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Abstract 

Chlorophyll fluorescence is light re-emitted from a plant, to expel excess energy not 

being used for photochemistry. Chlorophyll fluorescence imaging (CFI) is a well-

established method for the analysis of plant photosynthetic health and any 

perturbations. Herbicides, the most used type of pesticide, can have several possible 

modes of action (MOA), some of which affect the photosynthetic reactions of a plant, 

either directly or indirectly. As all plant processes ultimately depend on photosynthesis, 

any disruption to metabolisms will affect chlorophyll fluorescence. Therefore, the 

effects of herbicides should be detectable using CFI. With only a single new herbicidal 

MOA being introduced in the past 30-40 years, and with growing numbers of herbicidal 

resistant weeds and a need to increase food production for the growing global 

population, novel tools to screen for new MOAs are needed. The present research 

successfully showcased the potential utility of CFI as a tool in herbicidal research. 

Study 1 utilised Lemna minor to examine CFI as a high-throughput MOA screening 

tool. The results demonstrated that CFI was an extremely effective tool for detecting 

herbicides with a MOA targeting photosystem II (PSII), producing conclusive results 

within 24-hours. Study 2 utilised three important terrestrial species, to determine the 

efficacies of herbicides, and the effect of adjuvants, to gain a deeper understanding of 

the potential information that can be obtained from CFI. This study demonstrated that 

CFI can detect the effects of a range of MOAs on plants, not just those targeting PSII. 

Both studies found that CFI was able to detect the effects of adjuvants on the efficacies 

of herbicides. Future research should use CFI alongside traditional methods. The 

present work provides a key developmental step in producing a methods basis for the 

utilisation of CFI for MOA determination, with key benefits being rapid generation of 

results with minimal costs.  
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1. Introduction 

1.1 Background 

For the majority of human history (roughly 280,000 BCE - 10,000 BCE) hunting 

and gathering were the predominant methods for sustaining life, with the development 

of agriculture (i.e. cultivation of crops and domestication of animals) being a relatively 

modern invention, from approximately 10,000 BCE (Gowdy, 2021; Lewin, 2009). This 

shift from hunting and gathering to farming is known as the neolithic revolution 

(Weisdorf, 2005). The genesis of agriculture occurred independently in multiple areas 

of the globe, and marked a fundamental change in human lifestyle, and led to the rise 

of modern civilisations. The start of humans cultivating crops specifically for 

consumption and usage, coincided with the advent of managing invasive species, also 

known as weeds (Hay, 1974). Today, when averaged across all significant agricultural 

crops, weed competition results in yield losses of c.40% on a worldwide level, which 

is the highest cause of loss across all pests (Oerke, 2006). 

There is a need for improving yields to feed the growing population - in 1999 

the World Bank estimated that ~90% of the required increase in food production would 

need to come from increasing the yields of crop already grown on farmed areas, as 

opposed to increasing the amount of land used for growing food crops (Evans, 1999). 

This need for increasing food protection has only grown since this publication, with the 

global population having recently reached 8 billion (on 15th November 2022), and 

expected to hit almost 10 billion by 2050 (United Nations Department of Economic and 

Social Affairs, 2022). Whilst the number of undernourished people has decreased by 

around 50% since 1992, this number still stands at a more than substantial 820 million 

people, with numbers of those that are undernourished (both relatively and absolutely) 

rising since 2014 (FAO, 2018). There are various methods this could be done by; 
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however, one major way is by protecting the crops/yield, by controlling weeds and 

other pests. Weeds are unwanted species that reduce yields by competing for space, 

nutrients in soil, water, and light (Merfield, 2022; Renton and Chauhan, 2017). 

For most of agricultural history, the removal of weeds has been a labour 

intensive manual and mechanical process, either using bare hands, primitive tools, 

livestock, or eventually mechanically/steam powered implements/assistance (Bell, 

2015). The usage of biological methods of weed control had been established for 

centuries, however the method of  control as we know it in modern times only first 

started at the turn of the 20th century, with the first major successes in the 1920s and 

‘30s (Peng, 1983). However, it was not until the commercial development of 2,4-D in 

1945, the first synthetic organic herbicide, that the usage of chemical weed control 

began to increase and become more commonplace (Peterson et al., 2016).  

In more recent history, from the middle of the 20th Century until the 1980s, a 

novel herbicidal mode of action (MOA) was introduced frequently, with approximately 

a new MOA becoming commercially available every two to three years (Dayan, 2019). 

However, this rate of discovery slowed down towards the end of the century, and for 

the past 3 decades only one novel herbicidal MOA has been developed, with the plant 

dihydrogen phosphate dehydrogenase inhibitor Tetflupyrolimet being registered by 

FMC agricultural Solutions in 2019, and commercialisation being expected for 2024 

(Dayan, 2019; Mylne and Stubbs, 2020; Sukhoverkov et al., 2021). Additionally, the 

fact that herbicides are some of the most regulated chemicals on the planet, and that 

the cost of registering a new herbicide has increased greatly, have made it very difficult 

to develop a new product (McDougal, 2018). The total registration and other related 

costs of developing a new active ingredient have reached approximately $100 million. 
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Herbicides, chemicals used to kill plants, are vitally important to modern 

agriculture, with the livelihoods and lives of millions of people relying on them, 

illustrated by the increasing usage of herbicides globally, partially as an attempt to 

increase crop yields (Gianessi, 2013; Holt, 2013). Approximately 60% of all pesticides 

used worldwide are herbicides, which equates to ~2 million tonnes of active ingredient 

being used per annum (Dayan, 2019; Sharma et al., 2019). There is an increase in 

lobbying against the use of herbicides due to the negative effects that they may have 

on unintended non-targets, for example Glyphosate, the most commonly used 

herbicide globally, likely has carcinogenic properties (Duke and Powles, 2008; Guyton 

et al., 2015; Tarazona et al., 2017). However, the banning of these herbicides due to 

these concerns could and would have massive consequences on both crop yield and 

farm income. For example, both the EU and Mexico plan to ban the use of Glyphosate 

by as soon as 2024 (Alcántara‐de la Cruz et al., 2021; Kudsk and Mathiassen, 2020). 

This would lead to predicted yield losses of up to 40% as well as massive economic 

losses, with UK farmers expected to see losses of almost £1 billion per annum (£940 

million), if the UK government also applies this in interests of standardisation. 

There has been a large amount of research into herbicides in recent years, with 

a portion of this work being focused on herbicidal resistance, as opposed to the 

development of novel herbicides and understanding herbicidal modes of action, due 

to growing amounts of resistant species and regulation (de Souza Barros et al., 2021; 

Jamaludheen et al., 2022). The usage of herbicide resistant crops is important and 

prevalent, as they mean that herbicides can be applied to a whole field without 

suffering losses to crop yield. For example, in 2012, 73%, 80%, and 93% of corn, 

cotton, and soybean planted in the United States respectively were Glyphosate 

resistant (Korres et al., 2019). The need for herbicides other than Glyphosate has 
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decreased due to its dominance of the herbicidal market, yet an increasing number of 

species are becoming Glyphosate resistant (Duke, 2012; Duke and Dayan, 2022). 

With the principal tool for weed control in modern agriculture being herbicides, which 

provide an effective solution to the problem that most modern farms face, the rise of 

herbicide resistant species due to the vast overuse of herbicides is a growing concern, 

with 267 herbicide resistant weed species, accounting for 21 of the 31 known 

herbicidal MOAs (Harker and O'Donovan, 2013; Heap, 2022). To control the 

emergence of weed resistance to conventional herbicides, novel modes of action are 

urgently needed, and in some situations, farmers have run out of, or are running out 

of herbicide options. This situation creates opportunities for herbicide products with 

new MOAs to control these weeds and for new tools in herbicide resistance 

management. Although research into herbicide resistant crops is an important field, 

that is not the main focus of the present work. 

 

1.2 Herbicides 

Herbicides, defined as chemicals used to suppress the growth of, or kill, plants, 

are a necessary part of modern agriculture, as weeds can cause a reduction in crop 

quality, as well as increasing yield losses (Holt, 2013; Kudsk and Streibig, 2003; 

Oettmeier, 1999). Therefore, the use of herbicides has led to an improvement in both 

the amount, and quality of crops. Over the past 100 years there have been great 

improvements in the yields of agricultural crops (LeBaron et al., 2008). In the US, 

tomato yields show the largest difference, with yields having increased by 811% from 

1920 to 2004, but is also mirrored in the more major crops of corn and wheat, which 

have increased yields of 525% and 283% respectively (Warren, 1998). These 
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commercially driven great increases in crop yields are due in great part to the usage 

of herbicides and adjuvants minimising competition from weeds. The necessity and 

importance of herbicides is well established, with the development and subsequent 

widespread usage of herbicides being described as one of the most important 

advances in agriculture, and that modern agriculture would not exist if not for the usage 

of herbicides (Blackshaw et al., 2006; Oettmeier, 1999; Pike et al., 1991). In the past 

100 years since their first discovery, herbicides have become an integral and essential 

part of modern agriculture, with their use being so intrinsic that a total ban of their use 

would lead to a 20-90% decrease in farmer earnings (Anonymous, 1999; Kudsk and 

Streibig, 2003). In spite of their prevalence and intrinsic adoption by agricultural 

sectors, there is a perpetually increasing interest in minimising the amount of 

herbicides used, not only for economical commercial reasons, but also because of 

growing concerns surrounding their effects on human and environmental well-being – 

an interest which can be partially addressed by the use of adjuvants, and 

understanding the effects of adjuvants on the efficacies of herbicidal mixtures 

(Blackshaw et al., 2006; Pacanoski, 2015). Herbicides are found in a wide variety of 

environments, from agricultural, aquatic, metropolitan, and forest locations, being 

used to cut back the density of undesired vegetation, whilst selective herbicides are 

safe to desired plants, not preventing their growth (Green, 2014; Holt, 2013). However, 

herbicides that are widely used around the world are often non-selective and broad 

spectrum, meaning they act on a wide range of species, limiting their use in agricultural 

regions/scenarios (Vats, 2015). Due to this, the application of herbicides can expedite 

the reduction of species diversity in an environment, leading to the natural selection of 

species adapted to the active ingredients. 
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Herbicides can fall into either one of two categories, depending on their method 

of application; either soil-applied or foliage-applied (Kudsk et al., 2017). As implied by 

their names, the two groups differ in the site of application and uptake on the target 

plant. Soil-applied herbicides are applied to sub-terranean parts, such as the roots, by 

being incorporated into the soil, whereas foliage-applied herbicides pertain to the 

above ground sections, for example the leaves or stem. Soil-applied herbicides can 

be used as a preventative measure, whereas foliage-applied herbicides can only be 

used after weed development (Qasem, 2011). Additionally, soil-applied herbicides can 

be grouped into two sub-types; pre-plant or pre-emergent (Vats, 2015). Pre-plant 

herbicides are applied to the soil before seeds are planted. This differs from pre-

emergence herbicides which are added to the soil after the seed is planted, but before 

the seed has germinated. Post-emergence herbicides are applied to the foliage of 

plant after it has germinated and emerged from the soil (Vats, 2015). Herbicides can 

also be split into a further two categories: contact or systemic. Contact herbicides only 

effect the plant tissue which it comes into direct contact with, whereas systemic 

herbicides are absorbed into the plant, and translocated around it by either the xylem 

or phloem. Contact herbicides work faster, however systemic herbicides provide a 

longer lasting solution to weed problems (Vats, 2015).  

Herbicides are not the only organic chemicals that are found in agricultural 

settings, with there also being a prevalence of antibiotics, hormones, and other toxic 

chemical compounds (such as polychlorinated biphenyls (PCBs) and polychlorinated 

dibenzodioxins (PCDDs)), which persist in the environment, which can magnify and 

cause damage throughout food chains (Bernes, 1998; Jones and De Voogt, 1999; 

Zhang et al., 2017). Like herbicides, these other pollutants such as hormones and 

antibiotics are also subjected to strict restrictions, due to their unpredictable negative 
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effects on the environment, despite having otherwise beneficial properties/effects. The 

source of these organic pollutants are often other agricultural businesses (e.g. dairy 

farms) or waste from more metropolitan/industrial areas (Sarizadeh et al., 2022; Sun 

et al., 2015). The uptake of these pollutants, including herbicides, into flora, can be 

through either the roots or the leaves of the plants (Zhang et al., 2017). The present 

research incidentally looks at the uptake of herbicides through both of these methods, 

by utilising various methods and species (specifically the aquatic species Lemna minor 

and other terrestrial species).  

