see Fig J.3 & Fig 1.4). Table 1.2 shows some sources 

and types of metals that have been identified in the several sub-basins in South Africa. 
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Figure 1.4: The distribution of coal an gold mines within the Karoo Supergroupand and 

Witwatersrand basin.2 
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Table 1.2: Identified locations and metal types that have been found to cause pollution in the several 

sub-basins in South Africa. 10
•
11 

Sub-basin 

Motloutse 

Shashe 

Mzingwane 

Mwenezi 

Mari co 

Crocodile 

Laphalala 

Theuniskloof 

Mogalakwena 

Sand 

Nzhelele 

Riet & Little Olifants 

Middle Olifants 

Steelpoort 

Selati 

Type of Mining 

Base metals, smelters 

Gold, base metals, smelters, 

alluvial gold 

Gold, base metals, small

scale 

Small-scale, other 

(emerald) 

Water Quality Issues 

Copper, nickel 

Bismuth, copper, nickel, mercury 

Arsenic, cobalt, mercury, nickel 

Chromium 

Base metals, smelters, other Chromium, lead, zinc 

Gold, base metals, smelters, Copper, chromium, iron, lead, manganese, 

other 

Base metals, other 

Base metals, other 

Gold, base metals, smelters, 

other 

Small-scale 

Other 

Base metals, smelters 

Gold, base metals, other 

Base metals, smelters 

silver, zinc 

Lead, tin, 

Iron, manganese 

Antimony, tin 

Copper, mercury, nickel, zinc 

Lead, nickel 

Copper, iron, manganese 

Chromium, copper, iron, manganese, tin, zinc 

Chromium, copper, iron, manganese, 

molybdenum, vanadium 

Gold, base metals, smelters, Antimony, arsenic, cadmium, copper, iron, 

other manganese, mercury, zinc 

Middle Letaba and Great Gold, base metals, small-

Letaba scale, other 
Antimony, arsenic, iron, mercury, tin 

Shingwedzi Gold, small-scale Arsenic, mercury 

Once in the river and soil water, these solubilized metal constituents can have a profound impact on 

the health of the surrounding vegetation such as maize.2•
3 These metals are persistent and tend to 

accumulate in the environment, especially in the sediments. The chemical characteristics of metals are 

responsible for the fact that all metals ultimately become toxic at elevated concentrations.9 

Abnormally high concentrations can cause the inability of organisms to excrete, sequester or 
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otherwise detoxify themselves, especially in the case of non-essential metals. They can also become 

strongly enriched in the aquatic food chain, through a process referred to as bio-magnification. 

Organisms can accumulate metals to levels above those which are required for normal physiological 

functioning.9 The measurement of metal concentrations in these organisms provides the basis for the 

use of bio-accumulative indicators of the degree of metal pollution in various aquatic ecosystems. 

The quality of the water that decants from mine voids is extremely poor, as can be seen from the 

water discharging from the Western Basin. The sulphate concentration is typically around 

3500 mg.L·1 and the pH ranges between 2 to 3. The water has high concentrations of iron and other 

base metals, often reaching metal concentrations of up to 70-130 mg.L·1 in water sources adjacent to 

the mine areas as well as water sources that are fed by AMD runoff streams.9 Depending on the 

chemical mass of the element; this translates to roughly 0.1 -0.5 mM of metal concentration in the 

water. It must be noted that these values vary greatly, depending on the rainfall, AMD rate, mining 

production activity, soil and water pH as well as the distance from the pollution source. 

1.3.1.1.2 Effect of metal pollution on plants and the environment 

Metals can be present in the environment either as ions, complex molecules, or in combination with 

other metals or particulates as colloids and precipitates. 10 There are several factors that determine 

how toxic a metal is to the biological receptors and how far a metal can travel from its source. 

Toxicity depends on the type of metal, the chemical interactions of the metal with other metals and 

the presence of organic compounds which may increase the bio-availability and spread of 

the toxic metal. 11 The flow rate and volume of water, the physical make-up of sediments, 

water temperature, oxygen, pH and salinity also influences: (i) how toxic a metal is in a given 

environment; (ii) determines the speciation (the proportion of metals in different forms); and (iii) the 

mobility of the heavy metals. 10
•
11 

Soil and water contamination by heavy metals is a major concern because at high concentration they 

can harm human life and the environment. 12 Once heavy metals are deposited in the soil and water 

systems, they are not degraded and persist in the environment for a long time and cause serious 

environmental pollution. 12 They accumulate in soils and plants and would have a negative influence 

on physiological activities of plants such as photosynthesis, gaseous exchange and nutrient absorption 

(competition between the absorption of metals can cause deficiencies), resulting in a reduction of 

plant growth and dry matter accumulation. 13 

To understand the mode of action leading to heavy metal toxicity in living cells, their chemical 

properties have to be considered. Most of the heavy metals are transition metals with an incompletely 

filled o-orbital present as cations under physiological conditions. The physiological redox range of 
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aerobic cells stretches from -420 mV to +800 mV.13 Therefore, heavy metals of biological 

significance can be divided into two groups of redox active and inactive metals. Metals with lower 

redox potentials than those of biological molecules can not participate in biological redox reactions. 

Auto-oxidation of redox active metals such as Fe2
+ or Cu2

+ results in 0 2·- formation and subsequent 

H20 2 and Off production, via the Fenton-type reactions. Cellular injury by this type of mechanism is 

well documented for iron. Many enzymes contain metals in positions important for their activity. The 

displacement of one metal by another will normally also lead to inhibition or loss of enzyme 

activities. Divalent cations such as Cu2
+, Mn2

+ and Zn2
+ were found to displace Mg2

+ in ribulose-1 ,5-

bisphosphate-carboxylase/oxygenase and resulted in loss of activity.4 Displacement of Ca2
+ by Cd2

+ in 

the protein calmodulin, important in cellular signalling, led to an inhibition in the calmodulin

dependent phosphodiesterase activity in radish.13 These examples show that, according to their 

chemical and physical properties, three different molecular mechanisms of metal toxicity can be 

distinguished: (i) production of reactive oxygen species by auto-oxidation and Fenton reaction, (ii) 

blocking of essential functional groups in biomolecules and (iii) displacement of essential metal ions 

from biomolecules. More information on the effect of some of the effects of metals on plant growth 

will be given in Chapter 2 of this thesis. 

1.3.1.2 Atmospheric pollution originating from industrial activities 

Industrial activities, urbanization around heavily industrialized areas and the increased energy demand 

of these events, have contributed to significant increases in atmospheric pollution, especially around 

these industrialized areas. 5 The large number of industries in South Africa are responsible for a 

magnitude of atmospheric emission sources.6 Coal-fired power stations and other volatile chemical 

manufacturing industries are the main source of atmospheric emissions. The most abundant emissions 

are nitrogen oxide (NOx), sulphur based gasses, which includes sulphur dioxide (S02) , hydrogen 

sulphide (H2S), volatile organic compounds (VOC's), ammonia (NH3) and ozone (03).
6 Two gasses 

which have received particular attention, because of their propensity to cause serious limitations on 

vegetation growth, are S02 and 0 3.
7 For the purpose of this study, only the impact of 0 3 will be 

discussed in more detail. 

1.3.1.2.1 Ozone 

Unlike other gaseous pollutants, 0 3 forms naturally when sunlight interacts with oxygen molecules 

(photochemical reaction) in the stratosphere ( 10-50 km above the ground) to form a three-atomic 

molecular combination of oxygen (02) . UV-sunlight of a short wavelength is used to complete this 

photochemical reaction.8 In the troposphere(< 10 km above the ground), 0 3 is formed by a photolytic 
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reaction involving NO. and VOC's. Ozone is formed when excessive amounts ofN02 is broken down 

(photolysis) through a reaction catalysed by light with a wavelength OJ shorter than 400 nm, 

N02 + hv (A. < 400 nm) ~ NO + 0 (2) 

whereafter, molecular oxygen reacts with molecular di-oxygen (02) to form 0 3. 

(3) 

Furthermore, tropospheric 0 3 can also be formed through the photolysis of VOC's, where hydroxyl 

radicals (OH) are formed. These free radicals catalyse the oxidation of moderately oxidised volatile 

organic species (such as aldehydes) , which in the presence of NO. , forms 0 3 as a by-product.8 

Critical levels for 0 3 are defined on the basis of expression by a cumulative exposure over a threshold 

concentration for a given length of time. The general critical threshold concentration is considered to 

be at 40 ppb. From there the term AOT40 (accumulated exposure over a threshold of 40 ppb) was 

derived. The AOT40 is mathematically expressed and calculated as follows: 8 

n 

AOT40 = L (C03 - 40)with 03 > 40 ppb 
i=1 

1.3.1.2.2 Ozone as pollution source in South Africa 

Ozone measurements at various 0 3 monitoring Highveld sites have reported maximum hourly mean 

concentrations in the range of 76 to 110 ppb. 14 The results of a more recent long term study published 

in 2013, which measured the 0 3 concentration at various sites around South Africa, found that the 

hourly mean could reach up to 130 ppb, proving that the increase in industrialisation in South Africa 

has a definite effect on the 0 3 levels.15 In Figure 1.4, it is clear that the regions that have the highest 

monthly average 0 3 concentrations, also coincides with the major maize producing areas in South 

Africa (also see Figure 1.3). 
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Figure 1.5: Model mof the regional ozone distribution in South Africa in 2013. 14 

1.3.1.2.3 Ozone as plant stress 

Previous studies have reported that 2-4 hours exposure times with a 0 3 concentration > 50 ppb have 

certain negative effects on plant growth and development. 14 It is however important to note that the 

threshold dose of 0 3 that causes injury, varies greatly between species and even cultivars of the same 

species. 17 Furthermore, plant responses to air pollutants also vary with varying climatic conditions. In 

hot, dry climates the responses may be influenced by water and temperature stresses, which can even 

protect plants from air pollutants. For example, in drought conditions, plants respond to water stress 

by closing their stomata in order to reduce the loss of water by transpiration. Subsequently, the uptake 

of air pollutants decreases and damage to plants is reduced. 17 A more detailed description on the 

uptake and effect of 0 3 on plants will be given in Chapter 3 of this thesis. 

1.3.1.3 Nano-sized particulate matter as environmental pollutant 

1.3.1.3.1 Nanoparticle sources and classification 

Particles and suspended particle matter (SPM's) in the very fine (nano-sized) range have been present 

on earth for millions of years and have been used by mankind for thousands of years. Soot for 

instance, as part of the Black Carbon continuum, is a product of the incomplete combustion of fossil 

fuels and vegetation; it has a particle size in the nanometer to micrometer range and therefore falls 

partially within the " nanoparticle" domain. Recently, nanoparticles (NP) have attracted a lot of 

attention because of our increasing ability to synthesize and manipulate such materials. At present, 
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nanoscale materials find use in a variety of different areas such as electronic, biomedical, 

pharmaceutical, cosmetic, energy, environmental, catalytic and material applications. Because of the 

potential of this technology there has been a worldwide increase in investment in nanotechnology 

research and development. Table 1.3 shows the composition, origin and examples of the most 

commonly identified nanoparticles. 

Table 1.3: Classification of the most commonly found nanoparticles. 19 

Occurence 

Natural 

Anthropogenic 

(manufactured, engineered 

or waste product) 

Composition 

Carbon containing 

Inorganic 

Carbon containing 

Inorganic 

1.3.1.3.2 Nanoparticles in the environment 

Origin 

Organic colloids 

Organism 

Soot 

Aerosols 

Oxides 

Metals 

Geogenic oxides 

Clays 

Atmospheric aerosols 

Combustion 

by-products 

Soot 

Polymeric NP 

Oxides 

Metals 

Salts 

Alumino-si Licates 

Examples 

Humates, fulvates 

Viruses 

Fullerenes 

Organic acids 

Magnetite 

Ag, Au 

Fe-oxides 

Allophane 

Sea salt 

Carbon nano-tubes 

Fullerenes 

Polyethylene glycol 

Ti0 2, Si02 

Ag, iron 

Metal-phosphates 

ZeoLites, clays, 
ceramics 

Data on the current use and production of NPs are sparse and often conflicting. One estimate for the 

production of engineered nanomaterials (ENPs) was 2000 tons in 2004, but this figure was expected 

to increase to 58,000 tons in 2010-2020. 18 A study in the United states of Ame1ica found that areas 

that are subjected to high industrial activity, especially in the metal and cosmetic product 

manufacturing sectors, produce effluent containing almost 50 µg .L-1 NPs in their waste water.20 

Although these concentrations sounds relatively low, the size, surface area and chemical properties of 

38 



some NPs, such as metal oxides, can cause them to persist in the environment and the concentration 

can increase over time. 19
•
20 

Due to a shortage of actual data, a model was developed recently by the Swiss government to evaluate 

the levels and fate of titanium dioxide (Ti02) NPs in the environment. Ti02 and Si02 NPs are of 

particular concern because of its high volume production rates, for use in the cosmetics, sunscreen, 

electronics and water purification industries. An elementary step towards a quantitative assessment of 

the risks of new compounds or pollutants (chemicals, materials) to the environment is to estimate their 

environmental concentrations. Thus, the calculation of predicted environmental concentrations (PECs) 

builds the basis of a fust exposure assessment. The Swiss model computes distributions of PECs by 

means of stochastic stationary substance/material flow modeling. The evolved model is basically 

applicable to any substance with a distinct lack of data concerning environmental fate, exposure, 

emission and transmission characteristics. The model input parameters and variables consider 

production, application quantities and fate of the compounds in natural and technical environments. 

To cope with uncertainties concerning the estimation of the model parameters (e.g. transfer and 

partitioning coefficients, emission factors), as well as the uncertainties about the exposure causal 

mechanisms (e.g. level of compound production and application) themselves, calculations 

incorporating uncertainty analysis, Monte Carlo and Markov Chain Monte Carlo simulations were 

built into the model. The combination of these methods is appropriate to calculate realistic PECs 

when facing a lack of data. The proposed model was programmed and carried out with the 

computational tool R and implemented and validated with data for an exemplary case study of flows 

of the engineered NPs in Switzerland.21 In 2010, the model estimated that annual emissions of carbon 

nanotubes, nano-Ag, and nano-Ti02 were 300 kg, 6200 kg and 473000 kg into surface waters in 

Switzerland, resulting in concentrations in surface waters within the microgram range for Ti02.
22 

Another Swiss survey indicated that the estimated annual production of nanomaterials was 2,419 

ton.23 This figure is much higher than estimates made by the Royal Society and those in the Royal 

Academy of Engineering report on Nanotechnology for the year 2010. To our knowledge, no studies 

reporting the exact concentration of NPs in the South African environment have been published. 

It has been estimated that up to 10% of the engineered NPs (ENP) pass through a wastewater 

treatment plant and are discharged into surface waters, which means that several tons of these 

particles enter the environment annually.24 Upon release into the environment, NPs have several fates, 

which leads to inevitable contact with living organisms. 

39 



1.3.1.3.3 Interactions of nanoparticles with living organsims 

Figure 1.6 shows the some suggested pathways and interactions of NPs in the enivironment.20 

Effects on microbes, plants, animals and humans: 

Growth inhibition 

Oxidative stress 

. M . b orp 1ogen1c a nonna 1t1es 

Nanotechnology . Genetic disturbances Environmental exposure - Interaction 

Research and - with microbes, plants, animals and 

development humans 

1 Treated and untreated ,r-, 1r-. 
~ 

nano waste 

Technology 
Treated waste - Untreated waste -

transfer 
Waste overflow Direct transfer 

l Incidental discharge during: -~ I \ 

. Product use 

Industrial 
~ 

. Packaging 
,, 

pollution . Transport Waste treatment 

l 
. Storage - plant 

Nanotechnology ' , -------;? 

Based products: - Post-application . Nanowastes: Liquid suspensions, 
,, 

Sunscreen, electronics, release aggregates, particle matter 

cosmetics, drugs etc 

Figure 1.6: Scheme showing the suggested pathways, interactions and effects of NPs within the 

enivironment. 20 

From the literature it is evident that the uptake, translocation and accumulation of NPs depends on the 

species of plant, the size, type, chemical composition, functionalization and stability of the NPs in a 

system.25 Features like size, shape and surface characteristics may augment or change the reactivity of 

a previously inert bulk material, and in tum, this change may generate a toxic response.25 Once 

released into the open environment, nanoparticles may chemically react in various ways, or may 

undergo photo-induced chemical changes. Nanoparticles exposed to the environment may be 

transformed by moisture, sunlight, soil components and by the action of living organisms, among 

other factors. Some fabricated nanoparticles (like Ti02) show photo-catalytic activity on exposure to 

UV-light and can generate reactive oxygen species (ROS) that produce genetic alterations, cellular 

damage and metabolic changes.26 
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1.3.1.3.4 Nanoparticle effects on plants 

It is assumed that various types of engineered nano-materials (ENMs) have different entry routes, 

behavior and the influence on plants. Furthermore, different, or even opposing conclusions have been 

drawn from most studies on the interactions between ENMs with plants.27 Interaction between ENMs 

and plants can be categorized under phytotoxicity, uptake, translocation and accumulation. Current 

literature revealed that all of the aforementioned interactions depend on the species of the plant, the 

type, size, chemical composition, stability and functionalization of ENMs.27 Several avenues for the 

uptake of nanomaterials by plants are proposed. Some of the data suggested that the nanomaterials 

could enter plants by being bound to a carrier protein, through aquaporins, ion-channels or 

endocytosis via the creation of new pores.27 

ZnO(NP) 

Root hm: ---->. 
Epiclermil 

Motaylem ;;;.;;::ii.._ ___ ..._;{+1"1 Phloem _ _ _ ___._ 

Combfum---'a---~~.£,,...,~1;11~ 

Protoxylem 

Cu(NP) 

Upuko by root• confirmed 

Figure 1.7: Previously studied nanoparticles and possible reported routes of entry in plants.27 

When ENMs is applied on the surface of leaves, they will enter through the stomata! openings or 

through the bases of trichomes and then translocated to various tissues.27 However, the accumulation 

of ENMs on leaf surface causes foliar heating, which results in alterations in gas exchange, due to 

stomata! obstruction, causing changes in various physiological and cellular functions of plants. The 

application of microscopy techniques visualizes and tracks the transport and deposition of ENMs 
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inside the plants.28 More infommtion on the observed effects of nanoparticles on plants will be given 

in Chapter 4. 

1.4 Photosynthesis 

One key process that has been found to be extremely sensitive to stress factors and dynamic 

environmental conditions is photosynthesis.35
'
36 Throughout the literature, many authors have 

observed a decrease in photosynthetic efficiency under both biotic- and abiotic stress conditions. For 

an in-depth review on some literature surrounding these observations please see Handbook of 

photosynthesis, Taylor and Francis, 2"d ed., 2005.37 For the purpose of this thesis we will only be 

focussing on the effect of industrial related abiotic stresses on photosynthesis and related 

processes. Abiotic stress has been shown to suppress photosynthesis by affecting photosynthetic 

pigments, soluble proteins, proteins in thylakoid membranes, the electron transport chain, 

photophosphorylation and C02-fixation.37 However, depending on their tolerance level, plants have 

different responses to abiotic stress. These tolerance levels are often as a result of interspecies and 

intercultivar genetic variance.38 The importance of studying and understanding the effect of abiotic 

stresses on the physiology related to stress responses in different plants has become increasingly 

emphasized. 

Photosynthesis is the process of capturing and converting light energy to chemical energy and storing 

the energy through the synthesis of carbohydrates, by consuming water and carbon dioxide whilst 

releasing oxygen as a by-product. In plants and algae, the process of photosynthesis occurs in 

specialized organelles known as chloroplasts, which contain the photosynthetic apparatus. 

Photosynthesis primarily occurs in the mesophyll cells of plant leaves. Regulation of energy flow to 

optimise carbon fixation and prevent light induced damage is the main goal of photosynthesis. 

Photosynthesis consists of two major processes: the light-dependent electron transport chain (ETC) 

and the light-independent carbon fixation steps through the Calvin-Benson cycle. 

1.4.1 Light-dependent reactions (light capturing and ETC) 

The light reactions take place in the thylakoid membranes, inside the chloroplast. Light energy is 

captured by a series of pigments localized in light harvesting complexes (LHC) and reaction centres 

(RC) in two complexes: photosystem I (PSI) and photosystem II (PSI!). Plants absorb light through 

light harvesting pigments; chlorophyll, carotenes, xanthophylls etc., which are organized in 

chlorophyll protein complexes and the light harvesting complex (LHC).40 Of these light harvesting 

pigments, chlorophyll , absorbs by far the most of the incoming light photons. Furthermore, 

chlorophyll can be divided into two distinct types; chlorophyll a (Chi a) and chlorophyll b (Chi b). 
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Figure 1.8 shows the structure of these 2 types of chlorophyll pigments. In essence these two 

pigments are identical, with the exception of terminal -CHO (aldehyl) functional group in Chi b 

replacing the terminal -CH3 (methyl) group in Chl a. Chorophyll a absorbs light in the blue and red 

regions of the visible electromagnetic spectrum (at 662 nm and 430 run respectively). 

R 

CH, H Hc - c- o 

c~: Joorn, , -
c 
I 
0 

Figure 1.8: Structure of chlorophyll a and b.39 

Chlorophyll a: R = CH, 
Chlorophyll b: R = CHO 

Most of the PSII centres are localized in the chloroplast appressed thylakoid membrane regions, often 

termed the grana stack. In contrast, PSI centres are mainly localized in the non-appressed thylakoid 

membrane regions or in stroma lamellae.40
•
41

•
42 Once incoming photons are captured by the LHC, the 

energy is transferred to reaction centres (RCs) through resonance energy transfer. In the RCs, the 

absorbed energy causes transition in specialized Chl a molecules, P680 (in PSII with a 680 nm 

absorption centre) and P700 (in PSI with a 700 nm absorption centre), from a ground state to an 

excited state, where an electron is promoted to an orbital with greater potential energy.41 As a result, a 

charge separation takes place as P680 passes an electron to the firs t stage of the non-resonant electron 

transfer (NRET) chain. Four charge separation events following the absorption of at least 4 photons 

are required to oxidize 2 water molecules via a multi-nuclear Mn4Ca cluster, termed the oxygen 

evolving complex (OEC), which subsequently releases an oxygen molecule and thereby increasing the 

electrochemical potential in the lumen by 4 protons. The mechanism of water splitting in this cluster 

occurs through four electron oxidation process with five inte1mediate 'S' states, 4 of these are meta

stable (S0, S1, S2, S3) and one short-lived state (S4) with higher mean oxidation levels.43 Apart from 

four manganese atoms and single calcium atom, the OEC consists of fi ve oxygen atoms.43 

Photosystem II can thus be considered as an enzyme, catalysing the photolysis of water molecules.42 

Electrons generated by the oxidation of water are transferred via a series of electron transporters (each 

with a lower redox potential) to PSI. In order for an electron to be transferred to PSI, it first has to 

become oxidized through secondary photon absorption. The series of electron transporters between 

PSII and PSI are collectively called intersystem electron transporters.44 
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Photosystem Il is a water-plastoquinone oxidoreductase and is regarded as the key enzyme of 

oxygenic photosynthesis. Firstly, electrons are transferred to the primary quinone receptor, QA, 

followed by electron transfer to the secondary quinone, Q8 . These two quinone acceptors act as an 

electron transfer intermediate between P680 and the cytochrome b6f complex (Cyt b6f).
44 The 

cytochrome b6f complex mediates electron transport between plastoquinol (PQH2) and plastocyanin 

(PC). The Cyt b6f complex consists of several subunits, which includes heme-proteins and the Rieske 

iron-sulphur protein (2Fe-2S protein). A more detailed description of the Cyt b6f complex has been 

described in the literature.45 Thereafter, electrons are transferred from the Cyt b6f complex to 

plastocyanin (PC), which is a mobile copper containing protein that acts as the transport link between 

PSII and PSI. 

Once the electrons reach PSI, they are transported via a series of transporters which includes 3 iron

sulphur centres (Fx, FA and F8 ) to feITedoxin , Fd (which is also an iron containing protein sub-unit). 15 

Ferredoxin NADP-reductase (FNR) and ATP-synthase uses the electrons of reduced Fd and catalyses 

the reduction reaction of NADP+ to form NADPH and ADP to form ATP via the reactions in 

equations 1 & 2, respectively: 

2NADP+ + 2e- + 2H+ __ F_NR __ -o> 

ADP+ Pi 3H+, ATP-synthase ATP 

2NADPH (1) 

(2) 

Figure 1.9 shows the localities of the photo-systems, OEC and various electron transporters in the 

ETC. 15 
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Figure 1.9: The Z-Scheme for electron transport in photosynthesis showing the localities of the 

various transition metals within the electron transport chain.44 

44 



The electron transpmt process described above is known as linear electron transport. Alternatively, 

electrons in reduced Fd and NADPH can also be transported back to Cyt b6f by a process known as 

cyclic electron transport (CET). This electron transport pathway was first identified in 1954.46 Two 

possible CET mechanisms have been suggested in literature. The first was reported by Johnson, 2005 

and it involves the transfer of electrons from reduced Fd to Cyt b6f via plastoquinone through a 

reaction catalysed by ferredoxin quinone reductase (FQR).47 Secondly, CET has also been suggested 

to occur via direct electron transfer from NADPH to plastoquinone by a reaction mediated by 

NAD(P)H dehydrogenase (NDH).47
.4

8 Although the exact mechanism of CET is yet to be completely 

understood, most authors agree that the function of CET is to help build-up a pH gradient across the 

thylakoid membrane, thereby increasing non-photochemical quenching (NPQ) of chlorophyll a 

fluorescence, resulting in a subsequent decrease of reactive oxygen specie (ROS) production and an 

increase in ATP formation.49
-
51 

Irrespective of whether electrons are transported via linear- or cyclic electron transport, the goal of 

electron transport remains the formation of NADPH and ATP, which is used in the Calvin-Benson 

cycle where C02 is fixed in order to form carbohydrates. 

1.4.2 Light-independent reactions (Calvin-Benson cycle) 

1.4.2.1 C3"photosynthesis 

Although the Calvin-Benson cycle is driven by ATP and NADPH formed during the light-dependent 

phase, thus not dependent on light energy, most of the Calvin-Benson cycle enzymes (including the 

primary carboxylation enzyme, ribulose 1,5-bisphosphate) need light for activation.23 The Calvin

Benson cycle is a cyclic process that takes place in the chloroplast stroma. It consumes ATP, NADPH 

and C02 to finally produce carbohydrates . The cycle comprises 3 main steps. The first involves 

carboxylation of COi-bound ribulose 1,5-bisphosphate (RuBP) through a reaction catalysed by the 

primary carboxylation enzyme, ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco ). This 

results in the formation of two 3-phosphoglycerate (3-PGA) molecules . The second step, in which 3-

PGA is reduced, comprises of two distinct reactions. In the first reaction, 3-PGA is phosphorylated by 

ATP in a reaction mediated by phosphoglycerate kinase. Secondly, the phosphorylated 3-PGA 

product is reduced by NADPH (formed during electron transport) to form triose phosphate, via a 

reaction mediated by glyceraldehyde 3-phosphate dehydrogenase. In the last step, triose phosphate 

can either be used in sucrose or starch formation, or it can be used in the regeneration of RuBP.52 In 

essence, 3 C02 molecules are needed to produce 6 triose phosphates, of which 5 are re-incorporated 

into the cycle for RuBP regeneration through a reaction that consumes ATP. This means that only one 
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triose phosphate is actually used in sugar and starch formation. Figure 1.10 shows the respective steps 

involved in the Calvin-Benson cycle. 

3CO, + 3H,O 

Phosphoglycerate 
kinase 

6ADP + 6Pi 

Jpt111111 ..... 
IWGAJ 

Glyceraldehyde 3-phosphate 
dehydrogenase 

6NADP +Pi 

Figure 1.10: A simplified scheme showing the three main steps involved in the Calvin-Benson 

cycle.52 

1.4.2.2 C4-photosynthesis 

The above mentioned discussions describe the light-independent reactions of Crphotosynthesis. 

Because Rubisco fixes both C02 and 0 2, an inevitable competition occurs between the binding sites 

on this enzyme. The oxygenase activity limits its capacity for COrassimilation. About 3 billion years 

ago the atmosphere was rich in C02 with very low levels of free molecular 0 2• As plant life increased, 

the levels of free molecular 0 2 did too. As a result of this, conditions became more and more 

unfavourable for effective photosynthesis, because of increasing photorespiration and subsequent 

ROS formation. This marked the beginning of the age of oxygenic photosynthesis.53 Plants had to 

adapt to the new Oz-rich conditions, giving rise to C4-photosynthesis. It involves an additional 

prerequisite step for COrassimilation, by which C02 is assimilated by phosphoenol-pyruvate 

carboxylase (PEPc) in the mesophyll cells, resulting in the formation of C4-acids.52 In maize, in which 

the predominant C4 acid decarboxylase is NADP malic enzyme (NADP-ME), the C4-cycle consumes 

2 ATP per C02 transferred and can therefore be described as an ATP-driven C02 pump.52 ATP 

generation from electron transport chain is therefore critical in the regeneration of these enzymes 

involved in C02-fixation. These C4-acids are then transported to the Rubisco containing bundle-sheath 

cells, where they are decarboxylated, causing the release of C02 around Rubisco. The concentration 

of C02 now exceeds that of 0 2 (around Rubisco), subsequently resulting in the fact that the binding 

equilibrium favours C02 binding.53 Figure 1.11 shows a schematic illustration of the various steps of 

C4-photosynthesis.53 This offers obvious advantages for C4-plants (maize, sugarcane etc.). The 
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advantages of C4-photosynthesis is eloquently described by a number of reviews, m particular a 

review by Ehleringer and Monson, 1993.54 
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Figure 1.11: A simplified scheme showing the various steps of C4-photosynthesis.53 

1.4.3 Alternative electron acceptors 

Under stressful conditions, a shift in the relative redox active state can sometimes cause electrons to 

be used for the reduction of electron acceptors other than NADP+ and ATP. The redox active state is 

defined as the rate at which electrons are generated and used for subsequent C02-assimilation. 

Electron generation usually occurs at a much faster rate than the biochemical reactions around NADP 

and ATP.55 Normally, this equilibrium is closely regulated to prevent the formation of ROS. Biotic

and abiotic stresses can disrupt this redox equilibrium, resulting in the need for electrons to be 

donated to alternative electron acceptors. Plants have developed some strategies to limit ROS 

production at these sub-optimal conditions through processes like CET as well as nitrogen- and 

sulphur reduction.56 Furthermore, when the stress is short lived, plants use strategies like non

photochemical quenching as a photo-protection strategy to dissipate excess energy in the form of 

heat.26 However, when the stress is long term, other strategies have to be employed to relieve the 

excitation pressure. A very important approach often used by plants is the process of photo

respiration, by which electrons are donated to molecular oxygen that populates the chloroplastic 

environment, in an attempt to reduce photo-oxidation and damage to the photosynthetic apparatus.57·58 
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In conditions where there is a lower electron demand for COrassimilation (when C02 uptake- or 

assimilation is inhibited), or over-reduction of electron transporters occurs as a result of a disruption 

in the flow of electrons in the electron transport chain, photorespiration may be employed by the 

plant. Terminal PSI Oz-reduction has been reported repeatedly. This produces 0 2- which is converted 

by superoxide dismutase (SOD) to H20 2 in a reaction known as the Mehler reaction.54 Hydrogen 

peroxide is converted to H20 through a catalytic reaction by ascorbate peroxidase (APX), whilst 

monodehydroascorbate (MDA) is also produced.53 Furthermore, other processes such as the water

water cycle and plastoquinol terminal oxidase (PTOX) can also be employed to scavenge excess 

electrons. 55
•
59 

1.5 Techniques to evaluate stress effects on photosynthetic efficiency 

In the last few decades, with the advent of more sophisticated technology, photosynthesis research has 

become much more advanced. The focus has shifted to a more holistic view of the processes involved 

in photosynthesis. This is only possible because of the quality (ability) of systems avai lable for 

research, but more specifically, the systems that allow accurate non-invasive in vivo measurements of 

both the i) light dependent- and ii) light independent processes of photosynthesis. 

Two techniques often used to follow the efficiency of these two distinct steps in photosynthesis are 

chlorophyll a fluorescence induction and infra-red photosynthetic gas analysis (IR.GA) measurements. 

Chlorophyll a fluorescence induction is used to measure the events around the light dependent phase 

of photosynthesis, which includes photon absorption and electron transport efficiency processes. 

Infra-red photosynthetic gas analysis is used to evaluate the efficiency of the light-independent 

physiological processes. The data provided by the IR.GA measurements provide insights into stomata! 

response, COrassimilation, COr assimilation enzyme kinetics and water use efficiency, just to name 

a few. 

1.5.1 Chlorophyll a fluorescence 

In the early 1930's, Hans Kautsky observed the phenomenon of chlorophyll a fluorescence after 

photosynthetic samples were exposed to actinic light after a substantial period of darkness.60 These 

characteristic spectral curves are termed the fluorescence transient or fluorescence induction. Higher 

plants and algae exhibit a characteristic fluorescence induction curve, consisting of two very distinct 

phases, i.e. i) the fast fluorescence rise and ii) slow fluorescence decrease. The absorption of photons 

by antenna molecules is a very fast process and occurs within femtoseconds, leading to the formation 

of excited chlorophylls (Chl*).61 The excitation energy can be used to produce 3 main phenomena 

when the excited chlorophyll decays (de-excitation) to its ground state. Firstly, the absorbed energy 
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can be used to produce photochemical energy, which is the primary process involved in electron 

generation (and finally NADPH and ATP synthesis) . The effectiveness of this process is the crux 

around which the technique of chlorophyll a fluorescence is based. The quantum yield of of primary 

photochemistry determines the efficiency with which primary electron acceptor, QA (in the electron 

transport chain), is reduced. Secondly, de-excitation energy can be used to generate chlorophyll a 

fluorescence, which is the emission of red light originating from the antenna chlorophyll a molecules 

of PSII. There is a general agreement that at room temperature chlorophyll a fluorescence of plants in 

the spectral region 680-740 nm is almost exclusively emitted by PSII and it can therefore be used to 

evaluate the fate of its excitation energy.61 Thirdly, most of the excess energy not used in 

photochemistry or fluorescence is dissipated in the form of heat. 62 

It is important to note that there are several different types of fluorescence measurements, but for the 

purpose of this thesis we will only give a short review of dark adapted direct (prompt or fast kinetics) 

chlorophyll a fluorescence techniques. For a review on the types of fluorescence measurements please 

see Baker 2008.63 

In the current study, the prompt (fast kinetics) chlorophyll a measurements were conducted using a 

multifunctional plant efficiency analyser (M-PEA, Hansatech, UK). Leaves were dark adapted for 60 

min before they were illuminated with a 1 s pulse of a continuous red light (627 nm, 5000 µmol 

photons m-2s-1
) while recording the fast kinetics chlorophyll a fluorescence. The light source has a fast 

time resolution (-20 µs) with a high data acquisition capacity. 

Using the theory of energy fluxes in bio-membranes by Strasser 1978 & 1981, Strasser and co

workers developed a model that relates the fast fluorescence rise of chlorophyll a fluorescence to the 

physical and biochemical excitation processes involved in energy capture and electron transport.64 By 

making use of simple algebraic equations expressing the equilibration of the total energy influx with 

the total energy out-flux for each pigment system, the contribution of each de-excitation process can 

be approximated. This is done by taking into consideration all possible pathways of communication 

between energy transfer pathways.64 

Following a dark period (1 hour dark adaptation), the photosynthetic sample is illuminated by 

continuous actinic light and the fluorescence transient signal is recorded. When plotted on a 

logarithmic timescale, this transient has several inflection points. The fast (prompt) phase is labelled 

as OJIP, where 0 is for origin, the first measured minimal level, J and I are intermediate levels, and P 

is the peak.44 Figure 1.12 shows the shape and respective steps of a typical OJJP curve. 
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Figure 1.12: An illustrative example of the characteristic steps (0-J-I-P) of a typical prompt 

fluorescence transient. A detailed background of the history of the nomenclature around the respective 

steps is available in the literature.65 

1.5.1.1 Analysis of the prompt fluorescence (OJIP) transient 

As mentioned in section 1.2.1, incoming photons are absorbed by chlorophyll antennae. Active 

reaction centres (RCs) on the antennae pigments 'trap' and convert the excitation energy to 

photochemical energy, which is used to reduce QA. After a dark adaptation period (sample kept in 

darkness for at least 1 hour) the electron acceptor side of PSII is mostly in the oxidized state (open 

RCs). This means that the absorption capacity of the active RCs are at their maximum, whilst the 

fluorescence produced is at its minimum, which is seen as F0 in the induction curve. 15
'
35 This 

inflection point corresponds to the 0-phase seen in Figure 1.12. After the 0-point (point= inflection 

point) , a sharp rise is seen towards the J-point, known as the OJ-rise. The OJ-phase is related to the 

photochemical reactions of the RCs up to the reduction of Q A (single turnover events). The time scale 

of this phase is in the order of 2-3 ms. Following the J-point in the transient, another fluorescence rise 

is seen up to the I-point (at 20-30 ms). The JI-phase has been related to the events surrounding 

intersystem electron transport (between PSil and PSI, i.e. Qs, Cyt b6f etc.) involved in the multiple 

turnover events of electron transport, used for QA re-oxidation.65 The final rise from the I to the P

point (at 300 ms) in the induction curve (IP-phase) has previously been shown to be a reflection of 

electron transport from intersystem transporters efficiency up to the reduction of PSI end electron 

acceptors.66
-
68 The JI- and IP-phases are much slower than the fast photochemical phase (OJ-phase). 