Two pathways for the transport of organic pollutants have been reported. For 

short distance transport, intracellular and intercellular mechanisms are used, and for 

long distance translocation, the conducting tissues of the xylem and phloem are 

utilised, depending on the size of the molecule and their ability to permeate cell 

membranes (Taiz and Zeiger, 2010). The apoplastic translocation of solubilised 

herbicides in the xylem is the main method of transport for soil-applied herbicides, due 

to the transport of water from the root to the shoot of the plant – with these herbicides 

tending to accumulate in mature leaves, as these leaves transpire the most amount of 

water (Nissen et al., 2005). On the other hand, foliar-applied herbicides that have the 

necessary characteristics (e.g. appropriate size and pKa) can be translocated via the 

phloem, from the site of application (photosynthetically active leaves) to areas of 

growth (shoot and root meristems). The translocation of herbicides is not limited to 

either the phloem or the xylem, with many herbicides moving throughout plants via 

both systems. Molecules with a smaller size can permeate membranes more easily, 

and therefore are more likely to be able to be translocated via the xylem and phloem, 

whereas those that are of a larger size have a lower permeability in membranes, and 

hence cannot be transported as effectively (Zhang et al., 2017). Along with these 
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organic pollutants, the phloem is also used for the transportation of carbohydrates, 

amino acids, hormones, RNAs, and proteins to name just a few, with water being the 

most abundant substance in the phloem, and carbohydrates being the most 

concentrated solutes found (Turgeon and Wolf, 2009). Before the herbicides can be 

translocated, the chemicals need to be absorbed by the plant. One of the main factors 

affecting the uptake of chemicals (namely herbicides) into plants is the lipophilicity of 

the chemical, which is defined as the partition coefficient between octanol and water, 

P (usually given as logarithm partition coefficient; logP), as well as the partition 

coefficient between octanol and air (Krähmer et al., 2021; Wang and Liu, 2007). Due 

to this, the lipid content of the roots is the biological factor that has the most effect on 

the uptake herbicides that are absorbed via the roots. In this work, herbicides with a 

wide range of partition coefficients were utilised, as this is an important factor in the 

uptake of herbicides and determining the efficacies of said herbicides. 

Herbicides can have various modes of action (MOA), which covers an array of 

ways in which these chemicals influence plant physiology, biochemistry, and 

molecular mechanisms (Manuchehri, 2017; Shaffer, 2016). Knowledge of the MOA of 

a herbicide can help to understand the effect on plants and predict effectiveness, as 

well as long term use. It has previously been discussed that it is difficult to screen 

herbicides due to the many potential modes of action, as well as the potential for 

herbicides to have multiple tertiary MOAs (Duke, 1990). The first herbicidal MOA 

discovered were auxin herbicides, MCPA and 2,4-D, and some of the most widely 

used being triazines (such as atrazine) and phenylurea herbicides (such as 

Isoproturon), with these herbicides and MOAs all having different efficacies and 

toxicities (Kudsk and Streibig, 2003).  
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As of March 2020, the HRAC (Herbicide Resistance Action Committee) 

updated their mode of action classification, to capture necessary updates surrounding 

novel discoveries on herbicidal modes of action, as shown in table 1.1 (HRAC, 2020a). 

The revision saw the addition of five new modes of action, as well as the inclusion of 

15 new active ingredients (HRAC, 2020b). Prior to the revision in 2020, the previous 

latest update was in 2010, showing that herbicidal research and development is still 

developing, even after a period with no major breakthroughs in commercialising new 

and safe modes of action. The HRAC predicted in 2020 that over the course of the 

following 10 years a further two to four herbicidal modes of action would be discovered 

(Ward, 2020). 

As evidenced by the large amount of time in between updates from the HRAC, 

there are a number of challenges and difficulties that researchers and companies may 

face when developing new herbicides with novel modes of action (MOA). Some of 

these challenges include: 

Finding new targets: Herbicides typically work by interfering with specific 

biological processes in plants, such as photosynthesis or cell division. However, many 

of the most important and well-understood targets have already been exploited by 

existing herbicides, so it may be difficult to find new targets that are both effective and 

specific to plants. These new targets are needed as farmers are running out of options 

for dealing with invasive weeds, due to growing populations of herbicide resistant 

weeds as well as bans on existing herbicides. 
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__________________________________________________________________________________________ 

Table 1.1. A list of the known herbicidal modes of action that have resistant weeds, 

along with example herbicides of each class. Information obtained from the Herbicide 

Resistance Action Committee (HRAC, 2020a), and The International Herbicide 

Resistant Weed Database  (Heap, n.d.). 

Mode of Action Example Herbicide 

Inhibition of Acetyl CoA Carboxylase  Sethoxydim 

Inhibition of Acetolactate Synthase Chlorsulfuron 

PSII Inhibitors - Serine 264 Binders Chlorotoluron 

PSII Inhibitors - Histidine 215 Binders Bromoxynil 

PSI Electron Diversion Paraquat 

Inhibition of Protoporphyrinogen Oxidase Oxyfluorfen 

Phytoene Desaturase inhibitors Diflufenican 

Inhibition of Hydroxyphenyl Pyruvate Dioxygenase Isoxaflutole 

Inhibition of Lycopene Cyclase Amitrole 

Inhibition of Microtubule Assembly Clomazone 

Inhibition of Enolpyruvyl Shikimate Phosphate 

Synthase Glyphosate 

Inhibition of Glutamine Synthetase Glufosinate-ammonium 

Inhibition of Microtubule Assembly 2 Trifluralin 

Inhibition of Microtubule Organization Propham 

Very Long-Chain Fatty Acid Synthesis inhibitors Butachlor 

Inhibition of Cellulose Synthesis Dichlobenil 

Auxin Mimics 2,4-D 

Antimicrotubule mitotic disrupter Flamprop-methyl 

Nucleic acid inhibitors MSMA 

Unknown Endothall 

Cell elongation inhibitors Difenzoquat 

 

Legislation, testing, and validation: Legislation plays a significant role in 

developing a new herbicide, requiring extensive testing to determine the efficacy, 

safety, and environmental impacts of the herbicide. This process can be time-



22 
 

consuming and expensive, and it may require access to specialized equipment and 

expertise, serving as a great barrier in the development and introduction of new 

herbicides. Additionally, new herbicides must be validated by regulatory agencies and 

laws, such as the Food Quality Protection Act (FQPA) in the US and Plant Protection 

Products Regulation (PPP) in the EU, which set standards for the use and residue 

levels of herbicides in food and the environment. This can add further delays and costs 

to the development process. 

Resistance: Plants can evolve resistance to herbicides over time, which can 

reduce the effectiveness of the herbicide and require the development of new 

herbicides with different MOAs to combat the resistant plants. This can create a cycle 

of resistance and herbicide development, which can be costly and challenging to 

manage. 

Environmental concerns: Herbicides can have unintended impacts on the 

environment, such as harming beneficial insects or contaminating soil and water. This 

can lead to public opposition to herbicide use, as well as regulatory hurdles and 

restrictions on herbicide development and use. 

Overall, developing new herbicides with novel MOAs is complex and a 

challenging process that requires significant resources, expertise, and persistence. 

However, the need for effective herbicides to control weeds and protect crops remains 

critical, so researchers and companies must invest in these areas of research, to 

ensure suitable crop production for the future. 
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1.3 Herbicidal mode of action (MOA) affecting photosystem II 

Some herbicides have a mode of action which affect photosystem II (PSII). 

These PSII herbicides act by competing with plastoquinone for binding at the D1 

protein site (Muller et al., 2008). With plastoquinone being the charge carrier from PSII 

to cytochrome b6f, photosynthetic electron transfer is halted, so ATP and NADPH 

production is reduced and consequently the amount of excess excitation energy (EEE) 

increases, which must be dissipated or driven elsewhere. The decrease in 

photochemical efficiency causes an increase in dissipation elsewhere, and if not 

dissipated sufficiently, can cause damage to the photosystems, which is how PSII 

herbicides act.  

Herbicides that target photosystem II, do so at the reducing side of the reaction 

centre protein complex in chloroplast thylakoid membranes (Oettmeier, 1999). The 

herbicides compete for binding of the QB niche of the D1 protein binding site with 

plastoquinone. The herbicidal molecules have a higher affinity for the said binding site 

than plastoquinone, and therefore stop plastoquinone from binding. The consequence 

of this is that the herbicides block electron transfer from PSII to the cytochrome b6f 

complex, via QA and QB. Blocking of electron transport promotes a reduction of 

nicotinamide-adenine dinucleotide phosphate (NADPH) being synthesised (Heap, 

n.d.).  The binding of the herbicide molecule additionally halts the production of ATP, 

as well as the reduction of CO2 due to the lack of NADPH, both of these products 

being necessary for plant growth. However, after exposure to a PSII herbicide, plant 

death occurs (in most cases) due to factors other than the onsetting “starvation” and 

is a result of the accumulation of highly reactive radicals, such as triplet state 

chlorophyll (Rutherford and Krieger-Liszkay, 2001; Zhu et al., 2009). Triplet state 

chlorophyll, the formation of which is promoted by the plant unsuccessfully re-oxidizing 
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QA, can react with the diradical ground-state oxygen, a reactive oxygen species (Bayr, 

2005). The interaction between these molecules forms a singlet oxygen molecule. 

Both singlet oxygen and triplet chlorophyll can remove a hydrogen from unsaturated 

lipids, creating a lipid radical, in a process known as lipid peroxidation (Fujita, 2002). 

A chain reaction of lipid peroxidation starts due to the reaction of the newly formed 

unstable lipid radicals with molecular oxygen, creating a peroxyl-fatty acid radical, 

which in turn can react with a non-radical lipid, perpetuating the cycle (Hogg and 

Kalyanaraman, 1999). Lipid peroxidation causes damage to the phospholipid bilayer 

of the thylakoid membrane via oxidisation, causing the cells and cell contents to dry, 

which ultimately comes to a loss of chlorophyll and carotenoids, and producing ROS 

(Sherwani et al., 2015; Vladimirov et al., 1980). A few PSII herbicides may also inhibit 

carotenoid biosynthesis, the products of which protect from photooxidative damage 

(Duke, 1990; Sandmann and Böger, 2020; Tracewell et al., 2001). When a PSII 

herbicide is bound, electron transfer is halted, and there is an accumulation of excess 

excitation energy (EEE) (Battaglino et al., 2021; Markwell and Namuth, 2003). This 

EEE must be dissipated sufficiently, and if not, the EEE can cause photoinhibition and 

damage to the photosystems of the plant due to the development of reactive oxygen 

species (ROS) (Pospíšil, 2016). EEE can be quenched via non-photochemical 

quenching (NPQ) (released as heat) and chlorophyll fluorescence (Muller et al., 2001). 

A change in CF and quenching directly effects the efficiency of PSII, which is 

evidenced by the parameter Fv’/Fm’, which provides an estimate of the maximum 

efficiency of PSII in light adapted material (Technologica). The change in CF 

emissions due to PSII herbicides binding is detectable utilising CFI, and can be used 

to infer the efficiency of other photochemical processes - this is how PSII inhibiting 
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herbicides can be detected and identified using CFI (Juneau et al., 2007; Legendre et 

al., 2021; Park et al., 2016).  

Herbicides have been classified into various groups, which are subsets of the 

herbicides MOA (Sherwani et al., 2015). Herbicides belonging to the same group all 

have the same MOA, however, may have different structures and belong to different 

chemical families. There are many classes of selective herbicides that have a MOA 

affecting PSII, with Triazines being one such group (Sherwani et al., 2015; Shukla and 

Devine, 2008). Due to the effective mode of action, triazines, as well as other PSII 

MOA classes, are used to control a wide range of agricultural crops. However, the high 

efficacy and constant, repeated use has resulted in weeds with a resistance to these 

herbicides persisting due to natural selection. Weeds may be either completely 

resistant, or simply require a much higher dose of herbicides to be effective. Other 

classes of herbicides targeting photosystem II include ureas, amides, biscarbamates, 

benzothiadiazinones, phenylpyridazines, and cyanophenols (Oettmeier, 1999). On the 

D1 protein, there are two amino acid sites for herbicides to bind to photosystem II, 

depending on the herbicides preferred binding orientation in the QB niche: Serine 264 

and Histidine 215, with this being a distinct classification by the HRAC due to no cross-

resistance being found between the two groups (Battaglino et al., 2021; Heap, n.d.; 

HRAC, 2020a). Additionally, Phenylalanine 265 also contributes to the binding of 

herbicides in PSII, with hydrogen bonds forming between the amino acid and the 

herbicide molecule (Fuerst and Norman, 1991). PSII inhibitors that bind to the locus 

Serine 264 include ureas and amides, and those that bind to Histidine 215 include 

nitriles and phenylpyridazines. Triazines, due to their efficacy, as well as compatibility 

with other herbicides, are used for broad-spectrum weed control and are essential for 

the production of many crops, such as corn (LeBaron et al., 2008). Atrazine, one such 
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herbicide of the Triazine class, was found to increase yields of corn by 9 bushels per 

acre (approximately 0.23 metric tons per acre), compared to other herbicides 

(according to the US Environmental Protection Agency (IRED, 2006)). Along with this, 

using other herbicides would come at an increased cost to the growers. These factors 

combined could result in a loss of approximately $28 per acre, when not using atrazine. 

 

1.4 Adjuvants 

Adjuvants are chemicals which can be added to herbicides to increase their 

efficacy, or modify action or physical properties, with particular aim to enhance 

performance (Hazen, 2000; Pacanoski, 2015). This is done by employing a myriad of 

mechanisms, such as improving mixing of a spray mixture with the herbicide active 

ingredient, changing how effective the plant is at taking up the herbicide, or even just 

reducing the amount of variance in performance caused by non-optimum conditions, 

subsequently reducing the amount of herbicide used (Kudsk, 2002). Different methods 

have a range of effectiveness, benefits, as well as practicality. The use of adjuvants 

has proved to be effective at decreasing the required amount of herbicide, for similar 

efficacies (Blackshaw et al., 2006). 

Adjuvants, along with any other ingredients in a herbicide mixture other than 

the key active ingredient, are usually considered biologically inactive (Kudsk and 

Streibig, 2003). Their presence is simply to increase or decrease the amount of active 

ingredient which reaches the site of action, by helping it to reach the site. However, 

some adjuvants themselves can be toxic to plants, as well as humans and other 

aspects of the environment (Mesnage and Antoniou, 2018). Unlike the active 

ingredients of herbicides, the phytotoxicity of adjuvants is often disregarded, and they 



27 
 

do not face the same level of regulations and laws that herbicides themselves do, 

however they are still highly regulated depending on how they are used. This lack of 

assessment is indicated by the fact that there is no acceptable daily intake of 

adjuvants, and their uses in both agricultural and metropolitan settings could lead to 

high amounts of exposure and ingestion. This lack of daily intake guidelines is 

particularly egregious due to the fact that it has previously been shown that it is in fact 

relatively simple to assess the effect of adjuvants, and to use this information to 

determine dose recommendations (Streibig and Kudsk, 1993). 

Adjuvants can have a variety of effects, from improving the uniformity of spray 

droplet size (Landim et al., 2019), enhancing the mixing of the overall solution with the 

active ingredient of the herbicide, and increasing the efficacy of the herbicide (leading 

to lower concentrations of active ingredient being used and therefore lower costs due 

to less active ingredient being purchased) (Green and Hazen, 1998; Underwood, 

2000). Additionally, adjuvants can help to minimise the leaching and persistence of 

the herbicidal active ingredient into the soil and environment (Alva and Singh, 1991). 

Despite there being numerous methods of action for adjuvants, they can generally be 

classified into two subgroups (and then even further into smaller subdivisions): special 

purpose adjuvants and activator adjuvants (Curran et al., 1999). 

Surfactants are one class of adjuvant, which work as a solvent, decreasing the 

surface tension of the herbicide mixture, allowing it to spread more, covering a larger 

surface area of the plant, and therefore increasing the rate of uptake (Song et al., 

2012). An example of a widely used surfactant is sodium laurel ether sulfate (SLES). 

Previous research has shown that chlorophyll fluorescence imaging is an 

appropriate tool for determining the changes in efficacies of herbicides due to the 
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addition of adjuvants, and the present study aims to corroborate and build upon these 

findings (Zhang et al., 2019; Zhang et al., 2022). 

 

1.5 Chlorophyll fluorescence 

Chlorophyll within plant leaves absorb light energy and use this to drive 

photochemistry and the production of ATP and NADPH (Maxwell and Johnson, 2000). 

There are also two other possible fates for the light energy absorbed; it can be 

dissipated as heat in a process called non-photochemical quenching (NPQ), or 

reemitted at a longer wavelength (approximately 400-700nm) known as chlorophyll 

fluorescence, which can be used to determine the light use efficiency of the plant 

(Kalaji et al., 2017; Murchie and Lawson, 2013). These three fundamental processes 

are in a constant state of competition, with the efficiency of one increasing, causing a 

decrease in the efficiency of the other two. Due to this underlying relationship, CF can 

therefore be used to determine the photochemical yield of photosystem II (PSII), which 

is approximately proportionate to the operating efficiency of photosynthesis, as ~90% 

of chlorophyll fluorescence originates from photosystem II. The extent to which light 

energy is actively used in photochemical reactions determines plant photosynthetic 

efficiency. Chlorophyll fluorescence imaging (CFI) can be used to acquire information 

regarding photosynthetic efficiency and plant health because of the underlying link 

between chlorophyll fluorescence emissions and photochemistry, with an example CF 

trace being evidenced in Figure 1.1.  

CFI is an ideal tool for screening herbicides and determining whether they have 

a mode of action affecting the photosystems, as both biotic and abiotic factors (such 

as the application of herbicides) can influence a plant’s photosynthetic efficiency and 
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can cause spatial heterogeneities to occur, which can be detected using CFI. 

Additionally, conventional methods utilising HPLC (High-performance liquid 

chromatography) and mass spec (which have been used for assessing herbicide 

residues), have large overheads of technicality, price, and time (Park et al., 2016).  

Whilst CFI cannot detect herbicide residues in leaf tissue, it can be used as a 

complimentary tool for biokinetic studies, and does not have the same limitations as 

those named previously. 

 

 

 

 

 

 

 

 

 

Figure 1.1. Example of a chlorophyll fluorescence trace, copied from Baker, 

Oxborough, Lawson, and Morison, 2001. 

 

During photochemistry, the conversion of light energy to chemical energy 

occurs across a membrane, with many proteins and subunits and components 

involved (Andersson and Styring, 1991; Croce and van Amerongen, 2011; Utschig et 

al., 2018; Wollman et al., 1999). Photosystem II is a membrane protein complex made 

up of multiple subunits found in the thylakoid membrane of chloroplasts, and, despite 

its name, is the first protein complex in the light-dependent reactions of oxygenic 

photosynthesis (Barber, 2003). Photosystem IIs function is to oxidise water and reduce 

plastoquinone, using energy from light (Barber, 2003; Vass, 2012). The binding of 
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plastoquinone occurs at the D1 protein, which PSII herbicides compete for, with there 

being two sites for binding, which distinguish between multiple classes of these 

herbicides with PSII targeting MOAs (triazine and urea herbicides). The enzymatic 

process of PSII catalysing water-splitting chemistry are so highly conserved to the 

point where it is the only case found across all life on earth (Vinyard et al., 2013). The 

only two kinds of chlorophyll which are found in plants and green algae are chlorophyll 

a and b, both of which act as photoreceptors and are vital for performing 

photosynthesis, with chlorophyll b being only slightly structurally different to chlorophyll 

a, swapping a methyl group for an aldehyde group (Khaleghi et al., 2012; Kimball, 

2000). Despite there being numerous versions, chlorophyll a is the most widely utilised 

by PSII reaction centres, with chlorophyll b mainly acting as an accessory pigment, 

passing trapped light energy onto chlorophyll a, with the ratio between the two being 

an important factor for the light absorption efficiency of photosynthesis (Kume et al., 

2018; Sonobe et al., 2020; Tanaka and Tanaka, 2000). In PSII, the process of splitting 

water molecules produces electrons, protons, and molecular oxygen (Barber, 2003; 

Renger, 2012; Rögner et al., 1996). The electrons have two functions; to reduce 

NADP+ to NADPH, and to create an electrochemical charge that provides the energy 

for pumping protons from the stroma of the chloroplast into the interior of the thylakoid 

(Cooper, 2000). On the other hand, the protons are essential in the conversion of ADP 

to ATP during photophosphorylation (Arnon et al., 1954). As photosystem II is the 

initial main step in the performance of photosynthesis, PSII is also the main source of 

chlorophyll fluorescence, with approximately 90% of all CF originating from here (Coe 

et al., 2015; Govindjee, 1995). 

Parameter development for chlorophyll fluorescence originated with Kautsky 

and Hirsch (1931) publishing their seminal work “Neue versuche zur 
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kohlensäureassimilation” (New experiments on carbon dioxide assimilation). Kautsky 

and Hirsch discovered the Kautsky effect, which evidences a decrease in chlorophyll 

fluorescence after the illumination of leaves that have been dark-adapted (Banks, 

2017; Berry, 2018). The accepted model for the physiological basis of chlorophyll 

fluorescence is the QA model (with QA being the primary quinone electron acceptor of 

PSII) (Kalaji et al., 2014; Schansker et al., 2014; Stirbet and Govindjee, 2012). This 

model describes the process after a plants photosynthetic material is exposed to light 

after being dark-adapted, in which the fluorescence increases from minimum (Fo) to 

maximum (Fm) (Baker, 2008; Maxwell and Johnson, 2000; Murchie and Lawson, 

2013). The QA model is based on the assumption that the increase in fluorescence 

observed from Fo to Fm is due to the reduction of QA, which is correlated with open 

PSII reaction centres becoming closed (Belgio et al., 2014; Murchie and Lawson, 

2013; Schansker et al., 2014). Open reaction centres are those which are able to 

perform photochemistry (i.e. the reduction of QA by P680, a special chlorophyll which 

acts as the primary electron donor in PSII), and those that are closed are not able to 

(QA is fully reduced (QA
-), and P680 cannot pass on another electron until QA becomes 

oxidised by passing on an electron to QB) (Baker, 2008; Barber and Archer, 2001; 

Murchie and Lawson, 2013). Fo, minimum fluorescence, occurs when all reaction 

centres are open with QA being fully oxidised, and when all reaction centres are closed, 

QA is said to be fully reduced, with this being the point of Fm, maximum fluorescence. 

At Fm the reduction of QA occurs at a rate faster than the reoxidation of QA
-. The 

fluorescence transient is inversely correlated with the rate of CO2 assimilation of the 

plant, with changes in chlorophyll fluorescence upon illumination of a dark-adapted 

leaf directly correlating with changes in CO2 assimilation (Baker, 2008; McAlister and 

Myers, 1940). 
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When dark-adapted plants (NPQ is fully relaxed, QA is fully oxidised, and 

reaction centres are open) are exposed to dim light energy (less than 1 μmol m−2 s−1), 

the chlorophyll fluorescence signal is the minimal level of fluorescence, Fo (Lawson et 

al., 2002; Maxwell and Johnson, 2000; Murchie and Lawson, 2013). This is the level 

of fluorescence when all reaction centres of PSII are open, and therefore capable of 

photochemistry. After Fo has been recorded, a saturating pulse of bright actinic light 

(greater than 6000 μmol m−2 s−1) can be used to obtain the maximum value of 

fluorescence, Fm, where all reaction centres are closed, QA is fully reduced, therefore 

stopping the possibility of photochemistry (Baker et al., 2001; Barbagallo et al., 2003; 

Lawson et al., 2002). The increase of chlorophyll fluorescence emission from minimum 

(Fo) to maximum (Fm) reflects the reduction of QA. The difference between the minimal 

and maximal levels of fluorescence of dark-adapted material is the variable 

fluorescence of the material, Fv. This can also be measured for light-adapted material, 

using light adapted values for minimal, maximum, and variable fluorescence; Fo’, Fm’, 

and Fv’ respectively (Baker, 2008). Fv/Fm and Fv’/Fm’ estimate the maximum quantum 

efficiency of PSII, in the dark and light respectively. In between Fo’ and Fm’ is F’, which 

is the fluorescence signal at any point between these two values (Lawson et al., 2002; 

Technologica). F’ is different to Fv and Fq’, which are respectively the difference 

between Fo and Fm, and the difference between F’ immediately before and at the peak 

of a saturating pulse. F’, along with Fm’, can be used to determine the operating 

efficiency of photosystem II in light adapted material (also termed Fq’/Fm’) (Baker et 

al., 2001; Technologica). The operating efficiency of photosystem II has been termed 

“the single most useful fluorescence parameter”, and it can provide an estimate of the 

quantum efficiency of linear electron transport through photosystem II (Baker et al., 

2007; Baker et al., 2001). 
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Environmental factors that cause damage via the impairment of PSII efficiency 

(often referred to as photoinhibition) cause a distinctive decline in the maximum 

efficiency of PSII (Fv/Fm), associated with the increase of Fo (Krause and Weis, 1991; 

Murchie and Lawson, 2013). Fv/Fm measurements of between 0.78 to the theoretical 

ideal value of 0.83 (in dark-adapted plants) are correlated with healthy and unstressed 

plant material (Björkman and Demmig, 1987; Murchie and Lawson, 2013; Percival, 

2005). The ideal PSII maximum efficiency value of 0.83 relates to the photon yield of 

photosynthesis, which can be defined as the amount of CO2 assimilated per mole of 

photons absorbed, and hence the fluorescence transients association with the rate of 

CO2 assimilation of the plant (Baker, 2008; McAlister and Myers, 1940). 

In conclusion, chlorophyll fluorescence research has been a cornerstone in 

aiding our understanding of photosynthesis, and has become a key and universal 

method for researching the photosynthetic efficiency of plants in vivo (Nedbal and 

Whitmarsh, 2004). 

 

1.6 Chlorophyll fluorescence imaging 

Chlorophyll fluorescence imaging (CFI) is a non-invasive, rapid, and 

inexpensive method of measuring a plants photosynthetic efficiency, and provides a 

different way of looking at CF, providing spatial and temporal assessments (Gorbe 

and Calatayud, 2012; Maxwell and Johnson, 2000; Murchie and Lawson, 2013).  

CFI has a great number of applications, including visualising differences in 

photosynthetic performance caused by both biotic and abiotic stress, screening 

populations of plants for mutants, as well as evidencing a diverse spectrum of plant 

properties that can cause photosynthetic heterogeneity, such as developmental stage, 
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and nutritional state (Gorbe and Calatayud, 2012; Guidi et al., 2019; Nedbal and 

Whitmarsh, 2004; Ogawa and Sonoike, 2021; Pérez-Bueno et al., 2019). These 

various uses are possible due to a few useful characteristics of chlorophyll 

fluorescence, for example unique chlorophyll fluorescence emissions allowing 

chlorophyll fluorescence imaging to be used as a rapid method for screening plants 

(Varotto et al., 2000), and it’s extremely sensitive nature (Ning et al., 1997). 