Furthermore, the P-point corresponds to the maximal fluorescence intensity (Fm), i.e. all RCs are now 

closed (reduced). From the OJIP-curve variable (V) fluorescence curves (OP normalization, V 0 p) and 

difference in variable fluorescence (~ V) curves, showing specific bands (~ V 01, ~ VJH, ~ V 0K, ~ V KJ , 
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L'i VJI, L'i VrH, L'i V Kn, L'i VJn, L'i Vrn and L'i V Hn (n = narrow )), can be constructed using the following 

normalization equations: 

i) L'i v K in L'i v OJ normalization, L'i v OJ = [(Ft - Fom ms)/(F3 ms - Fom ms)ltreatment - [(Ft - Fo.03 

ms)/(F3ms - Fom ms) ]control 

iii) L'i VJ in L'i V KI normalization, L'i V KI= [(Ft - Fo.3 ms)/(F30 ms - Fo.3 ms)l trealmenl - [(Ft - Fo.3 ms )/(F30 

ms - Fo.3 ms)J control 

iv) L'i v LK normalization , L'i v LK = [(Fl - Fo.03 ms )/(Fo.3 ms - Fo.03 ms)ltreatment - [(Fl - Fo.Q3 ms)/(Fo.3 ms 

- Fo.Q3 ms) ]control 

v) L'i V KJ normalization, L'i V KJ = [(Ft - Fo. 3 ms )/(F3 ms - Fo. 3 ms)ltreatment - [(Ft - Fo. 3 ms)/(F3 ms -

Fo.3 ms)]control 

vi) L'i VJI normalization, L'i Vn = [(Ft - F3 ms )/(F30 ms - F3 ms)ltreatmenl - [(Fl - F3 ms)l(F30 ms - F3 

ms) J control 

vii) L'i v IH normalization, L'i v l1i = [(Fe - F3o ms )/(F300 ms - F3o ms)lcrealment - [(Fl - F3o ms)/(F300 ms -

F3o ms) ]control 

viii) L'iVKn normalization, L'iVKn =[(Ft - Fo. 1 ms )/(F1 ms - Fo.1 ms)l treatmenl - [(Ft - Fo. 1 ms)/(F1 ms -

Fo.1 ms)lcontrol 

ix) L'iVJn normalization, L'iVJn = [(Fe - Fr ms )/(Fro ms - F, ms)l ereatment - [(Fl - F, ms)l(F10 ms -

F1 ms)]control 

x) L'i Vrn normalization, L'i Vrn = [(Ft - Fro ms )/(F100 ms - F10 ms)ltreatmene - [(Ft - F10ms)/Cf100 ms -

FI O ms)] control 

xi) L'i v Hn normalization, L'i v Hn = [(Fe - F IO ms )/(F100 ms - F 10 m..>ltreatment - [(Ft - F 10 ms)/(F 100 ms -

FI 0 ms) ]control 

The validation of V and L'i V in variable fluorescence phases and peaks obtained by the various 

normalizations to obtain these peaks, are described in detail in the literature.69 The rationale and 

normalization time periods for the various normalizations is depicted in Figure 1.13. The 

normalizations were constructed to isolate and compare (to control, which is normalized to zero) 

certain parts of the fluorescence transient. The individual parts represent distinct processes in the light 

reactions of photosynthesis , starting from photon capture behaviour up to electron transport through 

PSI. The lower the decade (d) number is, the ' narrower' or the sharper the peaks (bands) of interest 

becomes. The narrower L'i V xn (X = K, J, I ,H) bands will provide a more accurate representation of the 

events corresponding with that specific time-interval, because it effectively excludes the influence of 

overlapping or bordering (adjoining) events. The various L'i V-bands (resulting from differential 

variable fluorescence phases) were constructed using equations i-xi . 
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Figure 1.13: The various time decades resulting in the respective variable and differential variable 

fluorescence peaks. 

These various nommlizations can be shown graphically in any number of ways, in order to best 

visualize changes in the respective phases (as brought about by a specific stress or treatment). The 

maximum and minimum amplitude of theses normalization bands can be shown as simple maxima 

and minima graphs (Chapter 2), as individual isolated bands (showing the whole particular band, 

Chapter 3) or they can be graphically illustrated as combined normalization curves, which 

demonstrate the total change over the whole timespan of the prompt fluorescence transient (Chapter 

4). All of these different types of data presentations will be shown, in order to show the versatility 

with which the data can be manipulated and presented. 

1.5.1.2 Association of normalization bands with events in the electron transport process 

From the information provided in Section 1.4.1.1 and various other experiments with copounds such 

as 3-(3,4-dichlorophenyl)-l, 1-dimethylurea (DCMU), which blocks electron transport at the Q8 site in 

electron transport chain, Strasser and coworkers were able to assign certain explanations for the 

appearance of the various bands in Figure 1.13. Table 1.4 gives the reported meanings of some of the 

reported variable fluorescence bands, together with the time it appears in the fluorescence transient. 
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Table 1.4: Characteristic variable fluorescence bands. 

Difference in variable 

fluorescnce band (Li V) 

il VL-band (at 0.03 ms) 

il VK-band (at 0. 3 ms) 

il Vrband (2-3 ms) 

Ll v,-band (20-30 ms) 

il V H-band = il V rp-phase 

(100-300 ms) 

Meaning of band 

A positive il V L-band is indicative of a loss in 

cooperation between chlorophyll antennae 

because there is less active antennae able to 

absorb incoming photons. 

The presence of the il V K-band has been 

suggested to indicate the inactivation of the 

oxygen evolving complex (OEC), resulting in 

the loss of structural integrity, which allows 

stronger reducing (non-water) entities such as 

ascorbate and proline that populate cellular and 

chloroplastic environments to reduce QA. This 

enables faster and greater electron donor 

reactions, which will inevitably cause the over 

reduction of QA and/or it can indicate an 

increase 111 the functional antenna size 

(competitive inhibition). 

A positive il Vrband has been attributed to the 

accumulation of reduced QA, i.e. a decrease in 

the re-oxidation of QA-· This points to a decrease 

in electron transport past ~· 

il V1-bands have been related to the electron 

transport events around the intersystem electron 

transporters before the PSI acceptor side. 

According to the literature a positive Ll Vi-band 

is related to a build-up of electrons at the 

intersystem electron transpmters before the PSI 

electron acceptors, or a lowering in the 

reduction of PSI electron acceptors.37
·
58 

A positive il V wband or il VIP-phase points to a 

lowering PSI end electron acceptor reduction . 

Ref. no. 

66, 67, 69 

64-69 

64,67,68 

57,67,69 

Increased il V H amplitudes can be interpreted as 60, 64, 67, 69 

an accumulation of reduced PSI electron carriers 

before NADP+ and Ferredoxin. 
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1.5.1.3 Calculating JIP-parameters from the prompt fluorescence (OJIP) transient 

Strasser and co-workers (1978-1981) developed mathematical equations and derivatives based on de

excitation constants, energy fluxes and probabilities, as a means to analyse the OJIP-induction curve. 

The collective name given to this analysis method is the JIP-test. The JIP-test utilizes particular parts 

of the fluorescence transient related to specific electron transport processes and calculates biophysical 

parameters related to these transport processes.64 With the JIP-test, one is able to estimate changes in 

light absorption (also called energy trapping), yield of primary photo-chemistry (QA-reduction) as 

well as electron transport probabilities and efficiencies between electron transport phases up to the 

reduction of PSI end electron acceptors (NADPH and ATP).64
·
68 Moreover, the JIP-test can also be 

used to elucidate possible structural (and cooperative) changes within the chlorophyll antenna bed. 15
•
35 

The JIP-test equations are based on theory of energy fluxes in biomembranes, which supports the 

general derivation for the actual quantum yield of primary photochemistry <pp0 = TR0 /ABS = l -

FofFM· These equations explain that each energy flux of the energy cascade from the photon 

absorption flux (ABS) is converted into a free energy flux (RE), transported via electron transport 

(ET), and stored by the reduction of end-electron acceptors of photosystem I (PSI). The formulae and 

definitions of terms used in the JIP-test are listed in Table 1.5. In Figure 1.14 a simplified scheme of 

the processes involved in the calculation of the JIP-parameters is shown. 

P I end electron acceptor reduction 

RC = Reaction centre 

RC = Silent reaction centre 

ET = Electron transport 

RE = Reduction of end 
acceptors 

ETO 
ABS <PRo 

Figure 1.14: A simplified scheme showing the processes involved in the calculation of the JIP

parameters. According to the model only 'active' RCs are able to convert absorbed photons into 

photochemical energy. Damaged (inactive RCs) are refeITed to as silent reaction centres which 

dissipate incoming photons in the form of heat. This process is known as non-photochemical 

hi 64 quenc ng. 
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Table 1.5: Formulae and descriptions of calculated HP-parameters that are generally used to describe 

biophysical parameters, quantum yields/probabilities that electrons are transported to specific parts in 

the electron transport processes as well as some performance indexes.64 

Extracted parameter 

Fo 

Biophysical parameters 

Quantum yields and efficiencies/probabilities 

<pro = TRof ABS = 1 - (FofFM) 

\j/Eo = ET ofTRo = (FM - F1)/(FM - Fo) 

cpEo = ET of ABS= <pp0 • \j/Eo = [l - (Fo/FM)]. 

[(FM - F1)/(FM - Fo)] 

cpRo = REof ABS= <ppo . \j/Eo. ORo = [[l - (Fo/FM)] 

. [(FM - F1)/(FM - Fo)] . [(FM - F1)/FM - F1)] 

yRC = ChlRc/Chh01a1 = RC/(ABS + RC) 

RC/ABS 

ABS/RC 

Performance indexes 

Description 

Initial fluorescence intensity when all PSII RCs 

are open 

Fluorescence intensity at the J-step (2-3 ms) 

Fluorescence intensity at the I-step (20-30 ms) 

Maximal fluorescence intensity when all PSII 

RCs are closed (300 ms) 

Description 

Total number of electron carriers per RC of PSII 

Description 

(1 - Fo)/FM or Fv/FM, maximum quantum yield of 

primary photochemistry 

Probability that a trapped excitation moves an 

electron into the ETC beyond QA. 

Efficiency of electron movement from the 

reduced intersystem electron acceptors to the PSI 

end electron acceptors 

((1 - F0 )/FM)\j/Eo, quantum yield for electron 

transport 

The quantum yield of electron transport from QA

to the PSI end electron acceptors 

Probability that a PSII Chi molecule functions as 

a RC 

The concentration of PSII reaction centres per 

Chi 

(ChlAmenna + ChlRc)/ChlRc, A measure of the PSII 

Antenna size 

Description 

Performance index for energy conservation from 

photons absorbed to the reduction of intersystem 

electron acceptors 

Performance index for energy conservation from 

photons absorbed to the reduction of PSI end 

electron acceptors 

55 



1.5.2 Modulated 820 nm reflection 

The above mentioned processes describe mainly the reactions around PSII. In addition, the activity of 

PSI has previously been approximated by its characteristic 820 nm reflection spectrum. More 

advanced systems such as the Multifunctional Plant Efficiency Analyser M-PEA (Hansatech 

Instrument Ltd. , King's Lynn, Norfolk, PE30 4NE, UK) have the ability to simultaneously measure 

both the fast fluorescence decay (PSII) and modulated reflection signal 820 nm (MR820 nm) for PSI. 

From the reflected MR820 nm the ratio MR/MR0, where MRo is the value at the onset of the actinic 

illumination (after dark adaptation) can be calculated.69 The signal is related to the ratio of incident 

light flux (line) and the light flux absorbed at 820 nm (labs). A direct correlation exists between an 

increase in Oabsllinc)s20 nm and a decrease in the amplitude of MR/MRo. Furthermore, Oabsllinch20 nm is 

also indicative of a decrease in the ratio between absorbed and incident flux at 700 nm. 69 Figure 1.15 

shows an illustrative example of changes in the modulated reflection signals expressed by the 

MR/MRo ratio normalized to zero at 500 ms. The 500 ms point was selected because it represents the 

maximum time it takes for PSII electrons to re-reduce oxidised PC+ and PSI electron acceptors .69 
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Figure 1.15: An example of the changes in the modulated reflection signal expressed by the MR/MRo 

ratio normalized to zero at 500 ms plotted on a logarithmic timescale. 

The initial decay (slope) of MR82onm intensity (Figure 1.15), due to PSI redox change, represents the 

rate of PC and PSI photochemical oxidation (Vax), whilst the secondary slope (v,0d) reflects the re

reduction rate of PC and PSI by PSII.67
'
69 A change in Vax can thus be interpreted as a change in the 

rate at which electrons move through PC and PSI, whereas Vred reflects the rate with which PC and 

PSI is re-reduced by arriving electrons from PSII. The reflection values con-esponding to the minima 

of the MR curves (MRm;n) are used to deduce the maximum oxidation state of PSI, or in other words 
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the maximum amount of electron flow through PSI before electrons from PSII arrives.70 MR11u11 

corresponds to the time range of the JI-phase of fast chlorophyll fluorescence induction curve.69
·
70 

1.5.3 Infra-red photosynthetic gas analysis (IRGA) measurements 

In C3 plants, C02 diffusion from the atmosphere to Rubisco in the chloroplasts takes place via an 

intricate mechanism. Most authors agree with the photosynthetic gas exchange model of Farquhar and 

Sharkey (1982), which suggests that the three main components through which the C02 has to diffuse 

are; i) boundary layer of turbulent air around the leaf surface, ii) diffusion into the stomata (stomata! 

conductance) and lastly iii) into the mesophyll cells where the chloroplasts are found.7 1 Once at the 

active site of Rubisco in the stroma of the chloroplasts, C02-assirnilation can take place. One type of 

system often used to measure the stomatal conductance (to C02 and water vapour) and C02-

assirnilation rate is infra-red gas exchange analysis (IRGA). Infra-red gas exchange analysis operates 

on the principle that hetero-atomic gas molecules (such as C02) absorb radiation at specific infrared 

(IR) wavelength, resulting in a spectrum that is unique for each gas. Infra-red gas exchange analysis 

systems measure the amount of transmission disruption of the IR wavelength caused by the presence 

of C02 between the radiation source and a detector. The reduction in transmission is a function of the 

concentration of C02. The most popular IRGA system used is called a closed system IRGA, by 

which a leaf is enclosed in a sealed chamber whilst keeping (supplying) the chamber 'atmosphere ' at 

an exact C02 concentration and monitoring the the rate of COr assirni lation over time.7 1
'
72 Given that 

the regeneration rate of ribulose-1,5-bisphosphate carboxylase/oxygenase (Rubisco) is dependent on 

the rate of electron transport from the electron transport chain and that the rate of electron transport is 

light dependent, it is imp01tant to note that these measurements are not only influenced by the C02 

concentration applied, but also by the artificial light intensity applied (Photosynthetic photon flux 

density, or PPFD in µmol.m·2.s·1
) within the chamber. Changes in gas exchange parameters can be 

measured by keeping the PPFD constant at a saturating level of - 1200 µmo1.m·2.s·1
, to ensure that 

Rubisco is fully activated, whilst varying the C02 concentration with time, thereby measuring the C02 

response of the test plant. Moreover, the measurement can also be made by keeping the C02 

concentration constant and varying the PPFD with time, in so doing measuring the light response of 

the plant.72 

Figure 1.16 is a schematic representation of the diffusion processes that govern C02 entry into 

subcellular plant organelles, where: c. is the externally applied C02 concentration, Ci is the 

intercelJular C02 concentration, w. is the external water vapour concentration and W; is the internal 

water vapour concentration. 
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1.5.3.1 C3-photosynthesis model 

A model for Crplants was developed by Farquhar and Sharkey (1982) to translate data attained by 

this type of analysis to meaningful data that can be used to evaluate the changes in limitations (at a 

given set of conditions) with regard to COracquisition (stomata} limitation), COrassimilation rate 

(mesophyll limitation) and transpiration.71 

Atmosphere 

C02 

Intercellular 
+H-1'1-'!~~-""*'....-...H> space 

Vacuole 

Figure 1.16: Scheme showing the diffusion processes that governs C02 entry into subcellular plant 

organelles. 73 

The data from the gas exchange measurements are used to construct an A:Ci curve, where A is the 

COrassimilation rate in µmol.m-2.s- 1 and Ci in µmol.mor 1 is once again the internal C02 

concentration.70 The A:Ci response is obtained by simultaneously measuring assimilation and 

transpiration rate (E in mmol.m-2.s-1
) over a wide range of external C02 concentrations (C.) and a 

known leaf-air vapour pressure deficit (Din Pascal). Under the assumption that C02 diffuses from the 

atmosphere into the sub-stomata! cavity, by the same route with which water vapour leaves the sub

stomatal cavity, the leaf diffusive conductance for carbon dioxide (gc02 = gH2oll.6) can be 

determined from E, D and the diffusivities of C02 and water vapour.71
'
73 According to the model of 

Farquhar and Sharkey (1982) the gas exchange and photosynthetic parameters are calculated from 

measurements of both the C02 concentration surrounding the leaf (Ca) and A. Ci can then be 

calculated by Equation 3: 

(3) 

According to the model (in C3 plants) photosynthesis is considered to be limited by the maximal rate 

Rubisco carboxylation, V pmax (µmo! m-2 s-1
), and by the maximal electron transport rate driving 

regeneration of Rubisco, I max (µmol m-2 s-1
).

74
"
75 These parameters can be estimated by making use of 
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A:C; curves, which are constructed by plotting the obtained C; (x-axis) values versus A (y-axis).45
.4

6 

An example of such an A:C; curve and the method with which the mentioned (and other) parameters 

are estimated, is shown in Figure 1.17 below. 
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Figure 1.17: An example of a typical A:C; curve showing the supply and demand functions that can 

be used to calculate C, V pmax (carboxylation efficiency, CE), stomata! conductance to C02 (gc02) as 

well the C02 compensation point. The supply function [A = gc02(Ca - C;)] , corresponding to the 

demand function [A = CE(C. - f)], was drawn by simply joining the value of C; - c. = 360 ppm on 

the abscissa to the point giving A350 at this value of C •. 75 

The nomenclature used in Figure 1.17 is discussed below: 73 

A0 : Assimilation rate when no stomata! limitation exists, i.e. c. = C; (µmol.m-2.s-1
) 

A350: Assimilation rate at normal atmospheric COi-concentration chosen here as 

360 ppm (µmol.m-2.s-1
) 

r: C02-compensation point (µmol.mor') when no net assimilation exists, i.e. 

C02 uptake by photosynthesis equals C02 produced by respiration 

Ycmax (CE): Carboxylation efficiency (rate) by Rubisco or PEPc (mol.m-2.s-1
) 

I max: Maximal assimilation rate I rate of Rubisco or PEPc regeneration (µmol. m-2.s-1
) 

C;: Internal C02 concentration (µmol.mor' ) 

Ca: External C02 concentration (µmol.mor ') 
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Ao-A350 
= % stomata! limitation = X 100 

Ao 

1.5.3.2 C4-photosynthesis model 

As mentioned earlier (Section 1.2.2), the primary enzyme involved in COi-assimilation by C4 plants is 

phosphoenol-pyruvate carboxylase (PEPc).53 Von Caemmerer and Furbank (1999) elaborated the 

model of Farquhar and Sharkey in order to estimate the the maximal carboxylation rate of PEPc, 

Vpmax. as well as the maximal rate of PEPc regeneration capacity and electron transport, 1max·71
·
76 The 

model of Von Caemmerer and Furbank is shown schematically in Figure 1.18 below, after which the 

equations derived from this model will be discussed, as well as the implications for C4-photosynthesis 

modelling. 

Mesophyll cell sitoplasm 
and chloroplast 

rfJ m 

L 

co2 C4 cycle 

Bundle sheath cell 
chloroplast 

Figure 1.18: Scheme of the C4-photosynthesis model from von Caemmerer & Furbank.76 

After passing the stomata! (g5 ) and the mesophyll cell (gi) conductance, C02 is initially fixed in the 

mesophyll by phosphoenolpyruvate (PEP) carboxylase into C4 acids that are then decarboxylated to 

supply C02 to ribulose-1-5-bisphosphate (Rubisco), which is localized in the bundle-sheath 

chloroplasts (Figure 1.11). The well co-ordinated functioning of mesophyll and bundle-sheath cells, 

accomplished through specialized leaf anatomy, produces a high C02 concentration in the bundle 

sheath, strongly inhibiting photorespiration. However, the elevated C02 in the bundle-sheath cells is 

sustained at the cost of extra ATP, required for the regeneration of PEPc. The conductance for C02 

transfer from intercellular air spaces to mesophyll cells may be large enough in C4 leaves. However, 

the bundle-sheath conductance (gbs) is a major factor that determines the rate of C02 leakage from the 

bundle sheath to the mesophyll (L), and gbs should be small enough for concentrating C02 in the 

bundle sheath. Carbon dioxide can originate from mitochondrial dark respiration (Rm, R.) in 
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mesophyll and bundle sheath cells, respectively.76 Following the model of von Caemmerer and 

Furbank, the following two equations specific for C4-photosynthesis can be written: 

(4) 

where Cm is the C02 level in the mesophyll cell, and c. is the C02 level at the carboxylation site of 

Rubisco in the bundle sheath chloroplast. 

A= Vµ- L-Rm (5) 

where VP is the rate of PEP carboxylation, and Rm is the mitochondrial respiration occurring in the 

mesophyll, which for practical purposes can be set to 0.5Ri. The rate of PEP carboxylation (V p) can 

be limited either by the activity of PEP carboxylase or by the rate of electron transport. For the 

enzyme-limited case, von Caemrnerer and Furbank used a Michaelis-Men ten equation to describe VP 

(Michaelis-Menten constant of PEPcase for C02 (Kp) = 80 µbar at 25°C).76 

Table 1.6: Photosynthesis parameters (constants) for the C4 model at 25°C.76 

Parameter 

Vcmax 

Kc 
Ko 

y* 

Vpmax 

Vµr 

Kµ 

g. 

go 

Rd 

Rm 

a 

x 

1max 

Value 

60 µmol.m- .s- or variable 

650 µbar 

450 mbar 

0.000193 (0.5/2590) 

120 µmol.m-2.s-1 or variable 

80 µmol.m-2.s-1 or variable 

80 µbar 

3 mmol.m-2.s-1 

0.047 g. 

0.01 Vcmax 

0.5Rd 

0 < a<l 

0.4 

400 µmol electrons m-2.s-1 

Description 

Maximum Rubisco activity 

Michaelis constant of rnbisco for C02 

Michaelis constant of rubisco for 0 2 

0.5/(Sc10), half reciprocal of rubisco specificity 

Maximum PEP carboxylase activity 

PEP regeneration rate 

Michaelis constant of PEP carboxylase for C02 

Bundle-sheath conductance to C02 

Bundle-sheath conductance to 0 2 

Leaf mithocondrial respiration 

Mesophyll mithocondrial respiration 

Fraction of PSII activity in the bundle-sheath 

Partitioning factor of electron transport rate 

Maximal electron transport rate 

Figure 1.19 shows graphically how these eqations are derived and can be applied to gas exchange 

measurements. 
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PEP carboxylation rate 

Assimilation rate 

Cm Cs 

Mesophyll partial pressure, Pa 

Figure 1.19: Graphical summary of the main features of the C4-photosynthetic pathway. The two 

curves are the rate of phosphoenolpyruvate (PEP) carboxylation, VP• as a function of mesophyll C02 

partial pressure, Cm, and COi-assimilation rate, A, as a function of bundle-sheath C02 partial pressure, 

c .. The slope of the an-ow connecting the two curves gives the bundle-sheath conductance g. =Ll(Cs -

Cm) and the leak rate L = VP - A. 76 

1.6 Problem statement & aims and objectives 

Due to a growing world population, the need has arisen to maximize the production capacity of arable 

agricultural land. Developing countries continue to struggle to produce sufficient food crops, which 

results in the fact that large populations suffer from malnutrition, especially in Sub-Saharan 

Africa.n.82 At present more than 80% of the world' s cereal is produced in United States, Canada, 

Australia and Argentina.78
•
79 Crop production is central in the world food supply and abiotic stressors 

have been shown to significantly influence and limit crop production in regions where these stress 

conditions exist. 80 In 1982, Boyer indicated that environmental factors may limit crop production by 

as much as 70% .81 A 2007 PAO report stated that only 3.5% of the global land area is not affected by 

some environmental constraints . During the last few decades, with the advent of the industrial 

revolution, anthropogenic activities have placed further stress on the environment and struggling 

agricultural crop production. 

In South Africa, maize is regarded as the most important starch and carbohydrate sources to its 

population. Maize is p1imarily grown in the Highveld and western parts of South Africa (see Figure 

1.3). In 2007, a large part of this maize growing region was declared as a high priority area, because 

of the many sources of environmental pollution that have been identified in the area. The largest 
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contributors to environmental pollution in the area are related to a tremendous increase in industrial 

activities and subsequent urbanjzation. Effectively, three forms of pollution have been identified, 

which includes ionic (dissolved solids such as heavy metal ions), atmospheric pollution (such as 

ozone) and particulate matter (very fine water insolubles). All of these forms of pollution have been 

shown to cause significant decreases in the growth and yield of natural and agricultural vegetation. 

This thesis aims to evaluate the influence of selected types of these three identified fom1s of industrial 

related pollution sources on popular South African maize (Zea mays L.) cultivars. Because of its 

tremendous sensitivity, photosynthesis has been shown previously as an effective tool with which to 

study the influence of such abiotic stresses on vegetation. Subsequently, the main emphasis of this 

study focussed on the sensitivity of the maize cultivars to the selected types/forms of industrial related 

pollution sources. Firstly, the influence of different concentrations (from deficiency to toxicity levels) 

of transition metals (copper, iron, manganese and zinc) vital to efficient plant metabolic functionality 

was evaluated. The latter stress is mainly soil condition orientated. The 2"d stress that was evaluated is 

the atmospheric pollution source, ozone (03), which has previously been shown to cause more 

damage to vegetation world-wide than all the other air pollutants combined.53 Thirdly, the effect of a 

relatively new type of abiotic stress termed manufactured nanoparticles, was assessed. Ti Or and Si02 

nanoparticles were chosen for the study, mainly because of their low dissolution propensity. More 

information on the 3 investigated abiotic stresses will be provided in the 3 experimental chapters 

(Chapter 2-4). 

1.7 Outline of thesis 

In Chapter 1 the concept of plant stress is discussed, outlining the types of stresses that have been 

identified and shown to limit growth and yield performance. The importance and growing areas of 

maize in South Africa are highlighted. The sources and common levels of the the studied pollution 

types are given. Some literature on the effect of the studied pollution types on plants is reviwed. The 

processes comprising the main events of photosynthesis and some popular techillques (chlorophyll a 

fluorescence and photosynthetic gas exchange) used to study these processes are also described. The 

concept and role of the photo-protective alternative electron acceptors in the electron transport chain 

is discussed. 

In Chapter 2 various transition metals (copper, iron, manganese and zinc) are reviewed in terms of 

their role in plants, as well as certain reported toxicity effects. The influence of deficient and excess 

concentrations of the studied transition metals on the photosynthetic electron transport (PSI and Psm 

of a popular South African maize cultivar (IMP 52-11) was investigated, by making use of 
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chlorophyll a fluorescence and modulated 820 nm reflection, respectively. Furthermore, the effect of 

these treatments on the biomass accumulation of the treated plants was also evaluated. 

In Chapter 3 chlorophyll a fluorescence, modulated 820 nm reflection and photosynthetic gas 

exchange measurements were used to evaluate the photosynthetic and stomata! sensitivi ty of two 

different South African maize cultivars, PAN 6411 and IMP 52-11 , to various reported 0 3 

concentrations. Moreover, a decoupling model was also constructed in an attempt to show an increase 

in decoupling (electron losses) between the electron transpm1 and COrassimilation phases, with 

increasing 0 3 concentration. 

In Chapter 4 chlorophyll a fluorescence, modulated 820 nm reflection and photosynthetic gas 

exchange measurements were used to examine the effect of increasing concentrations of TiOr and 

Si02 nanoparticles on photosynthetic electron transport, stomata! behaviour and COr assimilation 

properties of the IMP 52-11 maize cultivar. In addition, the decoupling model (from Chapter 3) was 

again constructed to show increased decoupling (electron losses) between the electron transport and 

COrassimilation phases, with increasing nanoparticle concentration. Furthermore, the concentration 

of popular ROS markers and the activity of antioxidant enzymes were measured in order to establish 

if the nanoparticle treatments caused an increase in alternative electron acceptor reduction . 

In Chapter 5 the most important findings described in the experimental chapters are summari sed and 

discussed. Furthermore, the efficacy of the methods used to assess the influence of the studied 

environmental pollution types, is evaluated. The new knowledge gained from the current study is 

hi ghli ghted and some recommendations for future work are made. 
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Chapter 2 

Evaluation of the photosynthetic electron transport performance of a South African maize 

cultivar (IMP 52-11) under varying copper, manganese, iron and zinc concentrations 

2.1.1 Introduction 

Industrialization plays a vital role in sustaining a nation's economy and improving the wellbeing of its 

citizens. However, industrialization also has a negative impact, particularly in terms of the release by 

industrial processing plants of unwanted by-products into the ecological system. These abiotic 

stressors include toxic metal concentrations from metal smelters and continuous fertilizer programs, 

high salinity from irrigation water as well as various green-house gasses from several industries. Also, 

the long-term effects of industrial pollution on the environment may be disastrous for not only people 

but for all living organisms if not carefully controlled. This explains the current awareness among 

researchers of the need to monitor the activities of process industries, especially those that discharge 

heavy metals into the environment. Heavy metals occur naturally in the ecosystem, with large 

variations in concentration. In modem times, anthropogenic sources of heavy metals, that is, man

made pollution, have also been introduced to the ecosystem. The resultant build-up of heavy metals 

and sediments in the soil has caused acute concern in environmentalists. The main issues include the 

potential toxicity to plants and wildlife which an overload of heavy metals may cause, and the 

inherent problems of biomagnification that may occur at several levels in the biological food chain. 

The concentration of heavy metals retained in soils varies widely. These differences are brought about 

by the surrounding geological environment, and by the anthropogenic and natural activities taking 

place in that area. Heavy metal transport is mainly dependent on the physical and chemical properties 

of soil and waterbodies, i.e. the pH, mineralogical composition as well as the clay and organic 

content.3 

2.1.2 Heavy metal pollution in a South African context 

South Africa is rich in mineral resources and is one of the leading mineral raw and processed material 

exporters in the world. The main mineral raw materials are gold, diamonds, platinum, chromium, 

vanadium, manganese, uranium, iron ore and coal (USGS, 2009).4 Pollution from mining activities is 

probably the most direct cause of groundwater contamination in the country. Despite the prolific 

mining activities, there is still little infonnation available in South Afoca on pollution and the fate of 

trace metals in surface waters or sediments. This has been attributed to relatively few studies that have 

been undertaken to establish the levels of heavy metals and primarily because of lack of enforcement 

of stringent regulatory guidelines in the past.5 The dewatering processes of the mines and disposal of 
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wastes contribute to environmental heavy metal pollution. One of the potential hazards of mining 

operations is that as water flows through settlements around mining operations, heavy metals are 

dispersed in the environment. Some parts of the country (Highveld priority area), where there are 

more of these mining operations, experience poor water quality, which is likely to impact the fresh 

water resources on long term basis.5 For example, an impact assessment study on the dewate1ing of 

mine waters in the East Rand Blesbokspruit, reported traces of metal concentration higher than the 

world average concentrations measured in rivers.5 Mining processes such as acid mine drainage 

(AMD) also play a major role in metal contamination. Please refer to Chapter 1 (Section 1.2.2.1) for a 

review the AMD process and mechanisms with which it causes pollution. If left unchecked, AMD 

will continue to contribute to increased concentrations of dissolved salts, metal ions and, in some 

instances, radionuclides to the already stressed river and reservoir systems. Low pH values in AMD 

areas will increase the solubility of trace metals locked up in sediments and release these into the 

overlying water. The Witwatersrand region in South Africa is famous for its gold production. The 

groundwater within the mining district is heavily contaminated, has elevated concentrations of heavy 

metals and is acidified as a result of oxidation of pyrite (FeS2) contained in waste rock and tailings 

dumps. The polluted groundwater is discharged into streams in the area and contributes up to 20% of 

total stream discharge, causing a lowering of pH in the stream water while most of the metal load is 

precipitated. The type and concentration of metal pollutants vary greatly, depending on the geology, 

pH, soil texture (and cation exchange capacity) as well as the distance from the pollution source. 

Trace metals have little degradation potential and they tend to accumulate in sediments which form 

metal-rich deposits and with continued accumulation of metals in the sediment, the environmental 

threshold is often exceeded causing toxicity.4'
5 Concentrations up to an average of 40 mg.L-1 in water 

sources adjacent to the mining areas have been repmted.4'
5 Furthermore, a change in oxidation state 

can easily remobilize sequestered trace metals, causing an up-concentrating effect of metal-rich 

deposits that could reach concebtrations up to 1-2 mM in the soil , resulting in a potential long term 

source of metal pollution.3
-
5 This results in the bioaccumulation of metals , which moves up the food 

and causes genotoxicity among living organisms.4 

2.1.3 Metals in plants 

Due to the complexity of a plant's metabolism, it is possible that the same abiotic stress can affect 

various metabolic pathways simultaneously. 1 The influence of metal stress on plants has been studied 

intensively during the last few decades due the impact it has had on crop production . Metal stress can 

essentially be divided into two sub-catagories; i) toxic heavy metals including cadmium (Cd), lead 

(Pb), arsenic (As) and mercury (Hg) which have no known role in plant metabolism and ii) transition 

metals such as copper (Cu), manganese (Mn) , iron (Fe) and zinc (Zn) that play a vital role in plant 

metabolism.2 Deficiencies of the latter can significantly limit the functionality of various biochemical 
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pathways within the plant. One such process where various transition metals play an important role is 

photosynthesis. The role of these rnicronutrients in photosynthesis can either be directly involved in 

photosynthetic electron transport, as co-factors of enzymes involved in photosynthesis or in free 

radical detoxification. Although these metals are essential for plant metabolism (micronutrients), 

excess amounts of these metals adversely affect the metabolism of a plant.2
•
3 

The importance and location of these metals will be briefly discussed in Section 2.1.4, while Section 

2.1.5 will focus on the possible toxicities of these metals. For a more comprehensive review of most 

known plant enzymes/proteins where copper, manganese, iron and zinc are thought to be involved in, 

see Hansch et. al 2009. 13 

2.1.4 Biochemical role of transition metals in plant metabolism, with the emphasis on 

photosynthesis and its role in the protection of photosynthetic integrity 

Manganese is located on the PSII donor side as part of the OEC. Copper forms part of plastocyanin 

(PC) which transfers electrons from the Cytochrome b6f complex to PSI electron acceptors. Iron in its 

non-heme form, is bound to a bicarbonate ion located between QA and Qs. An iron-sulphur protein 

(FeS) known as the Rieske FeS forms part of the Cytochrome b6f (Cyt b6f) complex. Furthermore, 

iron is also located as part of PSI in the form of three iron-sulphur centres (F., FA and F8 ) and as part 

of Ferredoxin (Fd) (of which there are more than one). 14 The positions of the transition metals 

involved in photosynthesis are given in Figure 2. 1. 
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Figure 2.1: A modified Z-Scheme for electron transport in photosynthesis showing the localities of 

the various transition metals within the electron transport chain and the possible metal interactions 

with the metal containing centres. 14 
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2.1.4.1 Copper (Cu) 

Copper is an important transition metal in many cellular processes. It is used as a co-factor in various 

enzymatic reactions, for example as prosthetic group of the chloroplastic antioxidant enzyme Cu/Zn 

superoxide dismutase (Cu/Zn-SOD).2 The function of this enzyme is the conversion of 0 2• radicals 

(formed via the Mehler reaction) to H20 2 and 0 2.
6 This is a critical enzyme reaction which protects 

cellular constituents from oxidative damage (ROS). Cu/Zn superoxide dismutase is found throughout 

the plant cell and has been shown to be localized in the cytoplasm, peroxisomes and chloroplasts. 

Figure 2.2 is a schematic demonstration of the protective mechanism and location of Cu/Zn-SOD. 10 

2e· (oxidized) 

F 2 Ferredoxr-· Ascorbate 

~2 (reduced) APX 

2 Ferredoxin 2 onodehydr 

ascorbate 

2H' 
hv (spontaneous) 

Figure 2.2: Scheme, showing the functionality of Cu/Zn-SOD during the Mehler reaction m 

photosynthetic electron transport.2 

However, most of the copper that enters the plant is located within the chloroplast as part of the 

structure of plastocyanin which is a 10-kDa copper-containing mobile protein coupling electron 

transfer from photosystem II to photosystem I ( PSII to PSI).2·
8 It is located in the thylakoid lumen and 

transfers electrons between the reduced cytochrome of the bJ complex and the photo-oxidized P700 

of PSI.2
•
8 Figure 2.1 shows the location of the copper containing plastocyanin (PC) protein in the 

electron transport chain. 

2.1.4.2 Manganese (Mn) 

Manganese is essential to the functioning of photosynthesis in plant systems as it is a critical 

component of the oxygen evolving complex (OEC) which produces electrons, protons and molecular 

oxygen through the catalytic splitting of water (see Figure 2.1).2 The OEC is a tetra-nuclear 

manganese cluster that is closely associated with the water splitting reaction centre and it is stabilized 
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by a number of extrinsic polypeptides as well as calcium and chloride ions. Two water molecules bind 

to the cluster complex producing the four oxidizing equivalents required for their oxidation through 

five so-called S-states (S0 to S4).
2 Without manganese to catalyse the water splitting reaction, no 

electrons would thus be able to be extracted from water to drive PSII activity. 

Similar to copper, manganese also acts as a co-factor for another superoxide dismutase enzyme (Mn

SOD), which also protects the cellular constituents from ROS. Manganese superoxide dismutase is 

localized in mitochondria and peroxisomes in plant cells. 10 Manganese also plays a role in ATP 

synthesis, in RuBP carboxylase reactions and the biosynthesis of fatty acids, acyl lipids and proteins. 

In addition, manganese plays a primary role in the activation and as co-factor of various other 

enzymes in plants (- 35) such as: Mn-catalase, pyruvate carboxylase and phospho-enolpyruvate 

carboxykinase.11 Manganese is essential for the biosynthesis of chlorophyll (through the activation of 

specific enzymes), aromatic amino acids (tyrosine) and secondary products such as lignin and 

flavonoids. Furthermore, it participates in the biosynthetic pathway of isoprenoids and the 

assimilation of nitrates. 11 

2.1.4.3 Iron (Fe) 

Iron is another essential transition metal that has several important functions in a plants' metabolism. 

Iron is essential for chlorophyll synthesis and deficiency in iron has been shown to cause dramatic 

decreases in chlorophyll concentration.12 Depending on the function, type of ligand and location 

within the plant, iron can be divided into three subgroups; i) proteins with iron-sulphur clusters (Fe

S), ii) heme-containing proteins and iii) other iron proteins (known as non-heme proteins). 13 The 

highest concentration of iron within the plant is located within the chloroplasts, which suggests its 

importance in photosynthesis. Iron-sulphur (Fe-S) proteins play a vital role in the electron transport 

process where various iron localities have been previously demonstrated (see Figure 2.1). Whilst the 

heme proteins are pivotal to photosynthesis and electron transport, 13 some non-heme proteins play a 

role in cellular detoxification and protection against ROS. One such form of protein is iron superoxide 

dismutase (Fe-SOD), which has been shown to be localized within chloroplasts. '0 

2.1.4.4 Zinc (Zn) 

Zinc is an important component of several enzymes within a plant, for example as a cofactor in the 

enzymes involved in protein synthesis and energy production.13 Most of the zinc enzymes are 

involved in the regulation of DNA-transcription, RNA-processing and translation. Several proteolytic 

active enzymes within the chloroplast have also been found to be zinc dependent. 13 One such example 

is the repair of photo-damaged PSII by turning over the damaged DI protein. Furthermore, net 
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photosynthesis is also affected by zinc deficiencies due to the limiting of the activity of carbonic 

anhydrase (involved in C02 fixation) and Cu/Zn-SOD, which plays a major role in the elimination of 

chloroplastic ROS formed during electron transport. See Figure 2.2 for a schematic illustration of the 

involvement of Cu/Zn-SOD in ROS elimination. 