Chlorophyll fluorescence imaging works by taking measurements of various 

parameters associated with the plants light-dependent reactions and processes, with 

both light and dark adapted values being required to do so (Lawson et al., 2002). 

Chlorophyll fluorescence imaging devices have been adapted to fit a variety of uses, 

for example, at both microscopic and whole plant levels, as well as in situ laboratory 

experiments and mobile field experiments (Baker et al., 2001; Bolhàr-Nordenkampf 

and Öquist, 1993; Lawson et al., 2002; Logan et al., 2007; López-Calcagno et al., 

2020; Nedbal and Whitmarsh, 2004; Pérez-Bueno et al., 2019; Simkin et al., 2020; 

Trampe et al., 2011; Vialet-Chabrand et al., 2017; Zarco-Tejada et al., 2009). 

Chlorophyll fluorescence imaging is a tool designed to give an accurate depiction of 

plant stress in a rapid and visually intuitive manner, detailing the fluorescence 

emissions of cells, leaves, and up to whole plants or even ecosystems and areas, 

allowing the spatial and temporal assessment of plants (Frankenberg et al., 2018; 

Gower, 2016; Gower et al., 2004). CFI allows for the examination of the unique 

chlorophyll fluorescence signatures and their heterogeneity across leaf section and 

time (Nedbal and Whitmarsh, 2004). These differences can arise due to multiple 

factors that occur internally to the plant, which would not otherwise be noticeable 

through other measurements of chlorophyll fluorescence, such as DLE (delayed light 

emission) and thermal imaging, due to their restriction in giving single point 
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measurements (Ellenson and Amundson, 1982; Ellenson and Raba, 1983; Hashimoto 

et al., 1984; Omasa and Takayama, 2003). These spatial variations in photosynthesis 

are just one of many features of leaves revealed by chlorophyll fluorescence imaging, 

and can arise due to various reasons such as leaf morphology, developmental state, 

or effects of pesticides (Barbagallo et al., 2003; Murchie and Lawson, 2013; Nedbal 

and Whitmarsh, 2004; Pérez-Bueno et al., 2019). 

 

Figure 1.2. Example chlorophyll fluorescence image showing the decrease in 

photosynthetic efficiency (Fq’/Fm’) of a cut elder leaf due to effect of the PSII 

herbicide DCMU (3-(3,4-dichlorophenyl)-1,1-dimethylurea, or Diuron) (Taken from 

Murchie and Lawson, 2013). The ‘warmer’ colours (yellows/reds) indicate healthy 

tissue, and the ‘colder’ colours (greens/blues) indicate stressed tissue. 

 

Other than chlorophyll fluorescence imaging, different technologies, such as 

thermal imaging (Hashimoto et al., 1984) and DLE imaging (Ellenson and Raba, 

1983), were used to try and detect spatially differing responses of plants under various 

stressors, such as herbicides (Blaich et al., 1982; Omasa et al., 1987; Takayama and 

Omasa, 2005). Whilst somewhat effective, these methods do not indicate where in the 

0.10           Fq’/Fm’           0.60 
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photosynthetic apparatus the inhibition was occurring, only that it was occurring, which 

is a major factor for herbicide MOA determination. Chlorophyll fluorescence imaging 

differs from other conventional methods in that it allows the resolution of 

photosynthetic performance over the surface of a leaf, whereas others (such as gas 

exchange) are much more integrated (Nedbal and Whitmarsh, 2004). This allows 

greater attention to be paid to spatial differences across the leaf, which can differ 

greatly, and indicate specific areas of stress, which is valuable for herbicide MOA 

determination.   

The specific herbicides with an MOA targeting PSII can be detected using 

chlorophyll fluorescence imaging. The decrease in efficiency causes an increase in 

dissipation elsewhere, and if not dissipated sufficiently, can cause damage to the 

photosystems. Hence when PSII is blocked by an herbicide, the chlorophyll 

fluorescence signal increases, and the effects can therefore be detected using 

chlorophyll fluorescence imaging. Other herbicidal modes of action which are visible 

by chlorophyll fluorescence imaging are those that affect photosystem I, and 

uncouplers, however only due to the ‘knock-on’ effects that these inhibitors have on 

PSII. Herbicides which have a mode of action that affects PSI act as electron 

acceptors, which consequently redirects the normal electron flow away from the 

photochemical process and generates reactive oxygen species by reacting with 

molecular oxygen (Juneau et al., 2007; Liu et al., 2013). This can be detected with 

CFI, as the process of photosynthesis has been disrupted. It is possible to differentiate 

between the PSI and PSII modes of action whilst using CFI, due to an important 

distinguishing factor between their inhibitory mechanisms. PSI inhibitors do not have 

any effect if plants are kept in the dark, as they require light to generate the superoxide 

radicals, whilst PSII inhibitors do have an effect without any light being present (Dayan 
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and Zaccaro, 2012). Uncouplers act by dissociating electron transport from ATP 

synthesis, dissipating the energy state of the membrane of the thylakoid, before the 

energy can be used to perform phosphorylation of ADP – the electrons can cause lipid 

peroxidation, and subsequently the effects of the uncoupler can be detected using CFI 

(Dayan and Zaccaro, 2012; Moreland, 1980). 

 

1.7 Summary 

Herbicides, and the adjuvants used to aid their use, are a major and vital part 

of modern agriculture, with many people’s livelihoods depending on their efficacy. The 

use of herbicides has been cause for concern, with the toxicity to humans and any 

collateral damage they cause being an area of legislation and research. Specifically, 

the classes of herbicides that affect photosystem II are very effective and therefore 

have come under large scrutiny – understanding a herbicides MOA is a major step in 

developing novel and safe products.  

Chlorophyll fluorescence is one of the uses of light energy absorbed by a plant, 

and its intrinsic relationship with the photosynthetic efficiency of the plant makes it an 

ideal target of study. Research into the field of chlorophyll fluorescence is not modern, 

however it is with recent reviews and applications that CF and CFI have become an 

integral part of plant physiology research. Research into chlorophyll fluorescence, and 

specifically utilising CFI, has helped to develop an understanding of both a plant’s 

underlying photosynthetic mechanisms, as well as the factors affecting it. Both biotic 

and abiotic factors can influence a plant’s photosynthetic efficiency and can cause 

spatial heterogeneities to occur. These differences can be detected using chlorophyll 

fluorescence imaging. 
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There are multiple chlorophyll fluorescence parameters that can be used to 

assess a plants photosynthetic efficiency, which can be visualised using chlorophyll 

fluorescence imaging. With the majority of chlorophyll fluorescence emissions from 

photosystem II, understanding the maximum or operating efficiency of PSII by looking 

at the chlorophyll fluorescence emissions is vital to understanding the photosynthetic 

efficiency of the plant. Chlorophyll fluorescence imaging is an ideal tool for identifying 

herbicides which have a mode of action which affects the photosynthetic capabilities 

of a plant, namely PSII herbicides. The development of a method to screen a large 

number of novel herbicides to accurately identify those which act by binding to PSII, 

or affect the photosystems in other indirect ways, would be a great step forward in the 

process of efficient MOA diagnosis in the herbicide discovery pipeline. Chlorophyll 

fluorescence imaging gives a much better picture and more information about the 

specific mechanisms of the herbicidal modes of action than whole plant tests would 

be able to as it can provide both spatial and temporal data over whole leaves or plants, 

however whole plant visual assessments are eventually required to assess the 

biological activity of the herbicides (Fu et al., 2022). In summary, research into 

chlorophyll fluorescence, and the technique of imaging its emission, have both been 

pivotally important steps in understanding a plants photosynthetic efficiency.  

The aims of the present research are to determine whether chlorophyll 

fluorescence imaging is a suitable tool for herbicidal MOA and toxicity detection, and 

to determine how specific the methodology is at doing so, as well as what conditions 

are needed to detect them along with any other herbicides that affect the 

photosystems as either a secondary or tertiary mode of action. Subsequently and 

finally, the type and concentrations of adjuvants to be used that would increase the 

efficacy or applicability of various PSII herbicides will be assessed. This research aims 
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to screen as many herbicidal standards as possible using chlorophyll fluorescence 

imaging, as whilst CFI is not a perfect solution, it is hypothesised that CFI will give 

reliable and rapid feedback on MOAs targeting PSII, showcasing any that directly or 

indirectly affect a plants photosynthetic efficiency.  
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2. Study 1 – Herbicidal MOA Screening Utilising Lemna minor 

2.1 Introduction 

Recently, research in herbicides has gained increasing attention due to 

proposed bans/replacements and the potential drastic effects this may have, leading 

to a need for new ways of developing and detecting herbicidal MOAs (Alcántara‐de la 

Cruz et al., 2021; Böcker et al., 2019; Cashman et al., 1981; Kudsk and Mathiassen, 

2020; Stuart et al., 2022; Walsh and Kingwell, 2021). The removal of certain valuable 

herbicides from commercial availability, as well as the increasing numbers of herbicide 

resistant species, only intensifies the need for the development and identification of 

novel herbicide modes of actions (MOA) (Heap, 2014). Herbicides are amongst the 

most regulated and controlled chemical substances in the world, due to their potential 

subsequent effects on the environment and human health (McDougal, 2018).  The 

quantity of legislative rules and regulations, as well as increased registration costs, 

that crop protection companies have to go through for these novel chemicals, inhibit 

their development (Flynn and Naylor, 2002). Due to this, new methods are required 

for initial screening of many compounds, before more intensive investigation and 

development of a selected few which show promise. Ideally, such work needs to be 

high throughput, producing quick and reliable data, that can be extrapolated past the 

restraints of assays.  

Chlorophyll fluorescence imaging is a rapid, inexpensive, adaptable, and non-

invasive method for determining the photosynthetic performance of a plant (Murchie 

and Lawson, 2013). Results can be obtained in as little as 20 seconds, making it an 

ideal method for high throughput analysis. CFI can provide various measurements 

dependent on whether the plant is dark adapted, or light adapted – the following 
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research only utilised dark adapted measurements, as this is a more rapid approach 

and provides plenty enough data for the work required. The use of rapid CFI is not 

exclusive to herbicidal research, and was not developed for this purpose, however this 

is an applied aspect of it, as there are many areas of plant biology where it is relevant 

and required and utilised in an increasing amount of research areas (Barbagallo et al., 

2003). Traditionally, greenhouse screening has entailed a thorough visual evaluation 

of herbicidal action, two to three weeks after treatment. Contrastingly, CFI can be used 

after a much shorter time frame – in the case of this experiment, after as little as 20 

minutes. Previously, chlorophyll fluorescence imaging has been used in concurrence 

with multiple Lemna species, including L. minor, for determining toxic chemical effects 

on the photosynthetic capabilities of the plant (Dewez et al., 2018; Frankart et al., 

2003; Park et al., 2016).  

Plants of Lemna minor were selected to be used for this assay for a number of 

reasons, aside from the fact that Lemna minor is easy to grow, it has previously been 

used in scientific studies to assess the efficacies of herbicides (Frankart et al., 2003; 

Park et al., 2016). As an aquatic plant L. minor is also relevant in the study of the 

application of herbicides due to the large amounts of run-off and leaching which can 

affect aquatic environments/ecosystems (Klöppel et al., 1997; Prado et al., 2009). 

Despite not being the main focus of the study, the methodology developed here could 

also be exceedingly applicable to further work in this area. Lemna plants have a simple 

structure, small size, ease and rate of growth, and high homogeneity. These traits 

make them the ideal species to be used for this research. 

Adjuvants, in the context of pesticides, are defined as chemicals added to a 

herbicidal mixture to improve the efficacy of, affect the action of, or change a physical 

property of, the herbicide, with the specific aim of strengthening its performance - 
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therefore reducing amounts of active ingredient needed (Hazen, 2000; Pacanoski, 

2015). The two adjuvants used for this research were Sodium Laureth Sulfate (SLES) 

and Tween 20 (polyoxyethylene sorbitan monolaurate). SLES and Tween 20 are 

commonly used adjuvants in the agricultural industry, and are known to be effective at 

increasing the efficacy of herbicides. Whilst the mode of action of these adjuvants are 

not fully elucidated, both SLES and Tween 20 act as surfactants, decreasing the 

surface tension of the herbicidal mixture, and along with a combination of other 

mechanisms, and improve rate of uptake. SLES has previously been shown to exhibit 

cellular toxicity itself, although still considerably lower in phytotoxic levels than other 

known severely toxic chemicals (Song et al., 2012). 

Tween 20 (C26H50O10) (Fig. 6.1a), a non-ionic surfactant, is a widely used and 

effective component in many herbicidal mixtures, and has been a choice adjuvant for 

multiple decades (O’SULLIVAN and O’DONOVAN, 1980; Penfield et al., 2015). SLES 

(C14H29NaO5S) (Fig. 6.2b), an ethoxylated form of SLS, is more commonly known as 

a chemical frequently found in skin care and cleaning products and personal care 

products (e.g. toothpastes and shampoos), however it has also been utilised as an 

adjuvant in the agrochemical industry (TMR, 2020). 

Previous studies have shown that chlorophyll fluorescence imaging is an ideal 

tool for observing the effects of pollutants on the photosynthetic processes of Lemna, 

as differences in the photosynthetic efficiencies of the plants are observed before any 

physical visual effects in the growth processes of the plant are seen(Juneau et al., 

2003). Additionally, Lemna has been shown to be a suitable organism for chlorophyll 

fluorescence research(Dewez et al., 2018). This research aims to corroborate these 

findings.  
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 The aim of this research was to study the effects of various herbicidal modes of 

action on plant photosynthetic efficiency (specifically Lemna minor), using chlorophyll 

fluorescence imaging and information on how CFI may be used as a high throughput 

screening tool for herbicides. Additionally, the effects of adjuvants on herbicidal 

efficacy were examined. The findings of this research aims to expand on previous 

work utilising Lemna minor and CFI for herbicidal screening, such as Park et al (2016) 

and Juneau et al (2003), and provide a basis for herbicidal screening techniques 

utilising chlorophyll fluorescence imaging in the future. 

 

2.2 Materials and Methods 

2.2.1 Plant material and growth conditions 

For all experiments in this chapter, Lemna minor were obtained from the 

Canadian Phycological Culture Centre, University of Waterloo, strain number 490. 

Plants were grown in 500ml conical flasks containing MHE10MM (modified Hoagland's 

solution) inorganic media, and then grown in larger, 500mL plastic tubs containing the 

same media when the flasks became full. The plants were grown at 25°C and 50% 

humidity, on 16/8-hour day/night cycle, in a controlled environment growth room 

(Sanyo room, Weiss Technik control panel). The plants were transplanted into 24-well 

plates (1 plant per well), and further grown in 1.5 mL of media. The plants were grown 

in the same conditions after transplanting, for a mean of 7-10 days, until confluent and 

filling the wells. 

2.2.2 Preliminary tests 
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Before the main adjuvant study could commence, some measures were taken, 

including a series of smaller experiments outlined below. 

Herbicide concentration. Plants of L. minor were grown using the same 

methods as outlined above in section 2.2.1, and transplanted into, and further grown 

in, 24-well plates in an identical manner. 15µl of 10mg/ml test compound dissolved in 

DMSO were added to the top wells, with each subsequent well in the column being a 

2-fold dilution of the well above, utilising DMSO as the solubilising agent. The columns 

therefore contained 4 concentrations of the test herbicides, with concentrations of 

100ppm, 50ppm, 25ppm, and 12.5ppm. The 24-well plates also contained one column 

of the positive control Atrazine (with an initial concentration of 1mg/ml), and the 

negative control of DMSO (kept at 15µl per well throughout the column). After being 

treated with the test compounds, the plates were covered with a lid to avoid 

evaporation, and then imaged.  

Chlorophyll Fluorescence Imaging for herbicide concentration determination. 

The CFImaging system (Technologica Ltd, Colchester, UK) was used to image the 

chlorophyll fluorescence of plants treated with different herbicide compounds. Plants 

were dark adapted for 20 min, in a room maintained at 21°C. For measurement 

collection, a plate was placed inside the imaging system and a set protocol within the 

Fluorimager software (Technologica Ltd, Colchester, UK) was used for image 

collection. In the protocol, plants were exposed to an actinic light intensity of 

0μmol m−2 s-1 for 20 s and an image of minimal fluorescence (Fo) captured, after which 

a saturating pulse of 2000μmol m−2 s-1, for 800ms, and an image of maximum 

fluorescence (Fm) was captured. After image capture and data exportation, the plates 

were removed from the imager and kept wrapped in tinfoil inside the dark box attached 

to the imager, to ensure they stay in the dark-adapted state. Images were collected at 
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T0, T1, T3, T5, and T24, with the numbers indicating the number of hours after the 

first image had been taken.  

Adjuvant concentration. Adjuvant concentration phytotoxicity tests were carried 

out before the main experimental phase, to determine a ‘safe’ dosage of adjuvant to 

conduct the assays with. Concentrations of 0.2%, 0.1%, and 0.05% were tested, none 

of which showed large amounts of phytotoxicity, for either of the adjuvants. These 

concentrations were within the range of concentrations used in spray tanks, when 

products are combined for application in the field. Therefore, the assay could be 

performed using the higher 0.2% concentration, and all phytotoxicity detected would 

be due to the tested herbicides.  

Light intensity of saturating pulse. The previous work assessing herbicide 

concentration had been conducted using a saturating pulse of 2000μmol m−2 s-1. 

Comparison experiments were conducted to determine if the saturating pulse should 

instead be the maximum intensity of 6401 μmol m−2 s-1.  To perform the comparison, 

24-well plates containing L. minor were dark adapted for 20 minutes, and then 

subjected to a light regime using various actinic light intensities (0, 100, and 

250μmol m−2 s-1) and the two saturating pulse intensities, 2000 and 6401 μmol m−2 s-1 

used to obtain Fm.  It was found that the higher intensity saturating pulse of 6401 

μmol m−2 s-1 resulted in higher and more accurate Fv/Fm values than the lower intensity 

saturating pulse of 2000 μmol m−2 s-1, as it ensured that all reaction centres were 

closed. Therefore, the higher intensity saturating pulse was used for the following 

adjuvant assay. 

Assay length determination. To determine an appropriate length of assay, 

plants of L. minor were kept in the dark-adapted state for 48 hours, whilst being imaged 
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at the time points T0, T1, T3, T5, T24, and T48, to determine if there was a decrease 

in the photosynthetic health of the plants over this sort of time frame. Due to this, all 

subsequent measurements were taken at a maximum of 24-hours after the initial 

image, as any effects on the photosynthetic efficiency could be attributed to the 

herbicide and/or adjuvant, as opposed to stress due to a lack of light. Additionally, one 

of the main desired outcomes of these assays was for rapid data collection, with the 

longer time frame of 48-hours achieving the opposite of that without any noticeable 

benefits. 

From these preliminary tests, it was determined that the main assay assessing 

adjuvant efficacy would be conducted over a time course of 24-hours, maintaining the 

plants in the dark, utilising a herbicidal concentration of 100ppm, an adjuvant 

concentration of 0.2%, and a saturating pulse of 6401μmol m−2 s-1. 

2.2.3 Adjuvant assay layout 

 

  1 2 3 4 5 6 

A H1 H2 H3 H4 H5 H6 

B H1+Tween H2+Tween H3+Tween H4+Tween H5+Tween H6+Tween 

C H1+SLES H2+SLES H3+SLES H4+SLES H5+SLES H6+SLES 

D Atrazine Atrazine Atrazine DMSO DMSO DMSO 

 

Figure 2.1. 24-well plate layout for adjuvant efficacy assay. 

 

For adjuvant efficacy experiments, the 24-well plate used was set up as shown 

in Figure 2.1. Per 24-well plate of L. minor, six herbicides were tested three times: 

once on its own at a concentration of 100ppm (10mg/ml), once with the adjuvant 

Tween 20 (10mg/ml herbicide, 0.2% adjuvant concentration), and once with the 

adjuvant SLES (10mg/ml herbicide, 0.2% adjuvant concentration). As well as the test 
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herbicides, the wells also contained three wells each of positive and negative controls, 

Atrazine (a PSII herbicide) and DMSO respectively. The positive control of Atrazine 

was at 1mg/ml (10ppm), and the DMSO concentration was 100ppm. It is important to 

note that for every subsequent replicate, the position of the adjuvants was swapped, 

to avoid any potential contamination from the wells containing the positive control, 

Atrazine. 

2.2.4 Experimental procedure 

Adjuvants, herbicides, and controls were added to the 24-well plates in the light, 

which were then immediately wrapped in tin foil, so as to dark adapt the plants, and 

left for 20 minutes. The plates of L. minor were then imaged using the CFImaging 

system (Technologica Ltd, Colchester, UK). For measurement collection, one plate 

was placed inside the imaging system at a time. A set protocol within the Fluorimager 

software (Technologica Ltd, Colchester, UK) was used for image collection. The plants 

were exposed to an actinic light intensity of 0 μmol m−2 s-1 for 20 seconds inside the 

imager, and then exposed to a saturating pulse of 6401 μmol m−2 s-1, for 800ms. A 

saturating pulse of this strength ensures the closure of all reaction centres, as 

developed by the precursory tests. The parameters of Fo, Fm, and Fv/Fm were recorded 

(fluorescence minimum, fluorescence maximum, and maximum efficiency of PSII 

respectively). 

After this initial image had been taken (T0), the plates were removed from the 

imager and re-wrapped in tinfoil to ensure the plants stay in the dark-adapted state. 

Subsequent images were taken, using the same protocol, 1, 3, 5, and 24 hours after 

the initial image. After the 24-hour image had been taken, the plates were disposed of 

following the proper practices.  
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Figure 2.2. Example Fv/Fm image taken by the chlorophyll fluorescence imager of a 

24-well plate containing L. minor, and treated with herbicides and adjuvants, 1 hour 

after application (T1). The image is using the same 24-well plate layout as shown in 

figure 2.  

 

It can be seen in the example of Figure 4 that the controls of Atrazine and 

DMSO are working as intended, with the positive control Atrazine decreasing Fv/Fm by 

approximately 0.2-0.3. Meanwhile, the DMSO negative control plants are remaining 

healthy, with values of ~0.78. It can be seen that for the herbicides in the 3rd and 6th 

columns, the adjuvants are already having an effect on their efficacy. 

2.2.5 Data analysis and statistics 

All Fv/Fm values (for adjuvant studies) were normalised against the mean 

DMSO (negative control) Fv/Fm values of their respective plates, to account for any 

whole plate differences between the replicates. A normalised Fv/Fm value of 1 indicates 

a value equal to the DMSO value for the plate, a value of less than 1 indicates lower 

Fv/Fm values than the DMSO control, and a value of greater than 1 indicates higher 

Fv/Fm values than the DMSO control. This normalisation was performed to only show 

decreases in the plant’s photosynthetic health due to the addition of the herbicides 

0.238                    Fv/Fm                   0.822 

15.6mm 
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and adjuvants, as opposed to any differences seen due to the plants suffering from 

other abiotic factors, such as; being kept in the dark for extended periods of time, or 

being in a small amount of media, leading to decreased nutrients towards the end of 

the assay, as well biotic factors such as differences in stock plant health before the 

assay had begun. The DMSO controls showed Fv/Fm values of ~0.78 at T0, and ~0.72 

after 24 hours. 

After each image time point, the images were analysed and edited in the 

Fluorimager software, with subsequent numerical data being exported into Microsoft 

Excel and R studio for further analysis and statistical tests. All statistical analyses, 

namely analyses of variance (ANOVA) and post-hoc Tukey tests, were performed 

using the open-source package R (R Core Team, Vienna Austria 2019, version 3.6.3 

for Windows), utilising R Studio (version 1.1.463). 

 

2.3 Results 

Initial screening of two replicates of 110 herbicide mode of action standards 

was carried out, and these data used to select 36 herbicides which showed 

‘interesting’ results when utilising one or both of the adjuvants for further replicates. 

The herbicides selected as ‘interesting’ had either a large or unexpected effect, or 

were of potentially commercial relevance to Syngenta, and of these 36 herbicides, the 

herbicides which showed a difference of 0.25 normalised Fv/Fm or greater between 

treatments were then selected – 12 of the tested herbicides showed differences this 

great.  

2.3.1 Effect of herbicides on photosystem II 
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After narrowing down from the initial 110 herbicides to the 36 most relevant, 

with further replicates performed, some of the herbicides were observed to affect the 

maximum photosynthetic efficiency of PSII in L. minor, whereas other herbicides were 

not seen to affect Fv/Fm any greater than the negative controls of DMSO (Fig 2.3a). 

Those that had differing modes of action were harder to be detected using CFI, 

especially within the constraints of the assays time frame. The results below show that 

chlorophyll fluorescence imaging is an appropriate tool for this work. An analysis of 

variance (ANOVA) showed that there was a significant difference between the effects 

of the herbicides on Fv/Fm, which can be attributed to some of the herbicides having 

MOAs that target PSII, and therefore directly affect the CF emissions of the plant 

(p<0.001). 

 

Figure 2.3. Effect of 36 herbicides on the maximum efficiency of PSII (normalised 

against negative control DMSO) over a time course of 24 hours. (a) Treatment 

utilising just the herbicide, (b) shows the treatment of the herbicide with the addition 

of SLES, and (c) shows results when Tween 20 was included in the herbicidal 

a b c 
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2.3.2 Effect of adjuvant treatment on efficacy of herbicides 

The figure below (Figure 2.4) shows results for 12 herbicides selected from 

above that had a difference of 0.25 or greater in the normalised Fv/Fm value when the 

herbicide was used with and without an adjuvant. A tabular summary of these results 

can be found in the appendix (Table 6.1). 

 

 

Figure 2.4. The effects of the 12 herbicides, most affected by the addition of an 

adjuvant, on the maximum photosynthetic efficiency of PSII over a time course of 24 

hours, normalised against negative control values. The results are split into three 

graphs separating the treatments out, with (a) containing the herbicide treatment, 

(b) with the addition of SLES, and (c) with the inclusion of Tween 20. Data shows 

the mean Fv/Fm values recorded, with error bars representing ± standard error (n=4). 