2.1.5 Transition metal toxicity on plant metabolism and photosynthetic behaviour 

In the sections above, the importance of the transition metals Cu, Mn, Fe and Zn in plants have been 

highlighted but it is important to note that excess concentrations of these metals can be detrimental to 

plant health. Recent research has more specifically explored the effect of excess amounts of essential 

metals on photosynthesis. 1
·
3

• 
1
' 

19
• 

2 1
•
23

• 
25

' 
29 According to Ernst et al., 1992 approximately 10% of 

excess metals that enters the plant accumulates in the leaves while only 1 % enters the chloroplasts.15 

Since the mode and site of toxicity is dependent on the type of metal, the toxicity due to Cu, Mn, Fe 

and Zn will be briefly discussed in the following sections.2
• 

16 

2.1.5.1 Copper toxicity 

While copper is an essential part of many enzymes and photosynthesis, excess copper can be 

detrimental to plant health and development. Several sites of copper toxicity have been reported in the 

literature with reference to photosynthesis.2 According to the literature, four effects of copper toxicity 

on photosynthesis have been reported; i) Ultrastructural changes in chloroplasts, ii) effect on PSII 

efficiency and chlorophyll status, iii) effect on electron transport and ribulose-1,5-bisphosphate 

carboxylase/oxygenase (Rubisco) activity and iv) formation of ROS which damage the photosynthetic 

apparatus. 2 

i) Effect of excess Cu on ultrastructural changes in chloroplasts 

Several publications have repo11ed that excess copper cause structural changes to the thylakoid 

membrane. 17.
18 In a study by Patsik.ka et al, 2001 , Cu-treated plants showed a lower level of acyl 

lipids as structural constituents of the thylakoid membranes, which was especially evident in the 

decrease of monogalactosyl diacylglycerol (MGDG).19 Any increase in the unsaturated fatty acid level 

in membrane lipids will invariably cause destabilisation of reaction centres, which will ultimately lead 

to inhibition of PSII. 17 Studies of possible alterations on the PSI structure are not often cited in the 

literature. Copper induced structural changes in the photosynthetic apparatus have also been reported 

due to deficiencies of other transition metals, seeing that the uptake and translocation of the various 

metals are often in competition.20 
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ii) Effect of excess Cu on PSII efficiency and chlorophyll status 

The susceptibility of PSII to copper damage is well documented. In vitro studies have shown that PSII 

is more sensitive to excessive copper than PSI.21 Copper has also been reported to decrease 

chlorophyll bio-synthesis, which could be a result of an indirect effect, given that copper is m 

competition with other metals (Fe, Mn, Zn, etc.) because of their similar charge and ionic radius.22 

iii) Effect of excess Cu on electron transport and Rubisco activity 

The debate as to where the exact inhibiting location of electron transport as a result of copper toxicity, 

remains controversial.2 On the PSII reducing side, the Q8 binding site and the Pheo-Fe-QA domain 

have been reported as the most sensitive sites for Cu2
+ toxicity.2 Some studies show inhibition at both 

the donor and acceptor side of PSII. Maksymiec et al., 1997 argued that inhibition of the Calvin cycle 

(and subsequent down regulation of electron transport) was the main reason why PSII activity 

decreased in the presence of excess copper.2
'
23 The non-heme iron between QA and Q8 has also been 

suggested as a possible site for copper interaction through the exchange of the non-heme iron with 

copper.2·
24

-
26 Studies have shown an imbalance between QA reduction by PSII activity and the re

oxidation of ~ by PSI activity, which invariably points to a 'break in the chain' between PSII 

acceptors and PSI acceptors.2 Copper inhibition of the binding site of Q8 has also been reported 

through a non-competitive action with DCMU (which block Qs binding sites).2·
32 The presence of 

high concentrations of copper within chloroplasts has been implicated in the destabilisation of the 

OEC complex through exchange of both Mn and Ca from the OEC, causing the OEC to dissociate.2
•
27

-

29 Similarly, plants grown in excess copper have been shown to have a decreased Rubisco activity.2
•
21 

Figure 2.1 shows the proposed main sites of action of copper toxicity on PSII and PSI electron 

transport. 

iv) Effect of excess Cu on ROS formation and cellular damage 

Redox active metals such as Cu and Fe can cause direct formation of ROS through the Fenton and 

Haber-Weiss reactions. Reactive oxygen species have been extensively shown to cause damage to 

almost all cellular components, including the photosynthetic apparatus.2
•
3 

2.1.5.2 Manganese toxicity 

Depending on soil conditions, excess manganese in the soil can have several adverse effects on crop 

production. Research has shown that low soil pH can exaggerate the effect of high manganese levels 

in the soil, due to the higher solubility of the manganese ions at low pH values.33 The effects of 
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manganese toxicity have been described in the literature, with its inhibiting effects ascribed to various 

metabolic systems of which only a few will be discussed below: 

i) Effect of excess Mn on chlorophyll concentration 

Manganese dependent enzymes have been shown to be involved in chlorophyll bio-synthesis. 

Therefore, manganese deficiencies and excess directly influences the concentration of chlorophyll.2 

Several studies have reported decreased chlorophyll levels under excess manganese conditions.34
•
35 

These studies have shown that manganese toxicity not only lowers chlorophyll biosynthesis, but also 

causes increased chlorophyll degradation .2·
34

·
35 Some authors have attributed the chlorophyll 

degradation to photo-oxidation caused by oxidised manganese species within the chloroplast,36 whilst 

others have attributed a reduced chlorophyll biosynthesis to the possible ion exchange between Mg2+ 

and Mn2+within the chlorophyll structure.35 

ii) Effect of excess Mn on COrassimilation and Rubisco activity 

Studies have shown that the reduction in photosynthetic activity in the presence of increased 

manganese concentrations preceded the onset of chlorophyll degradation. 37 Houtz et al., 1988 found a 

significant decline in photosynthetic activity due to the inhibitory effect of high concentrations of Mn, 

which they ascribed to a Mn induced modification of the Rubisco kinetics.38 A more recent study by 

Li et al., 2010 indicated that COrassimilation was severely decreased in Citrus grandis seedlings 

under excess Mn conditions due to a reduction in the activity of the whole photosynthetic electron 

transport chain from the donor side of PSII to the reduction of end acceptors of PSI, thus limiting the 

production of reducing equivalents and hence the rate of COr assimilation.39 

iii) Effect of excess Mn reactive oxygen species (ROS) formation 

Excess manganese concentrations have been shown to cause the formation of ROS in the Fenton type 

reaction. 39 

iv) Effect of excess Mn on electron transport through PSI and PSII 

Photosystem sensitivity to manganese toxicity has been studied extensively during the last few 

decades. Despite these extensive studies, various conflicting opinions exist surrounding their mode of 

action, location of inhibition and differential inhibiting response on PSI, PSII or the intersystem 

electron transporters such as the Cyt b6f-complex . Most recent studies using chlorophyll a 

fluorescence have shown a definite decrease in the quantum efficiency of PSII due to manganese 
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toxicity.39
.4° Doncheva et al., 2009 reported that a decrease in various electron transport parameters in 

Mn-sensitive Zea mays L. under excess manganese concentrations.41 Li et al. performed a chlorophyll 

a fluorescence study on Citrus grandis seedlings under excess Mn conditions in which they reported a 

decrease in various electron transport parameters as well as the overall photosynthetic performance 

index. 39 They also reported an increase in non-photochemical energy dissipation due to an increased 

amount of closed reaction centres. 

2.1.5.3 Iron toxicity 

Although reports on Fe toxicities are rare, some studies have been published on the effects of excess 

iron on plant metabolism. Acidic and water logged soil have been shown to promote the effect of Fe 

toxicity due to the high solubility of Fe at a low pH.2 As elevated levels of other transition metals can 

cause Fe deficiency, excess amounts of Fe can also cause deficiencies of transition metals such as Cu, 

Mn and Zn (due to similar uptake mechanisms based on ionic radii) .2 Furthermore, excess Fe has been 

shown to have several adverse effects on plants. Only a few of these effects will be discussed below: 

i) Effect of excess Fe on chlorophyll concentration 

Although Fe is a well-known co-factor in the bio-synthesis of chlorophyll, excess amounts of Fe have 

been shown to decrease chlorophyll bio-synthesis while causing degradation of existing chlorophyll 

molecules.43 

ii) Effect of excess Fe on ROS formation 

As mentioned earlier (under copper and manganese), redox active metals such as Fe and Cu have the 

ability to catalyse ROS fomting reactions due to their ability to accept and donate electrons from their 

valence orbitals. Examples of these reactions are the catalytic reaction of 0 2- and H20 2 to form highly 

reactive Off species (Fenton and Haber-Weiss reactions).2
•
3 

iii) Effect of excess Fe on photosynthesis and electron transport parameters 

Limited published data is available on the effect of Fe toxicity on photosynthetic electron transport in 

comparison to the effect of Fe deficiency.44 In one such study, Pereira et al., 2013 showed a 

significant decrease in the maximum quantum yield of the primary photochemistry (FjFm) under 

excess Fe concentrations in rice cultivars.44 An increase in non-photochemical reactions was also 

observed which is indicative of inefficient electron transfer, while closure of reaction centres was 

indicated by increasing F0 values with increasing Fe concentrations.44 In studies with Nicotiana 
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plumbaginifolia, it was found that excess Fe resulted in a decrease of the photosynthetic rate by 40%, 

an increased oxido-reduction of PSII and higher thylakoid energization.2 

2.1.5.4 Zinc toxicity 

Although Zn is crucial for the normal functioning of plant metabolism, excess concentrations can lead 

to severe adverse effects . The toxicity threshold of Zn is however relatively heterogeneous in nature, 

with large differences in Zn tolerance between different plant species and even different cultivars 

within the same species.4s 

i) Effect of excess Zn on chlorophyll concentration 

Zinc has been implicated in replacing Mg2
+ in the chlorophyll structure, thereby impairing the 

function of LHCII.4s A possible obstruction in the transport of Fe to the chloroplasts seems to cause a 

lowering in the chlorophyll content in the Jeaves.4s Zinc excess can also cause Fe deficiencies due to 

uptake and transport competition (similar ionic radii). 

ii) Effect of excess Zn on the Hill reaction and Rubisco activity 

Several studies have associated a Zn excess with impaired function of the water oxidizi ng complex 

(OEC). A possible explanation of this phenomenon is based on the theory of the competition between 

Zn2
+ and Mn2

+ for a coordination place within the OEC at excess zinc concentrations.2 This would in 

turn cause the structure OEC to change and even dissociate. An active Zn2
+ inhibitory site on the 

donor side of the PSII has also been rep01ted by Rashid et al., 1991 proposing that Zn2
+ directly 

modifies the Qs site, affecting the reduction of QA without changing the re-oxidation properties and 

disturbing the conformation of the PSII core complex, which also affects the acceptor side of the 

photosystem Il.46-4
8 Some authors have suggested that electron transport inhibition due to Zn toxicity 

was induced by changes in the thylakoid membrane structure.4s Several studies have shown a definite 

inhibition of PSII activity due to rapid declines in FJFm under increasing Zn concentrations.4s Mallick 

et al. , 2003 reported increases in the F0 values of chlorophyll a fluorescence, which was ascribed to 

the inactivation of reaction centres (RCs) due to Zn toxicity.49 They also reported inactivation of OEC 

due to Mn2
+ replacement by Zn2

+ from the OEC.47 Although bivalent cations play a major role in the 

activation of Rubisco and in the equilibrium between C02 and 0 2 binding.so ce1tain transition metals 

such as Zn2
+ displace Mg2

+ in the structure of Rubisco causing deterioration of its structure and 

subsequent loss of activity.s1 Nevertheless, Zn mostly inhibits the carboxylase activity of this enzyme 

without affecting its oxygenase function.s2 
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iii) Effect of excess Zn in ROS formation and associated cellular damage 

Zinc is not classified as a redox-active metal, due to its inability to perform one electron oxido

reduction reactions.45 Due to this fact, Zn is unable to catalyse Fenton and Haber-Weiss type 

reactions. Despite this inability, Lopes-Milan et al., 2005 found that excess amounts of Zn caused the 

formation of damaging ROS species such as 0 2- and H20 2 .
53 The exact mechanism of ROS formation 

under excess Zn conditions is still uncertain, but the most probable cause is thought to be due to its 

inhibitory effect on electron transport. Inhibition of one part of the electron transport chain (ETC) 

leads to over-reduction of another part, which in turn causes electron leakages and ultimately ROS 

formation . 54 

2.1.6 Aim 

The aim of this study was to evaluate the photosynthetic whole electron transport response of a South 

African hybrid maize cultivar (IMP 52-11) to different concentrations (deficiency to excess) of heavy 

metals (copper, manganese, iron and zinc) using non-invasive chlorophyll a fluorescence and 

modulated 820 nm reflection measuring techniques . These non-invasive techniques were chosen in an 

attempt to establish a fast and reliable method to evaluate the response of crop plants (such as maize) 

to cultivation in metal contaminated soils. Furthermore, the treated maize plants were also evaluated 

with regard to biomass accumulation and root to shoot biomass ratio. 

2.2 Methods 

2.2.1 Plant culture and metal treatments 

The study was conducted between October and December 2013 at the Faculty for Enviromental 

Sciences, School for Botany at the North-West University in Potchefstroom, South Africa. Zea mays 

L. seeds were germinated in vermiculite in plastic planting trays in a growth chamber. Two weeks 

after germination, seedlings of similar stature and health (visually selected) were carefully 

transplanted into 6 L plastic pots containing only vermiculite medium, which once again remained in 

the growth chamber at day and night temperatures of 27°C and 19°C, respectively. Sixty five pots 

were used with 1 seedling planted in each pot. Every 3 weeks, 300 mL of a nutrient solution was 

given to each pot. The nutrient solution contained the following nutrients: Macronutrients (in mM); 

1.25 mM KN03 ; 1 mM Ca(N03h; l mM (NH4)H2P04 ; 0.5 mM MgS04 and 0.1 mM KC!, whilst the 

rnicronutrients (in µM) were varied depending on the different treatments as shown in Table 2.1. The 

plants were watered with 300 mL deionized water every 3rd day. 
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Table 2.1: Varying metal concentrations per treatment. 

H3B03 Na2Mo04.2H20 
Fe-

MnS04 CuS04 ZnS04 
Number 

Treatment EDTA of 
(µM) (µM) 

(µM) 
(µM) (µM) (µM) 

Replicates 

Control 10 0.065 5 5 5 5 5 

Cu-deficient 10 0.065 5 5 0 5 5 

Cu-0.05 
10 0.065 5 5 50 5 5 

mM 

Cu-I mM 10 0.065 5 5 1000 5 5 

Mn-
10 0.065 5 0 5 5 5 

deficient 

Mn-0.05 
10 0.065 5 50 5 5 5 

mM 

Mn-1 mM 10 0.065 5 1000 5 5 5 

Fe- deficient 10 0.065 0 5 5 5 5 

Fe-0.05 mM 10 0.065 50 5 5 5 5 

Fe-1 mM 10 0.065 1000 5 5 5 5 

Zn-
JO 0.065 5 5 5 0 5 

deficient 

Zn-0.05 
10 0.065 5 5 5 50 5 

mM 

Zn-1 mM 10 0.065 5 5 5 1000 5 

From Table 2.1 it can be seen that in each treatment, the concentration of one metal (Cu, Mn, Fe or 

Zn) was changed. Each metal concentration varied between an optimum value (control), which was 

determined beforehand by 8 sets of 4 week mini trials where the biomass accumulation and plant 

height was monitored closely, deficient level (0 mM), an intermediate toxic level (0.05 mM) and a 

highly toxic level (l mM) of a specific metal. These specific metal concentrations were chosen in an 

attempt to mimic reported concentrations of these metals in contaminated soils (See section 1.2.2. l in 

Chapter I). Six weeks after the seedlings were transplanted into the 6 L pots, chlorophyll a 

fluorescence measurements (see Section 2.3) were taken and the plants were harvested to determine 

the respective root- and shoot biomass for each treatment. 

2.2.2 Biomass accumulation 

After harvest, the plants were separated into root and shoot partitions. The shoots and roots were 

placed into paper envelopes and dried at 80°C for 72 hours. Thereafter the dry weight of the 

individual roots and shoots of each plant was measured. 
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2.2.3 Chlorophyll a fluorescence transient and modulated 820 nm reflection measurements 

The measurements were conducted using a multifunctional plant efficiency analyser (M-PEA, 

Hansatech, UK), which was designed and well described by Strasser et al., 2010.55 The modulated 

reflection change near 820 nm was monitored as a convenient way to follow the redox state of PSI 

(reaction center + plastocyanin). This instrument was designed and well described by Strasser et al., 

2010.55 In this study, leaves were dark adapted for 60 min, by keeping the plants in total darkness, 

before they were ilJuminated with a 1 s pulse of a continuous red light (627 nm, 5000 µmol photons 

m-2s- 1
) while recording the chlorophyll a fluorescence and modulated 820 nm reflection. The declined 

amplitude of the modulated 820 nm reflection intensity due to PSI redox change is indicative of the 

PSI photochemical capacity.53
•
54 In addition, the fast fluorescence transients were analysed and the 

JIP-pararneters were quantified according to the JIP-test.42 The following data points on the transients 

were taken: (1) fluorescence intensity at 30 ms (F0 , when all reaction centres of PSII are open); (2) the 

maximum fluorescence intensity (Fm, when all reaction centres of PSII are closed) and (3) 

fluorescence intensities at 300 µs (K step), 3 ms (J step), 30 ms (I step) an 300 ms (P step). These 

original data points were taken and JIP-parameters describing the structure and functionality of PSII 

were calculated using the formulas described in Table 1.5 (Chapter 1). 

2.2.4 Statistical analysis 

The experiments were arranged in a completely randomised block design with 5 replicates for each 

treatment and 5 replicates for the control treatment. Statistical variance analysis was done using one

way ANOV A with least significant differences (LSD) at the 5% level. 

2.3 Results 

2.3.1 Biomass accumulation 

In Table 2.2 the changes in the biomass as a function of the micronutrient concentration is presented. 

As seen in Table 2.2, the greatest decrease in root biomass was seen at the highest metal 

concentrations. One mM of copper, manganese, iron and zinc treatments caused a decrease in root 

biomass compared to control plants of 35%, 22.5%, 34.6% and 23.9% respectively. The same trend 

was observed for the shoot biomass at I mM of copper, manganese, iron and zinc, which showed a 

respective decrease of 55.5%, 34.8%, 51.1 % and 28.9% compared to control plants. All of these 

differences were statistically significant at p:S0.05 . High levels of iron and copper showed similar 

toxic effects towards biomass development, whereas the effect of manganese and zinc appeared to be 

less pronounced. The reason that copper and iron show greater toxicity (than manganese and zinc) 
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may be that the copper and iron are high redox-active metals, which can contribute to the production 

of reactive oxygen species (ROS), causing damage to many physiological systems and structures.2
·
3 

At intermediate toxic levels (0.05 mM), all of the metals showed significant decreases (p:S0.05) in 

root and shoot biomass accumulation, compared to control plants, although the effect was much less 

pronounced. Excluding the effect of copper deficiency on root development, the effects on both root 

and shoot biomass accumulation decreased statistically significantly (p:S0.05) for all the metals 

compared to control plants, under metal deficiency conditions. 

Table 2.2: The influence of different metal treatments on the root and shoot DW as well as on the 

root/shoot DW ratio. 

Treatment Root DW (g.planf1
) Shoot DW (g.planf1

) Root DW /Shoot DW 

Control 48.8 ± 1.3 a 69. l ± 1.5 a 0.70 ± 0.02 a 

Cu-deficient 45.2 ± 0.3 a 53.l ± 0.3 b 0.73 ± 0.01 a 

Cu-0.05 mM 35.2 ± 1.6 b 56.3 ± 1.5 b 0.67 ± 0.03 a 

Cu-1 mM 2 1.7 ± 1.6 c 40.l±l.3c 0.54 ± 0.02 b 

Mn- deficient 43 .9 ± 2.3 a 54.2 ± 2.2 b 0.72 ± 0.04 a 

Mn-0.05 mM 43.l ± 1.4 a 64.5 ± 1.3 a 0.67 ± 0.02 a 

Mn-1 mM 31.8 ± 0.5 b 49.4 ± 0.8 be 0.64 ± 0.01 a 

Fe- deficient 35.1 ± l.3 b 47. I ± 1.5 b 0.68 ± 0.02 a 

Fe-0.05 rn.M 43.l ± 2.2 a 64.5 ± 2.3 a 0.67 ± 0.03 a 

Fe-1 mM 23.9 ± 1.3 c 40.3 ± 1.1 be 0.60 ± 0.02 b 

Zn- deficient 37.4 ± 1.3 b 51.4 ± 1.5 b 0.70 ± 0.02 a 

Zn-0.05 mM 44.5 ± 1.2 a 63.1±1.3 a 0.69 ± 0.02 a 

Zn-1 mM 32.1±1.1 be 49.1 ± 1.5 be 0.65 ± 0.02 a 

LSD (p:S0.05) 5.82 8.52 0.09 

Data are means± standard errors (n = 5). Within a column, values followed by different letters are significantly different at P 

:5 0.05. 

Compared to control plants, the root/shoot ratio decreased significantly (p:S0.05) at the highest 

treatment concentrations (1 mM) for copper, manganese, iron and zinc. These decreases (compared to 

control plants) were again more pronounced under high copper and iron toxic concentrations, 
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compared to the same concentrations of manganese and zinc. Copper and iron showed a decrease in 

root/shoot ratio of 22.8% and 14.2% (compared to control), whilst manganese and zinc only showed a 

decrease of 8.5% and 7.1% respectively. According to Nishizono et al., 1989 the phenomenon of 

reduced root/shoot ratio was due to a natural plant response of reduced metal translocation to plant 

shoots under excess metal concentrations.57 The data in the present study supported the hypothesis of 

Nishizono et al., 1989 and Mahmood et al., 2005 who reported decreases in root/shoot ratio under 

high copper concentrations.57
' 

58 None of the metals caused a significant change in root/shoot ratio 

under deficiency condi tions. 

2.3.2 Influence of different metal concentrations on the chlorophyll a fluorescence transient 

and modulated 820 nm reflection 

2.3.2.1 Influence of metal concentrations on apparent PSII activity quantified by the fast 

kinetics chlorophyll a fluorescence transients 

Relative variable (V) fluorescence (OP normalization, V 0p) and difference in variable fluorescence 

(fiV) bands (/::,.V01 , fiYrn, fiVoK, fiVKJ, fiYn, fiYrn, fiVKn, fiVJn, fiYrn and fiVHn (n =narrow)) were 

constructed (F0 chosen at 30 µs ) for all the respective metal treatments. The H-band appears at the 

same time interval as the P-phase of the fluorescence transient. The term H-band is used only to 

distinguish between the P-phase in the OJIP induction curve (at exactly 300 ms) and a distinct band 

(H-band) that appears over a time range that includes the P-phase at 300 ms. In Figures 2.3-2.8 an 

illustrative example of the various normalizations using the respective copper treatments is given. In 

Figure 2.3, the change in chlorophyll a fluorescence (single normalized at 0.03ms) with varying 

copper concentrations is shown. Figure 2.4 A shows the relative variable fluorescence, V 0p, for the 

different copper treatments. The differential relative variable fluorescence phases; /::,. V 0p, /::,.Yoh /::,. Yrn, 

/::,. V 0K, /::,. V KJ, /::,. VJI, /::,. V rn, /::,. V Kn, /::,. VJn, /::,. Yrn and /::,. V Hn for the different copper treatments are shown in 

Figures 2.4-2.8. Figure 2.8 A-D gives the maximal/minimal amplitudes of the differential 

normalizations (/::,. V) of all the respective metal treatments relative to control treatments. The 

validation of V and /::,. V in variable fluorescence phases and peaks obtained by the various 

normalizations to obtain these peaks, have previously been described in detail.42 A short summary of 

how these normalization peaks are obtained is depicted in Figure 1.13 and their meanings are given in 

Table 1.4 (Chapter 1). 

Only the copper differential variable fluorescence phases wi ll be shown graphically as illustration in 

Figures 2.5-2.7, whereas the averages of the maximum and minimal amplitudes of these bands will be 

shown for all the heavy metal treatments in Figures 2.8 A-D. 
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In Figure 2.3 the changes in the single normalized (at 0.03 ms) fast chlorophyll a fluorescence 

transient at different copper concentrations is shown, displaying the characteristic steps (O-J-1-P 

steps) in the fluorescence transient.42 

0.03 0.3 3 30 

Time (ms) 

• Control 
0 Cu defficiency 
T 0.05 mM Cu 
6. I mM Cu 

300 LOOO 

Figure 2.3: Change in chlorophyll a fluorescence (single normalized at 0.03ms) with varying copper 

concentrations. 

In Figure 2.4 A the changes in the variable fluorescence, V 0p, (normalized at 0.03 ms and 300 ms) fast 

chlorophyll a fluorescence transient at different copper concentrations is shown, whilst Figure 2.4 B 

ShOWS the difference in Variable fluorescence ([j, V = V treatment - V control), {j, V op, for the various copper 

treatments. 
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Figure 2.4 A & B: Variable fluorescence (A) and differential variable fluorescence (B) (t:N oP = V oP. 

treatment - YoP. control) between the 0 (0.03 ms) and P (300 ms) steps in the fluorescence transient for the 

various copper treatments . 
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The 0 (0.03 ms) to J (3 ms) part of the transient curve refers to the single turnover range (i.e. primary 

quinone acceptor (QA) is only reduced once) and therefore reflects mainly photochemical reactions 

resulting in the reduction of the electron acceptor QA, whereas the J (3 ms) to H (300 ms) steps in the 

fluorescence transient is related to the multiple turnover region (post QA reduction). Multi-differential 

normalizations between 0 and J as well as J and H steps in the fluorescence transient revealed the K

and I-bands respectively (Figure 2.5). 
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Figure 2.5: Differential variable fluorescence (b.V = V treatment - V contro1) between the 0 (0.03 ms) and J 

(3 ms) as well as J (3 ms) and H (300 ms) steps in the fluorescence transient for the various copper 

treatments. 

Differential normalization between 0 (0.03 ms) and K (0.3 ms) steps is the fluorescence transient 

revealed the b. V L-band (Figure 2.6) for the different copper treatments. 

Other differential normalizations shown in Figure 2.6 are the b. V KJ , b. V n and b. V rP phases which 

stretch over the single and multiple turnover phases of the electron transport events. 
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Figure 2.6: Differential variable fluorescence (fl V = Yireatment - V control) between the L (0.03 ms) and K 

(0.3 ms), K (0.3 ms) and J (3 ms), J (3 ms) and I (30 ms) as well as I (30 ms) and H (300 ms) steps in 

the fluorescence transient for the various copper treatments. 

Further ('narrower') normalization is thus needed to isolate the influence of the respective events 

(processes). These narrower normalizations were constrncted for all of the metal treatments, but once 

again only the copper treatments are shown graphically in Figure 2.7 (to illustrate how such narrower 

bands are obtained). The normalizations were made at 0.1 ms, 1 ms, 10 ms, 100 ms and 300 ms in log 

time. Only the maximal/minimal amplitudes (relative to control) of these normalizations are shown 

for the other metal treatments (Figure 2.8 A-D). 
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Figure 2. 7: Differential variable fluorescence (!:::. v Xn = v Xn, treatment - v Xn, control) between O. l ms and I 

ms, 1 ms and 10 ms, 10 ms and 100 ms, as well as 100 ms and 300 ms time intervals in the 

fluorescence transient for the various copper treatments. These normalizations reveal the Kn, Jn, In and 

H11-bands, respectively. 

Figures 2.8 A-D are composite graphs that show the maximal/minimal amplitudes of the ' narrow 

bands ' (relative to control) that resulted from the respective normalizations discussed above for all the 

metal treatments. 
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Figure 2.8 A-D: Averages of the maximal/minimal amplitudes of the differential normalizations 

(Li V) obtained for copper (A), manganese (B), iron (C) and zinc (D) relative to control treatments. All 

values are given as average values of 20 measurements (4 measurements per plant x 5 replicates per 

treatment. ** indicates significance and * indicates non-significance at p:S0.05 (LSD = 0.073) relative 

to control. 

Substantial narrow bands appeared following the respective normalizations as seen in Figure 2.8 A-D. 

Significant positive ~ V L-bands (p:S0.05) were seen at the highest concentration treatments (1 mM) for 

all of the respective metal treatments, which suggest a decrease in antennae cooperativity at such high 

metal concentrations. Furthermore, significant (p:S0.05) positive ~ V L-bands were also seen in the 

manganese- and zinc deficiency treatments. 

Normalization between 0.1 ms and 1 ms revealed sharper LiVK0 -band (n =narrow) bands (at - 0.3 

ms), which is a more accurate representation of the Li VK-band, as the influence of antennae 

cooperativity is not taken into account. Significant positive (p:S0.05) Li VKn-bands were seen at the 

highest concentrations of all the metal types and at the manganese and zinc deficiency treatments, 

which suggests degradation of the OEC and/or an increase in antenna size due to the inactivation of 

functional RCs.59 

Normalization between 1 ms and 10 ms revealed significant (p:S0.05) sharper Li V111-bands (at - 2-3ms) 

at the highest concentration for all metal types. Additionally significant (p:S0.05) positive Li V111-bands 

were also seen for the manganese, iron and zinc deficiency treatments (Figure 2.8 B-D), where the 

iron deficiency caused the greatest Li VJn-band (Figure 2.8 C) amongst the deficiency treatments, 

which points to a decrease in electron transpmt past QA. 
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In Figure 2.8 A-D the presence of !J. V111-bands became evident at - 20-30 ms. The !J. V1n-bands 

(nru.Tower !J. V1-band) is a more accurate representation of the intersystem electron transport events, 

because it inherently excludes the influence of QA and end electron acceptor reduction, because of the 

timeframe at which these bands appear. Significant (p:::;0.05) positive !J. V1n-bands could be seen at the 

highest copper, manganese, iron and zinc concentrations, which suggest strong inhibition of electron 

transport before the PSI acceptor side, causing an accumulation of reduced intersystem electron 

carriers (a ' traffic jam' of electrons at the intersystem electron transporters). Furthermore, significant 

(p:::;0.05) positive !J. V1n-bands were also seen for the deficiency manganese, iron and zinc treatments, 

which interestingly also suggests accumulation of reduced intersystem electron carriers at these metal 

deficient conditions. 

Differential normalization between the Ill (or IP) phase brought about significant (p:::;0.05) differences 

in LWnrbands amongst the respective treatments with respect to the control treatments (at - 100 ms), 

which points to different influences on the reduction of PSI end electron acceptors, since this phase 

has previously been suggested to be related to PSI end electron acceptor reduction.39 At the highest 

concentration, significant (p:::;0.05) negative LlVm-bands can be seen for all of the metal types (Figure 

2.8 A-D). These bands suggest strong decreases in electron transport toward PSI end electron 

acceptors. Inversely, large positive LlV1wbands were seen for the copper- and iron deficiency 

treatments, suggesting a build-up of electrons between intersystem electron carriers before PSI end 

electron acceptors. Interestingly, the manganese deficiency treatment also resulted in a significant 

(p:::;0.05) negative LlV1wband. 

2.3.2.2 Influence of different metal concentrations on PSII biophysical parameters derived by 

JIP-equations 

Strasser et al., 2000 translated the OJIP transients into biophysical parameters, which describe 

quantum yields of photon capture used for QA reduction ( q:>p0 ), electron transport probabilities ( (j)Eo, (j)Ro 

and 0R0 ) , specific activities per reaction centre (RC), phenomenological fluxes per leaf cross section 

(CS), as well as the two performance indexes PIABS and Plr0131.
42 The derivation and meanings of these 

JIP-parameters are given and described in Table 1.5. These values were calculated and selected 

parameters were normalized to those of controls and plotted on radar graphs, to demonstrate the effect 

of different metal types and concentrations on the selected parameters (Figure 2.9 A-D). 
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Figure 2.9 A-D: Radar graphs showing the influence (relative to control) of the various copper (A), 

manganese (B), iron (C) and zinc (D) concentrations on key parameters in the electron transport chain 

(see Table 1.4). Significance was determined at p:S0.05 (LSD= 0.104). 

An increase in the ABS/RC parameter in Figures 2.10 A-D can be used to ascertain whether the 

functional antenna size increased.59 At the highest metal concentrations (for all metal types), 

significant (p:S0.05) increases in ABS/RC can be seen, with a 47%, 40%, 36% and 63% increase 

(compared to control) for the copper, manganese, iron and zinc treatments, respectively. Significant 

(p:S0.05) increases of 30% and 12% in this parameter can also be seen for the manganese and iron 

deficiency treatments (Figure 2.9 B & C). The reciprocal of ABS/RC is RC/ABS (Figure 2.9 A-D), 

which is indicative of the amount of active reaction centres (RC's) per chlorophyll antennae. Given 

that RC/ ABS is the reciprocal of ABS/RC, the highest metal concentrations caused a significant 
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(pS0.05) decrease in RC/ABS, with a 33%, 28%, 23% and 40% decrease (compared to control) for 

the copper, manganese, iron and zinc treatments, respectively. Likewise, a significant (pS0.05) 

decrease in RC/ABS can also be seen for the manganese (33%) and iron (27%) deficiency treatments 

(Figure 2.9 B & C). 

A parameter that can be used to evaluate the reduction of Q A is <ppJ( 1- <pp0 ), which is a measure of the 

quantum yield of primary photochemistry, or to put it in another way, the amount of photochemical 

energy used to reduce QA (seen in Figure 2.9 A-D).42
•
60 Again, the highest metal concentrations had 

the greatest effect on this parameter. The copper, manganese, iron and zinc treatments caused 

significant (pS0.05) decreases of 20%, 19%, 36% and 22% in <ppJ(l - <pp0 ) (compared to control). The 

manganese and iron deficiency treatments also caused significant (pS0.05) decreases of 15% and 

11 %, respectively. These decreases at the highest concentration and deficiency treatments suggests a 

considerable decrease in the quantum yield of photochemistry, i.e. a substantial amount of excitation 

energy was not used for ~ reduction. This excitation energy is mostly lost in the form of heat 

dissipation. 

The probability that an electron moves beyond Q A- to the intersystem electron carriers is given by the 

'VEJ(l- \j/Eo) parameter.42
'
60 Considerable changes in this parameter was seen for the different 

treatments. The highest metal concentrations caused significant (pS0.05) decreases of 21 %, 26%, 29% 

and 41 % for the copper, manganese, iron and zinc treatments, respectively. The 'VwO- 'l'Eo) 

parameter seemed relatively unaffected by the intermediately high metal concentration (0.05 mM) 

treatments, except for the 0.05 mM copper treatment, which reduced significantly (pS0.05) by 17% 

compared to the control treatment (Figure 2.9 A). The copper, iron and zinc deficiency treatments also 

caused marked changes in 'l'w( I- 'l'Eo), with significant (pS0.05) decreases of 17%, 22% and 29% 

(Figure 2.9 B, C & D), respectively. 

The efficiency of electron movement from the reduced intersystem electron acceptors to the PSI end 

electron acceptors (Ferredoxin and NADP+) is described by 8RJ0- 8R0 ).
42

'
60 A decrease in 8RJ(l- 8R0 ) 

is thus indicative of electron accumulation/losses before these NADP+. Once more the highest metal 

concentrations caused the greatest decrease in this parameter, which is indicative of electron flow 

disruption at such high metal concentrations. Corresponding significant (pS0.05) decreases of 34%, 

31 %, 36% and 44% was seen for the 1 mM copper, manganese, iron and zinc treatments. Of the 

intermediately high (0.05mM) concentration treatments, only the iron treatment caused a significant 

(pS0.05) decrease of 11 % in 8RJ(l - 8R0 ). Additionally, a significant (pS0.05) decline in 8RJ(l- 8R0 ) of 

21 %, 25% and 17% was seen for the copper, iron and zinc deficiency treatments, underlining the 

importance of these metals for efficient photosynthetic electron transport. 
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Two other parameters often used to describe energy conservation (electron transport) are PIAss and 

PI101ai· These two parameters are multi-parametric expressions describing energy conservation from 

photon absorption to different parts of the electron transport process. Table 1.5 (Chapter 1) describes 

the derivation and meaning of these parameters. The performance index for energy conservation from 

photons absorbed to the reduction of intersystem electron acceptors, PIAss. essentially refers to the 

efficiency with which photons are absorbed, the efficiency with which these photons are used for 

photochemical energy generation and finally the efficiency with which photochemically generated 

electrons are transported through PSII. The performance index for energy conservation from photons 

absorbed to the reduction of PSI end electron acceptors, PI101ai. contains the identical information to 

PIAss. but in addition it also includes the efficiency of PSI end electron acceptor reduction, which 

inherently means that PI10 1a1 provides infonnation on the total electron transport process.42
•
60 The 

following significant (p:::;0.05) decreases (compared to control) were seen for the respective metal 

treatments. A 28%, 13% and 56% decrease in PIABS and a 4 l %, 16% and 70% decrease in PI101• 1 were 

seen at the copper deficiency, 0.05 mM and 1 mM copper treatments, respectively (Figure 2.9 A). A 

25%, 16% and 49% decrease in PIAss and a 29%, 21% and 71 % decrease in PI101• 1 could be seen for 

the manganese deficiency, 0.05 mM and 1 mM manganese treatments, respectively (Figure 2.9 B). A 

40%, 35% and 65% decrease in PIAss and a 55%, 25% and 76% decrease in PI10131 could be seen for 

the iron deficiency, 0.05 mM and I mM iron treatments, respectively (Figure 2.9 C). A 29%, 15% and 

72% decrease in PIAss was seen and a 44 %, 27 % and 80% decrease in PI10 1• 1 could be seen for the 

zinc deficiency, 0.05 mM and l mM zinc treatments, respectively (Figure 2.9 D). Marked reduction in 

these parameters is clearly indicative of electron transport inhibition in all of the treatments compared 

to the control plants. Despite the fact that not a11 of the parameters decreased in a11 of the treatments, 

the accumulative decline in photon capture and electron transpmt efficiency caused by the various 

treatments, are emphasized by these two performance indexes. 