 

mixture. Data shows the mean Fv/Fm values recorded, with error bars representing 

± standard error (n=4). 

a b c 
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The treatments which included either of the adjuvants proved to have larger 

effects on the maximum photosynthetic capabilities of the plant (i.e. greater decreases 

in Fv/Fm) when compared to just the herbicide on its own (Fig 2.4) (p<0.001). The 

adjuvant SLES had the largest effect on herbicide efficiency, showing the greatest 

decrease in Fv/Fm (Fig 2.4b). The addition of the adjuvant Tween 20 increases the 

efficacies of herbicides in some cases, however overall these differences were not 

enough to be significant when averaged across the 12 herbicides (Fig 2.4c).  

 

2.3.3 SLES vs Tween 20 

There was a significant difference between the effects of Tween 20 and SLES 

(p<0.001), with the latter proving to have been a much more effective adjuvant, 

increasing herbicidal activity and decreasing Fv/Fm, specifically after 24 hours (Fig 2.5).  

 

  

a b 
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Figure 2.5. Differences in the effect of the two adjuvants SLES and Tween 20 in 

altering the efficacy of herbicides targeting PSII, seen after 24 hours. (a) shows the 

36 herbicides selected after the initial 110, and (b) shows the 12 herbicides of the 

36 that were most affected by the addition of an adjuvant. Most of the herbicides 

greatly affected by the addition of an adjuvant were affected by the addition of SLES, 

rather than Tween 20. 

 

2.3.4 Change in efficacy of specific herbicides 

Bromoxynil. Across the entire time series, there was a significant difference 

between the effects of the treatments (p<0.001), with the two adjuvant treatments 

showing lower normalised Fv/Fm than the herbicide treatment alone (around 0.75 

compared to 1), and with immediate effect (SLES-H p<0.001; Tween-H p<0.001). 

However, the herbicide treatment does reach the same levels of effect after 24-hours, 

reducing the recorded Fv/Fm values to similar levels to the adjuvant treatments - the 

adjuvants increased the speed of effect of Bromoxynil, rather than increasing the 

magnitude of effect.  

Dichlone. The application of Dichlone showed no significant differences over 

the time course in Fv/Fm , with the data values not being significantly different from the 

normalised negative controls of DMSO (p=0.054). However, the data for SLES, 24 h 

after application, clearly shows a large error bar, and so these results and the effect 

of Dichlone with the addition of adjuvants on Fv/Fm should be investigated further. 

Diclofop-methyl. As with Dichlone, Diclofop-methyl alone and with Tween 20 

shows little effect on Fv/Fm across the majority of the time series. However, there was 

a significant difference between the effects of the treatments on the normalised Fv/Fm 

of the Lemna, due to the effect observed after 24 h with the herbicide plus SLES 

(ANOVA p<0.001; Tukey SLES-H p<0.001; SLES-Tween p<0.001). With the addition 
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of SLES, Diclofop-methyl reduced Fv/Fm to ~0.7 normalised Fv/Fm, whereas the 

herbicide alone and with Tween 20 remained around normalised Fv/Fm of 1. 

Dinoseb. Dinoseb showed a steady decrease in the Fv/Fm across all treatments, 

with the SLES treatment consistently lower than both the Dinoseb on its own, and 

Dinoseb with the addition of Tween 20 (ANOVA p<0.001; Tukey SLES-H p<0.01; 

SLES-Tween p<0.001). No differences were observed in Fv/Fm between the Dinoseb 

on its own and with the addition of the adjuvant Tween 20 (p>0.05) (Fig 2.6d).  

 

 

 

Figure 2.6. Effects of 12 selected herbicides on the maximum efficiency of PSII 

(Fv/Fm) of Lemna minor. The herbicides displayed are as follows: (a) Bromoxynil, (b) 

Dichlone, (c) Diclofop-methyl, (d) Dinoseb, (e) DMC, (f) Haloxydine, (g) Imazapic, 

(h) Ioxynil, (i) No name 1, (j) No name 2, (k) PSII standard 1, and (l) PSII standard 

2. Graphs show three treatments: the herbicide on its own, with the addition of SLES, 

and with the addition of Tween 20. Fv/Fm values are normalised against the negative 

controls of the respective 24-well plates. Error bars represent ± standard error (n=4). 
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DMC. After 24 h exposure to DMC, Fv/Fm in Lemna plants was not significantly 

different to the negative control plants. However, with the addition of SLES to the 

herbicidal mixture, the normalised Fv/Fm of the plants decreased constantly over the 

24 h time period. There was a significant difference between the SLES treatment and 

the other treatments over the time frame of 24 h (p<0.001). There was no significant 

difference between the treatment with the addition of Tween 20 and the herbicidal 

treatment alone (p>0.05). 

Haloxydine. The efficacy of the herbicide Haloxydine was greatly affected by 

the addition of the adjuvant SLES (p<0.001), with Fv/Fm values much lower than the 

Tween and Herbicide treatments (SLES-H p<0.001; SLES-Tween p<0.01). However, 

Tween 20 did not prove to lower the Fv/Fm significantly more than using Haloxydine 

without an adjuvant (p>0.05). 

Imazapic. No meaningful effects on Fv/Fm were observed with the addition of 

Imazapic, as well as Imazapic with Tween 20, when compared to the negative control 

– however with the introduction of SLES to the mixture, a significant effect was seen 

(p<0.001), with a decreasing in Lemna Fv/Fm by approximately 40% between 3 and 24 

hours (SLES-H p<0.001; SLES-Tween 20 p<0.001). 

Ioxynil. For all three treatments, a large decrease of PSII maximum efficiency 

was observed. Values decreased to ~0.25 normalised Fv/Fm (which equates to 

approximately 0.18 true Fv/Fm) within 1 hour post treatment application. This large 

effect was seen across all treatments and so no significant differences were observed 

between the treatments (p>0.05). 

No Name 1. The herbicide No Name 1 showed a steady, although minor, 

decrease in the maximum photosynthetic efficiency across all treatments, with the 
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SLES treatment being consistently lower than the other two (SLES-H p<0.001; SLES-

Tween 20 p<0.01). Both the herbicide alone and herbicide with Tween 20 treatments 

can be seen to have a noticeable effect on Fv/Fm after 24 h, and so it can be 

hypothesised that over a longer time series there would be a much larger effect on the 

Fv/Fm of the plants than is seen in the 24 h time frame. The Tween 20 and herbicide 

alone treatments could eventually affect the plants with the same magnitude as the 

SLES treatment. 

No Name 2. A significant difference (p<0.001) was observed between 

treatments over the entire time course, with most of the differentiation occurring after 

5 and 24 hours between the SLES treatment, the herbicide treatment alone, and the 

herbicide plus Tween 20 treatment (SLES-H p<0.001, Tween-SLES p<0.001). 

PSII Standard 1 & 2. As expected given the names, both PSII standard 1 and 

2 had a large effect on the maximum efficiency of PSII over the 24-hour time frame, 

with effects being seen immediately (T0) compared to the negative controls. PSII 

standard 1 showed a significant difference in efficacy with the addition of adjuvants, 

with SLES treatment resulting in lower Fv/Fm than the herbicide alone, and the 

herbicide with the addition of Tween 20 (p<0.01). 20 mins post application, PSII 

standard I with SLES resulted in normalised Fv/Fm values of ~0.4 (~0.31 true Fv/Fm), 

with the herbicide alone and with the addition of Tween 20 resulted in normalised Fv/Fm 

values of ~0.75 (~0.585 true Fv/Fm). However, after three hours there was no 

discernible difference between the treatments, with all reducing Fv/Fm to minimal levels 

(~0.1 true Fv/Fm). A similar story was observed for PSII standard 2. A significant 

difference between the treatments was observed (p<0.05), specifically when 

comparing PSII standard 2 with SLES to the herbicide on its own or with the addition 

of Tween 20 (SLES-H p<0.05). However, the effect of PSII standard 2 plus SLES took 
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a slightly longer amount of time to reach a similar level of effect when compared to 

PSII standard 1 plus SLES, with PSII standard 2 plus SLES decreasing true Fv/Fm to 

~0.3 after 1 hour, whereas PSII standard 1 only took 20 mins to have the same effect.  

2.3.5 Effect of time on damage to photosystems  

As might be expected, there is a significant difference (p<0.001) between the 

amount of damage a herbicide has on the maximum photosynthetic efficiency (Fv/Fm) 

immediately after being applied compared to an extended period of time (3, 5, or 24 

hours) (Fig 2.3a) (T0-T3 p<0.001; T0-T5 p<0.001; T0-T24 p<0.001).  

 

2.3.6 PSII MOA prediction 
 
Analysing the data as outlined in Figure 2.7, could be used to determine 

whether a herbicide has a mode of action affecting PSII, by assessing the decrease in 

the maximum efficiency of PSII, in relation to the amount of time passed since 

application. The boundaries in Figure 2.7 are arbitrary, given the limited data set and 

amount of replicates in this study, however with further work, a similar approach could 

be developed that would be more robust, and used as an early screen for modes of 

action. This approach could be developed further with the inclusion of light adapted 

CFI data. 
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2.4 Discussion 

The aim of this experiment was to assess the impact of herbicidal application 

to Lemna minor on the maximum photosynthetic efficiency of PSII (Fv/Fm) using 

chlorophyll fluorescence imaging. Significant differences between treatments 

(herbicide application alone, and with the addition of either SLES or Tween 20) were 

 

Annotation Likelihood of PSII MOA 

a Highly Likely 

b Likely 

c Possibly 

d PSII can’t be ruled out 

e Unlikely 

  
Figure 2.7. Effect of 36 herbicides on the maximum efficiency of photosystem II of 

Lemna minor, normalised against negative controls. Gridlines and letter notations 

overlayed indicate arbitrary likelihood that the herbicide has a mode of action 

affecting photosystem II, with a table legend explaining the annotations. Error bars 

represent ± standard error (n=4). 

e 
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found, with these differences becoming more apparent after 24 hours, although some 

treatments proved to take effect almost immediately (after 20 minutes dark adaption, 

T0). 

It can be seen from the results, due to the observed decreases in Fv/Fm, that 

some herbicides affect the maximum photosynthetic efficiency of a plant, by targeting 

the photosystems (specifically PSII), and that they can be detected utilising chlorophyll 

fluorescence imaging, confirming the hypothesis of this work (Juneau et al., 2007; Park 

et al., 2016). However, many did not, and therefore their effect cannot easily and 

definitively be detected using dark adapted data from chlorophyll fluorescence imaging 

over the time period used in this study. Herbicides whose mode of action do not directly 

target PSII can potentially be detected using CFI of Fv/Fm, however a longer time frame 

would need to be utilised, as the effects of these herbicides takes longer to have an 

effect on the photosystems than the 24 h time period used here. The number of 

herbicides that resulted in a decrease in the maximum efficiency of photosynthesis 

when an adjuvant was added increased in this study. The adjuvant SLES was found 

to be the more effective of the two adjuvants tested, as it increased the efficacy and/or 

the rate of effect of more herbicides than Tween 20, and to a greater degree. The 

herbicides which greatly affected the Fv/Fm (decreases of >0.5 normalised, to true 

values of less than ~0.4 Fv/Fm after 24 hours, Fig. 2.7) of L. minor in the given assay 

can be deduced to have a mode of action affecting photosystem II. Additionally, as the 

assay was performed using dark adapted data, herbicides directly affecting 

photosystem I would not initially have an effect on PSII and therefore CF emissions 

(Juneau et al., 2007). Herbicides with an MOA targeting PSI would possibly take 

longer for an effect on the efficiency of PSII to be observed, which was not detectable 

in the 24 h time frame of this study. This methodology helps to ensure that those 
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herbicides that did have a very large observed effect on Fv/Fm were specifically 

targeting PSII, as opposed to PSI. It can be deduced that some herbicide’s affect PSII 

as a secondary or tertiary mode of action, and not as their primary mode of action, due 

to detectable changes in the CF emissions, for example, Imazapic (Fig 2.6g). Imazapic 

has a primary mode of action affecting the amino acid biosynthesis of the plant, 

however with the addition of the adjuvant SLES, Imazapic can be seen to have a large 

effect on the Fv/Fm, and so it could be determined that Imazapic also effects PSII as a 

secondary MOA (Sebastian et al., 2016). Further evidence that employing CFI is a 

useful technique for this research comes from the low false negative rate of this assay, 

which shows that all known PSII herbicides from the standards list were easily 

detectable. 

Preliminary testing showed that using the adjuvant SLES at a concentration of 

0.2% had no phytotoxic effect on the plant, however the results shown here indicate 

that many of the herbicides had improved efficacy after 24-hours when the adjuvant 

was included (shown by a decrease in Fv/Fm). Future work should test the potential 

phytotoxic effects of the two adjuvants, across more samples, and at a variation of 

concentrations. Additional replicates could be performed of either the entire 

preliminary list of herbicides (110), or of the reduced list (36 herbicides), to minimise 

assay length.  

The 12 herbicides which were most affected by the addition of an adjuvant were 

analysed separately. These herbicides highlighted the efficacy of the adjuvant SLES, 

with Tween 20 being seemingly less effective. The difference in timing for observing 

the effects can be noted down to differences in herbicidal modes of action (Juneau et 

al., 2007). Without the addition of any adjuvants, the five herbicides Bromoxynil, 

Dinoseb, Haloxydine, PSII standard 1, and PSII standard 2, caused a large decrease 
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in Fv/Fm after 24 hours (from approximately 0.78 true Fv/Fm to ~0.55-0.25 true Fv/Fm). 