2.3.2.3 PSI and plastocyanin (PC) electron transport activity quantified by modulated 820 nm 

reflection 

During the 1 s illumination of the dark-adapted leaves with a pulse of continuous red light (627 nm, 

5000 µmol photons m·2s·1
) modulated 820 nm reflection was also recorded. Figure 2.10 A-D are 

normalized (at 500 ms) MR820 nm curves that show the influence of varying metal concentrations on 

the light induced photochemical reactions of PSI and PC. Characteristic sections of these curves were 

used to calculate/elucidate changes in the oxidation-, re-reduction rate and maximum size of the 

oxidized PSI-pool. Figures 2.11 A-D show the normalized MR820 nm reflection kinetics in response to 

5000 µmo! photons m·2s·1 red actinic light. The curves show an initial oxidation of P700 and PC (v0 x) 

followed by a re-reduction of P700+ by arriving electrons from PSII (vred).62 
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Figure 2.10 A-D: Normalized (at 500 ms) light induced MR820 nm changes for the various copper (A), 

manganese (B), iron (C) and zinc (D) concentrations. 

The minima of the MR curves (MRmin in Figure 2.10 A-D) can be used to deduce the maximum 

oxidation state of PSI, or in other words the maximum amount of electron flow through PSI before 

electrons from PSII arrives. MRmin was significantly (pS0.05) higher for all deficiency and 1 mM 

copper, manganese, iron and zinc treatments (compared to control; Figure 2.10 A-D), whereas only 

the 0.05 mM manganese treatment resulted in a significant (pS0.05) increase in MRmin (Figure 2.10 

B). This can be attributed to the fact that v0 x (Figure 2.1 l C) was down-regulated to a greater extent 

than Vrect (Figure 2.11 D) at the 0.05 mM manganese treatment, subsequently leading to a decreased 

P700 oxidized state <MRmin), because of the difference in kinetics of the fast (v0 x) and slow (vrect) 

phase electron transport. 

The initial decay (slope) of MR82011m reflection intensity, due to PSI redox change, represents the rate 

of PC and P700 (PSI) photochemical oxidation (v0 x), whilst the secondary slope reflects the re

reduction rate of PC and P700+ (PSI) by PSil.62 A change in v0 x can thus be interpreted as a change in 

the rate at which electrons move through PC and PSI, whereas Vred reflects the rate with which PC and 
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PSI is re-reduced by arriving electrons from PSII.60
·
6 1 Changes in v0 x and Vred with varying metal 

concentrations (relative to control) are shown in Figure 2.1 1 A-H. 
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Figure 2.11 A-H: Figure 2.11 A-H reflects the maximal slopes, relative to control, of the kinetics of 

photo-induced MR82onm changes. Figure 2.11 A, C, E, G gives the relative oxidation rate (v0 . ) of 

electron movement through PSI, before electrons from PSII arrive to re-reduce oxidized PSI, whilst 

Figure 2. 11 B, D, F & H gives the relative re-reduction rate of the combined flow of electrons pumped 

by PSI and PSII (vrect). Significance relative to control was determined at pS0.05 (LSD = 0.21). * 
indicates non-significant and ** indicates significant differences from control. 

The relative V0 x (Figure 2.11 A) decreased signifi cantly (pS0.05) by 22% and 92% at the deficiency 

and 1 rnM copper treatments respectively, whist the relative Vrect (Figure 2.11 B) decreased 

significantly (pS0.05) by 40% and 65% for the deficiency and 1 rnM copper treatments, with no 

significant (pS0.05) change in either v0 • and Vrect at the 0.05 rnM copper treatment. In Figure 2.11 C, 

the relative v0 x of the deficiency, 0.05 mM and 1 mM manganese treatments decreased significantly 

(pS0.05) by 42%, 25% and 83% respectively, whereas the relative Vrect (Figure 2.11 D) significantly 

(pS0.05) decreased by 60% and 69% at only the deficiency and l mM manganese treatments, which 

suggests that PC and PSI oxidation seemed to be more sensitive to excess manganese concentrations 

than PC and PSI re-reduction. The relative v0 • of the deficiency and 1 mM iron treatments (Figure 

2.11 E) decreased significantly (pS0.05) by 50% and 59%, whilst the relative v0 • increased by 16% at 

the 0.05 mM iron treatment (compared to control), but this increase was not significant (pS0.05). The 

relative v,ect (Figure 2.11 F) decreased significantly (pS0.05) by 50%, 22% and 70% at the deficiency, 

0 .05 mM and 1 mM iron treatments, respectively. This data suggests that PC and PSI re-reduction 

appears to be more sensitive to excess iron compared to PC and PSI oxidation. In the case of the zinc 

treatments, the relative v0 • of the deficiency and 1 rnM zinc treatments (Figure 2.11 G) decreased 

significantly (pS0.05) by 29% and 79%, whereas the relative Vrect significantly (pS0.05) declined by 

64% and 79% for the zinc deficiency and l rnM zinc treatments (Figure 2.1 1 H). A clear difference in 
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the down-regulation of PC and PSI oxidation and re-reduction can be seen under zinc deficient 

conditions, suggesting differential sensitivity between the two processes to zinc deficiency. 

2.4 Discussions 

2.4.1 Influence of different metal concentrations on biomass accumulation 

Several of the different metal treatments caused significant (p:S0.05) reductions in both root and shoot 

biomass. The highest metal concentrations caused the largest decrease in the biomass of the respective 

treatment plants. The greatest decreases were seen at the highest copper and iron treatments. The 

reason that copper and iron show greater toxicity (than manganese and zinc) is due to the fact that the 

copper and iron are highly redox-active metals, which are known contributers in the production of 

reactive oxygen species (ROS).2'
3 At intermediate toxic levels (0.05 mM), only the copper treatment 

showed significant (p:S0.05) decreases in root and shoot biomass accumulation, compared to control 

plants, highlighting the toxic effect of the redox active copper ion. Excluding the effect of copper and 

manganese deficiency on root development, the effects on both root and shoot biomass accumulation 

decreased statistically significantly (p:S0.05) for all the metals compared to control plants, under metal 

deficiency conditions. This serves as concrete proof of the importance of these transition metals in 

normal plant development and functioning. 

2.4.2 Influence of different metal concentrations on photosynthetic electron transport 

2.4.2.1 Metal deficiency 

Under copper deficient conditions, the only L'.lV-bands that differed significantly (p:S0.05) in Figure 

2.8 A were positive L'.lYin and L'.lVrwbands. Because no band appears at L'.lYin. we could deduce that the 

build-up of electrons were beyond QA in the electron transport chain . The appearance of positive 

L'.l V Hn and L1 VJH-bands suggested a build-up of electrons between intersystem carriers and PSI end 

electron acceptors (Figure 2.8 A).39
•
60 A possible reason for the build-up of electrons at the 

intersystem electron carriers and a decrease in the reduction of electron end acceptors (on the PSI 

acceptor side) can be the inability to synthesize the plastocyanin (PC) complex (Figure 2.2), in which 

copper is a key constituent. This would result in a build-up of electrons and intensified positive and 

L'.lVm-bands. The copper deficiency treatment also caused a significant (p:S0.05) decrease in 'l'E<f(l 

'l'Eo) (Figure 2.9 A), which is indicative build-up ('traffic jam') of intersystem electrons, supporting 

the hypothesis of lower PC synthesis due to insufficient copper availability. The lower Yax of PC and 

PSI at copper deficient conditions (Figure 2.1 1 A) is also in agreement with the hypothesis of 

insufficient PC synthesis, resulting in decreased electron movement through PC and PSI (see also 
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Figure 2.1). Furthermore, the decline in Vred (Figure 2.11 B) at the copper deficiency treatment, is in 

agreement with the fast kinetics chlorophyll a fluorescence data presented in Section 2.3.2.1, where a 

decrease in 8RJ0- 8R0 ) (efficiency of electron transport from PSII to end electron acceptors) was 

observed (Figure 2.9 A). Significant (p:S0.05) reductions in PIABs and PI101a1 (Figure 2.9 A) could be 

seen for the copper deficiency treatments, which is indicative of a decrease in total electron transp01t 

efficiency. 

Under manganese deficient conditions, the D. V-bands that differed significantly in Figure 2.4 B were 

positive D.VL, D.VKn, D.VJn and D.V10-bands, as well as a negative D.Vrn-band. The reason for the 

appearance of a positive D. V L-band is not know at this point in time, but it suggests a decrease in 

antenna cooperativity. The appearance of a positive and D. V Kn-band is due to the inability of the OEC 

(of which manganese is an essential part of) to function properly under manganese deficient 

conditions, causing a loss of structural integrity and subsequent electron donation by non-water 

electron donating entities. A decrease in the number of active RCs ' can be deduced by a decrease in 

RC/ABS (Figure 2.9 B. The ABS/RC in Figure 2.9 B increased (being the reciprocal of RC/ABS), 

which is indicative of increased antennae size, in an effort to compensate for the loss of functional 

RCs' . 

A positive D. VJn-band is indicative of a kinetic 'bottleneck' of the electron transport around QA, i.e. the 

reduction rate of QA exceeds the re-oxidation rate of QA·· Over-reduction of one part of the electron 

transport chain has been shown to result in ROS formation, causing more structural damage, which 

results in further dow-regulation of electron transport.2
•
10

•
13 The down-regulation of electron transport 

past QA- was confirmed by the decrease in \jf&/(1- \j/Eo) in Figure 2.9 B. The presence of a negative 

D. V1tt-band and a decrease in 8RJ0- 8R0 ) in Figure 2.9 Bis an indication of a decrease in the efficiency 

of electron movement from the reduced intersystem electron acceptors to the PSI end electron 

acceptors. The lower v0 x suggests that manganese deficient conditions (Figure 2.11 C) caused 

significant (p:S0.05) decreased electron movement through PC and PSI. Furthermore, the decline in 

V,ect (Figure 2.11 D) at the manganese deficiency treatment is in agreement with the fast kinetics 

chlorophyll a fluorescence data presented in Section 2.3.2.1, where a decrease in 8RJ(l- 8R0 ) and a 

large negative D. V1wband were observed in Figme 2.9 B and Figure 2.8 B, respectively. A decline in 

cppJ(l- cpp0 ) points at a lowering in the efficiency with which absorbed energy is converted to 

photochemical energy (Figure 2.9 B). This means that a significant amount of energy is dissipated as 

heat (heat sink centres), which acts as a mechanism to minimize photo-inhibition by non

photochemical quenching, as a result of a decrease in the number of active RCs (supported by a 

decrease in RC/ABS in Figure 2.9 B) . Significant (p:S0.05) reductions in PIAss and PI101ai suggest a 

decrease in whole electron transpo1t efficiency under manganese deficient conditions. 
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Under iron deficient conditions, the !::. V-bands that differed significantly (pS0.05) in Figure 2.8 C 

were positive !::. VJ0, !::. V10, !::. V IH and !::. V H0-bands. The appearance of a positive !::. VJn-band can be due 

to the instability of the key non-heme iron unit between QA and Q8 in iron deficient conditions, 

ultimately leading to lower electron transport past QA (see Figure 2.1). A study by Kalaji et al., 2014 

reported similar results under iron deficient conditions in tomato and maize plants.66 Lower electron 

transport beyond QA is also indicated by the decrease in 'Vw'O - 'VEa) in Figure 2.9 C. A large positive 

!::. V10-band (Figure 2.8 C) is indicative of accumulation of reduced intersystem electrons before end 

PSI acceptors. The lack of iron for the synthesis of iron-containing Cyt b6f complex causes the build

up of electron at this site. Furthermore, the appearance of a positive !::. V IH and !::. V H11-bands (Figure 2.8 

C) also points to the accumulation of electrons between intersystem electron transporters and PSI end 

electron acceptors (Ferredoxin and NADP+). This can once again be attributed to the loss of structural 

integrity of iron-containing PSI-carriers on PSI acceptor and donor side (Figure 2.1), also seen as a 

significant (p:S0.05) decrease in lowering in 8RJ0- bRa) in Figure 2.9 C. The absorption per reaction 

centre (ABS/RC) in Figure 2.9 C increased significantly (pS0.05), which again is indicative of an 

increase in antenna size. Inversely, a decrease in the number of active RCs ' can be deduced from a 

decrease in RC/ABS (Figure 2.9 C). A significant (p::;0.05) decrease in the relative Y ax and Vred was 

also seen (Figure 2. 11 E & F) in the MR820nm signal, supporting the fast kinetics chlorophyll a 

fluorescence data, suggesting a lowering in the electron transport through PSI (PSI-oxidation) and the 

ensuing re-reduction of PSI by arriving electrons from PSII. The decrease in the efficiency with which 

absorbed energy is converted to photochemical energy was also apparent, because of the decline in 

<ppc/(1- <pp0 ) in Figure 2.9 C. This means that a significant amount of energy is dissipated as heat (heat 

sink centres). Moreover, the decrease in effective energy conversion and electron transport efficiency 

resulted in the significant (p:S0.05) reduction in the multi-parametric PIAss and Pitotal parameters 

(Figure 2.9 C). The appearance of the respective !::. V-bands, changes in the calculated HP-parameters 

and decreases in Vax and Vred correlate well with a recent study, where the effect of iron deficiencies on 

maize and tomato plant was also evaluated.68 

Under zinc deficient conditions, significant !::. VJ"' !::. Vrn and !::. V Hn-bands can be seen in Figure 2.8 D. 

Increased ROS formation have repeatedly been reported under zinc deficient conditions, which has 

been ascribed to lower Cu/Zn-SOD prevalence and activity (Figure 2.2).2
•
10

•
13

•
69

•
70 The appearance of 

positive !::. Vin and !::. V1n-bands (Figure 2.8 D) are indicative of electron transport inhibition in single 

turnover region as well as at the intersystem electron carriers. This was supported by a marked 

decrease in 'Vw'(l- \j/Eo) in Figure 2.9 D. Decreased end electron reduction can also be caused by the 

accumulation of NADPH (reduced NADP) as a result of lower COr fixation, under zinc deficient 

conditions. This phenomenon can be ascribed to the role of zinc as a constituent of carbonic 

anhydrase (involved in C02-fixation). A decrease in the NADPH-demand function can cause electron 

accumulation upstream (before NADP) at the PSI end electron acceptors. Similar results have 
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previously been reported by Busotti et al., 2011 and Burkart et al. 2013 under ozone stress, where a 

decoupling between electron transport and COr assimilation was suggested.65
·
66 This was confirmed 

by a significant (p'.S0.05) positive ~ V Hn-band (Figure 2.8 D) at the zinc deficiency treatment. In Figure 

2.9 D, oRcl(l- 0R0 ) was also significantly (p'.S0.05) decreased, indicating a decrease in the efficiency of 

electron movement to PSI end electron acceptors . The MR820001 data showed that a significant 

(p'.S0.05) decline in v0 ., whilst a significant (p'.S0.05) decrease in Vrect was also seen (Figure 2.11 G & 

H). A greater decline in Vred compared to v0 x suggested that the arriving electrons from PSII were 

inhibited to a greater extent compared to the actual electron movement through PSI (oxidation). A 

significant (p'.S0.05) reduction in the multi-parametric PIABS and PI101• 1 parameters (Figure 2.9 D) at the 

zinc deficiency treatment was also seen pointing at overall down-regulation of light driven 

photosynthetic processes. 

2.4.2.2 Excess metals 

The data suggested that the increasingly higher metal concentrations had an increasingly down

regulatory effect on the photosynthetic electron transport. In this current study, the highest copper 

concentration ( 1 mM), resulted in far greater disruption of electron transport, where ~ V L, ~ V Kn, ~ V1n, 

~V1n , ~Yttn and ~Yrwbands were observed in Figure 2.8 A. The positive ~VL-band is indicative of a 

decrease in cooperativity between the chlorphyll antennae, possibly due to the high redox active metal 

(M2+ d. 1 al C 2+ M 2+ F 2+ Z 2+) . Hi h d . . , iav aent met ; u , n , e or n concentratJons. g copper an iron concentratJons 

have been proved to cause large amounts of ROS through the Fenton and Haber-Weiss reaction .2.3 

The occurrence of a ~ V Kn-band points to OEC inactivation in response to high metal concentrations, 

because of cation exchange between the Mn2
+ and the Cu2

+ divalent ion . Increases in functional 

antenna size was suggested by increases in ABS/RC in Figure 2.9 A-D at the highest metal 

concentrations. The reciprocal of the ABS/RC, RC/ABS, decreased significantly (p'.S0.05), indicating 

RC deactivation during the 1 mM metal treatments. Positive ~Yin- bands seen in Figure 2.5 A has also 

been reported in the literature in response to high metal concentration conditions .2 This can be 

attributed to cation exchange of the non-heme iron between QA and Q8 (Figure 2.1), which will inhibit 

electron transport past QA. Marked decreases in 'l'Ecl(l- o/Eo) also suggests post QA electron transport 

inhibition (Figure 2.9 A-D) . The presence of a prominent positive ~VH0-bands and negative ~V1w 

bands indicate the inhibition of the reduction of electron end receptors. This supports previous studies 

that suggested cation exchange of metals with the iron-containing intersystem electron carriers in the 

Cyt b6f complex and the iron-containing sulphur centres and Ferrodoxin at the end acceptor PSI side 

(Figure 2.1).37
' 

62 Marked decreases in oRc/0- 0R0 ) in Figure 2.9 A-D at high metal concentrations are 

also indicative of strong inhibition of PSI end acceptor reduction. Significant (p'.S0.05) reductions in 

PIABs and PI10 1• 1 could be seen at both the 0.05 mM and 1 mM metal treatments, which is indicative of 

a decrease in electron transport efficiency. A negative ~ Vm-band (Figure 2.8 A-D) is a result of 

102 



reduced electron flow to the end electron acceptors because of an accumulation of reduced 

intersystem electron carriers. Studies have also shown that an imbalance between QA reduction by 

PSII activity and the re-oxidation of QA by PSI activity (also seen by the presence of positive fl. V10-

bands and negative fl. Vrn-bands) points to a 'break in the chain' between PSII acceptors and PSI 

acceptors.2 This is seen as a decrease in the amplitude of . the IP-phase (!l.Vrn) , which can be 

interpreted as a decrease in the amount and reduction rate of reduced end acceptors at the PSI acceptor 

side. This was also seen by decreases in 8Rc!(l- 8R0 ) in Figure 2.9 A-D. 

Furthermore, a decrease in v0 x was also seen at increasing metal concentrations (Figure 2.11 A, C, E 

& G) becoming significant significant (p:S0.05) at the 1 mM treatments. This may have been caused 

by the displacement of Cu2
+ in PC and Fe2

+ in PSI transporters and Ferredoxin, by excess amounts of 

non-iron metal ions (Figure 2 .1). The decline in V0 x may also have been as a result of decreased 

electron demand from the carboxylation reactions, which may have been inhibited to an extent by 

ROS damage to carboxylation enzymes. This phenomenon has been reported in previous studies 

under ozone stress .65
'
66 The progressive decline in Vred (Figure 2 .11 B, D, F & G) at increasing metal 

concentrations suggest down-regulation in the re-reduction rate of PSI by arriving PSII electrons. This 

is in agreement with the fast kinetics chlorophyll a fluorescence data presented in Section 2.3.2.1, 

where a decrease in 8Rc!Cl- 8R0 ) at high metal concentrations (efficiency of electron transport from 

PSII to end electron acceptors) was observed in Figure 2.9 A-D. A co-regulating mechanism between 

PSII and PSI is also possible, manifesting as a decline in Vrect , as a result of decreased v0 x, in an 

attempt to minimize PSI over-reduction and subsequent ROS formation. Such a co-regulation 

mechanism was also reported by Busotti et al., 2011 in woody plants under ozone stress.65 

2.5 Conclusions 

Trace (heavy) metals such as copper, manganese, iron and zinc play a vital role in whole plant 

metabolism. It often plays an important role as metal co-factors in the synthesis of vital enzymes, 

cellular and membrane components. Furthermore, it also plays a vital role in the process of 

photosynthesis, as a structural component of chlorophyll, functional and structural components of 

OEC responsible for water splitting, structural and functional components of electron carriers in the 

electron transport chain in PSII, intersystem carriers and PSI. In the present study, different trace 

metals deficiencies were found to differentially down-regulate specific parts of the electron transport 

process in a way which seems to correlate with the known positions of the respective metals within 

the electron transport chain . 

Excess amounts of these trace metals were also found to impose a significant strain on the 

photosynthetic process of the IMP 52-11 maize cultivar. According to the results, the OEC, QA and 

intersystem electron transporters all appeared to be sensitive parts of PSII electron transport under 
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high metal concentrations (see Figure 2.9 A-0). This was attributed to the cation exchange of the M2
+ 

with the Mn2
+ in the OEC, Fe2

+ in iron containing intersystem electron carriers between QA and PSI 

acceptor side and Cu2
+ in the copper containing PC (see Figure 2.1 for proposed exchange sites). 

Damage to the chlorophyll antennae, OEC and intersystem transporters resulted in a decreased 

electron transport rate. Moreover, the highest metal concentration was found to cause a marked 

decrease in both Y ax and Yred for all metal types, which suggests definitive evidence of down-regulated 

PSI activity. 

In this current study, the decreases in biomass accumulation with regard to dry root and shoot mass, 

compared well to the trends observed in the fast kinetics chlorophyll a fluorescence and MR8200m data. 

The highest metal concentrations (I mM) caused the greatest decrease in biomass, followed by a 

smaller but still significant (pS0.05) decrease in the deficiency treatments. Metal deficiency 

conditions are also relevant in metal toxicity studies, seeing that plants absorp metals in a competitive 

fashion. Only in a few cases significant (pS0.05) changes in either root or shoot biomass at the 0.05 

mM treatments were observed (relative to control). The reduction in photosynthetic capacity under 

metal stress thus clearly translated into reduced growth in the IMP 52-11 maize cultivar. Furthermore, 

metal toxicity also depends on the form and its oxidation state. 

In conclusion, the negative effect of the various metal types and concentrations on the growth and 

photosynthetic capacity of the IMP 52-11 maize plants could be successfully evaluated using the non

invasive (in vivo) chlorophyll a fluorescence and modulated 820 nm reflection techniques. Using 

these techniques, it was possible to pinpoint and suggest different areas and possible modes of 

inhibition and sensitivity in both the PSI and PSII electron transport phases, which has not been 

presented before for such a range of metal types and concentrations in maize. The severity of toxicity 

of the metals in maize depended on their relative level of exposure and type of element. According to 

the results of this study metal contaminated soils are potentially toxic at sufficiently high 

concentrations (>0.05 mM) and this will have a definite negative effect on maize crop production in 

the affected areas, such as AMO and other contaminated water runoff sites. Therefore, it is imperitive 

that the concentration of metals in heavily industrialized and mining areas be monitored closely; to 

make sure that exposure limits are not exceeded. 
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Chapter 3 

Evaluation of the photosynthetic response of two South African maize cultivars IMP 52-11 and 

PAN 6114 under varying 0 3 concentrations in Open-top chamber conditions 

3.1 Introduction 

3.1.1 Atmosheric pollution in South Africa 

South Africa has an approximate population of 55 million people, which is concentrated mainly in the 

south and east coast, as well as in the north-eastern inte1ior.6 The densely populated areas are often 

relatively polluted, especially dming the local winter, due to the presence of pronounced atmospheric 

inversion layers, combined with a regional high-pressure system that can trap pollutants in a large 

anti-cyclonic vortex covering the interior of southern Africa.7 During the last years, three specific 

industrial areas in South Africa, all located within 200 km from Johannesburg, have been declared as 

national air pollution priority areas by the South African government. This declaration implies that 

emission abatement measures have to be put into place by the government to mitigate air pollution. 

The Vaal Triangle Air-shed Priority Area incorporates most of the petrochemical-related industries, 

pyrometallurgical smelters, coal-fired power plants and other industrial activities. In 2007, the 

Highveld Priority Area in the western Mpumalanga, a part of the Free State and a small part of the 

Gauteng province, with the large coal-fired power plants, a large petrochemical plant and several 

pyrometallurgical smelters, was declared a priority area.8 In southern Africa there is a growing 

concern that the concentration of atmospheric pollutants may adversely affect natural vegetation, 

forests and crops.8 

3.1.2 Ozone (03) as a threat to crop production in South Africa 

Ozone is one of the most important pollutants in South Africa. Ozone in particular has been identified 

as a common gas pollutant and its concentration has been reported to reach up to 130 ppb in severly 

industrialized areas (such as the Highveld Priority Area mentioned above).8 During 2013 and 2014, all 

of the monitoring sites in the Vaal Triangle and Highveld priority areas were out of compliance with 

the National Ambient Air Quality Standards for ozone in terms of the number of reported 

exceedances. 3•
7

•
8 In South Africa, the focus of concern relating to ambient ozone has largely been in 

relation to human health, however, it has long been known that high levels of ambient ozone have a 

large detrimental effect on agricultural productivity. 10 
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As stated in Chapter 1 (Section 1.2.1), the most important crop in these highly affected areas is maize. 

Maize production not only plays a vital role with regard to food security in South Africa, but it is also 

of vital importance to the South African economy in terms of being one of its principle export 

products. According to a market value chain report by the South African Department of Agriculture, 

Forestry and Fisheries, the maize is mainly exported to Africa, Europe and Asia. 9 From 2002-2011 the 

estimated average export volume of maize was reported to be in the order of 2.5 million tons per 

annum.9 In 2011 , roughly 48% of the maize production in South Africa was produced in the affected 

priority area.9 

Any limiting factors (including an atmospheric pollution such as 0 3) on maize production in the 

pri01ity area must thus be carefully evaluated to ensure maximal production capacity. Differences in 

genotype (cultivar) sensitivity are one of the avenues that need to be explored, in order to find the 

most suitable genotype for a given set of conditions. Figure 3.1 shows the mean monthly (in 2010) 0 3 

concentrations measured at 5 different locations in the affected priority area (North West Province, 

Gauteng and Mpumalanga), by making use of 37 passive sampler systems.8 From the data in Figure 

3.1 , it can be seen that the monthly maximum mean levels measured was about 100 ppb 0 3 and the 

annual average was 62 ppb 0 3.8 According to the results (data not shown), the hourly means reached 

0 3 levels of up to 130 ppb.8 
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Figure 3.1: The mean monthly average 0 3 concentrations (in 2010) measured at 5 different locations 

in the affected priority area, by making use of 37 passive sampler systems. 8 

Ozone has previously been shown to significantly reduce agricultural yield, which can have severe 

economic implications. Economic losses due to a decrease in crop yield, as well as a decrease in 

product quality (visual injury of product), have been reported.11 Reports of losses in the bil)jon dollar 

range per annum, due to the negative impact of 0 3, certainly warrants further investigation into its 

(03's) effect on crop production in South Africa.8·
1

1.1
2 
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3.1.3 Effect of 0 3 on plants 

Ozone has been shown previously to affect plant physiology and modulating processes such as 

photosynthesis and stomata! regulation.3 A common experimental tool for such studies has been Open 

Top Chambers (OTCs), which were specifically designed for the purpose of studying atmospheric gas 

pollution. OTCs allow controlled 0 3 (or other gas) fumigations at near field conditions. Ozone 

symptoms characteristically occur on the upper surface of affected leaves and appear as a flecking, 

bronzing or bleaching of the leaf tissues. Although yield reductions are usually coupled with visible 

foliar injury, crop loss can also occur without any sign of pollutant stress. Susceptibility to ozone 

injury is influenced by many environmental and plant growth factors . High relative humidity, sub

optimum soil-nitrogen levels and water availabi lity increase susceptibility. Injury development on 

leaves is also influenced by the stage of maturity. The youngest leaves are more resistant. With 

expansion, they become successively susceptible at the middle and basal portions. The leaves become 

resistant again at complete maturation.2
•
3 

Plants can deal with 0 3 in one, or both, of two ways. Firstly, stomata] control of 0 3 uptake can be seen 

as the ability of a plant to avoid stress by closing its stomata, hence stress avoidance. Stomata! closure 

in response to 0 3 can be regarded as a protective mechanism, which limits the dose/concentration 

delivered to the intercellular space.3 Differences in stomata] frequency or response have been related 

to differences in plant sensitivity to 0 3. Secondly, when 0 3 penetrates leaves through the stomata, it 

can be dissolved in the apoplastic fluid, where it can react with cell structures to form reactive oxygen 

species (ROS), such as hydrogen peroxide (H20 2), as well as hydroxyl (Off") and superoxide (02") 

radicals, which can cause structural damage to cell and enzymatic components. As a result, plants 

have developed complex detoxification systems to deal with ROS induced stress. Enzymatic and non

enzymatic strategies are employed by plants to control ROS levels.4 Enzymatic systems involved in 

ROS detoxification include superoxide dismutase (SOD), (which is found in almost all ce!Jular 

components), catalase (CAT), ascorbate peroxidase (APX) and glutathione peroxidase (GPX).4 Non

enzymatic antioxidants include ascorbate, tocopherol and glutathione.4 These ROS defence systems 

are usually sufficient to protect plants from ROS damage, but when external stressors are imposed on 

the plant, more ROS are produced than these defence systems can handle. While it is well-known that 

0 3 affects stomatal conductance and photosynthetic COrfixation, the magnitude thereof varies widely 

among plant species due to varying capacities for absorbing and detoxifying 0 3.
5 

Since photosynthesis is regarded as one of the most sensitive indicators of stress m a plants ' 

metabolism, numerous studies have been conducted to evaluate the response of different plant species 

to 0 3-induced limitation on photosynthesis. Stomata! conductance (gs) can be used effectively as a 

measure of stomata! health under stress conditions. Numerous authors have reported stomata! closure 
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under Orstress conditions. Stomata function by regulating simultaneously the absorption of C02 and 

the loss of water through transpiration. Under no or low stress conditions the stomata! conductance 

decreases when there is sufficient C02 in the stomata! cavity, in an attempt to limit water loss through 

transpiration. Under stress conditions, it has been shown that stomata can become damaged or more 

closed as a result of a stress avoidance mechanism (for example in case of elevated atmospheric 

gasses such as 0 3, S02 etc.).2
1.

28 

3.1.4 Using photosynthesis to evaluate 0 3 sensitivity 

Whilst elevated background levels of 0 3 are often insufficient to produce visible injury, lower 

photosynthesis is often reported, which makes it an excellent tool to use to evaluate 0 3 sensitivity. 

Because of the sensitivity of photosynthesis to changes in 0 3 concentration, it even becomes possible 

to differentiate between intergenotype 0 3-sensitivities. 12
'
36 Both the electron transport and COr 

fixation processes of photosynthesis have previously been identified as target sites for Orinduced 

damage. 12 Ozone-induced reduction in photosynthesis rate has been attributed to two factors: (i) 

stomata! and (ii) non-stomatal limitation. A reduction in the maximal rate of carboxylation (\/ cmax) by 

either ribulose 1,5-bisphosphate carboxylase/oxygenase (C3 plants) or phosphoenol-pyruvate 

carboxylase (C4 plants) is considered to be the primary effect of 0 3 on photosynthesis, which induces 

stomata! closure via an increase in intercellular C02 concentration (CJ As mentioned earlier, stomata! 

regulation in itself is also considered as a very important factor in controlling the ozone sensitivity of 

plants and 0 3 uptake. Furthermore, studies have also suggested the decoupling of stomatal 

conductance and photosynthesis under 0 3-stressed conditions.28 Ozone can also alter photosynthetic 

process at the level of the electron transport, such as decreases in leaf Chi content, reduction in the 

efficiency of excitation capture in plants, reduced numbers of intact or open photosystem II (PSII) 

reaction centers or damage individual transport constituents within the electron transport chain which 

increases the dissipation of energy through alternative means such as heat. Recently, a few studies 

have also reported lower photosystem I (PSI) electron transport activity in response to chronic 0 3 

exposure, although such studies are still relatively scarce, due to the avai lability of reliable technology 

and the lack of expertise to interpret such data.36
.4

6
.4

7 

The influence of 0 3 on COr fixation and electron transport can be monitored efficiently by using 

photosynthetic gas exchange and chlorophyll a fluorescence, respectively. Although extensive 

research has been done in Europe concerning the impact of elevated 0 3 concentrations on different 

food crop species (particularly maize), the sensitivity of South African genotypes to Or induced 

responses remains somewhat unclear. 
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3.1.S Aim of this study 

The aim of the present investigation was to compare the photosynthetic response of two popular South 

African maize cultivars (IMP 52-11 and PAN 6114) to different Or levels. Photosynthetic gas 

exchange was monitored using an infrared gas analysis system and the function of the photosynthetic 

electron transport chain was examined, by measuring simultaneously the kinetics of prompt 

fluorescence (HP-test), modulated light reflection at 820 nm and far-red irradiation at 735 nm. In this 

chapter we deemed it necessary to measure both the photosynthetic gas exchange and electron 

transport properties, seeing that they are both directly influenced by 0 3-stress. As mentioned earlier, 

the decoupling of stomata! conductance and photosynthesis has been reported. In this current study we 

will also attempt to construct an electron flux model, in an effort to demonstrate increased decoupling 

(with increase in 0 3-stress severity) between the electron transport chain (at PSI donor side) and 

electron transport used for COr assimilation. 

3.2 Materials and Methods 

3.2.1 Plant cultivation and 0 3 treatment 

Pots (12 Lin volume) were filled with sterilized soil and two seeds of two widely used South African 

maize genotypes IMP 52-11 (Agricol) and PAN 6114 (Pannar) were planted in the respective pots. 

These specific genotypes were also chosen because of their known drought resistence charactersitics, 

which is important in the relatively low annual rainfall Highveld priority area. The experiment was 

conducted in Open-top Chambers (OTCs) located at the North-West University, Potchefstroom 

campus, South Africa (S26°41.033' E27°06.237') . The pots were well watered every second day. 

Every 2 weeks, 500 mL of a nutrient solution was given to each pot. The nutrient solution contained 

the following nutrients: macronutrients (in mM): 1.25 KN03, 1 Ca(N03)2, 0.25 (Nlii)H2P04, 0.5 

MgS04, 0.1 KCl, & rnicronutrients (in µM): 15 H3B03, 0.065 Na2Mo04.2H20, 20 Fe-EDTA, 5 

MnS04, 2 CuS04 and 5 ZnS04 . The 48 pots were divided into 8 open top chambers (OTCs) (3 pots of 

each cultivar in each OTC). Chronic 0 3-fumigation of the OTCs commenced two weeks after 

emergence. Fumigation lasted 10 day light hours (to match the main period of photosynthesis) each 

day for a period of 6 weeks. The chronic 0 3 treatments were as follows : OTC 1 & 2 = ambient 0 3 

(varied between 5 - 12 ppb 0 3), OTC 3 & 4 = 40 ppb 0 3, OTC 5 & 6 = 80 ppb 03, OTC 7 & 8 = 120 

ppb 0 3. The ozone levels were monitored daily using a 2B Technologies Model 202 Ozone Monitor 

(UV absorption at 254 nm) . 
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3.2.2 Meteriological data in OTC 

The temperature and humidity inside the OTCs were monitored using a RHT03 (also known as a 

DHT-22) 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). Photon flux 

density was measured using a photosynthetically active radiation (PAR) meter from Vernier. 

3.2.3 Photosynthetic gas exchange 

After 6 weeks' of fumigation , the leaf level photosynthetic gas exchange was mea ured under varying 

leaf surface concentrations of C02 (0, 25, 50 75, 100, 200, 350, 500, 750, 1000, 1250 and 1500 ppm), 

using a portable infrared gas exchange analyser (IRGA) system (CIRAS-2, PP-sys tems, Hitchin, UK). 

The gas exchange measurements were used to plot the net COi-assimilation rate (A) versus 

intercellular C02 concentration (C;) (so called A:C; curves) and these curves were analysed according 

to the C4-plant model of Von Caemmerer and Furbank 1999, which is a derivation of the original 

model by Farquhar and Sharkey 1982 for Cr plants. 13
•
14 The C4-plant model of Von Caemmerer and 

Furbank 1999 was used to estimate the maximal rate of phosphoenol-pyruvate carboxylase (PEPc) 

activity, V pmax· The regeneration rate of PEPc (C4 plants) and maximal electron transport rate CJ max) 

was also estimated. 13 The parameters are fitted to deternune the photosynthetic response to 0 3• Values 

of C; were estimated from stomata] conductance to C02 transfer, g5 , and the ambient C02 

concentration external to the leaf, c •. The stomata! conductance (g.) was also plotted against C;, which 

was used to assess the stomata! response as a result of the various 0 3 treatments. The water use 

efficiency (WUE) of the plants was calculated (at 360 ppm C02) through the assimilation (A) and 

transpiration (E) data, using the well-known equation of: WUE = A/E. 16 

3.2.4 Chlorophyll a fluorescence, modulated 820 nm reflection and far-red illumination 

Fast chlorophyll a fluorescence kinetics was measured after l hour dark adaptation of the test plants, 

using a multichannel multifunctional plant efficiency analyser (M-PEA, Hansatech, UK). Dark

adapted leaves were illuminated for 1 s pulse with continuous red light (627 run, 5000 µmol photons. 

m·2s· 1
) followed by a 15 s illumination using far-red light (735 nm, 200 µmo! photons m·2.s·1

). During 

the 1 s illumination, chlorophyll a fluorescence (prompt fluorescence - PF) and modulated 820 nm 

reflection (MR) were recorded. The PF was used to monitor the redox reactions around photosystem 

II (PSm, whereas the modulated 820 nm reflection was used to monitor the redox state of PSI and 

plastocyanin (PC) .17 Far-red light was used to fully oxidize the reaction centres of PSI. The entire 

prompt fluorescence kinetics series is called the OJIP-fluorescence transient. 18 For an illustrative 
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example of the characteristic steps (0-J-I-P) of a typical prompt fluorescence transient please refer to 

Figure 1.13. 

During the actinic illumination, the following data points on the transients were extracted and used for 

the calculation of several photosynthetic parameters (Review: Strasser et al., 2000) 18
: F0 at 30 µs 

(when all reaction centres of PSII are open), FL between 30 and 300 µs, FK at about 300 µs, F1 at 2-

3ms, F1 at 20-30 ms and FH at 300 ms, which often coincides with the maximum of the fluorescence 

transient, Fp. These original data points were used and the HP-parameters describing the structure and 

functionality of PSII were calculated using the formulas shown in Table 1.5. The time at which these 

peaks appear in the fluorescence transient, can be related to a certain point/process within the electron 

transport chain. 'Narrower' fluorescence fragments again allowed for more accurate representation of 

the processes represented by specific timeframes within fluorescent transients. In Figures 3.7-3.11 the 

changes in the relative (relative to control) variable fluorescence and fractions of the variable 

fluorescence phases are shown graphically to illustrate the change in these transients measured on 

plants grown under different ozone concentrations. Please refer to equations i-xi (Chapter 1, p5 l) on 

how the various relative variable fluorescence phases were obtained. 

3.2.S The link between PSI electron transport and COrassimilation 

In C4-photosynthesis, electrons leaving PSI end electron acceptors can be used to regenerate PEPc in 

the C4-cycle. The relative electron transport rate through PSI (from the modulated 820 nm reflection 

data) can be correlated to 1m.., because electrons moving through PSI are used for PEPc regeneration. 