However, with the addition of an adjuvant, mainly SLES, the effect of the herbicide on 

Fv/Fm was seen much quicker, after 0-3 hours rather than 24. Three of these five 

herbicides (Bromoxynil, PSII standard 1, and PSII standard 2) had a mode of action 

specifically targeting PSII, one, Dinoseb, acts as an uncoupler of electron transport for 

ATP synthesis, and the herbicide Haloxydine has a MOA inhibiting homogentisate 

solanesyltransferase (HRAC, 2020a; Qu et al., 2021). These data suggest that 

Haloxydine could have a secondary mode of action targeting photosynthetic electron 

transport, specifically at photosystem II. 

The data presented here demonstrate that CFI is an appropriate tool for higher 

throughput assessment of herbicidal mode of action. The methods here could also be 

modified for higher throughput, utilising 96 well plates or higher, using either Lemna 

minor, algal cultures, or even chloroplasts (Barbagallo et al., 2003). If CFI was more 

widely adopted for higher throughput herbicidal assessment, it may help with the 

identification of new MOAs that are commercially relevant, with there being only a 

single new MOA being introduced in the past 40 years (Dayan, 2019; Sukhoverkov et 

al., 2021). The necessity of high throughput screening has become increasingly 

evident in the agrochemical industry, due to being a method of improving the 

translation of novel products from concepts to being commercially viable (Ridley et al., 

1998). Combining the practicalities of both chlorophyll fluorescence imaging and using 

Lemna minor as a model test species is an effective higher throughput screening 

approach for the initial screening task of determining early-stage development ideas 

about the MOAs of various herbicides – whether it be affecting PSII (directly or 

indirectly) or otherwise. 
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This research has provided useful data for the assessment of screening 

herbicides for the mode of action, and the effect that two common adjuvants have on 

efficacy, utilising the technique of chlorophyll fluorescence imaging. The results of this 

assay highlight two ways in which the adjuvants affect the efficacy of PSII herbicides; 

those that increase the rate of effect, and those that increase the magnitude of effect. 

Future work into the understanding of herbicidal modes of action, as well as the 

development of novel herbicides, should use chlorophyll fluorescence imaging as a 

key component in the process, as it gives accurate and repeatable results, in a rapid 

and inexpensive manner. This assay has proved that CFI is a promising and valuable 

tool for this type of research, and that it is a valid method that could be used more 

extensively in the understanding of existing, and development of novel, herbicides. 
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3. Study 2 – Determination of Herbicidal and Adjuvant Efficacies and 

Phytotoxicities on Relevant Terrestrial Species 

3.1 Introduction 

  3.1.1 Background 

Weeds are one of the most important yield-determining factors in crops and can 

cause significant yield losses (Asaduzzaman et al., 2020). This is especially prevalent 

and important in arable crops, such as Rapeseed (Brassica napus), given that it is the 

second most important source of vegetable oil worldwide, with approximate revenue 

losses of  $54 million in Australia alone (Brennan and Bolland, 2007; Llewellyn et al., 

2016). The significant yield loss from weeds is due to the resulting competition for 

resources such as light, water, nutrients, as well as space in the field – the more space 

that is taken up by invasive species, the less space there is for the desired crop. For 

example, wild radish is a prevalent annual weed, and as little as 4 wild radish plants 

per square metre reduced Brassica napus yield by as much as 11%, with 64 wild 

radish plants per square metre reducing Brassica napus yield by up to 91% 

(Blackshaw et al., 2002). The oil content contained in the Brassica seeds is additionally 

negatively impacted by the competing weeds, causing limited resources (McMullan et 

al., 1994). 

Herbicides are the main tool for weed management in the oil crop Brassica 

napus, which is more commonly known as canola or rapeseed (Harker and O’Donovan 

2013). Initially, growers depended heavily on pre-plant-incorporated herbicides, but 

now there is much greater reliance on post-emergence herbicides for weed control. 

Pre-plant (or pre-emergent) herbicides are active in the soil, and kill the weed seed 

when it is germinating, however post-plant (or post-emergent) herbicides are applied 
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after the plant has emerged from the soil and kills it at this point (Krähmer et al., 2021). 

Pre-emergence herbicides are mainly taken up by the roots, whereas post-emergent 

herbicides are mainly taken up via leaves and stems. This trend has enabled the 

widespread adoption of reduced tillage, especially with the advent of herbicide-tolerant 

Brassica napus cultivars, including genetically modified (GM) Brassica napus, such as 

the events T45 (“Liberty Link canola”), MS8, RF3, ATR-409, and GT73(COGEM, 2019; 

Kumar et al., 1998; Lemerle et al., 2011). The availability of the associated broad-

spectrum action herbicides has aided the control of problematic weeds such as wild 

radish, shepherd’s purse (Capsella bursa-pastoris) and wild garlic (Allium vineale), 

which all act as invasive species, and impact the yields of Brassica napus 

harvests(Grey et al., 2006). Consequently, current rapeseed rotation and seeding 

techniques are highly dependent on herbicides, but the repetitive use of any one 

herbicide on large populations of genetically variable weed species selects for 

resistant weed biotypes (Heap 2018). 

3.1.2 Herbicidal modes of action 

A specific group of herbicides were chosen for this assay. They were chosen 

as to cover a wide range of known and common modes of action, from each major 

MOA class. All active ingredients selected were post-emergent and foliar applied, ands 

interact directly with the leaf. An additional interest was given to minimizing where 

possible the hazard and contamination risks potentially posed by the active 

ingredients, with the safest active ingredients being selected. Further information 

about the mechanistic properties and targeting sites of the herbicidal modes of action 

will be detailed below. 
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Table 3.1. The various herbicides used in the present research, and their respective 

modes of action and partition coefficients (PPDB, 2023). 

Mode of Action Herbicide logP 

Photosystem I Paraquat -4.50 

Photosystem II Bromoxynil 0.27 

Amino Acid Biosynthesis Glyphosate -6.28 

Fatty Acid Biosynthesis Diclofop-methyl 4.80 

NH4 Assimilation/Photorespiration Glufosinate -3.96 

Plastoquinone Biosynthesis Mesotrione 0.11 
 

 

  Photosystem I & II. More herbicide classes have inhibitory effects on 

photosynthetic activity than any other physiological process (Duke, 1990). This 

experiment utilised the photosystem II inhibitor Bromoxynil, and the photosystem I 

inhibitor Paraquat. 

Amino acid biosynthesis. Herbicides which act as amino acid biosynthesis 

inhibitors typically have a broad-spectrum of activity caused by the high levels of 

conservation of the amino acid biosynthesis pathways in plants (Hall et al., 2020). 

Glyphosate is one such amino acid biosynthesis inhibitor, and competitively inhibits 

the enzyme 5-enolpyruvylshikimate 3-phosphate synthase (EPSPS), the penultimate 

enzyme in the shikimate pathway (Duke, 1990). The shikimate pathway links the 

metabolism of carbohydrates to the biosynthesis of folates and aromatic amino acids 

via seven steps, with over 30% of all carbon fixed by plants traveling through this 

pathway (Herrmann and Weaver, 1999; Shaner, 2006). When glyphosate inhibits 

EPSP synthase, the pathway is deregulated, and an accumulation of shikimate and 

shikimate-3-phosphate occurs, having toxic effects, as well as deregulating carbon 

metabolism (de María et al., 2006). Additionally, the reduced synthesis of aromatic 
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amino acids leads to limited protein, cell wall, and secondary plant product synthesis 

(Velini et al., 2009). 

Lipid (fatty acid) biosynthesis. Diclofop-methyl targets the plasma membrane 

and acetyl-CoA carboxylase (Shimabukuro and Hoffer, 1994). Acetyl-CoA catalyses 

the production of malonyl-CoA, which is the first intermediate in fatty acid biosynthesis, 

and inhibiting the enzyme acetyl-CoA stops this synthesis (Konishi and Sasaki, 1994). 

Although herbicides affecting acetyl-CoA do not directly affect the photosystems, the 

photosynthetic health of the plant is affected due to the creation of reactive oxygen 

species (Kaiser et al., 2013). The production of ROS causes multiple damaging 

reactions, which interrupt the electron transport from PSII to PSI, which consequently 

affects the chlorophyll fluorescence emissions. Due to this, herbicides which have a 

mode of action affecting fatty acid biosynthesis should be detectable via chlorophyll 

fluorescence imaging systems, although possibly not as rapidly as those herbicides 

which directly affect the photosystems.  

NH4 assimilation/photorespiration. The herbicidal effect of Glufosinate 

ammonium can be attributed to the accumulation of NH4
+, caused by the inhibition of 

glutamine synthetase (Donthi and Kumar, 2022; Loux et al., 2019b; Takano et al., 

2020; Takano and Dayan, 2020). The build-up of this phytotoxic ammonia disrupts cell 

membranes and inhibits photosynthesis, causing eventual plant death (PPDB, 2023).  

Plastoquinone biosynthesis. Herbicides which inhibit plastoquinone, inhibit the 

processes of carotenoid biosynthesis as well as photosynthetic electron transport, and 

cause bleaching phytotoxicity due to a lack of photoprotection (see Figure 3.1) 

(Wakabayashi and Böger, 2002). As a plastoquinone biosynthesis inhibitor, 

Mesotrione interferes with the synthesis of homogentisate, which inhibits the enzyme 
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p-hydroxyphenylpyruvate dioxygenase (HPPD) (Mitchell et al., 2001). HPPD catalyses 

the synthesis of homogentisic acid, which is an antecedent of plastoquinone and 

vitamin E (Matringe et al., 2005). 

 

 

Figure 3.1. Bleaching effects caused by the plastoquinone biosynthesis inhibitor 

Mesotrione, as seen on a leaf of Amaranthus retroflexus, 3 hours after the 

application of the treatment. (a) Shows a photograph of the Amaranthus leaf, and 

(b) shows a CF image of the leaf. 

  

3.1.3 Adjuvants 

The aim of the usage of adjuvants is to reduce the amounts of active ingredients 

needed in a herbicidal mixture to attain similar results, by increasing the efficacy of the 

herbicidal mixtures. This improvement can be achieved by a variety of means, such 

as increasing the surface area of leaf covered in herbicidal mixture by decreasing the 

surface tension of the mixture, or by improving the viscosity/adherence of the mixture 

to the leaf surface  (Hazen, 2000; Zhang et al., 2022). Specifically, surfactants aim to 

reduce the surface tension of the herbicidal mixture so it can cover a larger surface 

area of the leaf. However, when applied in the field, more than one adjuvant 

mechanism may be used and affect the biological performance of the herbicide. Both 

of the adjuvants used in this study were surfactants, and cover a wide range of active 

a b 
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ingredients. Tween 20 is more versatile and acts on a large breadth of active ingredient 

lipophilicities, whilst SLES tends to provide more effective results with active 

ingredients with medium to low logP’s. 

3.1.4 Selected species 

Plants of Amaranthus retroflexus, Brassica napus, and Echinochloa crus-galli 

were used for this experiment, due to them common weed species or important crops 

used in herbicidal screening assays, but they also cover a range of leaf morphologies 

– broad leaf retentive (Amaranthus), broad leaf non-retentive (Brassica), and grasses 

(Echinochloa).  

Amaranthus retroflexus, more commonly known as red root pigweed, is a crop 

commonly used in a culinary sense across many parts of the globe, as well as livestock 

fodder when used in moderation, due to its high nutritional value but also toxicity 

(Lucian et al., 2018; Weston et al., 2019). Despite its positive uses, Amaranthus 

retroflexus is also a serious weed, affecting the production of over 60 crops, but more 

seriously having a major effect on the yields of maize, with yield losses can reach 

almost 90% when Amaranthus is present in a great enough density (Brankov et al., 

2022; Costea et al., 2004; Dogaru et al., 2012). These decreases in yield can partially 

be specifically attributed to allelopathy, which is the process of plants releasing harmful 

chemicals into their environment to inhibit the growth of other plants in the same area 

(Konstantinović et al., 2014; Rice, 1979). 

Brassica napus is a major oilseed crop with it being the second most important 

source of vegetable oil worldwide, with an estimated 80 million tons being produced in 

the current harvest season (2022-2023) (Brennan and Bolland, 2007; USDA, 2022). 

The species initially arose due to the natural hybridisation of Brassica oleracea and 
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Brassica rapa. Aside from its uses as a food crop, Brassica napus is also an 

exceptionally important medicinal plant, prized for its uses in traditional therapies, as 

well as also being used as a biodiesel and lubricant (Balambica et al., 2022; Friedt et 

al., 2018; Nath et al., 2016; Soodabeh and Ahmad, 2012). 

Echinochloa crus-galli, also known commonly as barnyard grass, is designated 

as one of the most noxious and serious weeds worldwide, causing substantial yield 

loss in a number of field crops, including rice and corn, due to it intensely competing 

for all available Nitrogen in the soil, and removing up to 80% (Bajwa et al., 2015; 

Chauhan and Johnson, 2011; Holm et al., 1991; Randall, 2012). The effects of 

Echninochloa crus-galli are felt especially so by rice farmers, as at younger stages of 

its growth the weed looks very similar to the rice crop, and so by the time the farmer 

can differentiate between them, yield losses may be inevitable. E. crus-galli is however 

sometimes cultivated, due to its uses as cattle-fodder and silage (Heuzé et al., 2020). 