The relationship between the PSI electron transport rate and 1max will be termed 'coupling' in this 

thesis. This relationship was obtained by by plotting the data shown in Figures 3.3 B vs 3.13 A. The 

relationship together with a coupled (elctron flux or 'ideality') model, which was constructed by 

plotting relative PSI oxidation rate against its identical values, was also constructed and is shown in 

Figure 3.16 A & B. 

3.2.6 Statistical analysis 

The experiments were arranged by placing the 48 pots into 8 open top chambers (OTCs) (3 pots of 

each cultivar in each OTC), which equates to 2 replicates and 6 pseudo-replicates per treatment. 

Statistical variance analysis was done using one-way ANOV A (p'.S0.05) with least significant 

differences (LSD) at the 5% level. Although there were only 2 replicates (2 OTCs) and 6 pseudo

replicates for each treatment, the statistics suggested that no significant differences (LSD) were seen 

within groups (i.e. within the same 0 3-concentration treatments), which gives some assurance as to 

the validility of the differences between groups (between the different 0 3-concentration treatments). 
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3.3 Results 

In the following sections the results showing the influence of the various 0 3 concentrations on the two 

maize cultivar types will be given. In Section 3.3.1 the metereological data is shown whilst the results 

on the influence on photosynthetic gas exchange properties are given in Section 3.3.2, followed by the 

influence of the various 0 3 concentrations on the electron transport parameters of the two maize 

cultivar types in Section 3.3.3 . 

3.3.1 Metereological data 

Figure 3.2 A-C shows the daiJy averages of the meteorolical data inside the OTCs (average of all 

OTCs) over the total 6 week fumigation period. 
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Figure 3.2 A-C: Typical daily averages of the meteorological data (A = Temperature, B = relative 

humidity, C =PAR) in the OTCs. 
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3.3.2 Photosynthetic gas exchange 

3.3.2.1 C02-assimilation 

As mentioned in Chapter 1, the primary carboxylation enzyme involved in C4-photosynthesis during 

COrfixation in the cytosol of the mesophyll cells is phosphoenol-pyruvate carboxylase (PEPc). 

Figure 3.3 A & B shows the A:Ci curves, which was attained by plotting the net COrassimilation rate 

(A) versus intercellular C02 concentration (CD for various 0 3-furnigation treatments for IMP 52-11 

(A) and PAN 6411 (B). From these A:Ci curves, data relating to the influence of 0 3 on the 

carboxylation activity (mesophyll limitation in Section 3.3.2.1 ), stomata! behaviour (stomata! 

limitation Section 3.3.2.2) and water use efficiency (Section 3.3.2.3) could be obtained. 
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Figure 3.3 A & B: A:C; curves of the net C02-assimilation rate (A) versus intercellular C02 

concentration (C;) for various 0 3-furnigation treatments for IMP 52-11 (A) and PAN 64 11 (B). The 

supply function [A = gc0 i(C. - C;)] , corresponding to the demand function [A = CE(Ca - f)], was 

drawn by simply joining the value of Ci - c. = 360 ppm on the abscissa to the point giving A360 at this 

value of C., where CE = V pmax· 
61 

3.3.2.2 Mesophyll limitation 

Using the model of Farquhar et al., 1982 and Von Caemrnerer and Furbank (1999) described in 

Chapter 1, the maximal carboxylation rate of PEPc, V pmax. can be approximated by the initial slope of 

the linear part of the assimilation versus intercellular C02 concentration (A:Ci) plots, i.e. the demand 

function. (Figure 3.3 A & B).13'14 
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The results showing the change in V pmax at varying 0 3 concentrations for the two maize culti vars (IMP 

52-11 and PAN 6411) relative to the control are given in Figure 3.4 A. Significant decreases (p:S0.05) 

(compared to control) of 41 % and 60% in the V pmax were seen at the 80 ppb and 120 ppb 0 3 

treatments for IMP 52-11 , whilst significant (p:S0.05) decreases of 20% and 33% decrease in the V pmax 

were seen for the 80 ppb and 120 ppb 0 3 treatments for PAN 6411. This is already indicative of a 

difference in 0 3 sensitivity between the two cultivars. This is of great importance seeing that the 0 3 

levels often exceeded 80 ppb according to the data presented by Laakso et. al, 2013.8 The model of 

Von Caemmerer and Furbank was also used to estimate the maximal rate of PEPc regeneration 

capacity and electron transport, l max · 14
'
20 A significant (p:S0.05) decrease in the lmax of 22% and 39% 

(Figure 3.4 B) could be seen for the IMP 52-11 cultivar at the 80 ppb and 120 ppb treatments 

respectively (compared to control), whereas the PAN 6411 only showed a significant (p:::::0.05) 

reduction of 32% at the 120 ppb treatment. These results suggested differential 0 3 sensitivity with 

regard to PEPc regeneration capacity and electron transport between the two cultivars. A decrease in 

the Ypmax and l max parameters is indicative of mesophyll limitation on photosynthesis. 
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Figure 3.4 A & B: Relative PEPc activity (A) and relative maximal rate of PEPc regeneration 

capacity and electron transport (B) with varying 0 3 concentrations. Significance relative to control 

was determined by a one way anova at p:S0.05 (Vpmax; LSD= 0.19 and l max; LSD= 0.17). Data 

marked with '*' indicates non-significant and '**' indicates significant changes relative to control. 

3.3.2.3 Stomatal limitation 

Given this normal physiological response of stomata] closure (conductance) under elevated internal 

C02 concentrations (CD, the stomatal conductance data were plotted from the various measurements 

against C, for the respective treatments (Figure 3.5 A & B), which is indicative of the physical state 

of the stomata (i.e. whether or not stomata! damage/closure may or may not have occurred). A clear 

tendency of decreasing maximal gs with increasing 0 3 concentrations was evident, becoming 
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significant (p:S0.05) at the 80 ppb and 120 ppb treatments for both cultivars. This suggests a decreased 

stomata) opening (supported by decreased transpiration - data not shown) and subsequent stomata! 

limitation on photosynthesis. 

According to the data in Figure 3.5 A & B, the gs of PAN 6411 appeared to be less sensitive to 0 3 

stress compared to IMP 52-11. Significant (p:S0.05) decreases of 10% and 24% (relative to control) in 

the maximal gs were seen for IMP 52-11 at the 80 ppb and 120 ppb 0 3 treatments, whilst the maximal 

gs only decreased by 6% (not significant (p:S0.05)) and 19% (significant (p::;0.05)) for PAN 6411 at 

the 80 ppb and 120 ppb 0 3 treatments. The generally applied equation of l = [(A0 -A) I A0] x 100 was 

used to calculate the true stomata! limitation, where A is the assimilation rate at ambient atmospheric 

[C02] (360 ppm) and Ao is the assimilation rate when no stomata! limitation existed, i.e. C = c •. 14 The 

data shown in Figure 3.3 A & B was used to calculate the stomata) limitation. A significant (p:S0.05) 

decrease (relative to control) of 9.5% and 22.8% in l could be seen at the 80 ppb and 120 ppb 

treatments for IMP 52-11, whilst PAN 6411 only showed a decrease of 3% (not significant (p:S0.05)) 

and 15.5% (significant (p:S0.05)) in l at the 80 ppb and 120 ppb treatments, respectively. These values 

correlated well with the decrease in maximal gs in Figure 3.5 A & B, indicating differential stomata! 

limitation in the two cultivars. The phenomenon of differential photosynthetic 0 3 sensitivity in 

different cultivars of the same species has been reported previously in the literature. 
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3.3.2.4 Water use efficiency 

In Figure 3.6 the relative change m the WUE for the two cultivars as a function of the 0 3 

concentration is presented. 
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Figure 3.6: Relative change in water use efficiency (WUE) with varying 0 3 concentrations. 

Significance relative to control was determined by a one way anova at p::S0.05 (LSD = 0.15). Non

significant differences (from control) are indicated by '* ', whilst '** ' indicates significant differences 

(from control) . 

A significant decrease in the water use efficiency for both IMP 52-11 and PAN 6411 occurred at the 

80 ppb and 120 ppb treatments. A 11 % and 20% decrease was seen for IMP 52-11 (80 ppb and 120 

ppb), whilst PAN 6411 decreased by 12% and 17% for the respective treatments (Figure 3.6), which 

means that only the 120 ppb 0 3 treatments in both cultivars showed significant (p::S0.05) reductions in 

the WUE. 

3.3.3 Chlorophyll a fluorescence, modulated 820 nm reflection and far-red illumination 

In Figure 3.7 A & B the change in the fast kinetics chlorophyll a fluorescence (PF) with varying 0 3 

concentrations for IMP 52-11 (A) and PAN 6411 (B) are shown, whilst Figure 3.7 C & D shows the 

change in the modulated 820 nm reflection (MR820 nm) curves with varying 0 3 concentrations for both 

IMP 52-11 (A) and PAN 6411 (B). From the PF curves (Figure 3.7 A & B), information on the 

processes of light absorption, energy conversion (photochemical and non-photochemical) and electron 

transport could be obtained, by making use of characteristic points in the time progression on the PF 

curve, through calculated biophysical parameters and the construction of various variable 

fluorescence phases (normalizations). The maximal slopes of the kinetic curves of the photo-induced 
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MR changes in Figure 3.7 C & D were used to calculate the rates of P700 and PC oxidation and 

subsequent re-reduction. 
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Figure 3.7 A-D: Change in prompt ch lorophyll a fluorescence kinetics (PF) and modulated 820 nm 

reflection (MR820 nm) with varying 0 3 concentrations for IMP 52-11 (A & C) and PAN 6411 (B & D). 

3.3.3.1 Influence of 0 3 on apparent PSII activity 

Differential normalization (b. V = b. V treatment - b. V control) between the FL (0.03 ms) and FK (0.3 ms) 

revealed the b.VL-band (Figure 3.7 A & B). A positive b.VL-band is indicative ofa loss in cooperation 

between chlorophyll antennae due to less photon capturing active antennae.18 
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Figure 3.8 A & B: Fluorescence transients normalized between steps L (0.03 ms) and K (0.3 ms). 

Both these partial transients were also plotted as difference kinetics , /),, v LK = v LK, treatment - v LK, control· 

A = IMP 52-11, B = PAN 6411. Significance relative to control was detemlined by a one way an ova 

at p::;0.05 (LSD= 0.015). 

A significant (p:'.S0.05) positive f'),,VL-band was seen at the 80 ppb and 120 ppb 0 3 treatments for IMP 

52-11 (Figure 3.8 A) , whereas only the 120 ppb 0 3 treatment resulted in the appearance of a 

significant (p::;0.05) f'),,VL-band for PAN 6411 (Figure 3.8 B). This suggests differential sensitivity 

between the two cultivars. 

The 0 (30 µs) to J (2-3 ms) part of the transient curve refers to the single turnover range (i.e. primary 

quinone acceptor (QA) is only reduced once) and therefore reflects mainly photochenlical reactions 

resulting in the reduction of the electron acceptor QA. Differential normalization between F0 and F1 

amplifies the /),, V K-band, wlllch can be observed around 0.3 ms. Accumulation of electrons around QA 

results from tllls, giving rise to a sh01t-lived positive /),, V K-band. A positive /),, V K-band is suggestive of 

an increase in functional antenna size (competitive inlllbition). Focusing normalization between F0.1 ms 

and F 1 ms reveals an intensified sharper resolution/),, VKn-band. 
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Figure 3.9 A & B: Fluorescence transients normalized between steps Fo. 1ms and F1ms- Both these 

partial transients were also plotted as difference kinetics, /1 V Kn = V Kn, treatment - V Kn, control· 

A = IMP 52-11, B = PAN 6411. Significance relative to control was determined by a one way anova 

at p:S0.05 (LSD = 0.036). 

The /1 VK"-band is a more accurate representation of these phenomena, because it excludes the impact 

of antenna cooperativity (11 V L) and QA-reduction. In Figure 3.9 A & B, significant (p:S0.05) positive 

11 VK0 -bands can be seen at the 80 ppb and 120 ppb 0 3 treatments for both cultivars, which underlines 

the sensitivity of the OEC and RCs to 0 3 induced oxidative stress. 

Differential normalization between F0 (0.03 ms) and F1 (30 ms) amplifies the /1 Vr band, which can be 

observed around 2-3 ms. A positive /1 Vrband can be attributed to the accumulation of reduced QA 

(QA) and is indicative of decreased electron transport beyond QA. Further normalization between F0 

(1 ms) and F1 (10 ms) revealed a sharper t1 VJn-band (Figure 3.10 A & B), which only contains a more 

accurate representation of electron transport around QA (single turnover region). 
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Figure 3.10 A & B: Fluorescence transients normalized between steps F 1 ms and F 10 ms· Both these 

partial transients were also plotted as difference kinetics, /::,.Yin= V;n, treatment - Yin, control· 

A= IMP 52-11, B =PAN 641 l. Significance relative to control was determined by a one way anova 

at p:'.S0.05 (LSD= 0.018). 

Significant (p:'.S0.05) positive /::,.VJn-bands could be seen at the 80 ppb and 120 ppb treatments for both 

cultivars (Figure 3.10 A & B). Although both cultivars exhibited similar sensitivity to these levels of 

0 3, a clear difference in maximum /::,.Vin-amplitude between the two cul ti vars was observed. If the 

amplitude is directly proportional to the amount of QA-, then PAN 64 11 (Figure 3.9 B ) appeared to be 

less sensitive to 0 3 in terms of this parameter (PAN 6411 having a smaller/::,. VJn-band). 

Differential normalization between F; (3 ms) and Fp (300 ms) amplifies the /::,. V1-band, which can be 

observed around 30 ms. This region of the fluorescence transient coincides with the multiple turnover 

events of electron transport and has been suggested to reflect the velocity of ferredoxin reduction 

beyond PSI.40 The I-P phase reflects the rate of electron transport through PSI.32
' 

40 Many authors 

have ascribed a decrease in the amplitude of the /::,. V1p phase as a decrease in the flow of electrons to 

the PSI end electron acceptors (NADP, ferredoxin-NADP+ -reductase (FNR), ferredoxin (Fd)). 32
' 

37
' 

40 

The IP-phase contains distinct information with regard to electron transport through the intersystem 

electron carriers (between QA and PSI acceptors) to PSI end electron acceptors. With fmther 

normalization between F1oms and F 100 ms a sharper /::,.Vr11-band was obtained (Figure 3.11 A & B), which 

only contains information of electron transport up to the PSII end acceptors (before plastocyanin 

(PC)), effectively excluding the influence of PSI activity. 
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Figure 3.11 A & B: Fluorescence transients normalized between steps F 10 ms and F100 ms · Both these 
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c 

> 

A significant (p::::0.05) decrease in the amplitude of the ti Yin-band was seen at the 80 ppb and 120 ppb 

treatments for IMP 52-11 (Figure 3. 11 A), whilst only the 120 ppb treatment showed a significantly 

(p::::0.05) reduced tiY1n-band for PAN 6411 (Figure 3.11 B) . This again points to differential 

sensitivity of the two cultivars . A decrease in the amplitude of the ti Yin-band is to be expected, given 

the accumulation ('traffic jam' ) of QA-, which points to decreased QA- re-oxidation by intersystem 

electron carriers . 

Using an additional normalization between F 100 ms to F300 nis . information on the second part of the IP

phase can be obtained (ti Y H 11-band). The second part is termed the H-band. 17 This distinct phase in the 

fluorescence transient exclusively provides PSI electron transport information up to the PSI end 

electron acceptors. Increased ti Y Hn amplitudes can be interpreted as an accumulation of reduced PSI 

electron carriers before NADP+ and Ferredoxin (Fd). 
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Figure 3.12 A & B: Fluorescence transients normalized between steps F100 ms and F300 ms- Both these 

partial transients were also plotted as difference kinetics, /'),. V Hn = V Hn, treatment - V Hn, control· 

A= IMP 52-11 , B =PAN 6411. Significance relative to control was determined by a one way anova 

at p~0.05 (LSD= 0.05). 

A significant (p~0.05) increase in the amplitude of the /'),. V Hn-band was seen at all of the 0 3 treatments 

for IMP 52-11 (Figure 3.12 A), highlighting the sensitivity of this part of its electron transport process 

to 0 3-stress. Whilst both the 80 ppb and 120 ppb 0 3 treatments for PAN 6411 (Figure 3.12 B) showed 

a significant (p~0.05) increase in the /'),. V Hn amplitude, the increase was less pronounced. This is 

further supporting evidence of differential 0 3 sensitivity of the two cul ti vars. 

3.3.3.2 Influence of 0 3 on apparent PSI activity 

Few studies on the direct measurement of 0 3 effects on PSI activity have been reported in the 

literature. Mazarura 2012 used electron paramagnetic resonance (EPR) to study the effect of 0 3 on 

PSI and PSII activity in Foxtail grass species. He reported that 0 3 caused down-regulation of electron 

flow through PSI and PSil.42 A number of in vitro studies on the sensitivity of PSI to ROS have been 

rep01ted in the literature. For a review of PSI photo-inhibition under vaiious stress conditions 

(including ROS stress) see Sonoike 1996.43 

In this study, far-red light (735 nm, 200 µmol photons m·2.s-1
) was used to differentially stimulate PSI 

activity, effectively causing complete oxidation of PSI (as PSI re-reduction by PSII cannot take 

place), thereby emptying all electrons from the dark adapted PSI red-ox equilibrium state, allowing 

the true maximum oxidation capacity of PSI (PSimax-ox) for the given sample to be determined. These 
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values are estimated from global minima of the far-red illumination induction curves. In Figure 3.13, 

PSimax-ox of the various treatments can be seen as values normalised to the control. 
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Figure 3.13: Relative PSI maximum oxidation activity, expressed as PSimax-ox. under varying 0 3 

concentrations for IMP 52-11 and PAN 6411. Significance relative to control was determined by a 

one way anova at p:S0.05 (LSD= 0.19). Non-significant differences are indicated by '*', whilst '** ' 

indicates significant differences (from control). 

In Figure 3.13, significant (pS0.05) decreases of 28% and 40% compared to control samples were 

observed at the 80 ppb and 120 ppb 0 3 treatments for IMP 52-11, whilst PAN 6411 only showed a 

significant (p:S0.05) decrease of 32% at the 120 ppb 0 3 treatments. According to the data PSI 

oxidation of IMP 52-11 is more sensitive to 0 3 stress compared to PAN 6411. These decreases in 

PSimax-ox can be interpreted as a decreased flow of electrons through PSI electron end acceptors, which 

indicates down-regulation in the activity of electron carriers in PSI and/or PSI reaction centre 

deactivation. 

From the maximal slopes of the photo-induced MR changes (Figure 3.7 C & D), the V0 x and Vred was 

calculated, reflecting the changes in the rate of PSI oxidation and re-reduction, respectively. The 

results of these calculated slopes are shown in Figure 3.14 A & B. 
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Figure 3.14 A & B: Relative P700 (PSI) oxidation kinetics (A) and relative re-reduction kinetics of 

P700+ (B) of IMP 52-11 and PAN 6411 under varying 0 3 concentrations. P700 oxidation kinetics 

reflects reduction rate, RE, of end electron acceptors of PSI (Ferredoxin and NADP), whilst the re

reduction kinetics of P700+ reflects the rate of re-reduction of oxidized PSI and PC by PSII. 

Significance relative to control was determined by a one way anova at p:S0.05 (LSD = 0.16). Non

significant differences are indicated by '*', whilst '**' indicates significant differences (from control). 

Significant (p:S0.05) decreases in the relative Vax of PC and PSI of 17% and 29% could be seen at the 

80 ppb and 120 ppb 0 3 treatments for IMP 52-11, whilst PAN 6411 only showed a significant 

(p:'.S0.05) decrease of 27% at the highest (120 ppb) 0 3 treatment (Figure 3.14 A). These decreases in 

PSI relative Vax are indicative of inhibition of electron flow through PSI, which was most likely 

caused by oxidative damage to PSI electron carriers or were a result of a decreased electron demand 

by the carboxylation reactions. Guidi et al. , 2000 ascribed decreased Rubisco activity to lower 

NADPH and ATP formation, which was a result of a reduction in electron transport.30 In Figure 3.14 

B decreases in the relative (relative to control) Vred of PC and PSI are shown. Significant (p:'.S0.05) 

decreases of 21 %, 47% and 54% could be seen for IMP 52-l l at the 40 ppb, 80 ppb and 120 ppb 0 3 

treatments, whilst PAN 6411 exhibited significant (p:S0.05) decreases of 19% and 34% at the 80 ppb 

and 120 ppb treatments. This is indicative of a breakdown in the flow of electrons between the two 

photosystems. 

3.3.3.3 Influence of 0 3 on PSII biophysical parameters derived by HP-equations 

The OJIP transients can be translated into biophysical parameters, which describe quantum yields of 

photon capture used for QA reduction ( q>p0 ), electron transport probabilities ( q>Eo, <!>Ro and 8R0 ), specific 

activities per reaction centre (RC), phenomenological fluxes per leaf cross section (CS), as well as the 

two performance indexes PIABS and PI101• 1•
45 The derivation and meanings of these HP-parameters are 

given and described in Table 1.5 (Chapter I ). These values were calculated and selected parameters 
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were normalized to those of controls and plotted on radar graphs to demonstrate 0 3 effects relative to 

control plants (Figure 3.15 A & B). The ABS/RC parameter has been described as a measure of the 

apparent antenna size.45 Significant increases in ABS/RC were seen at the 80 ppb and 120 ppb 0 3 

treatments for both IMP 52-11 and PAN 6411. IMP 52-11 showed significant (p~0.05) increases of 

19% and 36%, whilst PAN 6411 showed significant (p~0 . 05) increases of 9% and 20% at the 80 ppb 

and 120 ppb treatments respectively. 

RC/ABS 

..... control 

·-0 .. 40 ppb 03 

..... 80 ppb 0 3 

~ 120 ppb 0 3 

RC/ABS 

lj/E /(1· 'l'E ) 
0 0 

.. -0·· 40 ppb 0 3 

..... go ppb o3 

~ 120 ppb 0 3 

Figure 3.15 A & B: Multi-parametric (radar) plots showing the influence of the various 0 3 

concentrations on key photochemical and electron transp011 parameters for IMP 52-11 (A) and PAN 

6411 (B). Significance relative to control was determined by a one way anova at p~0.05 (LSD = 

0.08). 

The maximum yield of primary photochemistry, <ppJ(l- <pp0 ) = FJFm, is defined as the probability that 

an absorbed photon is trapped by a PSIJ RC and used for QA reduction. In the present study IMP 52-

11 showed significant (p~0.05) decreases of 9% and 22% at the 80 ppb and 120 ppb treatments, whilst 

PAN 6411 only showed a significant (p~0.05) decrease 19% at the 120 ppb 0 3 treatment. The 

probability that a trapped excitation moves an electron into the electron transport chain beyond Q A is 

given by described as 'l'~(l- 'l'Eo). Significant (p~0 .05) decreases in 'l'~(l- 'l'Eo) of 19% and 26% 

were observed for IMP 52-11 at the 80 ppb and 120 ppb 0 3 treatments, whislt PAN 6411 only showed 

a significant (p~0.05) decrease of 22% at the 120 ppb 0 3 treatment. An accumulation of reduced Q A 

and subsequent lowering of electron transport past Q A- has frequently been described in literature.36
-
39 

Electron transport to PSI end electron acceptors are quantified by the parameter 8RJ(l- 8R0 ). Down

regulation of electron transport from intersystem transporters up to PSI end acceptors have also been 

reported under 0 3 stress conditions. It has mostly been reported as changes in the amplitude of the J-I

P-phase of the fluorescence transient.38
· 

39
· 
46 Significant (p~0.05) decreases of 24% and 28% decrease 

in 8RJ(l- 8R0 ) was seen at the 80 ppb and 120 ppb 0 3 treatments for IMP 52-11, whilst PAN 6411 
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only showed significant (p:S0.05) decreases of 9% and 24% at the 80 ppb and 120 ppb 0 3. A clear 

difference between the two cultivars in the sensitivity in PSI reduction by electrons from PSII is again 

apparent. 

Two multi-parametric performance index expressions, namely PIABS and PI101. i. described in Chaper 1 

and 2. The performance index for energy conservation from photons absorbed to the reduction of 

intersystem electron acceptors (PIAss) significantly (p:S0.05) decreased by 17%, 38% and 60% at the 

40 ppb, 80 ppb and 120 ppb 0 3 for IMP 52-11. Significant (p:S0.05) reductions of 19% and 54% in 

PIAss were also seen for PAN 6411 at the 80 ppb and 120 ppb 0 3 treatments, respectively. 

Significantly smaller decreases in PIAss (at 80 ppb and 120 ppb) coupled with a statistically 

insignificant (p:S0.05) decrease at 40 ppb 0 3 for PAN 6411, suggested lower PSII sensitivity to 0 3 of 

PAN 6411 compared to IMP 52-11. The PI101• 1 decreased significantly (p:S0.05) by 21 %, 53% and 76% 

at the 40 ppb, 80 ppb and 120 ppb 0 3 for IMP 52-11, whilst PAN 6411 showed significant (p:S0.05) 

decreases of 23% and 66% at the 80 ppb and 120 ppb 0 3 treatments. Larger decreases for PI101• 1 

compared to PIAss are indicative of significant PSI inhibition, seeing that the only difference in the 

two parameters is that PI101• 1 in addition reflects the probability of PSI end acceptor reduction (8RJ(l -

8R0)). Markedly smaller decreases in the PI10 ral for PAN 6411 compared to IMP 52-11 also points to 

inter-cultivar differences in PSI electron transport sensitivity under 0 3 stress. 

3.3.4 The link between PSI electron transport and C02-assimilation 

The relative (to control) relationship between v0 x and l max and a decoupling (elctron flux or 'ideality ') 

model, is shown in Figure 3.16 A & B. 
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Figure 3.16 A & B: An electron flux model showing the coITelation between relative P700 oxidation 

rate (v0 x) and relative PEPc regeneration or electron transport rate CJmax) as a fraction of the control. 
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Open stars depict a model of the ideal coupling correlation if 100% of PSI reduced N ADPH were 

used for ATP formation and COrassimilation. A =IMP 52-11 , B =PAN 6411. 

The % deviation from the electron flux (coupled) model (£)for each treatment can be calculated using 

eqation 3.1 below. 

£ = (i _ (lmax_relative) ) X 
V OX relative measured 

100 

1 
3.1 

The ratio between 1max and Vox for the model will always be 1 (i.e. no electrons are lost in ideal 

conditions). Although the authors of this paper are well aware that such ideality is not likely or 

possible, the model is only shown as a reference point, to show increased £ with increasing stress 

severity. Significant deviation from the electron flux (coupled) model (£) was detemlined by a one 

way anova at p:S0.05 (LSD = 0.07). An insignificant (p:S0.05) decrease in £ (relative to control) was 

seen the 40 ppb 0 3 treatments for both the IMP 52-11 and PAN 6411 cul ti vars, suggesting that the 

coupling phenomenon between electron transport and COrassimilation remained relatively 

unchanged at these 0 3 treatments. At the 80 ppb 0 3 treatment, only the IMP 52-11 cultivar showed a 

significant (p:S0.05) increase of 9% in£. At the 120 ppb 0 3 treatment, both the IMP 52-11 and PAN 

6411 cultivars showed significant (p:S0.05) increases (relative to control) of 16% and 13% in £, 

respectively. 

3.4 Discussion 

In the OTC fumigation, the aim was to investigate the photosynthetic response (in vivo) of two 

popular South Af1ican maize cultivars (IMP 52-11 and PAN 6411) at various levels of 0 3, in an 

attempt to elucidate whether differences in sensitivity between the two cultivars could be seen. 

In this present study plants were chronically exposed to 0 3 over a 6 week growth period. Various 

differences with regard to 0 3 sensitivity between the two cultivars could be seen in both the 

photosynthetic gas exchange and electron transport measurements. These results confirmed previously 

reported Or induced COrassimilation and electron transport responses.4
-
5

• 
24

-
26

• 
49

• 
54 

3.4.1 Photosynthetic gas exchange 

Photosynthetic gas exchange measurements were used to evaluate the COrassimilation and stomata! 

response to the 0 3 treatment, by making use of the C4-plant model of Von Caemmerer and Furbank 

1999, by which A:Ci curves were constructed and analysed. 13 
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A reduction in the maximum net assimilation rate (A) was also observed in both cultivars, particularly 

at 0 3 concentrations of 80 ppb and above. The maximum assimilation rate (V pmax) of the primary 

carboxylation C4-plant enzyme (PEPc) of both cultivars appeared to be relatively insensitive to 0 3 

levels of 40 ppb, whilst the V pmax decreased significantly (p~0 .05) for both cultivars at the 80 ppb and 

120 ppb 0 3 treatments . This is also in agreement with data reported by Leitao et al., 2007, where they 

found that similar concentrations (80 ppb) of ozone induced at least a 40% decrease (compared to 

control plants) in the PEPc activity in juvenile maize.26 They attributed this to a loss of carboxylation 

activity due to ozone induced oxidative damage. Clebsch et al., 2009 ascribed decreased Rubisco 

activity under increased ozone concentrations to oxidative damage caused by ROS forming 0 3 in five 

cultivars of the Cr plant, Phaseolus vulgaris L.27 In this study, the V pmax of IMP 52-11 seemed to be 

more sensi tive to 0 3 compared to PAN 6411 (Figure 3.4 A). This clearly points to differential 0 3 

sensitivity with regard to COrassimilation between the two cultivars . 

In the present study, the C02-response curve-deduced parameters indicated a decrease in the maximal 

electron transport and PEPc regeneration rate, Im.., for both cultivars (Figure 3.4 B) . Once again both 

cultivars did not show a significant (p~0.05) decrease in Imax at the 40 ppb treatment. Interestingly, 

only IMP 52-11 showed a significant (p~0.05) decrease at the 80 ppb 0 3 treatment, whilst the 120 ppb 

treatment showed a strong inhibitory (significant at p~0 . 05) effect on Imax for both IMP 52-11 and 

PAN 6411 (Figure 3.4 B). This phenomenon also suggests differential sensitivity of the electron 

transport and subsequent PEPc regeneration processes between the two cultivars. The fact that V pmax 

and I max decreased with increasing 0 3 concentration, suggested that strong mesophyll limitation were 

imposed by the treatments. 

The main route of 0 3 uptake by plants is by diffusion through stomata. Therefore the first line of 

defence of plants against 0 3 damage is stomata! uptake limitation. The stomata! response under 0 3 

stress has been shown to be species- and cultivar specific, depending on the inherent resistance of the 

specific species and/or cultivar.3· 12· 27' 31 Differences in gs (Figure 3.5 A & B) and l was indeed 

observed between the PAN 64 ll and IMP 52-11 cultivars. A decrease in gs (Figure 3.5 A & B) with 

increasing 0 3 concentration was found to be almost linearly proportional to 0 3 concentration for IMP 

52-11 , but not for PAN 641 J (data not shown). Although both cultivars showed a decrease in gs an l 

with increasing 0 3 concentration, the decrease was only significant (pS0.05) for IMP 52-11 at the 80 

ppb 0 3 treatment. Both cultivars showed significant (pS0.05) reductions in gs and lat the 120 ppb 0 3 

treatment. These variances indicate marked differences between IMP 52-11 and PAN 6411 with 

regard to 0 3-induced stomatal limitation. Salvatori et al. , 2013 ascribed a difference in stomatal 

conductance to 0 3 as one of the reasons for differences in 0 3 sensitivity between resistant and 

sensitive snap bean genotypes.47 
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The water use efficiency (WUE) only decreased significantly (p~0.05) at the highest 0 3 treatment for 

both cultivars, with no difference in WUE response between the two cultivars (Figure 3.6). Similar 

decreases in the WUE under Or stress have been reported in the literature.33 The decrease was not as 

prominent as had been expected, which could possibly be due to a possible negative feedback 

mechanism which regulates stomata! conductance, and subsequent transpiration, under downregulated 

COrassimilation conditions. 

3.4.2 Chlorophyll a fluorescence, modulated 820 nm reflection and far-red illumination 

Fast kinetics chlorophyll a fluorescence (PF) coupled with modulated reflection (MR820 mu) and far-red 

illumination was used to investigate the PSII and PSI electron transport response to different 0 3 

concentration treatments in both maize cultivars. 

From the PF, MR820 nm and far-red illumination measurements (Figure 3.7 A-D), various stmctural and 

functional PSII and PSI electron transport parameters were obtained. Damage to chlorophyll antennae 

and reaction centres became evident, especially at the highest 0 3 concentrations (120 ppb). A positive 

t. V L-band could be seen at the highest 0 3 treatment (Figure 3.8 A & B) , which is indicative of a loss 

of antennae cooperativity. The JIP parameter, ABS/RC, which is related to the functional antenna 

size, also increased, suggesting an increased antenna size due to losses in functional antennae or RC 

deactivation. Significant (p~0.05) differences in ABS/RC compared to control could be seen for both 

cultivars at 80 ppb and 120 ppb 0 3 treatments (Figure 3.15 A & B). IMP 52-11 exhibited larger 

increases in ABS/RC (versus control) compared to PAN 6411, indicating lower 0 3 sensitivity in PAN 

6411. Increased antenna size under 0 3 stress has previously been attributed to damage to chlorophyll 

antennae by ROS species.46 This 0 3 induced phenomenon has been described in a full review by 

Bussotti et al., 2007 .46 

Reaction centre (RC) deactivation could also be seen from the a decrease in the quantum yield of 

primary photochemistry (<ppJ(l- <pp0 )), i.e. the efficiency with which photons absorbed by active RCs 

are converted to photochemical energy for the reduction of QA. According to Strasser et al. , 2004, RC 

deactivation results in a decrease in the fraction of fully active RCs (QA and Q8 reducing centres) in 

favour of an increase of the fraction of heat sink centres (non ~reducing centres or silent centres).45 

This is considered a down-regulation mechanism to dissipate excess absorbed light in a controlled 

way. Photosystem II (PSII) thus switches from a process of converting light energy into biochemical 

energy storage to an energy conversion process that transforms absorbed light energy into heat 

dissipation. Significant (p~0 . 05) decreases in <ppJ(l- <pp0 ) were seen for both IMP 52-11 and PAN 

6411 at the 80 ppb and 120 ppb 0 3 treatments (Figure 3.15 A & B). This is in agreement with data of 

most documented studies, where a marked decrease in the quantum yield of photochemistry under 0 3 
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stress was reported.5· 
24

' 
34

· 
37 A greater decline in <ppJ(l- <pp0 ) (Figure 3.15 A & B) was seen in the IMP 

52-11 cultivar (compared to the PAN 6411 cultivar) suggesting stronger inhibition in this cultivar. 

The presence of a positive L\ Y Kn-band (Figure 3.9 A & B) was seen for all 0 3 treatments for both 

cultivars. This corroborates the reported sensitivity of the OEC to 0 3 stress (ROS damage) in various 

previous studies by Scheepers et al., 2013 and Bussotti et al. , 201 1.36
• 

37 In the present study, no 

significant (p:S0.05) distinction in the intensity of the L\ Y Kn-band between the two cultivars could be 

made after 0 3 stress. 

According to the literature, another sensitive part of electron transport to 0 3 induced ROS, is the 

single turnover events involving QA reduction and QA- re-oxidation. A positive L\ YJn-band can be 

interpreted as an accumulation of QA-. resulting from inhibited electron transport beyond QA. The 

appearance of positive L\ Yin-bands is shown in Figure 3.10 A & B. The amplitudes of the L\ Yin-bands 

were greater in the IMP 52-1 l cultivar compared to PAN 6411, which points at larger post QA 

electron transport inhibition in IMP 52-11. A positive L\Yrband induced by high 0 3 levels was also 

observed by Bussotti et al., 20 11 , Scheepers et al. , 2013, Cascio et al., 2010 and Nussbaum et al., 

2001 , where decreased electron transport past QA was reported.36-
39 A decrease in the probability that a 

trapped excitation moves an electron into the electron transport chain beyond QA, ('VEJ(l- \j/Eo), also 

suggests such a response. A differential inhibition in the two cultivars is also suggested by this 'l'Eoi(l 

\j/Eo) parameter as shown in Figure 3.15 A & B . 

A decrease in the amplitude of L\ Y1p phase has been attributed to a reduction in electron transport to 

PSI end acceptors .32 By differentiating between the L\ Y1 and L\ Y P phases through normalization, it 

becomes possible to distinguish between the transpo1t events around the intersystem electron carriers 

and electron transport through PSI to the end acceptors of PSI. The L\ Y 1n-band (Figure 3.11 A & B) 

can be interpreted as the electron transport around the intersystem electron carriers or the size of the 

reduced plastoquinone pool. The data showed a significant (p:S0.05) decrease in the amplitude of the 

L\Y1n-band at the 80 ppb and 120 ppb 0 3 treatments for IMP 52-11 , whilst PAN 6411 only showed a 

significant (p:S0.05) decrease at the 120 ppb 0 3 treatment, suggesting differential sensitivity. 

Changes in the L\ Y Hn amplitude can be associated with changes in the PSI end acceptor reduction. An 

increase in the L\ Y Hn amplitude (Figure 3 .12 A & B) is indicative of an accumulation of reduced PSI 

iron containing electron carriers before NADP. COi-assimilation is the major sink for the reducing 

equivalents and energy produced by the primary photochemical reactions. Therefore, a diminished 

COr fixation will induce a decreased demand for ATP and NADPH, and consequently, may lead to an 

over-reduction (electron accumulation) of PSI and PSII. A down-regulated electron demand function 

by an 0 3-induced decrease in COrassimilation reactions may be responsible for this phenomenon. A 

similar co-regulatory modulation of electron transport and carboxylation reactions has previously 

been reported for other abiotic stresses.37
' 

55
-
5s In the present study, significant (p:S0.05) decreases in 
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the amount of electrons transported to PSI end electron acceptors (oRJ(l- 8R0 )) were seen for both 

cultivars at the 80 ppb and 120 ppb 0 3 treatments, with more prominent decreases in IMP 52-11 

(Figure 3.15 A & B). 

Far-red light (735 nm, 200 µmol photons m-2.s-1
) was used to differentially stimulate PSI activity, 

effectively causing complete oxidation of PSI (as PSI re-reduction by PSII cannot take place). 

Emptying all electrons from the dark adapted PSI red-ox equilibrium state allowed us to deduce the 

true maximum oxidation capacity of PSI (PSimax-ox) for the given sample. The data suggested greater 

down-regulation in the activity of electron carriers in PSI and/or PSI reaction centre deactivation in 

IMP 52-11 at high 0 3 concentrations (2'. 80 ppb), compared to PAN 6411 (Figure 3.13). 

The use of MRs20nm allowed us to monitor the redox reactions around PSI. By analysing the modulated 

reflection curves, the maximum rate of PC and P700 oxidation (v0 J and P700+ re-reduction (Vrect) 

could be obtained from the respective maximum slopes of the curves (See Figw-es 3.7 C & D and 

Figure 3.14 A & B). Figure 3. 14 A indicates the Or induced decrease in the v0 • of PSI which 

occurred. This can be interpreted as a decrease in the rate at which electrons move through PSI to PSI 

end acceptors. The v0 • of IMP 52-11 was significantly (p:S0.05) lower at the 80 ppb and 120 ppb 0 3 

treatments, whereas the v0 • for PAN 6411 only decreased significantly (p:S0.05) at the 120 ppb 0 3 

treatment. Several authors have described the influence of 0 3 induced damage on the flow of electrons 

between PSII and PSI. Mereua et al., 2011 attributed the decreased electron transport between PSIT 

and PSI to a build-up of the reduced primary electron acceptors (~), which subsequently means a 

decreased reduction of other electron carriers towards the end electron acceptors on the PSI acceptor 

side.31 Furthermore, the accumulation of electrons in PSIT and PSI can also be ascribed to a decrease 

in the efficiency of the carboxylation reactions (suggested by the decreased V pmax and 1max in Figure 

3.4 A & B), which subsequently lead to a lower ATP and NADPH demand (which caused electron 

accumulation). 

Moreover, a decrease in the relative P700+ re-reduction capacity (Vred) (Figure 3.14 B) was in 

agreement with the data obtained from the PF data, both suggesting a decreased rate of re-reduction of 

oxidized PSI and PC by PSII (decreased electron flow) . The decrease in vred was more prominent in 

IMP 52-11 compared to PAN 6411, which correlates well with the PF data. Strong decreases in the 

multi-parametric HP-parameters, PIAas and PitotaJ is also indicative of electron transport down

regulation in both PSI and PSJJ. Once again IMP 52-11 exhibited a stronger decrease in these 

parameters than PAN 6411 . 

An increase in the decoupling (e) was observed at the 80 ppb and 120 ppb 0 3 treatments for IMP 52-

11 and the 120 ppb 0 3 treatment for PAN 64 l J (Figures 3.16 A & B). The increase in e with 

increasing stress severity is indicative of an increase in electrons lost to alternative electron acceptors. 
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The loss of electrons to alternative electron acceptors (02 etc.) and the subsequent activity of the 

Mehler ascorbate peroxidase pathway may explain the deviation from the coupled model in Figures 

3.16 A & B .. Several authors have suggested decoupling between COz-assimilation and electron 

transport under severe stress conditions.59
• 

60
• 

63 Aldea et al., 2005 and Freyer et al. , 1998 suggested 

that it is possible that the transient activity of an alternative electron sink (such as 0 2) can uncouple 

electron transport from primary carbon assimilation.59
· 

63 Deviation from the model at the 120 ppb 0 3 

treatment becomes apparent for both cultivars, with the IMP 52-11 showing a greater deviation 

compared to PAN 6411. Whether or not the differences in antioxidant activity between the two 

cultivars were in part responsible for the difference in the amount of deviation in the coupled model 

remains to be checked (by measuring the antioxidant activity of both cultivars). Although this was not 

done in this chapter, inter-species and cultivar genetic variances in antioxidant activity are well

known reasons for differential abiotic stress (including 0 3) sensitivity.47
-
5

' · 
53 This has been 

documented in various studies with a number of species and cultivars. Genetic variance in the 

prevalence and activity of detoxifying entities has been suggested as the main reason for differential 

sensitivities to ROS stress caused by elevated 0 3 exposure. Turcsanyi et al., 2000 found a decrease in 

apoplastic ascorbate under 0 3 fumigation compared to control ROS.48 Caregnato et al., 2014 

suggested that the difference in catalase activity exhibited by two varieties of Phaseolus vulgaris L. 

under 0 3 fumigation was responsible for their differences in 0 3 responses.49 The one variety that 

showed greater catalase activity had far greater 0 3-damage resistance because of its enhanced 

detoxifying capability. Eltayeb et al., 2005 found that overexpression of monodehydroascorbate 

reductase in a transgenic tobacco cultivar was responsible for its tolerance to various abiotic stresses, 

which included 0 3 stress.5° Calatayud et al. , 2003, Gillespie et al., 2011 and Mishra et al., 2013 all 

found an increase in CAT, APX and SOD under 0 3-induced stress.51
-
53 In light of the numerous 

studies in the literature, it is reasonable to speculate that a difference in the antioxidant capacity may, 

in part at least, be responsible for the differences in sensitivity between the IMP 52-11 and PAN 6411 

maize cultivars used in this study. Measurement of specific antioxidant activities of both cultivars is 

needed to confirm this hypothesis . An increase in antioxidant activity and an increase in the deviation 

in the coupled model (with increasing stress conditions) were indeed observed in the following 

chapter (Chapter 4). 

3.5 Conclusions 

According to the data obtained, the 0 3 treatments imposed a variety of limitations on primary 

photochemistry and COrassimilation. These limitations were found to be strongly concentration 

dependent. For the most part, decreases in the measured and calculated parameters were only 

significant (p:S0.05) at the 80 ppb and 120 ppb 0 3 treatments, suggesting that the 0 3 toxicity threshold 

of the test plants was higher than the lowest 0 3 treatment (40 ppb). Keeping in mind that the 0 3 levels 
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measured by Laakso e. al, 2013 surpassed the proposed toxicity threshold (>80 ppb), it is reasonable 

to suggest that the using the PAN 6411 maize cultivar would be preferred to the IMP 52-11 cultivar in 

the affected priority area in terms of 0 3 tolerability. The photosynthetic limitations were as follows: 

1. Stomata! limitation occurred due to a compensatory mechanism to limit 0 3 uptake. 

2. Mesophyll limitation occurred as a result of a decrease in the carboxylation efficiency of 

PEPc (V pmax) and rate of PEPc regeneration (maximum electron transport rate, 1111ax). 

3. Possible structural damage to the chlorophyll antennae and electron carriers. 

4. Down-regulation in the quantum yield of primary photochemistry occurred, suggesting 

damage to PSII RCs and a subsequent decrease in the efficiency with which absorbed 

photons are converted to photochemical energy for QA reduction . 

5. Decreased efficiency of electron h·ansport in PSII (single turnover region), between PSII and 

PSI (multiple turnover region) as well as in PSI itself. 

6. Decreased P700 oxidation and P700+ re-reduction rate. 

7. Increased decoupling (E) between electron transport and COrassimilation at the 80 ppb and 

120 ppb 0 3 treatments for IMP 52-11 and the 120 ppb treatment for PAN 6411 . 

In conclusion, it was found that the presence of 0 3 caused limitations on all of the major processes 

involved in photo ynthesis. Differential limitation of photosynthesis was seen between the IMP 52-11 

and PAN 6411 cultivars, which were clearly shown by measuring the photosynthetic gas exchange 

and electron transport parameters. Clear differences with regard to stomata( behaviour, PEPc activity 

and electron transport efficiency pointed to a difference in 0 3 sensitivity between the two cultivars, in 

which PAN 6411 seemed to be more resistant to 0 3 stress than IMP 52-11. Intergration of the data 

from indirect measurement techniques (Chlorophyll a fluorescence and MR 820nm refelction) and a 

direct measurement technique (photosynthetic gas exchange) made it possible to introduce for the fust 

time the concept of % decoupling (E) between PSI electron transport (v0x) and PEPc regeneration 

Clmax). Measurement of ROS markers and antioxidant activities are required to establish whether the 

process of ROS formation is is involved in the apparent increase in E. 
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Chapter 4 

Evaluation of the photosynthetic response of Zea mays L. to Ti02 and Si02 nano-particulate 

foliar exposure using photosynthetic gas exchange and chlorophyll a fluorescence 

4.1 Introduction 

4.1.1 Particulate matter 

Paiticulate matter (PM) in the atmosphere is defined as paiticles between 0.1 and 10 µm in size. 

Approximately 25% of all particulate matter is based on carbon and associated with exhaust from all 

kinds of gas and coal engines .2•
30 Emissions of PM caused by anthropogenic activities arise primarily 

from four source categories: fuel combustion, industrial processes (mining, construction), non

indust1ial fugitive sources (roadway dust from paved and unpaved roads, biomass burning, wind 

erosion of cropland, agricultural activities) and transportation sources. The total amount of PM of 

most major cities often register values above 50 mg.m-3
.
2

•
30 Various metals often make up a 

substaintial amount of the particulate fractions in areas that are close to heavy metal industries, such 

as mines, processi ng and manufacturing plants . A whole range of base metals and other heavy metals 

such as mercury ai·e cun-ently being monitored closely, especially in populated areas Sllffounding 

these industries. 30 The southern African region has been recognised as a major source of aerosols in 

the southern hemisphere and it is known to be significant in the production and transportation of 

aerosols with urban and industrial areas as major sources. Aeolian dust and industrial su lphur are the 

major constituents of the inorganic fraction of the aerosols in the haze layer in areas downwind of the 

major urban and industrial areas of the Highveld plateau of South Africa. Emissions from biomass 

bunting contribute a relatively insignificant fraction to the total aerosol loading of the major transport 

plume that transports materials out of the subcontinental sector to the Indian Ocean. The industrial 

High veld region accounts for approximately 90% of South Africa's scheduled entissions of particulate 

matter, S02 and N0 .. 7 

The most distinguishing characteristics of PM are the particle size and the chentical composition. 

Particle size has the greatest influence on the behaviour of PM in the atmosphere with smaller 

particles tending to have longer residence times than larger ones. Particle matter is categorised 

according to particle size into total suspended paiticulates (TSP), PM 10 and PM2.5 . The subscripts 

denote the size size of the PM (in ~1m) , in which 90% of the particles are smaller or equal to that size.7 

Figure 4.1 shows the yearly average of PM in the atmosphere in the Highveld area from 1994-2012 as 

measured by the National Ambient Air Quality Standards autho1ity (NAAQS). 
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Figure 4.1: Yearly average of PM in the atmosphere in the High veld area from 1994-2012.7 

An alarming increase in PM is seen from 1996-2012 in the Highveld priority area. Although the 

current levels are below the NAAQS standard for human helth, the impact on vegetation has been 

shown to be significant. 7 

4.1.2 Engineered nanomaterials (ENMs) 

Anthropogenic emissions are not the only source of PM entering the biosphere. Nanotechnology 

refers to the manipulation of materials at the nanoscale. The possibilities of this research field were 

envisioned by Richard Feynman in a famous talk in 1959. Later, between 1981 and 1992 the te1m 

nanotechnology was popularized and the scanning tunnelling microscope and the atomic force 

microscope became well established, leading to the research field we know today.6·
30 Yet the field of 

nanotechnology continues to grow with increased application of nanomaterials in consumer products. 

The main reason that materials at the nano-scale are of specific interest, are the changes in physical 

and chemical properties, which are different at the nano-scale compared to the bulk material. These 

changes are mostly related to the increase in surface area to volume ratio, resulting in changes in 

physico-chemical properties related to color, solubility, conductivity and catalytic activity of 

engineered nanomaterials (ENMs).2·
7 Increasing quantities of materials of this small size are being 

produced. Although nanomaterials have many benefits, the implications of large quantities of these 

types of materials entering the environment is not yet fully understood.2·
3 While this is generally the 

case when novel chemicals are developed, the question remains whether current guidelines for risk 

assessment of novel chemicals, such as implemented in the registration, evaluation, authorisation and 
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restriction of chemical substances are adequate for ENMs.7 Risk assessment of chemicals is based on 

both exposure and effect assessment. The exposme assessment is based on a good understanding of 

the environmental behavior of chemicals combined with quantification of the fate processes by 

making use of modeling tools. Using such tools, the predicted exposure concentrations are estimated 

from the physico-chemical characteristics of the aquatic system and chemical in question. 

Nanoparticles are characterised as a particle with at least one dimension less than 100 nm in 

diameter.2 Engineered nanomate1ials have been explored for applications in various industries 

including catalysis, pharmacology, electronics, lubricants and cosmetics. Because of the unique 

characteristics of ENMs (physical and chemical), special care should be taken that these nanoparticles 

do not end up in ecosystems because of the potential risk of ecotoxic reactions. Although extensive 

research has been done in recent years with numerous reviews published on the ecotoxic implications 

of engineered nanoparticles, little is known about the mechanisms of this induced toxicology.2'
3 

4.1.3 Engineered nanomaterials stability in the environment 

Nanomaterials can stay in solid particle form and aggregate together or even attach themselves to 

natural surfaces like colloids, which then sediments, only to be suspended again if enough turbulace is 

expetienced.6 Furthermore, depending on the solubility of the type of particle, it can also dissolve 

under natural conditions. The chemical composition of ENMs, specifically at the interface between 

the solid and liquid phase, is the basis for dissolution behavior.6 Carbon ENMs are generally 

considered to be insoluble in water. However, in some cases the individual carbon particles in the 

water phase can be considered as dissolved, e.g. derivatized C60 or nano-crystals of C60 in water 

(termed nC60). On the other hand, metal oxide ENMs show a great range in degree of solubility. Metal 

oxide nanoparticles like Ti02 and Si02 are practically insoluble, whereas ZnO, CuO and Ah03 can 

dissolve under natmal conditions. Although not much is known about the dissolution kinetics of metal 

nanoparticles, several metals are known to dissolve to some extent.3
'
6 

4.1.4 Engineered nanomaterials concentration models 

Gottschalk et al. , 2009 calculated environmental concentrations of NPs based on a probabilistic 

material flow analysis from a life-cycle perspective of ENMs containing products.9 They found the 

simulated models ranged from 0.003 ng.L·1 (fullerenes) to 21 ng.L·' (nano-Ti02) for surface waters, 

and from 4 ng.C 1 (fullerenes) to 4 µg.L' 1 (nano-Ti02) for sewage treatment effluents. In addition, 

Mueller and Nowack used a life-cycle perspective to model the quantities of three NPs in the 

environment; nano-Ag, nano-Ti02 and CNT. 10 They use variables such as estimated worldwide 

production volume, location, particle release and flow coefficient. They found that only in the case of 

Ti02 the expected concentration in water (70-160 µg .L.1
) was close to or higher than the predicted 
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inhibitory concentration ( < l 00 µg.L-1
).

10 This suggests that more detailed studies are required to 

predict the effects of Ti02 in the environment. So far, most of the studies on fate and transport of NPs 

in terrestrial ecosystems lead to the conclusion that increased entry into the soil of engineered and 

anthropogenic NPs raises concern about the impact it will have once it reaches sufficient 

concentrations to cause harm to plants and other organisms. For the purpose of this study, only the 

impact of ENMs on plants will shortly be discussedin Section 4.1.7. 

4.1.S Factors determining the toxicology of engineered nanomaterials 

Ecotoxicologica1 tests were mostly developed for aquatic test organisms and water-soluble chemical 

compounds. Thus, aquatic toxicity testing of nanoparticles (NPs) is definitely a challenge. However, 

whatever the apparent route of exposure and the mechanisms of toxicity, bioavailability remains a key 

factor for the hazard evaluation of synthetic NPs. Bioavailability is a dynamic concept that considers 

physical, chemical and biological processes of contaminant exposure and dose. 8 Bioavailability 

incorporates concepts of environmental chemistry and ecotoxicology, integrating contaminant 

concentration, fate, and an organism's behavior in the given environment.7
'
8 Bioavailability of NPs 

depends on the: (i) physicochemical properties of the paiticles (aggregation, solubility), (ii) on 

nanopaiticle-organism contact environment, but also (iii) on the tai·get organism (particle-ingesting or 

not). Thus, environmental risk assessment of synthetic NPs requires thorough characterization of NPs 

before, during and after exposure. Many methods still need development and optimization, especially 

for new types of NPs, but extensive experience can be gained from environmental chemistry.8 

4.1.6 Uptake of engineered nanomaterials by plants 

One of the major research gaps on the uptake mechanism of nanomaterials towards plants is the 

absence of consistent and broadly applicable information.9 Most information revealed that ENMs 

could adhere to plant roots and exert chemical or physical uptake upon plants. 11 Recently, there are an 

increasing number of publications emerging on the interaction of ENMs with plants. IO, l l The uptake, 

accumulation and build-up of nanoparticles vary, and these factors largely depend on the type, size 

and the composition of the plant. Indeed, the verification on the uptake mechanism of ENMs is 

limited and is focused on stock solutions rather than the actual concentration. The stock solution is 

prepared either from a series of dilution or media renewable periods. As such, most methods being 

reported might not produce simi lar results for different shapes, sizes and forms of nanomaterials. NPs 

are adsorbed to plant surfaces and taken up through natural nano- or micrometer-scale plant 

openings. 11
'
34 Several pathways exist or are predicted for NP association and uptake in plants and are 

shown below. The aboveground surface of plant shoots usually exceeds ground area and facilitates the 

deposition of airborne NPs on plant shoot surfaces. NP uptake into the plant body can use different 
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paths. Uptake rates will depend on the size and surface properties of the NPs. The outer suii"aces of 

leaves, fruits and epidermal cells are mostly covered by cuticle. Very small and lipophilic NPs can be 

incorporated into apolar fluid areas of the cuticle, which contains apolar and polar pathways for 

uptake. Permeation properties differ between cuticles on the epidermal cells and trichomes or stomata. 

Physical and, thus, biomechanical properties of the cuticle also change with temperature. The physical 

interaction and penetration of NPs into the cuticle have not been analyzed. Larger NPs can penetrate 

through cuticle-free areas, such as hydathodes, the stigma of flowers and stomates.34 Apertures of 

opened stomates reach values of 10 µm in diameter in mesophytic plants, such as Vicia faba leaves 

exposed to high light. Penetration of NPs into leaves via stomates is therefore a real possibility. Most 

primary roots that develop in soil have a suberinized exoderrnis as well as a suberinized endodermis. 

The exodermis prevents apoplastic bypass flow of solutes and water from the soil to the central 

cylinder. However, in the more basal root zone of lateral root development, the newly formed lateral 

roots break through the cortex and apoplastic bypass is rendered possible.34 Thus, at the site of lateral 

root formation, NPs could enter the xylem via the cortex and the central cylinder. Several avenues for 

the uptake of nanomaterials by plant cells are proposed. Some of the data suggested that the 

nanomaterials could enter plant cells by being bound to a carrier protein, through aquaporin, ion 

channels, or endocytosis via the creation of new pores and entry by being bound to organic 

chemicals. '0 This phenomenon is prefetTed in the case of carbon nanotubes rather than other types of 

nanomaterials.9
•
1 

' ·
34 Meanwhile, the greater surface area-to-mass ratio of the nanoparticle compared to 

the bulk metals, induces hjgher reactivities compared to the sutToundings. Consequently, the 

nanomaterials may form complexes with membrane transporters or root exudates before being 

transported into the plants. Most metal based nanomaterials that have been reported as being taken up 

by plants include elements for which ion transporters have been identified. Once the nanomaterials 

enter the plant cells, it may be transported either apoplastically or symplastically from one cell to 

another via plasmodesmata. 11 However, the relation between the selectivity of the uptake of 

nanomaterial and the type of plant remains unknown and is open to exploration. Some studies 

suggested that the gradual increase in ENM uptake was observed with a reduction in granule size.9-
11 

Figure 4.2 shows some reported ENMs routes of entry into plants. 
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Figure 4.2: Suggested and reported routes of entry of nanoparticles into plants. 34 

4.1.7 Toxicity of engineered nanomaterials on plants 

Phytotoxicity studies using hjgher plants are an important criterion for understanding the toxicity of 

ENMs. The vast majmity of research dedicated to the potential toxjcity of ENMs to plants, where 

negative, positive or inconsequential effects have been reported.7
·
8

•
9 The majority of the reports 

available in the literature indicate the phytotoxicity of ENMs.9
· '

0 As the size of the particles decreases, 

its surface area increases, allowing a greater proportion of its atoms or molecules to be displayed on 

the surface rather than the interior of the ENMs.9 The increase of surface area determines the potential 

number of reactive groups on the particles ' surface. The change in the structural and physicochemical 

properties of ENMs, with a decrease in size, could be responsible for a number of material 

interactions that could result in toxicological effects. Figure 4.3 shows some of the key reported 

toxicological nanoparticle plant interactions. 
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Figure 4.3: Schematic diagram showing the key reported nanoparticle interactions leading to plant 

toxicology.34 

4.1.8 Effect of engineered nanomaterials on photosynthesis 

One of the most sensitive processes to environmental stressors in nature is the process of 

photosynthesis. Photosynthesis has been shown to be extremely sensitive to all kinds of abiotic 

stressors, which include drought, salinity, sub-optimal temperatures, heavy metals and greenhouse 

gasses.4 There is some literature on the effect of engineered nanoparticles on photosynthesis of higher 

plants, but the description of the exact limitations on photosynthesis remains vague and unclear.7
·
9 

Regardless of this fact, various studies have looked at a range of different nanoparticles which 

includes carbon-, metal- and metal oxide nanoparticles.6'
12 It was shown that the toxicity of nano

materials are dependent on its chemical and physical properties.13 In previous studies, emphasis has 

been placed on the size, morphology and dissolution properties of such nanoparticles. The amount of 

cellular uptake has been shown to decrease with an increase in particle size. The smaller the particles, 

the greater the tendency to enter subcellular organelles based solely on their sizes. 15
'
17 Most research 

on nanopaiticle toxicology has been done using metal NPs, which includes Ti02, Ce02 , Fe30 4 , ZnO, 

Au, Ag, Cu, and Fe, which is probably due to the many industrial activities in which these metal-type 

particles are produced (mining etc.). 

One nanoparticle produced in high quantities is titanium dioxide (Ti02) . Titanium dioxide 

nanoparticles are widely used as food additives, drng delivery agents, personal care products, paints, 

plastics and cosmetics. 14 Nano-Ti02 has excellent optical and biological properties and has recently 

caught the attention of plant physiologists. 
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Titanium dioxide is a well-known photocatalyst because of its relatively small band gap of 3.2 eV, 

which is capabale of producing highly reactive 0 2-, Off and H20 2 species under normal physiological 

pH and UV-light conditions, by donating an electron to molecular oxygen. Furthermore, Ti02 can also 

mediate a water splitting reaction to form highly reactive hydroxyl radicals.ss These species can all 

react with organic compounds to cause oxidative degradation of protein and membrane compounds. 

In Figure 4.4 the photocatalytic induced toxicologic mechanism of Ti02 is shown. 

Photocatalytic reaction 

Of 
Oxidative 
degradation 

Q. OH2 
~ H202 hV--+-~I 
'ti Inorganic c ·oH Oxidation 
"' compounds Ill 

Viruses, Inactivation 
bacteria etc. 

Figure 4.4: Photo-catalytic action of Ti02 which can lead to ROS formation and subsequent 

interactions of these ROS with organic and inorganic compounds.ss 

Zheng et al., 2005 repo1ted that 2.5% rutile nano-Ti02 promoted the germination of spinach seeds, 

whereas 0.25% rutile nano-Ti02 was found to enhance spinach photosynthesis by promoting cyclic 

and linear photophosphorylation. 19 This promotion was suggested to be closely related to Mg2
+

ATPase activity.20 Rutile nano-Ti02 was suggested to positively affect spinach by protecting the 

chloroplast membrane structure from reactive oxygen species, thus increasing the activity of 

antioxidant enzymes such as SOD, CAT and peroxidase (POD). 21 Gao et al., 2006 reported that nano

anatase Ti02 can enhance spinach Rubiso activase activity by significantly promoting the expression 

of Rubiso activase mRNA.22 Key antioxidant enzyme reactions where these antioxidant enzymes play 

a critical role are shown in Figure 4.5. 
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Whilst such up-regulation of photosynthesis was reported by these authors, other in vivo studies have 

shown that Ti02 imposed significant toxic effects on various plant species. A study by Wang et al., 

2010 found that nano-Ti02 exerted toxic effects by inducing an increase in the lipid peroxidation 

product, malondialdehyde (MDA).23 X-ray fluorescence micro-spectroscopy showed that nano-Ti02 

can attach to the Vicia faba root smface in 48 h, thus resulting in the inhibition of plant growth.24 

Nano-Ti02 particles were found to only penetrate wheat roots below a threshold diameter size of 36 

nm. 25
•
26 Li et al. , 2012 found that the effect of nano-Ti02 on Gymnodinium breve was more 

significant, as was shown by the LCSO (median lethal concentration) of 9.7 mg.L-1 in 72 h.27 In their 

study the activities of superoxide dismutase (SOD), catalase (CAT) and MDA reached their maximum 

after 12 h, whereas that of the hydroxyl radical (Off) significantly increased after 48 h. The 

disruption of the free radical and antioxidant system was suggested as the mechanism of growth 

suppression in G. breve.23 Gao et al., 2013 showed significant inhibiting effects of Ti02 on Ulmus 

elongata seedlings, with regard to electron transport and photosynthetic gas exchange parameters.28 

Another nanoparticle produced in high quantities is silica dioxide (Si02). Siilicon dioxide is mostly 

used in electronic and medical applications. Akhtar et al., 2010 reported that silica nanoparticles 

induced cytotoxicity and resultant oxidative stress in a dose dependent manner, mediated by the 

induction of reactive oxygen species (ROS) and lipid peroxidation in the cell membrane in 

mammalian cells.29 However, several authors have reported on the improvement in drought and 

salinity tolerance of higher plants with nano-Si02 treatment, which has mostly been attributed to 

decreased transpiration because of a decrease in stomata! conductance.3 1
-
33 

Although reported data on the effect of different nanoparticles on different plant species are often 

conflicting, most authors agree that any cytotoxic effects are a result of the formation of ROS induced 
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damage. In Figure 4.3 , the key reported reactions that produce ROS induced cytotoxic effects on 

plants are shown. The aim of this study was to evaluate the effect of different concentrations of nano

Ti02 and nano-Si02 with respect to popular ROS markers (H20 2 and MDA concentration), key 

antioxidant activities, photosynthetic gas exchange and photosynthetic electron transport in a South 

African maize cultivar (IMP 52-11). Photosynthetic gas exchange and photosynthetic electron 

transport was monitored using an infrared gas analysis system and chlorophyll a fluorescence 

induction kinetics, respectively. 

4.2 Materials and Methods 

4.2.1 Plant cultivation and treatments 

In early December 2013, 35 (12 Lin volume) pots were filled with sterilized soil and two seeds of a 

popular South African hybrid maize cultivar (IMP 52-11 , Agricol) were planted in each pot. The pots 

were arranged in a completely randomized block design within a greenhouse with a day/night 

temperature of 26/17 °C. The location of the experiment was Potchefstroom, North-West Province, 

South Africa. (S26°41.033' E27°06.237') The pots were well watered every second day. Every 3 

weeks, 500 mL of a nutiient solution was given to each pot. The nutrient solution contained the 

following nutrients: macronutiients (in mM): 1.25 KN03, 1 Ca(N03)2, 0.25 (~)H2P04, 0.5 MgS04, 

0.1 KC!, & micronutrients (in µM): 15 H3B03, 0.065 Na2Mo04.2H20 , 20 Fe-EDTA, 5 MnS04, 2 

CuS04 and 5 ZnS04• After four weeks, each maize plant was foliarly sprayed until runoff with 250 

mL of pre-determined concentrations of Ti02 and Si02 nanoparticle containing spray solutions (see 

Table 4.1). The Ti02 (rntile, D90 of 21 nm) was procured from Merck (Germany), whilst the Si02 

(fumed silica, D9<l of 13 nm) was procured from Evonik chemical company (Gem1any) . The 

nanoparticles were used without any further modification. The respective spray solution 

concentrations were made up using deionized water with the addition of a fixed amount of smfactant 

(Tween 20), which was added to reduce the surface tension between the leaf surface and solution 

droplets , ensuring higher nanoparticle absorption. The control plants were sprayed with deionized 

water containing only the surfactant. 
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Table 4.1: Treatments and concentrations of Ti02 and Si02 nanoparticle solutions. 

Treatment Si02 concentration Ti02 concentration Replicates 

(mass%) (mass%) 

Control 0 0 5 

0.05 0 5 

2 0.5 0 5 

3 2 0 5 

4 0 0.05 5 

5 0 0.5 5 

6 0 2 5 

4.2.2 Photosynthetic gas exchange 

Four weeks after the spray treatment, leaf photosynthetic gas exchange was measured under varying 

leaf surface concentrations of C02 (0, 25, 50 75, 100, 200, 350, 500, 750, 1000, 1250 and 1500 ppm), 

using a portable infrared gas exchange analyser (IR.GA) system (CIRAS-2, PP-systems, Hitchin, UK). 

The gas exchange measurements were used to plot the net COrassimilation rate (A) versus 

intercellular C02 concentration (Ci) (A:C curves) and these curves were analysed according to the C4-

plant model of Von Caemmerer and Furbank 1999, which is a derivation of the original model by 

Farquhar and Sharkey 1982 for C3-plants.35
'
36 The C4-plant model of Von Caemmerer and Furbank 

1999 was used to estimate the maximal rate of phosphoenolpyruvate carboxylase (PEPc) activity, 

V pmax- The same model was used to estimate lm.., which can be related to the regeneration rate of 

PEPc (C4 plants) and maximal electron transport rate.34 These parameters were fitted to determine the 

photosynthetic response to the various concentrations of nano-Ti0 2 and nano-Si02. Values of Ci were 

estimated from stomata! conductance to C02 transfer, g., and the ambient C02 concentration external 

to the leaf, c •. The stomatal conductance (gs) was also plotted against Ci, which was used to assess the 

stomata! response to different treatments nano-Ti02 and nano-Si02. The water use efficiency (WUE) 

of the plants was calculated (at 360 ppm C02) through the assimilation (A) and transpiration (E) data, 

using the well-known equation of: WUE = A/E.37 

4.2.3 Chlorophyll a fluorescence and Modulated 820 nm reflection 

The fast kinetics chlorophyll a fluorescence was measured after 1 hour dark adaptation of the test 

plants, using a multichannel multifunctional plant efficiency analyser (M-PEA, Hansatech, UK). 

Dark-adapted leaves were illuminated with a 1 s pulse of continuous red light (627 nm, 5000 µmol 

photons m-2s-1
) during which chlorophyll a fluorescence (prompt fluorescence - PF) and modulated 

820 nm reflection (MR) were recorded. The PF is used to monitor the redox reactions around 
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photosystem II (PSII) whilst modulated 820 nm reflection has been shown to be related to the redox 

state of PSI and plastocyanin (PC) .37 From the reflected MR signal, the ratio MR/MR0, where MR, 

indicates the modulated 820 nm reflection intensity at time t, and MR0 the value of the 820 nm 

reflection of the sample at the onset of the actinic illumination, was calculated. The MR/MR0 ratio is 

descriptive of the redox state of P700 and PC.53
•
54 The first part of the curve is representative of the 

oxidation reactions around P700 and PC (slow phase), after which a steady state is reached in the 

second part of the curve (minimal MR/MR0) . At this point, the oxidation rate of P700 and PC is equal 

to the re-reduction rate of P700+ and PC+ (from electrons arriving from PSII). The global minima at 

the steady state are termed MRmi0 •
38 The point in time where MRmin occurs is in the range of the J-1 

phase of PF. The last part of the curve reflects a change in the difference in PSII electron arrival rate 

(fast phase) and the rate at which oxidized PSI electron carriers can accept these arriving electrons 

(slow phase).5253 During the actinic illumination, the same data points (at characteristic time intervals) 

on the transients were extracted (as in Chapter 2 and Chapter 3) and used for the calculation of several 

parameters using equations i-xi in Chapter 1. F0 was chosen as 30 µs. Furthermore, the HP-parameters 

describing the structure and functionality of PSII were calculated using the formulae shown in Table 

1.5. Variable fluorescence and fractions of the relative (relative to control) in variable fluorescence 

phases (LlVLK, LlVKn, LlV1n, LlV1n and LlVttn) were also constructed. The changes in relative variable 

fluorescence and fractions of the variable fluorescence phases are given to illustrate the change in 

these transients measured on plants grown under different types and nanoparticle concentrations. The 

validation of relative variable fluorescence phases and their differences (relatively to control samples 

which were normalized to zero) that form bands due to various normalizations, are described in detail 

by Strasser et al. , 2000.39 The bands were revealed using the fragments of variable fluorescence 

phases of time segments, over four, two and one decades of time (Figures 4 .10-4.13). 

4.2.4 Determination of ROS markers 

4.2.4.1 Hydrogen peroxide 

Once all the measurements were taken (4 weeks after the treatments), the third and fourth youngest 

leaves were collected, vacuum sealed and frozen in a -80°C freezer for 48h. Thereafter, the foliar 

hydrogen peroxide content was estimated according to the method of Brennan and Frenkel 1977 .40 

One hundred mg of chilled leaf tissue was macerated in 4 mL cold acetone and the homogenate was 

filtered through a Whatman No. I filter paper. Two mL of this filtrate were treated with l mL of 

titanium reagent (20% titanium tetrachloride in concentrated HCl, 32% v/v) and 1 mL of concentrated 

ammonia solution to precipitate the titanium-hydroperoxide complex. After centrifugation (at 5000 x 

g for 30 min) the precipitate was dissolved in 2 N H2S04 and the absorbance was obtained at 415 nm. 
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The H20 2 content was calculated from a standard curve prepared in a similar way and expressed as 

µmol.g-1fm (fm =fresh mass). 

4.2.4.2 Malondialdehyde (MDA) 

The malondialdehyde concentration was determined according to the procedure of Hodges et al., 

1999.41 Frozen leaf tissue was homogenized in 80% cold ethanol and centrifuged to pellet debris. 

Different aliquots of the supernatant were mixed either with 20% tri-chloroacetic acid or with a 

mixture of 20% tri-chloroacetic acid (TCA) and 0.5% thio-barbituric acid (TBA). Both mixtures were 

allowed to react in a water bath at 90°C for lh. Subsequently, the samples were cooled in an ice bath 

and centrifuged. Absorbance of the supernatant was determined at 440, 532 and 600 nm against a 

blank sample. Calculation of the MDA concentration was done using equations 1-3: 

A= [(Abs 532nm +TBA/TCA so1) - (Abs 600nm +TBA/TCA solutioJ - (Abs 532nm -TBA/TCA sol -

Abs 600nm -TBA/TCA solution)] 

B = [(Abs 440nm +TBA/TCA so l -Abs 600nm +TBA/TCA sol) x 0.0571] 

MDA concentration (nmol.g- 1fm) = (A-B/157000)106 

4.2.5 Extraction of antioxidant enzymes 

(1) 

(2) 

(3) 

Frozen (-80'C) leaf tissue (0.5g) was homogenized in 1.5 mL of a 50 mM potassium phosphate buffer 

(PBS, pH 7.8) containing 1 mM EDT A, l mM di-thiotreitol (DIT) and 2% (w/v) poly

vinylpyrrolidone (PVP) using a chilled mortar and pestle kept on ice. The homogenate was 

centrifuged at 15,000 x g at 4'C for 30 min. The clear supernatant was used for superoxide dismutase, 

glutathi one reductase, dehydro-ascorbate reductase and mono-dehydroascorbate reductase enzyme 

assays. For measuring ascorbate peroxidase acti vity, the tissue was separately ground in 50 mM PBS 

(pH 7.8) supplemented with 2.0 mM ascorbate, lmM EDTA, 1 mM DIT and 2% (w/v) PVP. All 

assays were done at 25'C. 

Soluble protein content was determined according to Bradford 1976 using BSA as standard.42 The 

Bradford reagent was diluted 5 times with dH20 and kept at 4°C. Twenty µL of the protein extract 

was mixed with 1 mL of the diluted Bradford reagen t. The li ght absorption of blue color that formed 

was spectrofotometrically measured at 595 nm. A serial dilution series of 0.1-1 mg.mL·1 of the BSA 

standard was made up in the PBS buffer. The absorption of the BSA dilution series was used to create 

a standard curve of known protein content, which was thereafter used to elucidate the unknown 
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protein concentration in the samples. The All spectrophotomettic analyses were conducted using an 

UVNIS spectrophotometer-Genesis 10 SUV-vis (Thermo Scientific) . 

4.2.5.1 Ascorbate peroxidase (APX) 

Ascorbate peroxidase activity was assayed according to the method of Nakano and Asada 1981.43 

This was done by taking 3 mL of a reaction mixture (described above) containing 50 mM potassium 

phosphate buffer (pH 7 .0), O. l mM EDT A, 0.5 mM ascorbate, 0.1 mM H20 2 and 0.1 ml enzyme 

extract and following the hydrogen peroxide-dependent oxidation of ascorbate by measuring the 

decrease in the absorbance at 290 nm (E = 2.8 mM- 1 cm-'). Ascorbate peroxidase activity was 

expressed as ~1mol ascorbate oxidized.min- 1.mg-1 protein. 

4.2.6 Antioxidant enzyme essays 

4.2.6.1 Superoxide dismutase (SOD) 

Superoxide dismutase activity was determined by the nitro blue tetrazolium (NBT) photochemical 

assay according to Beyer and F1idovich 1987.44 One mL of solution containing 50 mM potassium 

phosphate buffer (pH 7.8), 9.9 mM I-methionine, 57 µM NBT, 0.025 % triton-X-100 was added into 

small glass tubes followed by 20 µL of the sample. The reaction was started by adding 10 µL of 

riboflavin solution (4.4 mg/100 mL) followed by incubating the tubes in an aluminium foil-lined box 

having two 20-W fluorescent lamps (12 cm distance between sample and light source) for 15 min. A 

parallel control (blank 1) was run where a phosphate buffer was used instead of the sample. After 

illumination, the absorbance of the solution was measured at 560 nm. A complete reaction mixture 

that had not been exposed to light was used as blank 2. The SOD activity was expressed as U.mg- 1 

protein. One unit of SOD was equal to that amount which caused a 50% decrease of SOD-inhibitable 

NBT reduction. The calculation of the SOD activity was done as follows: 

% inhibition= (Abscontroi-Abssampie) I Absorbance control x 100 x df 

Unit enzyme= 1 unit inhibit 50% reduction rate of NBT 

SOD specific activity (mU.mg·1 protein)= Inhibition percentage(%) IV x [protein] x t 

df = dilution factor, V = enzyme volume (mL), [protein] =protein concentration (mg.mL-1
) , t = time 

(minutes). 
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4.2.6.2 Glutathione reductase (GR) 

Glutathione reductase activity was determined by monitoring the glutathione dependant oxidation of 

NADPH, as described by Carlberg and Mannervik (1985).45 In a 1 mL cuvette, 0.75 rnL 0.2 M 

potassium phosphate buffer (pH 7) containing 2 mM EDT A, 75 µL NADPH (2 mM), 75 µL oxidized 

glutathione (20 mM) were mixed. The reaction was initiated by adding 0.1 mL of the enzyme extract 

to the cuvette and the decrease in absorbance at 340 nm was monitored for 2 min. GR activity was 

calculated using the extinction coefficient for NADPH of 6.2 mM-1.cm- 1 and expressed as µmol 

NADPH oxidized min- ' mg- 1 protein. The GR activity was calculated as follows: 

E = 6.2 rnM-1cm-1 and pathlength = 1 cm; 

Then: 

µmol NADPH oxidized min-1 mg- 1 protein = (Abs340.min-1
)/E, 

4.2.7 Statistical analysis 

The experiments were arranged in a completely randomised block design with 5 replicates for each 

treatment and 5 replicates for the control treatment. Statistical variance analysis was done using one

way ANOV A (p:S0.05) with least significant differences (LSD) at the 5% level. 

4.3 Results 

4.3.1 Photosynthetic gas exchange 

4.3.1.1 Mesophyll limitation 

Using the model of Farquhar et al., 1982, the maximal carboxylation rate of PEPc, V pmax. can be 

approximated by the slope of the linear part of the assimilation versus internal C02 (A:Ci) plots 

(Figure 4.6 A & B).35 
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Figure 4.6 A & B: A:Ci curves of the net COi-assimilation rate (A) versus intercellular C02 

concentration (Ci) for various nano-Ti02 (Figure 4.6 A) and nano-Si02 (Figure 4.6 B) treatments for 

Zea mays L. The supply function was drawn by simply joining the value of Ci - c. at 360 ppm on the 

abscissa to the point giving A360 at this value of c. (Pammenter 1989).45 (CE= V pmax) 

Supply function: A= g5(Ca - Ci) 

Demand function : A= V pmax(C - r) 

The results showing the change in V pmax with varying nano-Ti02 and nano-Si02 concentrations 

relative to the control, obtained from the A:Ci curves (using the model of Von Caemmerer and 

Furbank 1999 in Figure 4.6 A & B)35
, are given in Figures 4.7 A & B respectively. In Figure 4.7 A, a 

slight increase of 8.5% (relative to control) in the V pmax was seen at the 0.05% nano-Ti02 treatment, 

although this increase was not statistically significant. At higher Ti02 concentrations, significant 

(p:S0.05) reductions of 22% and 41 % in Y pmax was seen for the 0.5% and 2% nano-Ti02 treatments, 

respectively, which is indicative of some kind of toxicity threshold (Figure 4.7 A). As seen from the 

data in Figure 4.7 B, only the 2% nano-Si02 treatment caused a significant decrease of 29% in V pmax· 

The results suggest a differential sensitivity of PEPc with regard to nano-Ti02 and nano-Si02. 
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Figure 4.7 A & B: Relative PEPc activity under varying nano-Ti02 (A) and nano-Si02 (B) 

concentrations. Significance relative to control was determined by a one way anova at p~0.05; LSD= 

0.21. Data marked with ' *' indicates non-significant and '**' indicates significant changes relative to 

control. 
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Figure 4.8 A & B: Relative maximal rate of PEPc regeneration capacity and electron transport with 

varying nano-Ti02 (A) and nano-Si02 (B) concentrations. Significance relative to control was 

determined by a one way anova at p~0.05 ; LSD = 0.18. Data marked with ' *' indicates non

significant and '**' indicates significant changes relative to control. 

The model of Von Caemmerer and Furbank 1999 in Figure 4.6 A & B was also used to estimate the 

maximal rate of PEPc regeneration capacity and electron transport, Imax (as presented in Figure 4.8 A 

& B).35 In this study, significant decreases of 28% and 44% in the relative I max were seen at the 0.5% 

and 2% nano-Ti02 treatments respectively. The highest nano-Si02 treatment also had an effect on I max 

parameter, as a significant decrease of 34% in relative lmax was seen at 2% nano-Si02 treatment 

(Figure 4.8 B). 
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4.3.1.2 Stomatal limitation 

In Figure 4.6 A, a marked increase in the slope of the supply function, A = g.(C. - C;), relative to 

control can be seen at the 0.5% and 2% nano-Ti02 treatments, which is indicative of a decrease in 

stomata! limitation . On the other hand the 0.5% and 2% nano-Si02 treatments (Figure 4 .6 B) showed 

a marked decrease in the slope of supply function , which suggests increased stomata! limitation. 

Moreover, given the normal physiological response of scomatal closure (conductance) under elevated 

internal C02 concentrations (C;), the stomata! conductance data from the various measurements were 

plotted against C;, for the respective treatments (Figure 4 .9 A & B). 
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Figure 4.9 A & B: Change in stomatal conductance (g.; mmol.m2.s-1
) with change in C; under nano

Ti02 (A) and nano-Si02 (B) concentrations. Significance relative to control (9 streatment X 100
) was 

Bscontrol 1 

determined by a one way anova at p::S0.05 (LSD = 14.7). 

Using the data from Figure 4 .9 A & B, the change in the physical state and behaviour of the stomata 

under increasing nano-Ti02 and nano-Si02 concentrations becomes apparent. A clear tendency of 

increased gs with increasing nano-Ti02 concentrations was evident (compared to control at all C; 

concentrations), becoming significant (p::S0.05) at the 0.5% and 2% nano-Ti02 treatments , with 

increases of 16% and 23%, respectively. This indicated increased stomata! open ing (supported by 

increased transpiration (data not shown) and increases in C; in the supply function). Inversely, 

significant (p::S0.05) decreases in gs of 24% and 29% were seen at the 0 .5% and 2% nano-Si02 

treatments (compared to control at all C; concentrations), which indicates decreased stomatal opening 

(supported by decreased transpiration (data not shown) and decreases in C; in the supply function). 

The well-known equation of I = [(Ao - A) I A0] x 100 (Farqhuar and Sharkey 1982) was used to 

calculate the true stomatal limitation, where A is the assimilation rate at ambient atmospheric ([C02] 
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360 ppm) and A0 is the assimilation rate when no stomatal limitation existed, i.e. C.=C;=360 ppm 

C02.
36 The data in Figure 4.6 A & B was used to calculate the stomata] limitation (please refer to 

Figure 1.9 in Chapter 1 to see how A and A0, that was used to calculate l, was obtained from Figure 

4.6 A & B). Marked decreases (relative to control) of 20% and 21.8% in l could be seen for the 0.5% 

and 2% nano-Ti02 treatments, whereas the 0 .5% and 2% nano-Si02 showed an increase of 15% and 

22% in l. 

Furthermore, the observed changes in the calculated l values correlated well with the changes in g. 

(Figure 4.9 A & B). This is to be expected; given that l is a function of the assimilation rate (A) and 

the assimilation rate is a function of stomata! conductance g. (A= g.(Ca - C;)). The differences in the 

changes in stomata( parameters induced by nano-Ti02 and nano-Si02 strongly suggest that the two 

types of nanoparticles have different influences on stomata] regulation. 

4.3.1.3 Water use efficiency (WUE) 

Significant (p:S0.05) decreases of 27% and 31 % in the relative WUE were seen for the 0.5% and 2% 

nano-Ti02 treatments (Figure 4.10 A), whereas the 0 .5% nano-Si02 treatment showed a significant 

(p:S0.05) increase of 15% in relative WUE. 
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Figure 4.10 A & B: Relative change in water use efficiency (WUE) with varying nano-Ti02 (A) and 

nano-Si02 (B) concentrations. Significance relative to conu·ol was determined by a one way anova at 

p:S0.05; LSD = 0.14. Data marked with '*' indicates non-significant and '**' indicates significant 

changes relative to control. 

4.3.2 Chlorophyll a fluorescence and modulated 820 nm reflection 

In the following sections the data obtained from the chlorophyll a fluorescence and modulated 820 nm 

reflection measurements are given and briefly discussed. Firstly, the 'raw' data curves of these two 
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distinct signals are shown in Figure 4.11 A & B. Various normalizations within particular time 

intervals (related to specific absorption and electron transport processes) of the chlorophyll a 

fluorescence curves are shown, in an attempt to illustrate the changes in the fluorescence signals, 

resulting from the various nano-Ti02 (A) and nano-Si02 treatments (Figures 4.12-4.15). The changes 

in the JIP-parameters (relative to control) , calculated using equations i-xi (Chapter I) , are shown in 

Table 4.2. Moreover, the changes in PSI activities, that were calculated and deduced from the 

modulated 820 run reflection curves (Figure 4.11 A & B), are given in Table 4 .3. 
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Figure 4.11 A & B: Change in fast kinetics chlorophyll a fluorescence (PF) and modulated 820 nm 

reflection (MR820 0 m) with varying nano-Ti02 (A) and nano-Si0 2 (B) concentrations. 
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4.3.2.1 Influence of varying nano-Ti02 and nano-Si02 concentrations on apparent PSII activity 
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Figure 4.12 A-C: Normalisation between points 0 and P in PF transient, V 0p (Figure 4. 12 A) for the 

different Ti02 concentrations. Differential variable fluorescence normalized (normalized to control) 

between points 0 and P, /), V 0p (Figure 4.12 B) for the different Ti02 concentrations. Figure 4.12 A & 

Bare both over 4 decades in time (F0 03 ms to F3ooms). Differential normalizations between OJ, JI and IP 

in the PF transient are shown in Figure 4.12 C for the various Ti02 concentrations. These are shown 

as a composite figure to illustrate the normalisations in 1 decade time progression (F0.03 ms to F3 ms• F3 

ms to F 30 ms and F 30 ms to F 300 ms). 
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Figure 4.13 A-D: Differential variable fluorescence normalized between points OK, OI and JP 

(Figure 4.13 A-C) to show ~ V 0 K, ~ V 0 , and ~ VJP for the various Ti02 concentrations. Figure 4.13 A is 

over I decade in time (Fo,03 ms to F0.3 ms) , whilst Figures 4 . 13 B & C are over 2 decades in time (F0.03 ms 

to f 30 ms and f 3 ms to F3oo ms) . Differential normalizations between Fa.01 ms to F1 ms, F 1 ms to F10 ms, F 1o ms to 

F 100 ms and F 100 ms to F300 ms in the PF transient are shown in Figure 4.13 D for the various Ti02 

concentrations. These are shown as a composite figure to illustrate the normalisations in a 1 decade 

time progression. Significance relative to control was determined by a one way anova at p:'.S0.05 (LSD 

= 0.023). 
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Figure 4.14 A-C: Normalisation between points 0 and P in PF transient, V or (Figure 4.14 A) for the 

different Si02 concentrations. Differential vaiiable fluorescence normalized (normalized to control) 

between points 0 and P, /1.V0 p (Figure 4.14 B) for the different Si02 concentrations. Figure 4.14 A & 

B are both over 4 decades in time (F003 ms to F 300 ms). Differential normalizations between OJ, JI and 

IP in the PF transient are shown in Figure 4.14 C for the various Si02 concentrations. These are 

shown as a composite figure to illustrate the normalisations in 1 decade time progression (Fo.D3 ms to 

F3 ms• F3 ms to F3o ms and F3o ms to F3oo ms) 
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Figure 4.15 A-D: Differential variable :fluorescence normalized between points OK, OJ and JP 

(Figure 4.15 A-C) to show D. VaK, D. V 0 1 and D. V1r for the various Si02 concentrations. Figure 4. 15 A is 

over l decade in time (F0.03 ms to F03 ms) , whilst Figures 4.15 B & C are over 2 decades in time (Fo03 ms 

to F3o ms and F3 ms to FJoo ms). Differential normalizations between Fo.01 ms to F11115, Fr ms to F10 ms. F101115 to 

F 100 ms and F 100 1115 to F300 ms in the PF transient are shown in Figure 4.15 D for the various Si02 

concentrations_ These are shown as a composite figure to illustrate the normalisations in 1 decade 

time progression. Significance relative to control was determined by a one way anova at p:S0.05 (LSD 

= 0.019). 

Differential normalization (D. v = D. v treatment - D. v control) between the Fa (0.03 ms) and FK (0 .3 ms) 

reveals the D.VL-band. In Figures 4 .13 A and 4.15 A, the appearance of significant D.VL-bands were 

observed for both the nano-Ti02 and nano-Si02 treatments at the highest concentrations (2%). A 

significant (p:S0.05) positive D.Vv band was observed at the 2% nano-Si02 treatment (Figure 4.15 A). 
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Furthermore, a significant (p~0.05) negative ilVL-band was also observed at the 2% nano-Ti02 

treatment (Figure 4.13 A). 

Differential normalization between F0 and F1 amplifies the il V K-band, appearing around 0.3 ms. 

Further normalization between F0.1 ms and F1 ms revealed an intensified sharper resolution of the il V K

band, which we have termed the il V Kn-band (n = narrow). The il V Kn-band is a more accurate 

representation of these phenomena, because it excludes the impact of antenna cooperativity (il V L) and 

the QA-reduction. Well defined ilVKn-bands for both the nano-Ti02 (Figure 4.1 3 D) and nano-Si02 

(Figure 4 .15 D) treatments were observed, becoming significant (p~0.05) at the 0.5% and 2% 

treatments of both types of nanoparticles. 

The J-step in the fluorescence transient has been suggested to represent the reactions around the 

reduction of (b.50
· 

53
·
54 Differential normalization between F0 (0.03 ms) and F1 (30 ms) amplifies the 

il Yrband, which can be observed around 2-3 ms. To better highlight the changes in the single 

turnover region around QA (with changes in nanoparticle type and concentration), intensified sharper 

resolution curves of the il Y10-band were constructed by differentially normalizing between F 1 ms and 

F 10 ms in the fluorescence transients. The results of this study indicated significant (p~0.05) increases 

in the ilV10-bands for both the 0.5% and 2% nano-Ti02 treatments (Figure 4.13 D), whilst only the 2% 

nano-Si02 treatment (Figure 4. 15 D) showed a significant (p~0.05) increase in the il V111 amplitude 

relative to the control. The nano-Ti02 treatment appeared to have a greater impact on the electron 

transport events around (b, compared to the effect of the nano-Si02 treatments. 

Differential normalization between F1 (3 ms) and Fp (300 ms) amp Ii fies the ~ V1-band, which forms 

part of the multiple turnover region of electron transport in the fluorescence transient. The il V1-band 

can be observed around 30 ms and has been described as the redox state of the reduced intersystem 

electron carriers or size of the reduced plastiquinone pool. With fmther normalization between F 10 ms 

and F1ooms a sharper il Vrn-band was obtained, which only contains information of electron transport up 

to the PSII end acceptors (before plastocyanin (PC)), effectively excluding the infl uence of PSI 

activity. Significant (p~0.05) increases in the amplitude of the ~Vi0-bands were seen at the 0.5% and 

2% nano-Ti02 treatments (Figure 4.13 D), whilst at the highest nano-Si02 concentration (Figure 4.15 

D) a significant (p~0.05) decrease in the ~ V10 amplitude was seen relative to the control. This is 

indicative of differential sensitivity/inhibitory mechanisms between the two types of nanoparticles. 

The FH phase at 300 ms often coincides with the maximum fluorescence intensity peak, Fp or Fm. 

Differential normalization between F 100 ms to F300 ms brings about the appearance of a il V Hn-band which 

can be interpreted as the redox state of PSI electron c<UTiers before NADP and Ferredoxin (Fd). In this 

study, significant positive il VH11-bands were obtained at the 0.5% and 2% nano-Ti02 treatments 

(Figure 4.13 D), whereas only the 2% caused a substantial increase in the ~ V Hn amplitude (Figure 

4 .15 D). 
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4.3.2.2 Influence of varying nano-Ti02 and nano-Si02 concentrations on biophysical 

parameters derived by JIP-equations 

The OJIP transients can be translated into biophysical parameters. These parameters describe quantum 

yields of photon capture used for~ reduction (cpp0 ), electron transport probabilities (cpEo, cpRo and ()R0 ), 

specific activities per reaction centre (RC) and performance indexes, PIAes and Pltmai·51 The derivation 

and meanings of these JIP-parameters are given and described in Table 1.5 (Chapter 1). The 

calculated values of selected parameters were normalized to those of controls and given in Table 4.1. 

No significant (pS0.05) changes in the parameters were seen at the 0.05% concentration for both the 

nano-Ti02 and nano-Si02 treatments. However, significant (pS0.05) changes in all parameters were 

seen for the 0.5% and 2% nano-Ti02 treatments, with the most significant (pS0.05) changes at the 2% 

treatment, suggesting concentration dependence for the inhibition phenomenon. Although most of the 

parameters decreased for the 0.5% nano-Si02 treatment, only the PI10 1a1 decreased significantly 

(pS0.05) at this treatment concentration. This is because of the accumulative effect of the down 

regulation of the parameters used in the calculation of PI101a1 (Plcotal = cpEo. cpRo· OR0 ) . At the 2% nano

Si02 treatment, significant (pS0.05) changes in all parameters were observed, although the changes 

were not as substantial as the 2% nano-Ti02 treatment. 

Table 4.2: Calculated biophysical parameters and probabilities derived by JIP-equations; given as 

values relative to control. 

Treatment ABS/RC Dlo/RC <j>rJ(l-cpp0) \(I Eof (1- \(/Eo) 0RJ(l-0Ro) PIA BS Plto1a1 

Control 1±0.12 1±0.12 1±0.10 1±0.06 1±0.05 1±0.09 1±0.08 

0.05% Ti02 1.03±0.09 1.05±0.16 1.09±0.08 1.1±0.08 0.91±0.15 1.2±0.15 1.16±0.06 

0. 5% Ti02 1.65±0.24 1.37±0.09 0.79±0.08 0.74±0.09 0.79±0.11 0.58±0.12 0.46±0.09 

2% Ti02 2.05±0.32 1.58±0.21 0.71±0.08 0.58±0.16 0.41±0.13 0.41±0.09 0.17±0.08 

0.05% Si02 1.05±0.12 1.02±0.08 0.99±0.22 0.96±0.10 0.98±0.12 0.95±0.05 0.93±0.15 

0.5% Si02 1.08±0.17 1.08±0.11 0.94±0.13 0.90±0.04 0.89±0.08 0.84±0.12 0.75±0.12 

2% Si02 1.34±0.15 1.21±0.06 0.77±0.10 0.79±0.15 0.61±21 0.60±0.19 0.37±0.22 

LSD 0.16 0.09 0.15 0.18 0.12 0.15 0.20 

(ps0.05) 

Results of one-way ANOV A analysis for each parameter. Significantly (pS0.05) different (to control) 

values are marked in bold. Mean±S.E., n = 8 measurements. 

Furthermore, the data of the relative parameters in Table 4.2 were used to calculate the total driving 

force (DFwiaJ = log(Pl10 1• 1)). The DFwial can be considered as the total diiving force for the 

photochemical activity of the observed system and is equal to the sum of the partial driving forces for 

the events involved in the OJIP fluorescence rise, from light absorption up to PSI end acceptor 
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reduction.48 The DFtotaI can be calculated by adding the log of the partial process 

efficiencies/probabilities. This DFtotaI (relative to control) was calculated using the following equation: 

DFtotal(relative) = log(Pltotal(relative)) = { 1 + log(RC/ ABS)relative} + { 1 +log[( <ppJ(l-<ppo)Jrelative} + { 1 + 

log[(\j/&/(1 - 'VEo)lreiative } + { 1 + log[(oRJ( l-ORo)Jrelative} 4 .1 

where log(RC/ABS) is the driving force for light absorption (photon capture), log[(<ppJ(l-<pp0 ) ] is the 

driving force for QA-reduction, log[('V&/0- \j/Eo)] is the driving force for electron transport past QA (to 

intersystem carriers) and log[(&RJ(l-0R0 )] is the driving force for the reduction of PSI end electron 

acceptors. One (1) is added to the log term in each part of the equation to obtain the relative change in 

the individual driving forces compared to the control, in order to see which partial processes were 

down-regulated the most. Figure 4.16 shows the changes in the relative DFtotaI(reiative) and the relative 

partial driving forces at the different nanoparticle concentrations. 

4 
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Control 0.05% Ti02 0.5% Ti02 2% Ti02 

Ti02 concentration 
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Figure 4.16 A & B; Changes in relative partial driving force processes and accumulative relative total 

driving force (DFtotai) at different nano-Ti02 (A) and nano-Si02 (B) concentrations. 

According to Figure 4. 16 A, the driving forces for ~-reduction, post QA electron transport and PSI 

end electron acceptor reduction appeared to be more sensitive than the driving force for light 
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absorption with increasing nano-Ti02 concentrations. In Figure 4.16 B, the most sensitive pattial 

driving force under the highest nano-Si02 concentration was the partial driving force for PSI end 

electron acceptor reduction. This suggests differential sensitivity and different limitation modes of 

down-regulation. 

4.3.2.3 Influence of varying nano-Ti02 and nano-Si02 concentrations on apparent PSI 

activity 

From the maximal slopes of the kinetic curves of photo-induced MR changes in Figures 4.11 A & B, 

the rates of P700 and PC oxidation (Yax) followed by the subsequent re-reduction of P700+ and PC 

(Yred) could be calculated. 

The results in Table 4.3 suggest different PSI sensitivities with regard to the type and concentration of 

the nanoparticle treatments. The maximum re-reduction rate of P700+ and PC (v,0ct) appeared to be 

more sensitive to the treatments than P700 and PC oxidation (Yax). This implies an inherent limitation 

on electron transport between PSII and PSI. Decreases in MRmin suggest a decline in the maximum 

pool size of the oxidized PSI carriers. Even though Yred decreased to a greater extent than Yax• the 

MRmin still declined significantly, which can be attributed to the difference in the fast and slow phase 

electron transport. Put in another way, a small change in v0 x (slow phase) will cause a greater change 

in MRmin than a relatively large change in Yrect · Furthermore, nano-Ti02 caused a greater decrease in all 

of the parameters compared to nano-Si02, mostly becoming significant (p:S0.05) at the 0.5% and 2% 

treatments for both nanoparticle types. 

Table 4.3: Calculated P700 and PC oxidation (v0 x) and P700+ re-reduction (vrect) parameters as well as 

MRmin values from 820 nm reflection induction curves . 

Treatment Relative V 0x Relative V rect Relative MRmin 

(Relative to control) (Relative to control) (Relative to control) 

Control 1±0.08 1±0.07 1±0.07 

0.05% nano-Ti02 1.02±0.07 1.09±0.06 1.05±0.06 

0.5% nano-Ti02 0.81±0.03 0.73±0.04 0.78±0.04 

2% nano-Ti02 0.71±0.05 0.62±0.09 0.70±0.05 

0.05% nano-Si02 1.05±0.06 0.98±0.04 0.97±0.03 

0.5% nano-Si02 0.95±0.09 0.88±0.06 0.91±0.02 

2% nano-Si02 0.77±0.1 0.73±0.09 0.79±0.06 

LSD (p:S0.05) 0.15 0.17 0.15 

Results of one-way ANOV A for each parameter. Significantly (p:S0.05) different (to control) values 

are marked in bold. Mean ±S.E., n = 8 measurements. 
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4.3.3 ROS markers and enzyme activities 

According to the results presented in Table 4.4, the 0.05% nano-Ti02 and nano-Si02 did not cause a 

significant (p:S0.05) increase (relative to control) in the measured H20 2 concentration. However, at the 

0.5% and 2% nano-Ti02 treatments, a significant (p:S0.05) increase (- 2.5 fold) in the H20 2 

concentration was observed. A significant (p::::;0.05) increase in the H20 2 concentration was also 

observed for the 2% nano-Si02 treatment. 

Table 4.4: Changes in the concentrations of ROS markers and activities of key antioxidant enzymes 

at different nano-Ti02 and nano-Si02 concentrations. 

Treatment 

Control 

0.05% Ti02 

0. 5% Ti02 

2% Ti02 

0.05% Si02 

0.5% Si02 

2% Si02 

LSD (p::::;0.05) 

H202 

(µmol.g- 1
) 

*Fm 

8.2±1.1 

8.5±1.8 

21.8±2.1 

23.2±1.2 

8.1±0.8 

10.1±1.9 

18.9±1.1 

7.6 

MDA 

(nmol.g-1
) 

*Fm 

47.3±6.9 

55.8±5.1 

86.7±6.9 

93.4±5.6 

47.3±3.6 

48.5±11.2 

70.8±8.5 

19.9 

APX SOD GR 

(µmol ASC.min-1mg-1
) (U.mg-1

) (µmolNADPH.min- 1 .mg) 

*PT *PT 

214.7±24.2 38.9±8.9 19.8±3.9 

222.3±21.5 41.9±5.1 21.9±5.1 

272.5±15.6 79.3±4.9 41.5±5.7 

293.0±35.6 87.6±8.6 62.6±2.2 

213.2±24.2 37±9.0 16.8±3.1 

231.3±12.3 49.4±2.6 25.9±0.8 

276.5±15.1 76.6±7.1 44.0±6.2 

54.3 30.1 5.4 

Results of one-way ANOV A analysis for each parameter. Significantly (p:S0.05) different (to control) 
values are marked in bold. Mean ±S.E., n = 6 measurements ; *Fm= fresh mass; *PT= protein. 

The MDA concentration is often used as a measure to follow lipid membrane oxidative damage.50 An 

increase in MDA is thus indicative of increased membrane damage. The 0.5% and 2% nano-Ti02 

treatments showed -2 fold increases in the measured MDA concentration (Table 4.4), with the largest 

increase observed at the highest nano-Ti02 treatment (2% nano-Ti02). The only nano-Si02 treatment 

that induced significant (p::::;0.05) changes in the MDA concentration was the 2% nano-Si02 treatment, 

which showed a -1.4 fold increase (Table 4.4). 

In Table 4.4, a significant (p:S0.05) increase in the APX activity was observed at the 0.5% and 2% 

nano-Ti02 treatments. The activity was found to be - 1.4 times higher than that of the control 

treatments. A significant (p:S0.05) increase in APX activity (relative to control) was only observed in 

the highest nano-Si02 treatment, where a - 1.2 fold increase was observed (Table 4.4). Ascorbate 

peroxidase (APX) plays an important role in ROS detoxification as pait of the ascorbate-glutathione 

cycle and an increase in APX activity suggests a definite increase in ROS formation. 
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Superoxide dismutase (SOD) activity was significantly (p:S0.05) enhanced by the 0.05% and 2% 

nano-Ti02 treatments , with a -2 fold and a - 2.2 fold increase respectively (Table 4.4). Again, only 

the highest nano-Si02 treatment (2%) showed a significant (pS0.05) increase relative to control 

treatments (Table 4.4). Increased SOD activity is also indicative of increased ROS formation, given 

its role in detoxifyi ng hydroxyl radicals (Off) via the Haber-Weiss reaction to form H20 2, which is 

then further detoxified by APX etc. More information on these mechanisms and how they interact is 

discussed in the discussion section (Section 4.4). 

Significant (pS0.05) increases in GR activity were observed for the 0.5% and 2% nano-Ti02 

treatments (Table 4.4). At the 0.5% nano-Ti02 treatment, the GR activity was - 2 times higher than 

that of the control treatment, whilst the 2% nano-Ti02 treatment plants exhibited more than 3 times 

the GR activity compared to that of the control treatment (Table 4.4). The 0.5% and 2% nano-Si02 

treatments also showed significant (p:S0.05) increases in the GR activity, with a - 1.5 and -2.2 fold 

increase at the 0.5% and 2% nano-Si02 treatments, respectively. 

4.3.4 Coupling between PSI electron transport and COrassimilation 

When plotting the relative I max data shown in Figures 4.8 A & B vs the relative v0 x values in Table 4.3 

and comparing it to a coupled model , that was constructed by plotting the relative PSI oxidation rate 

(v0 x) against its identical values (to simulate a situation where 100% of the PSI electrons are used for 

NADP+-reduction and subsequent carbon assimilation), an increase in decoupling (£) could be seen 

with increasing nanoparticle concentration (Figure 4.17 A & B). As stated in Chapter 3, 100% 

efficiency is highly unlikely (due to other electron withdrawing reactions, such as nitrogen and 

sulphur reduction etc .). The model was again constructed not to obtain absolute ratio values, but 

rather to show increased £ under amplified stress conditions. The relative (to control) relationship 

between v0 x and I max and the coupled (elctron flux or 'ideality ' ) model , is shown in Figure 4.17 A & 

B. 
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Figure 4.17 A & B: An electron flux model showing the con-elation between relative P700 oxidation 

rate (v0 x) and relative PEPc regeneration or electron transport rate Omax) as a fraction of the control. 

Open stars depict a model of the ideal coupljng correlation if 100% of PSI reduced NADPH were 

used for ATP formation and COr assimilation (i .e.£= 0). Significant deviation from the electron flux 

(coupled) model(£) was determined by a one way anova at p:S0.05 (LSD= 0.07). A= nano-Ti02, B = 

nano-Si02. 

The % deviation from the electron flux (coupled) model (£)for each treatment can be calculated using 

eqation 3.1 (Chapter 3). At the 0 .05% nano-treatments , no significant (p:S0.05) deviation in £ (relative 

to control) could be seen, suggesting that the coupling phenomenon between electron transport and 

COi-assimi lation remained relatively unchanged at these nanoparticle treatments. At the 2% Si02 

(Figure 4 .17 A), 0 .5% and 2% Ti02 treatments (Figure 4.17 B), significant (p:S0.05) increases of 14%, 

16% and 25% in £ could be seen. Tills points to increased decoupling between PSI electron transport 

and PEPc regeneration with increasing nanoparticle (stress) conditions. 

4.4 Discussion 

The aim of this study was to investigate the photosynthetic response of Zea mays L. (cultivar IMP 52-

11) to different concentrations of nano-Ti02 and nano-Si02 applied as a foliar spray. Gas exchange 

measurements were used to evaluate the COi-assimilation and stomatal response to the nanoparticle 

treatments , by making use of the C4-plant model of Von Caemmerer and Furbank 1999, by which 

A:Ci curves were constructed and analysed (Figure 4.6 A & B). Fast kinetics chlorophyll a 

fluorescence (PF) coupled with modulated reflection (MR820 nm) was used to quantify the response of 

PSII and PSI electron transport to the nanoparticle treatments . Furthermore, important ROS markers 
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and activities of key antioxidant enzymes were also monitored to assess whether there was a change 

in the amount of ROS species formed during the various treatments. 

The maximum assimilation rate (V pmax) of the primary carboxylation C4-plant enzyme (PEPc) has 

previously been reported to decrease with nanoparticle treatments. Up-regulation of the carboxylation 

enzyme activity was also reported by Gao et al., 2006 and Zheng et al., 2005, whom both reported 

increased Rubisco activity in spinach under nano-Ti02 treatment. 19
'
22 As observed in this study, 

spraying specific concentrations of nano-Ti02 solutions on the leaf, reduced the V pmax. in which seems 

to be a concentration dependent manner (Figure 4.7 A). The decrease in V pmax at the 0.5% and 2% 

nano-Ti02 treatments coupled with the increase in water loss (increased transpiration) is indicative of 

decreased carboxylation activity. The C02 response curve deduced parameters also indicated a 

decrease in the maximal electron transport and PEPc regeneration rate, Imax· An insignificant (p:S0.05) 

increase in lmax was observed at the 0.05% nano-Ti02 treatment (Figure 4.8 A). Both the 0.5% and 2% 

treatments showed a significant (p:S0.05) decrease in Imax. with the largest decrease observed at the 

2% treatment (Figure 4.8 A). Li et al., 2012 attributed the decrease in growth of Gymnodinium breve 

to increased reactive hydroxyl formation.27 The effect of ROS induced damage is a known factor 

attributing to decreased carboxylation efficiency. Increased ROS formation have been found 

previously by Wang et al., 2010 and Larue et al., 2012a under nano-Ti02 treatments, which may 

account for the decrease in carboxylation rate (PEPc activity), Y pmax. which was supported by an 

increase in ROS and relevant markers (Table 4.4). A decrease in l (calculated from the data in Figure 

4.6 A), increases in maximal gs and significant (p:S0.05) increases in C; for both the 0.5% and 2% 

nano-Ti02 treatments (Figure 4.9 A), further supports that the limitation was mainly carboxylation 

activity based, seeing that this indicated that no stomata! limitation existed. The phenomenon of 

increased stomata! conductance under nano-Ti02 was also observed by Gao et al., 2013, who reported 

an almost 300% increase in stomata! conductance in Ulmus elongata seedlings as a result of Ti02 

foliar spray treatments.28 In addition to increased gs, significant (p:S0.05) increases in water loss 

through increased transpiration were also observed (data tot shown). Increased water loss can lead to 

reductions in the WUE, which was indeed observed at the 0.5% and 2% nano-Ti02 treatments (Figure 

4.10 A). Significant decreases in the WUE were also reported by Gao et al., 2013 under nano-Ti02 

foliar treatments. 28 

In the present study, the highest nano-Si02 treatment (2%) displayed significant (p:S0.05) decreases in 

Y pmax and Imax (Figure 4.7 Band 4.8 B). Significant (p:S0.05) increases in stomata] limitation (l) for the 

0.5% and 2% nano-Si02 treatments were also observed, explaining the decrease in C; at A360, i.e. 

corresponding to the intercept of the supply and demand functions. Although decreases in the relative 

maximal gs was seen for the 0.5% and 2% nano-Si02 treatments (Figure 4.9 B), only the 0.5% 

treatment exhibited a significant (p:S0.05) improvement in WUE (Figure 4.10 B). Parveen et al., 2010 

also found that exogenously applied Si significantly enhanced the plant-water use efficiency (WUE) 
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of maize.57 Haghighi et al., 2013 and Romero-Aranda et al., 2012, both ascribed decreased stomata] 

conductance as the reason for increased drought and salinity tolerance with nano-Si02 treatments.31
·
32 

The absence of WUE improvement at the 2% treatment (Figure 4.10 B) is due to the relatively large 

decrease in the COi-assirnilation efficiency at the 2% treatment (WUE = AIE). The relatively large 

decrease of gs at the 2% nano-Si02 treatment also accounts for the decrease in Ypmax and I max. through 

the respective decoupling of gs (C02 absorption) and carboxylation activity as well as photosynthetic 

electron transport and carboxylation activity. Lower C02 availability will cause a decrease in the 

carboxylation activity of PEPc (V pmax), which in turn decreases the electron demand function for 

carbon assimilation and PEPc regeneration (Jmax). 

From the PF and MR820 nm curves vadous structural and functional PSII and PSI electron transport 

parameters were obtained. Differential normalization of sections of the PF transients were used to 

obtain information on the structural and functional changes that resulted from the various treatments. 

The appearance of t.VL-bands (Figure 4.13 A & 4.15 A) could be seen at the highest concentration 

(2%) of both types of nanoparticle treatments. Interestingly the nano-Ti02 treatment caused the 

appearance of a negative t.VL-band, whilst a positive t.VL-band was observed for the nano-Si02 

treatment. The t.VL-band has been suggested to be closely related to the cooperativity between 

chlorophyll antennae.38 A negative t. V L -band for the nano-Ti02 treatment may have been by a pseudo 

increase in cooperativity caused by the photon capture capability of the photo-catalytic nano-Ti02 

particles that can possibly transfer charges between each other and active chlorophyll antennae (see 

Figure 4.18). 

Figure 4.18: Original suggested possible charge transfer between active and non-active chlorophyll 

antennae. Open shapes indicate active antennae, closed shapes indicate inactive antennae and arrows 

indicate charge transfer. Small circles indicate infiltration sites of nano-Ti02 amongst the chlorophyll 

antennae. 

A positive t.VL-band obtained with the nano-Si02 treatment is indicative of decreased cooperativity 

between antennae. Increased ROS formation can cause damage to chlorophyll antennae, resulting in 
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decreased cooperativity. Although nano-Ti02 has also been shown to cause ROS, the effect on 

cooperativity might be mitigated (in part at least) by the charge transfer capability of the nano-Ti02. 

Significant (p:'.S0.05) increases of 65%, 105% and 34% in the ABS/RC and 37%, 58% and 21 % in the 

DlJRC (Table 4.2) were also observed at the 0.5% and 2% nano-Ti02 and 2% nano-Si02 treatments, 

respectively. Increases in these two parameters are indicative of reaction centre deactivation, resulting 

in the formation of silent centres, which dissipate excess absorbed energy in the form of heat. 

Furthermore, RC deactivation could also be seen from decreases in the <ppJ(l- <pp0 ) parameter, which 

is indicative of the quantum yield of primary photochemistry, i.e. the efficiency with which photons 

absorbed by active RCs are trapped and converted to photochemical energy for the reduction of QA. 

Significant (p:'.S0.05) decreases in the <ppJ(l - <pp0 ) parameter of 21 %, 29% and 23% were also observed 

at the 0.5%, 2% nano-Ti02 and 2% nano-Si02 treatments (Table 4.2). The difference in the type and 

extent of response elicited by the two types of nanoparticles suggests differential mechanisms of 

sensitivity/toxicity. 

Positive ~VK0-bands for both the nano-Ti0 2 (Figure 4.1 3 D) and nano-Si02 (Figure 4.15 D) 

treatments were observed, becoming significant (p:'.S0.05) at 0.5% and 2% of both types of nano

particles. Positive ~ V K-bands is indicative of damage to the oxygen evolving complex (OEC), which 

allows non-water electron donation from strong reducing entities such as ascorbate. In this case, 

electron donation from catalytically active nanoparticles could also be a source of electron donation. 

The single turnover events involving QA reduction and QA- re-oxidation are reflected by the~ Vrband. 

A positive ~ V10-band can be interpreted as an accumulation of reduced ~, which is indicative of 

reduced electron transport past~- In the present study, the appearance of positive ~VJn-bands in 

Figure 4.13 D & Figure 4.15 D can be seen. The amplitudes of the ~ VJn-bands were markedly higher 

for the nano-Ti02 treatments compared to the nano-Si02 treatments, which suggests a greater electron 

transport inhibition effect by the nano-Ti02 treatments. Only the 2% nano-Si02 treatment (Figure 4.15 

D) caused a significant (p:'.S0.05) change in the ~ V10-band amplitude, whilst both the 0.5% and 2% 

nano-Ti02 treatments caused significant (p:'.S0.05) ~ VJn-bands. Differences in decreases in 'V&/0-

'l'Eo), which is a measure of the probability that a trapped excitation moves an electron into the 

electron transport chain beyond QA, also suggests differential down-regulation caused by the two 

types of nanoparticles. Significant (p:'.S0.05) decreases of 26% and 42% in 'VEJ(l- 'l'Eo) were observed 

for the 0.5% and 2% nano-Ti02 treatments respectively, whereas the highest nano-Si02 treatment 

only caused a significant (p:'.S0.05) 21 % decrease in 'V&/0- 'l'Eo) (Table 4.2). A decrease in the 

amplitude of the ~VIP phase points to a reduction in electron transport to PSI end acceptors. In the 

present study, a prominent decrease in the amplitude of the ~VIP phase could be seen for both the 

0.5% and 2% nano-Ti02 treatments (Figure 4.12 C), whilst only the 2% nano-Si02 treatment (Figure 

4.14 C) showed a decrease in the ~VIP amplitude, again suggesting differential sensitivities. The l and 

P-phases are two distinct phases in the PF transient, where the I-phase describes the multi-turnover 
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events around the intersystem electron carriers and the P-phase represents electron transport through 

PSI to the end acceptors of PSI. The events corresponding to these two phases can be separated using 

narrower normalizations between F 10 to F 100 for the I-phase and F 100 to F300 for the P-phase. These 

normalizations give rise to narrower bands and sharper resolution. The /),. Vrn-band can be interpreted 

as the electron transport around the intersystem electron carriers or the size of the reduced 

plastoquinone pool, while the t.,. V Hn-band is related to changes in the PSI end acceptor reduction. 

Interestingly, significant (p:S0.05) positive t.,.V10-bands could be seen for the 0 .5% and 2% nano-Ti0 2 

treatments (Figure 4.13 D), whereas the 2% nano-Si02 treatment caused a significant (p:S0.05) 

negative /),. V111-band (Figure 4.15 D). The negative /),. V10-band is caused by reduced electron flow to 

intersystem electron carriers as a result of a build-up of reduced Q A. Positive/),. V H11-bands were seen at 

the 0 .5% and 2% nano-Ti02 treatments as well as at the 2% nano-Si02 treatment. Positive /),. V Hn

bands are indicative of an accumulation of reduced PSI iron-containing electron carriers before 

NADP. Significant (p:S0.05) decreases of 21 % and 59% in 8RJ (l - 8R0 ) were also seen at the 0.5% and 

2% nano-Ti02 treatments, whereas only the 2% nano-Si02 treatment showed a significant (p:S0.05) 

decrease of 39% (Table 4 .2), indicating decreased electron transport to the end acceptors of PSI. As 

COr assimilation is the major sink for the reducing equivalents and energy produced by the primary 

photochemical reactions, diminished COr fixation will induce a decrease in the ATP and NADPH 

demand, inevitably leading to e lectron accumulation in PSI and PSII. Down-regulated electron 

demand may either be caused by mesophyll limitation, i .e. danrnge to the primary carboxylation 

enzyme (PEPc) or by stomata) limitation imposed by decreased stomata! C02 uptake.57 Both these 

limitations will eventually lead to increased ROS formation, which is supported by increased ROS 

markers ant antioxidant activity (Table 4.4). This will set of a cascade of electron accumulations, 

causing more ROS production and further damage to membrane, cellular and enzyme structures. 

The use of MR820 nm allowed us to observe the redox reactions around PSI. By analysing the 

modulated reflection curves, the maximum rate of PC and P700 oxidation (v0 x) and P700+ re

reduction (Vred) could be obtained from the respective maximum slopes of the curves (See Figures 4.9 

A & B). Furthermore, the MRmin for each treatment, which is defined as the steady state (equilibrium 

state) between oxidised and reduced PC and PSI or the maximum pool size of oxidised PC and PSI, 

was also extracted. Table 4 .3 gives the calculated values of Vox. Vred and MRmin relative to control 

values. Significant (p:S0.05) limitations on electron transport through PSI (v0 x) of 19% and 29% could 

be seen for the 0.5% and 2% nano-Ti02 treatments, whilst the 2% nano-Si02 treatment showed a 

significant (p:S0.05) decrease in v0 x of 23%. The Vred of the 0.5% and 2% nano-Ti0 2 treatments 

decreased significantly (p:S0 .05) by 27% and 38% respectively, whereas a significant (p:S0.05) 

decrease of 27% was seen at the 2% nano-Si02 treatment. Decreases in v0 x could have been caused by 

structural damage to PSI electron carriers or it could be as a result of decreased electron demand by 

the carboxylation reactions. A similar co-regulatory modulation of electron transport and 
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carboxylation reactions has previously been reported.60
-
64 A decrease in v,ed is indicati ve of decreased 

electron transport between PSII and PSI (PSI re-reduction by PSII) , which was also seen from the PF 

data (electron accumulation). Decreases of 22% and 30% in the relative MRmin can be seen for the 

0.5% and 2% nano-Ti02 treatments. The relative MRmin of the 2% nano-Si0 2 treatment also decreased 

by 21 %. Decreases in the relative MRmin can be interpreted as a shift in the redox equilibrium between 

PSII and PSI towards the PSII side, which means that PSI oxidation (v0 . ) became even more limiting, 

remembering that the PSII electron arrival rate (fast phase) is fundamentally much faster than the rate 

of PSI electron donation (slow phase) to NADP+. This is in agreement with a decrease in the b. V1p 

phase (Figures 4.12 C and 4.14 C) and the accumulation of electrons before N ADP as indicated by the 

positive b.Hn-bands (Figures 4.13 D and 4.15 D) . 

Aldea et al., 2005 suggested that it is possible that the transient activity of an alternative electron sink 

such as 0 2 may have uncoupled the electron transport from primary COrassimilation under stress 

effects caused by insect herbivory and plant interactions in soybean.65 Fryer et al., 1998 found that the 

q>psn/q>c02 ratio of maize seedlings increased under cold stress conditions, which suggests a change in 

the electron flux and COr assimilation equilibrium, caused by a decrease in the NADPH and ATP 

demand of the Calvin cycle.66 The change in this equilibrium causes the accumulation of electrons in 

the electron transpmt chain, resulting in electron donation to alternative electron acceptors such as 0 2 . 

When 0 2 is reduced by these excess electrons, it results in the formation of ROS species such as 0 2-

and Off, which was indeed observed by Fryer et al., and indicated by significant increases in the 

activities of detoxification enzymes such as SOD, APX and GTR.66 In this present study increases in 

ROS markers and antioxidant activities were also observed (Table 4.4). The occurrence of such 

alternative electron accepting activity can be approximated by cotTelating the relative v0 • to the 

relative lmax. seeing that the electrons that move through PSI are used to regenerate PEPc. 

No marked deviation in e was seen at the 0.05% treatments of both nanoparticle treatments suggesting 

that the coupling phenomena between electron transport and COrassimilation stayed intact at these 

low concentration treatments (Figure 4.17 A & B). Marked decreases in e (as seen in Figure 4.17 A & 

B for the 0.5% and 2% nano-Ti02 treatments as well as 2% nano-Si02 treatment) suggests electron 

losses to alternative electron acceptors (0 2 etc.), leading to subsequent ROS foimation . Increased 

concentration of well-known ROS markers (Table 4.4) further supports this hypothesis. Reduced 0 2 

(02-) is detoxified by membrane bound SOD in the Mehler ascorbate peroxidase pathway (see Figure 

4.5), resulting in the formation of H20 2, that in tum causes damage to membrane structures, causing 

increases in MDA. Furthermore, H20 2 can withdraw electrons from the photosynthetic electron 

transport chain in a reaction mediated by mono-dehydroascorbate reductase (MOHAR), which uses 

NADPH.66 Significant (p~0.05) increases in the activities of key detoxifying enzymes at the 0.5% 

nano-Ti02, 2% nano-Ti02 and 2% nano-Si02 nanoparticle concentrations, also suggests increased 
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ROS detoxifying activity. The activity of the ROS markers (H20 2 and MDA) and enzyme activities 

were clearly nanoparticle concentration dependent, with the highest concentration causing the greatest 

increase in ROS markers and enzyme activities. 

In Figure 4.16 it became clear that increases in the nanoparticle concentration caused significant 

(p:S0.05) negative effects on the pattial processes (light capture, primary photo-chemistry efficiency, 

QA-reduction and reduction of both PSII and PSI end electron acceptors), which ultimately resulted in 

a significant (p:S0.05) lowering of the overall efficiency (driving force) of photosynthetic electron 

transport. 

4.5 Conclusions 

According to the data obtained, it became clear that both the nano-Ti02 and nano-Si02 caused 

limitations on the light dependent electron transport processes and C02-assimilation. These 

limitations were found to be concentration dependent, with the highest concentration resulting in the 

most down-regulation. The data suggested that the maize plants were more sensitive to nano-Ti02 

than to nano-Si02. Moreover, the data also suggested some differences in the mode of limitation 

between the two types of nanoparticles. These limitations were found to be as follows: 

A differential response between the two types of nanoparticles was observed with regard to stomata! 

behaviour. The data (gs, land WUE) suggests that the nano-Ti02 caused increased stomata) opening, 

whilst the nano-Si02 caused increased stomata! closure. To our knowledge, such a direct comparison 

to illustrate the difference in stomata! behaviour as a result of nanoparticle types has never been 

published. 

Both types of nanoparticles also caused downregulation of both PSI and PSII photosynthetic electron 

transport. Numerous differential fluorescence bands (Figure 4.12-4.15) originating from the prompt 

fluorescence data suggested functional changes in the electron transport systems. These fluorescence 

bands are indicative of electron transport inhibition and subsequent electron accumulation at the 

single (QA-reduction) and multiple turnover (intersystem electron acceptors, PSII and PSI end 

electron acceptors) phases. Changes in the respective biophysical parameters and probabilities derived 

by the HP-equations (Table 1.5 Chapter 1) suggested functional and structural changes in the photon 

capturing apparatus and reaction centre deactivation, as well as down-regulated PSI and PSII electron 

transport. The MR820nm data also showed decreases in the v0 • and Vrect PSI parameters (Table 4.3), 

which is indicative of decreased PSI oxidation (electron movement through PSI) and PSI re-reduction 

by arriving electrons from PSII. General down-regulation in electron transport efficiency was also 

evident from the dcrease in the DFtotal parameter in Figure 4.16. This parameter gave a good visual 
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representation of how the impact of decreases in al of the partial transport processes eventually leads 

to a marked decrease in the efficiency of the total process. 

The concentration of the ROS marker, H20 2, and the activity of detoxifying enzymes (Table 4.4) 

confirmed increased ROS formation. These ROS caused damage to membrane structures and a 

subsequent increase in the MDA concentration (Table 4.4). Reactive oxygen species have also been 

shown to cause damage to the PEPc enzyme structure, which likely brougth about the significant 

(p:S0.05) decline in the carboxylation efficiency at the 0.5% and 2% nano-Ti02 as well as the 2% 

nano-Si02 treatments (V pmax in Figure 4.5 B). 

The photo-catalytic activity of the nano-Ti02 was most likely the reason for the observed 

photosynthetic down-regulation. A product of nano-Ti02 induced photo-catalysis is electrons 

produced during the photo-catalytic reaction. A significant (p:S0.05) increase in stomata! limitation at 

the 2% nano-Si02 may also be to blame for the decreased electron demand and subsequent electron 

accumulation in PSI and PSII. Over-reduction of PSI and PSII electron transporters will also lead to 

ROS formation, which was confirmed by an increase in ROS markers (Table 4.4). 

Increased decoupling (£) under amplified stress conditions was once again hypothesized and 

confirmed by measuring both photosynthetic gas exchange and MR820nm at the various nanoparticle 

concentrations, whilst subsequently applying the model proposed in Chapter 3. Increased £ became 

evident with increasing nanoparticle concentration (Figure 4.17). Furthermore, the theory put forward 

in Chapter 3, which suggested that decreased coupling between PSI electron transport and electron 

usage in COrassimilation (increased £) will lead to increased ROS formation , was confirmed in this 

present study by measuring ROS markers and antioxidant activities. 

In conclusion, the data showed that the particle matter caused marked downregulation of 

photosynthesis in the maize plants. This stresses the need to closely monitor the amount of particle 

matter being deposited into the environment, espescially in areas such as the Highveld priority are in 

South Africa with its high population density and large amount of industrial activity. 
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Chapter 5: Summary, conclusions, method assesment and future work 

5.1 Summary 

5.1.1 Environmental plant stress 

Enviromental stress has been shown to cause significant adverse effects on the growth and 

productivity of plants. A rise in the world population, coupled with diminishing suitable agricultural 

environments, have placed great emphasis on the development of sustainable high yield agricultural 

practices.' A 2007 FAO report stated that only 3.5% of the global land area is not affected by some 

environmental constraint.2 Environmental stress can be catagorized into 2 main types: i) naturally 

occurring abiotic stress and ii) abiotic stress of anthropogenic (industrial) origin. If we are to succeed 

in effectively feeding the growing population a multi-pronged approach will have to be employed. 

This approach includes the use of effective fe1tilizer and pest management regimes, choosing the 

correct crop species and cultivar for a given set of environmental conditions and if possible modifying 

(by genetic modification) the stress tolerance of crop species to produce higher yields under stressful 

conditions. Finally, minimizing our contribution towards creating unfavourable agricultural conditions 

through anthropogenic activities stands central in this multi-pronged approach. 

Plant responses to stress have been shown to be very complex in nature.3 Stress responses range from 

stress avoidance mechanisms, activation of stress related genes involved in stress signalling and 

finally the synthesis of substances involved in stress alleviating (quenching) mechanisms.3 Plant 

responses to stress is determined by a number of factors, which include the following:4 

i) Type of stress 

ii) Severity of the stress (concentration dependence) 

iii) Type of species and cul ti var subjected to a specific stress 

iv) Duration of the stress (how long does the stress last) 

v) Growth stage of the plant 

5.1.2 Industrial related plant stress in South Africa 

As stated in Chapter 1, maize production is of particular importance in South Africa, not only from an 

economical but also from a food secmity point of view. Maize is p1imarily grown on the Highveld 

region in South Africa, which unfortunately also coincides with the largest concentration of industrial 

activities in South Africa (see Figures 1.3 and 1.4). 1
'
2 Industrial activities are a well known contributor 

to a range of environmental pollutions. Three main types of industrial related sources of pollution 

have been identified: i) Liquid (ionic pollution such as heavy metal ions), ii) gaseous (air pollution 
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such as ozone) and solid state particulate matter (such as very fine metal oxide nano-particulates). 

These pollution sources have been shown to have a significant impact on the environment.3 

In South Africa, the mining industry has been signalled out as the major contributor to pollution, 

especially in the Highveld area, which subsequently caused it to be identified as a priority area in an 

attempt to monitor and reduce pollution emissions. 1
•
2 Not only mining itself, but other processes 

surrounding the processing and downstream beneficiation of the mined material has also been shown 

to be significant pollution sources. In Chapter 1, a detailed review of the processes involved in 

attributing to the liquid, gaseous and particulate matter sources of pollution was given . The review 

provided in Chapter l identified heavy metal pollution, 0 3 pollution and metal oxide particle matter 

(nano-materials) as industrial related pollution sources that have the potential to have a major impact 

on maize production in the Highveld priority area. 

This main focus of this thesis was mainly to investigate the impact of these identified industrial 

related abiotic stresses on South African Zea mays L. culti vars, by assessing the photosynthetic 

performance in terms of either their electron transport efficiency, COrassimilation, or both. This was 

done in order to obtain a better understanding of the photosynthetic limitations imposed by the 

aforemention stress types on South African maize. 

5.2 Conclusions 

5.2.1 Chapter 2: Evaluation of the photosynthetic electron transport performance of a South 
African maize cultivar (IMP 52-11) under varying copper, manganese, iron and zinc 
concentrations 

The aim of Chapter 2 was to establish whether rapid non-invasive tecqniques such as chlorophyll a 

fluorescence and modulated 820 nm reflection could be used as a rapid technique to detect and 

quantify simultaneously (using an M-Pea instrument) the effect of excess concentrations of various 

transition (heavy) metals (Cu, Mn, Fe and Zn) on PSI and PSII electron transport performance. The 

excess concentration was chosen in a way as to simulate previously reported metal concentrations in 

and around mining and other industrial sites in the Highveld area (see Chapter I and 2) . The water has 

high concentrations of iron and other base metals, often reaching metal concentrations of up to 70-130 

mg.L- 1 in water sources adjacent to the mine areas as well as water sources that are fed by AMD 

runoff streams.4 As a result of the persistency of heavy metals in the environment, a significant build

up of metals in water sources and the soil have been reported to be in the order of 0.5-1 .0 mM.4 As 

mentioned in Chapter 1, these concentrations vary greatly, depending primarily on the amount of 

rainfall and the distance from the pollution site. 

This study was done in order to gather more information on the mechani stic limitations imposed on 

both PSI and PSII electron transport in the South African IMP 52-11 maize cultivar. Not only excess, 
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but also deficient metal concentrations were evaluated. This was done to simulate metal deficiencies 

caused by excess metals of a different type, seeing that the absorption of these metals take place in a 

competitive manner. 

Deficiency conditions of the various metals were found to have a deleterious effect on both PSII and 

PSI efficiency. The down-regulation of primary photosynthesis appeared to be site specific in some 

cases, which was due to the absence of the individual metal at its active site. The biophysical and 

biochemical parameters obtained by quantifying the chlorophyll a fluorescence transients of the 

treated plants suggested that the deficiency of all of the respective metals lead to a characteristic 

down-regulation of intersystem electron transport, reduction of end electron acceptors and apparent 

stmctura1 damage. MRswnm data showed a significant (p:S0.05) decline in both the v0 • and v,ed 

parameters for all metal deficiencies, which points to marked PSI electron transport inhibition. To our 

knowledge, the data presented in Chapter 2 was the first study to repmt on both PSil and PSI electron 

transport effciciency for the deficiency of such a range of plant essential metal types. 

Excess concentrations (2:0.5 mM) of these metals showed a strong concentration dependent inhibitory 

effect, in which the highest concentration exhibited the greatest down-regulation of photosynthesis. 

This is in agreement with the theory of plant stress proposed by Levitt 1980, which is based on the 

model of physical deformation of a body placed under strain (stress) .9 Analysis of the chlorophyll a 

fluorescence transient and related HP-parameters showed increasing electron inhibition with 

increasing metal concentrations. At the highest metal concentration (1 rnM), all of the metal types 

exhibited similar changes in the fluorescence transient, with the data suggesting several sites of 

electron transport inhibition in the single and multiple turnover regions (see Figure 2.8 A-D 111 

Chapter 2). 

Previous studies have attributed this phenomenon to several possible mechanisms. One of which is the 

result of the inherent redox active nature of metals such as copper and iron, causing the formation of 

large amounts of ROS species (Fenton reaction) and subsequent damage to electron transporters.11
•
12 

The ROS concentration was not measured during the study in Chapter 2, so one can only speculate 

whether this indeed had an impact on electron transport. Other authors have presented evidence of 

electron transport inhibition by the exchange of divalent cations between excess amounts of certain 

metals that form vital constituents of transporters within the electron transport chain (see Figure 2.1 in 

Chapter 2). 11
-

15 The data obtained in the current study supported the hypothesis of cation exchange at 

specific sites within the electron transport chain. In this study we were able to distinguish clearly 

where the inhibitions sites were, by constructing and identifying specific differential fluorescence 

bands and calculating various HP-parameters. By making use of MR82onm measurements, significant 

(p:S0.05) down-regulation of PSI electron function at the highest metal concentrations (for all metal 
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types) was seen. To our knowledge both PSI and PSII electron transport has never been reported using 

South African maize cultivars, especially not for such a range of metal types. 

Futhermore, deficient and excess metal concentrations resulted in a reduction of biomass as a 

consequence of the observed downregulation in electron transport efficiencies. Decreases in root and 

shoot biomass were also observed, but no obvious change in the root/shoot ratio was apparent. 

In Chapter 2, chlorophyll a fluorescence and modulated 820 nm reflection was successfully used as a 

rapid technique to elucidate simultaneously (using an M-Pea instrument) the effect of excess and 

deficient concentrations of various transition metals (Cu, Mn, Fe and Zn) on PSI and PSII electron 

transport performance at previously reported metal concentrations.4 Furthermore, valuable 

information on the mechanistic limitations imposed by these metal concentrations on both PSI and 

PSII electron transport in the South Afiican IMP 52-11 maize cultivar, were obtained. 

5.2.2 Chapter 3: Evaluation of the photosynthetic response of two South African maize 

cultivars IMP 52-11 and PAN 6114 under varying 0 3 concentrations in Open-top 

chamber conditions 

One type of gaseous environmental pollution that has been identified in the Highveld priority area is 

ozone (03). The prevalence of 0 3 in the Highveld area has mostly been attributed to the coal-fired 

power stations and other volatile chemical manufacturing industries in the Highveld areas. Ozone is 

thus considered as a secondary atmospheric pollution, seeing that 0 3 is not a direct result of the coal

fired powerstations, but rather a result of 0 2 reacting with radicals produced during increases in NOx 

gasses (See reaction equations 2 and 3 in Chapter 1). According to Figure 1.5, the highest 0 3 

concentration areas once again coincided with the Highveld maize production areas. Recently studies 

have reported (Figure 3.1) that the monthly maximum mean levels measured in the Highveld area 

were about 100 ppb 0 3 and the annual average was 62 ppb 0 3, with the hourly 0 3 means reaching 

levels of up to 130 ppb.5 

The aim of Chapter 3 was to evaluate the 0 3 sensitivity of two popular South African maize cultivars 

(IMP 52-1 1 and PAN 6411) with regard to to the photosynthetic electron transp011 (HP-test) and 

photosynthetic gas exchange. The reponse of the two cultivars at varying 0 3 concentrations was 

monitored using chlorophyll a fluorescence coupled with MR820111"' as well as photosynthetic gas 

exchange. The 0 3 concentrations (40 ppb, 80 ppb and 120 ppb) were chosen in an attempt to closely 

simulate the reported 0 3 levels in some of the most 0 3 polluted sites in the Highveld. Furtermore, it 

was decided to use two maize cultivars in order to ascertain whether any difference in 0 3 sensitivity 

between the two South African maize cultivars could be seen. The obtained data suggested a 

differential 0 3 sensitivity between the two respective cultivars, which has only previously been 
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reported in two South African varieties of Phaseolus Vulgaris L.6 To our knowledge this was the first 

study to report discernible differences in two maize cultivars (in South Africa at least) . 

Differences in percentage stomata] limitation (l), carboxylation efficiency (V pmax) and PEPc 

regeneration rate CJmax) became apparent from the data (Figure 3.3 A and Figure 3.4 A & B in Chapter 

3). The IMP 52-11 cultivar appeared to be more sensitive to increasing 0 3 concentrations, exhibiting 

significant (pS0.05) negative effects on the stomata! function and the efficiency of the primary 

carboxylation enzyme (PEPc), at 0 3 concentrations as low as 80 ppb. PAN 6411 seemed to be more 

tolerant to 0 3 with regard to these photosynthetic functions. Both cultivars showed significant 

(pS0.05) decreases at the 120 ppb 0 3 treatment. The data thus clearly suggested differences in 

stomata! behaviour and PEPc activity at the various 0 3 concentrations. 

The trends from the chlorophyll a fluorescence and MR82onm data correlated well with the 

photosynthetic gas exchange data, with IMP 52-1 l showing a larger decrease in electron transpo1t 

efficiency, compared to PAN 6411. The data showed that the biophysical and biochemical (JIP) 

parameters (obtained by analysis the chlorophyll a fluorescence transients; see Figure 3.15 A & B) of 

the 0 3 treated plants were significantly (pS0.05) lower for the IMP 52-11 cultivar at both the 80 ppb 

and 120 ppb 0 3 treatments , whilst significant (pS0.05) down-regulation could only be seen at the 120 

ppb 0 3 treatment in the PAN 6411 cultivar. The MR820 nm data also showed significant (pS0.05) 

decreases in the Vox and Yred values (Figure 3.14 A & B) at the 80 ppb and 120 ppb 0 3 treatments in 

IMP 52-11, whereas PAN 6411 once again only showed a significant (pS0.05) decrease at the 120 

ppb 0 3 treatment. The data from the chlorophyll a fluorescence and MRswnm measurements suggested 

a difference in PSI and PSII electron transpo1t 0 3 sensitivity. This is also the first study to report 

differences in both PSI and PSII electron transport 0 3 sensitivity in maize cultivars. 

Furthermore, by relating the v0 , parameter from the MR820nm measurements to the 1max parameter from 

the photosynthetic gas exchange measurements , a coupled (electron flux) model was constructed. The 

model could show for the first time (using a simple model ), increased decoupling between the relative 

electron transport rate through PSI (v0 ,) and electron transport rate used towards PEPc regeneration 

with increasing stress severity . This finding supports previous studies from Asada 2006 and PospfSil 

2009 who reported terminal electron losses at PSI.7·8 A parameter describing the % decoupling 

between PSI and PEPc regeneration, £, was also proposed for the first time. It was shown that at 0 3 

concentrations S 40 ppb, no marked decoupling was seen for both maize cultivars. However, IMP 52-

11 showed a significant (pS0.05) increase in £ at the 80 ppb and 120 ppb 0 3 treatments, whereas the 

PAN 6411 only showed a significant (pS0.05) increase in £ at the 120 ppb 0 3 treatment. These 

observations are in agreement with the observed changes in photosynthetic gas exchange, as well as 

the PSI and PSII electron transport for the two maize cultivars. The increase in £ (with increasing 0 3 

concentration) means that an increasing number of electrons are not being used in the carboxylation 
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reactions. In Chapter 3 we hypothesized that these electrons are lost to alternative electron acceptors 

such as 0 2, which will result in an increase in ROS. However, the concentration of the ROS was not 

measured in Chapter 3, which prompted us test this hypothesis by constructing the same model (to 

illustrate the effects of particle matter (PM) on maize photosynthesis) in the following chapter, whilst 

also measuring the ROS and ROS marker concentrations, as well as some antioxidant activities. This 

was done to see if a correlation existed between ROS formation and increases in €. 

5.2.3 Chapter 4: Evaluation of the photosynthetic response of Zea mays L. to Ti02 and Si02 

nano-particulate foliar exposure using photosynthetic gas exchange and chlorophyll a 

fluorescence 

Anbother type of environmental pollution that has been identified in the Highveld priority area is 

particulate matter (PM). As mentioned in Chapter4, emissions of PM caused by anthropogenic 

activities arise primarily from four source categories: fuel combustion, industrial processes (mining, 

construction), non-industrial fugitive sources (roadway dust from paved and unpaved roads , biomass 

burning, wind erosion of cropland, agricultural activities) and transportation sources. The total amount 

of PM of most major cities often register values above 50 mg.m-3
.
9

·
10 The industrial Highveld region 

accounts for approximately 90% of South Afiica's scheduled emissions of particulate matter, S02 and 

NO,. 11 The most distinguishing characteristics of PM are the particle size and the chemical 

composition. Particle size has the greatest influence on the behaviour of PM in the atmosphere with 

smaller paiticles tending to have longer residence times than larger ones. 11 

Recent advances in the field of nanotechnology have caused a dramatic increase in the manufactruing 

of such nano-material, which are exploited for their unique chemical and physical properties . 

Anthropogenic emissions are a big contributor to the release of nano-sized PM into the biosphere. No 

studies have been conducted in South Africa to determine the volume of such particles that are being 

released into the environment. Studies in Europe and especially countries like Switzerland have 

estimated significant amounts of such materials may be released into the environment annually, which 

have been shown to have a deleterious effect on a range of organisms and several plant species (See 

Chapter 4 for reported instances). 12
·
13 The point of origin of such particle releases into the invironment 

have been shown to coincide with heavily industrialized areas, which makes the industrialized 

Highveld region in South Africa a prime candidate as a possible contributor to such a type of 

environmental pollution . 

The aim of Chapter 4 was to evaluate the influence of varying concentrations of two types of such 

nanoparticles (Ti02 and Si02, which are known to be produced in very high worldwide quantities 

annually) on maize. Because no data on the amount of these particles in the environment exist for 

South Africa, the study was done with the aim to serve as a pilot study, in order to test the sensitivity 
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of the most important crop specie (maize) in South Africa to exposure of such particle types. Because 

of the sensitivity of photosynthesis to environmental stress, it should therefore provide a good 

indication of the sensitivity of the maize plants in response to such particle exposures. Photosynthetic 

activity of the maize plants was monitored by measuring their photosynthetic electron transport and 

gas exchange properties. 

Firstly, the TiOr and Si02 nanoparticles were found to have contrasting effects on the stomata! 

behaviour of the maize plants. Ti02 nanoparticles caused a progressive increase in stomata! 

conductance and Ci (decrease in stomata! limitation, l), whilst Si02 nanoparticles caused a progressive 

decrease in stomatal conductance and Ci (increase in stomata! limitation, /) , with increasing 

concentration (see section 4.3.1.2 in Chapter 4). Subsequently, the increase in stomatal conductance 

with increasing Ti02 nanoparticle concentration also caused a marked decrease in water use efficiency 

(WUE) of the h·eatment plants, becoming significant (p~0.05) at the 0.5% and 2% Ti02 treatments. 

Interestingly, at the Si02 treatments, only the 0.5% Si02 treatment resulted in an improvement in the 

WUE, which can be attributed to negative effects of the 2% Si02 treatment on the carboxylation 

reactions and hence A (assimilation), given that WUE = A/E. 

Titanium dioxide exhibited significant (p~0.05) limiting effects on both the carboxylation efficiency 

(Vpmax) and the regeneration rate of PEPc CJ max) at the 0.5% and 2% Ti02 treatments, whereas only the 

2% Si02 caused significant (p~0 .05) reductions in Ypmax and 1max. suggesting differential 

concentration dependent limiting effects between the two types of nanoparticles. 

The 0.5% and 2% Ti02 treatments also caused significant (p~0.05) decreases in PSII and PSI electron 

transport efficiency (as seen from the chlorophyll a fluorescence and MR820nm data in Figure 4.11-13, 

Table 4.2 and Table 4.3 in Chapter 4) . These decreases were attributed to the photocatalytic activity of 

the Ti02 nanoparticles, which have the capacity to generate large amounts of ROS , causing over

reduction of electron transporters and further ROS formation. Only the 2% Si02 treatment caused a 

significant (p~0.05) decrease in PSII (HP-parameters) and PSI (vox and Vrect) electron transport 

efficiency. This decrease was attributed to a marked decline in stomata! conductance (C0 2 uptake), 

which lead to a decrease in the electron demand from carboxylation reactions, causing an 

accumulation of reduced PSII and PSI electron carriers . 

The decoupling model proposed in Chapter 3 (which showed the increased electron losses between 

PSI and COrassimilation reaction) was once again constructed to illustrate the increase in the % 

decoupling (E) with increasing nanoparticle concentrations , suggesting that an increasing amount of 

electrons are lost between PSI and C02-assimilation. In Chapter 3 an increase in E was also observed 

with increasing 0 3 concentrations, where it was hypothesized that the electrons were being Jost to 

alternative electron acceptors such as 0 2, subsequently leading to increased ROS formation. In 
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Chapter 4 this hypothesis was supported by the measured increase in ROS, ROS markers and 

antioxidant activity (Table 4.4 ). 

5.3 Method assessment 

The process of photosynthesis consists of two different reaction phases, i.e. light-dependent - and light 

independent phases (more accurately called the biochemical phase). The light-dependent phase 

occurring in the thylakoid membranes comprises of a range of biophysical and biochemical processes, 

which includes photon absorption through light harvesting pigments, trapping of incoming excitation 

energy by special reaction centers (RCs) on the light harvesting pigments, in order to produce a 

chemical potential. At the same time water is split by an oxygen evolving complex (OEC) into 

protons, oxygen and electrons, followed by the reduction of a range of electron acceptors to finally 

produce the 'fuel' (NADPH and ATP) that drives the subsequent biochemical reactions. The 

biochemical phase, taking place in the stroma of the chloroplasts, involves a cyclic series of enzyme 

catalyzed reactions (Calvin cycle) in which C02 and electrons (from ATP and NADPH) are consumed 

to eventually produce carbohydrates (biomass) .14
•
15 

Although these two phases have mechanistically very different pathways and the end products are 

quite contrasting, they are closely interlinked. Several authors have shown that under 'normal' 

conditions, the light-dependent and biochemical phases of photosynthesis are closely co-regulated. 16
'
17 

This co-regulatory phenomenon effectively implies that when one of the two phases is limited by 

some kind of stress (external or internal), the other responds accordingly, in an attempt to restore the 

equilibrium between the two phases (supply and demand). In order to gain a full understanding of the 

effect of a given stress on photosynthesis, the response of both these phases have to be monitored. 

One must first understand the underlying mechanisms involved, before observed changes caused by a 

particular stress can be explained. 

Different techniques were developed over the years to elucidate the mechanisms involved in these 

distinct phases. In the current study, fast kinetics chlorophyll a fluorescence and MR82onm was 

employed to follow the light-dependent reactions (energetic behaviour of a photosynthetic system) of 

PSII and PSI respectively, whilst in vivo photosynthetic gas exchange measurements was used to 

quantify the COrassimilation and biochemical reactions of photosynthesis. 

Fast kinetics chlorophyll a fluorescence and MR820nm can be seen as indirect measurement techniques 

that link the fluorescence and reflection signals of the polyphasic fluorescence rise (0-J-I-P transient) 

and ratio MR/MR0 to the biophysics of the photosynthetic system, if appropriate theory/methodology 

is applied. 18 Both signals have become widely accepted as effective in vivo techniques to follow the 

transfer and fate of excitation energy originating from incoming photons. 18 A model by which O-J-1-P 

transients can be analysed was developed by Strasser and co-workers 2000, by which rate constants of 
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energy fluxes (HP-test) are used to correlate the changes in these inflection points (0-J-I-P) to 

biophysical parameters, with regard to structural changes in antennae pigments (size and absorption 

capacity), grouping or connectivity between pigment assemblies, as well as quantum yields and 

probabilities of electron (energy) transfer between the various electron transport entities (please see 

Figure 1.14 and Table 1.5 in Chapter 1 for a summary of popular parameters that can be calculated). 18 

Furthermore, recently defined parameters described in papers by Strasser et al., 2010, Oukairnum et 

al., 2010 and Salvatori et al., 2014, describe in detail the handling and nomenclature around some of 

the parameters that can be obtained by the MR82onm signals. 19
-
21 The model by Strasser et al., 2000 

applied to fast kinetics chlorophyll a fluorescence transients together with the processed MR820 nm 

data, was successfully employed in Chapter 2-4, where significant changes and logical trends in the 

related parameters were observed for the respective treatments. 18 

Whereas fast kinetics chlorophyll a fluorescence and MRswnm signals are indirect measurements of 

the light-dependent reactions, photosynthetic gas exchange directly measures actual changes in COz

assimilation rates (C02-exchange and biochemical reactions) in vivo, using an infra-red 

photosynthetic gas exchange analysis system (IRGA). The model of Farquhar and Sharkey 1982 and 

von Caemmerer was used to calculate and interpret the gas exchange data. Limitations (at a given set 

of conditions) with regard to COracquisition (stomata) limitation), COrassimilation rate (mesophyll 

limitation) could be distinguised.22
'
24 As discussed in Chapter 1, applying the analysis method of 

Pammenter 1989, A:C response curves can be used to calculate C, V cmax (carboxylation efficiency, 

CE), stomata! conductance to C02 (gc02) as well the C02 compensation point (r).23 

Although the independent techniques are efficient (in their own right) to analyse the distinct phases of 

the photosynthetic process, most authors agree that when using the respective techniques in 

combination, much greater detail is provided about possible changes in these phases that may be 

provoked by a certain set of conditions, given the fact that the light-dependent and biochemical phases 

of photosynthesis are co-regulated.7
'
8 In Chapter 3 and 4, this fact was practically demonstrated by 

correlating the data obtained by the indirect measurement signal of MR82onm to the direct gas exchange 

measurements, making use of a proposed coupled model (Figure 3.16 A & B; Figure 4.17 A & B). 

This allowed us to illustrate an increased 'decoupling' (energy or electron losses) between the two 

photosynthetic phases with increasing stress severity. 

5.4 New knowledge gained 

The cun-ent study allowed us to identify the sensitive parts of electron transport to different metal 

concentrations (Chapter 2). Downregulation of PSI and PSII electron transport could be visualized for 

a range of metal types and concentrations. As far as is known, this was the first study to measure (in 
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vivo), the effect on PSI and PSII electron transpo1t, of such a range of essential metal types in Zea 

mays L.. 

Moreover, this study was the first study to report differences in 0 3 sensitivity between two respective 

Zea mays L. cultivars (PAN 6411 and IMP 52-11). The study can serve as a guideline for crop 

producers in 0 3 affected areas on which type of cul ti vars to use. The current study was also the first to 

report, in so much detail, the influence of 0 3 on both PSI and PSII electron transport as well as 

photosynthetic gas exchange in Zea mays L. (Chapter 3). Furthermore, the combination of MR820 nm 

and photosynthetic gas exchange allowed the proposal of a coupled model, which made it possible to 

see increasingly greater 'decoupling' (€) between PSI electron transport and C02-assimilation with 

increased stress severity. Such a model has never been put forward in the literature to describe this 

phenomenon. 

In Chapter 4, the effect of nano-Ti02 and nano-Si02 on a C4-plant (Zea mays L.) was compared for the 

first time. No literature measuring the effect of any type of nanoparticle on PSI and PSII electron 

transport combined with photosynthetic gas exchange was available prior to this current study. This 

permitted much more insight into the mechanistic effects of the two types of nanoparticles on plants. 

In addition to these new insights, the coupled model from Chapter 3 was also constructed by using the 

COrassimilation data Omax) and PSI activity data (v0 x), which revealed an increase in € (with 

increasing nanoparticle concentration). Together with the increase in €, an increase in the 

concentration of ROS, ROS markers and the activity of key antioxidant enzymes was also seen, 

supporting the hypothesis (set forth for the first time in Chapter 3) that increasing amount of electrons 

were lost to alternative the electron acceptors (with increasing nanoparticles concentration), such as 

0 2. 

5.5 Future work 

For future research it is suggested that other Zea mays L. cultivars are screened for 0 3 resistance 

characteristics, using the same techniques described in Chapter 3, in an attempt to find the most 

suitable cultivar for the most 0 3 affected areas in South Africa. Furthermore, ROS markers and the 

activity of key antioxidant enzymes should also be monitored to confirm the hypothesis that variances 

in cultivar sensitivity does indeed originate from differences in antioxidant capcity between the 

various cultivars. Different cultivars of other economically important crop species such as Sorghum 

bicolor and Glycine max, that are planted in the 0 3 affected areas, should also be evaluated in order to 

find the most resistant cultivar. These research studies are important to minimize yield losses resulting 

from increased 0 3 levels. 
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Additionally, it is also suggested that the waste streams and irrigation water sources are monitored to 

determine the amount of nanoparticles that are being released from heavily industrialized areas, such 

as smelters, mining and manufacturing sectors. The most prevalent nanoparticles should be identified 

and the response of a range of species to these these nanoparticles should be studied, by using the 

techniques described in Chapter 4 as a direct and effective screening method. 

It would be of considerable interest to apply the coupled model suggested in Chapter 3 and 4, to see 

whether the same phenomemon of 'decoupling' between electron transport and COr assimilation, 

with increasing stress severity, can be observed for other species. It would be of particular interest to 

check if C3-plant species exhibit the same increase in 'decoupling' with increasing stress severity. 

Lastly, the authours of this thesis feel that the knowledge gained through in this thesis can be used to 

as a stepping stone, allowing for the rapid and non-invasive 'stress-screening' of vegetation in 

industrialized areas in South Africa (or anywhere else). Furthermore, because of the rapid and non

invasive nature of chlorophyll a fluorescence and photosynthetic gas exchange measurements, it 

becomes possible to map out entire polluted areas in terms of the stress severity experienced by 

vegetation in such affected areas. In addition, by using the non-invasive techniques, we were able to 

identify differential ozone sensitivity between two South African maize cultivar types. This 

information and tecqniques can be used to screen for other abiotic stress type resistant species and 

cultivars, in order to establish which are best suited for a specific set of conditions. 
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