  3.1.5 Aims 

The aim of this study was to assess the efficacies of the six aforementioned 

herbicides, when used on their own as well as with the addition of the adjuvants SLES 

or Tween 20, on the terrestrial species of Amaranthus retroflexus, Brassica napus, 

and Echinochloa crus-galli. The efficacies of the herbicides will be determined using 

chlorophyll fluorescence imaging, which in turn will be assessed on whether it is a 

suitable tool for work of this nature. The work within this section is to assess the 

findings of the initial assay of this project which utilised the aquatic species Lemna 

minor, which determined that CFI was a suitable method for herbicidal MOA screening, 

whilst building upon the methodologies and adapting them to the different species and 

task of rating adjuvants.  
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3.2. Materials and Methods 

3.2.1 Plant material and growth conditions 

Amaranthus retroflexus (AMARE), Brassica napus (BRSNN), and Echinochloa 

crus-galli (ECHCG) were grown in 80 mm pots, in a 50:50 potting mixture of John 

Innes No 3 compost and coir, with a pH of 6.1. The plants were germinated in the 

Syngenta growth facilities (glass house, 24oC for AMARE and ECHCG, 20oC for 

BRSNN, sunlight (~300µmol m-2 s-1)). When received at the university, the plants were 

further grown in controlled environments maintained at 23oC and 50% humidity, grown 

under a light intensity of 300µmol m-2 s-1, provided by heliospectra lights with a 

standard white spectrum, on a 16hr day/8hr night cycle. Plants were kept in well-

watered conditions, with their positions under the lights being rotated every day, to 

ensure an even heterogeneity.  

Plants older than 2 weeks since arrival to the university, or dicots past the 4 

true leaf stage, were not used as to keep the age of the plants and leaf size somewhat 

consistent. 

 

  3.2.2 Concentrations and application of treatments 

In this experiment, three treatments were applied to the plants; 1) the herbicide 

on its own; 2) the herbicide with the addition of the adjuvant Tween 20; 3) the herbicide 

along with the adjuvant SLES. In the treatments utilising adjuvants, the herbicide was 

at the same concentration as the control condition (with no adjuvants). The herbicidal 

and adjuvant concentrations utilised in this research were both 0.2% by weight, which 
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is equivalent to 400g/ha, for an application rate of 200L/ha. The solutions were made 

up in 80% by weight Acetonitrile (ACN) in water to provide homogeneous solutions of 

all the herbicides used, and also to normalise the data for wetting/spreading 

discrepancies between adjuvants. These concentrations were used as typical of 

practical application of farmers in the field. The herbicidal mixtures were applied to the 

leaf surfaces via a micro-pipette, which allowed for droplets of 0.5ul to be applied. Six 

0.5ul droplets were applied to the treated leaf. Additionally, the adjuvant concentration 

was further refined to a point where it was high enough so that differences in 

treatments could potentially be resolved, however not to too high a concentration to 

cause any phytotoxic damage itself to the treated leaves. To determine this, 

precursory tests were performed using adjuvant concentrations of 0.2%, 0.1%, and 

0.05% in 80% ACN, and then applied onto the leaf in the same manner that they would 

be in the experiment. The leaves were then imaged with the same protocol on the CF 

imager to determine if any damage could be detected. No phytotoxic damage was 

detected using these concentrations.  

Additionally, as the entire leaf of the Echinochloa plants could not fit into the 

imaging area, these were sectioned into a 3-cm section using a marker pen. All 

treatments would be applied inside this 3-cm section, and the resulting images were 

edited down as to only include this section of leaf. For Amaranthus and Brassica 

plants, the entire leaf was kept, with stems and other peripheral sections of the plant 

visible being removed. 

  3.2.3 Chlorophyll fluorescence imaging 

Immediately after the treatments had been applied to the plants, the plants were 

dark adapted for 20 min. To ensure a mostly even dark adaption between samples, 
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the application of treatments to the plants was staggered, by the same length of time 

that the protocol takes to run, placing plants in and taking out of imager, and saving 

the file. After the plants had been dark adapted for the suitable amount of time, they 

were placed inside the CF Imager, and had a piece of non-reflective glass placed over 

the top, as to ensure that all leaves being imaged were at the same height. The plants 

then underwent the imaging protocol, which proceeded as follows: 800ms pulse of 

6401µmol m-2 s-1 light to obtain dark adapted values, followed by 3 minutes of 

exposure to 300µmol m-2 s-1actinic light, which was again followed by an 800ms pulse 

of 6401µmol m-2 s-1, this time to obtain the light adapted values. After the protocol had 

finished, the plant was removed from the imaging system and placed back into the 

growth facilities, until it was time for the subsequent round of imaging. Samples/plants 

were imaged at time points of (all time points are given in hours after treatment was 

applied); 0, 1, 3, 5, and 24. 

After the 24-hour imaging protocol had finished, the plants, soil, and pots were 

disposed of in the appropriate manner, as outlined by the departments risk 

assessments. 

Four replicates were performed of each sample, with there being 54 individual 

possibilities of combinations, each one a separate sample, imaged across five different 

time points. This led to the generation of over 1,080 separate chlorophyll fluorescence 

imager files.  

3.2.4 Image editing 

All images taken were edited as to only include the leaf which the treatments 

were applied to, as opposed to the plant stems, soil, or any background reflectance 

from the imager casing.  
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Figure 3.2. Brassica napus leaf, 5-hours after the application of a herbicidal mixture 

containing Glufosinate and Tween 20. Overall leaf Fv/Fm values were equal to ~0.78. 

When the mouse cursor is placed over the image, the value displayed is the value 

for that specific pixel. It could be seen that the values inside the blue box above, 

specifically in the visible ‘dot’ of affected area, were much lower than the whole leaf 

value – specifically 0.433. 

 

Further analysis of the collected CF images evidenced that herbicide effects 

were not always clear – values were much lower in the spots where the treatments 

were applied compared to the whole leaf. Due to this, for some data, the images were 

subsequently edited down to a point where only the areas affected by the treatments 

were included, and treated as a separate data set for comparisons. Section 3.3.4 

details this more fully. 
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Figure 3.3. Process of deleting leaf data, narrowing to just application site of 

herbicide, henceforth referred to as ‘dot/s’. (a) Initial image containing entire leaf, 

and (b) selection of the application ‘dot’. The sample included in the images is a leaf 

of Amaranthus retroflexus, 3-hours the application of the herbicide Bromoxynil. Due 

to this selection process, Fv/Fm values can be seen to decrease from 0.722 for the 

whole leaf to just 0.449 for the ‘dots’. A similar trend is seen for the light adapted 

data. 

3.2.5 Statistical analysis 

The Fluorimager programme from Technologica was used to analyse and edit 

the photos after each image time point. The numerical data was then transferred into 

a 

b 
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Microsoft Excel and R studio for additional analysis and statistical analyses. Utilizing 

the R Studio (version 1.1.463) interface for the open-source package R (R Core Team, 

Vienna Austria 2019, version 3.6.3 for Windows), analyses of variance (ANOVA) and 

post-hoc Tukey testing were carried out for all statistical studies. 

 

3.3. Results 

This study examined 18 treatments, that included different combinations of herbicides 

and adjuvants. There were 6 herbicides which either had SLES, Tween 20, or no 

adjuvant added. 

3.3.1 Effects of herbicides and adjuvants on the dark-adapted 

maximum photosynthetic efficiency of photosystem II (Fv/Fm) 

Bromoxynil 

Little effect of Bromoxynil application was observed on the dark-adapted 

maximum efficiency of PSII of the AMARE leaves with only a small decrease observed 

over 24-hours (Fig 3.4a). However, a significant difference was seen between the 

treatments (p<0.001), with those utilising adjuvants being significantly lower than the 

herbicide on its own (SLES-H p<0.001; Tween-H p<0.05). 

There was no significant difference between the effects of the tested 

Bromoxynil treatments on the dark adapted maximum photosynthetic capacity of the 

Brassica napus leaves (p>0.05) (Fig 3.4g). 

A difference in effects of treatments on the Echinochloa leaf segments is clearly 

apparent (Fig3.4m), clearly showing that the treatments utilising the adjuvants SLES 

and Tween 20 had a much greater effect on the maximum photosynthetic capacity of 
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PSII than the treatment which solely utilised the herbicide Bromoxynil, and this 

difference was significant (SLES-H p<0.001; Tween-H p<0.001). Over the 24 hours, 

the SLES and Tween 20 treatments decreased Fv/Fm in Echinochloa leaves to 

approximately half of the initial values recorded, whereas the herbicide treatment 

values stayed relatively consistent over the 24-hours, with only a small decrease of 

around 0.1. 

Diclofop-methyl 

The application of Diclofop-methyl, even with the two adjuvants, proved to have 

little effect on the Amaranthus leaves (Fig 3.4b), with Fv/Fm values staying consistently 

around 0.75 (p>0.05). 

Diclofop-methyl showed to have little effect on the Brassica napus leaves (Fig 

3.4h), with no statistically significant differences being observed between the 

treatments (p>0.05). 

As with both the Brassica and Amaranthus leaves, the values recorded for all 

three of the Diclofop-methyl treatments when applied to ECHCG stayed extraordinarily 

consistent over the period of the experiment, with little variance being seen between 

them, and little effect being seen from any of the treatments (p>0.05) (Fig 3.4n). 
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Glufosinate 

The three Glufosinate treatments used for this experiment showed similar 

patterns in effect on the Fv/Fm of the Amaranthus leaves, with a subtle decline between 

0 and 5 hours after application, and then a larger drop off at the 24-hour mark (Fig 

3.4c). However, no significant difference was observed between the treatments 

(p>0.05). 

Until the 24-hour mark, little difference is observed between the treatments 

when using Glufosinate on Brassica napus leaves (Fig 3.4i). However, after 24 h 

following application, the treatment with the adjuvant Tween 20 showed a large 

decrease (p<0.01) in Fv/Fm, which is large enough to cause significance when 

comparing the treatments SLES-H (p>0.05) and Tween-H (p<0.01). The differences 

between the effects of the Tween 20 and SLES treatments were near significance 

(Tween-SLES p=0.0659). 

A steady decrease in Fv/Fm over 24 h in the Glufosinate treatments from ~0.8 – 

0.6 was observed, however all three treatments showed this trend with similar data 

values, and hence the results were not significant for ECHCG (p>0.05) (Fig 3.4o). 

 Glyphosate 

Figure 3.4. Mean Fv/Fm of (a-f) Amaranthus retroflexus (AMARE), (g-l) Brassica 

napus (BRSNN), and (m-r) Echinochloa crus-galli (ECHCG) leaves (or 3-cm leaf 

segments in the case of ECHCG) after the application of various herbicides and 

adjuvants, over a time course of 24 hours. The herbicides tested were (a,g,m) 

Bromoxynil, (b,h,n) Diclofop-methyl, (c,i,o) Glufosinate, (d,j,p) Glyphosate, (e,k,q) 

Mesotrione, and (f,l,r) Paraquat. Error bars represent ± standard error, n=4-5. 
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The treatment of Glyphosate on its own when applied to Amaranthus retroflexus 

leaves (Fig 3.4d) showed significantly higher Fv/Fm values than the treatments making 

use of the adjuvants (ANOVA p<0.001; Tukey SLES-H p<0.001; Tween-H p<0.01). 

When applied to BRSNN leaves (Fig 3.4j), all three treatments showed 

consistent similar results across 24 hours, however there was a significant difference 

between them (p<0.001). A difference was found between the adjuvant treatments 

and the herbicide treatment, however no discernible difference was found between the 

two adjuvant treatments (SLES-H p<0.001, Tween-H p<0.01, Tween-SLES p>0.05) 

Although little effect was seen on the Echinochloa leaves due to the application 

of the Glyphosate treatments (Fig 3.4p), an analysis of variance and subsequent post 

hoc Tukey tests revealed that a significant difference between them occurred (p<0.05), 

however only due to the effects of the SLES treatment and not the other adjuvant 

treatment using Tween 20 (SLES-H p<0.05; Tween-H p>0.05; Tween-SLES p<0.05). 

 Mesotrione 

A significant difference was observed between the effects of the treatments 

using the plastoquinone synthesis inhibitor Mesotrione on AMARE (ANOVA p<0.001; 

Tukey SLES-H p<0.001; Tween-H p<0.001) (Fig 3.4e). 

After 24 hours of the application on Brassica napus leaves, a significant 

difference was observed over the time series (p<0.01) (Fig 3.4k). The SLES treatment 

was significantly different from the Tween treatment, but this was not significantly 

different to the herbicidal treatment alone (SLES-H p<0.01, Tween-H p>0.05, Tween-

SLES p>0.05). 

A significant difference was observed (p<0.05) between the effects of the 

various Mesotrione treatments on ECHCG (Fig 3.4q), mainly due to the effects of the 
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SLES treatment specifically at the 24-hour time point (SLES-H p<0.05; Tween-H 

p>0.05; Tween-SLES p>0.05). 

 Paraquat 

No significant difference was observed between the various treatments utilising 

Paraquat (p>0.05). With this being said, all three of the treatments caused a very large 

decrease in the photosynthetic capacity of the Amaranthus leaves, decreasing by 

~50% from the first data recorded, after just 3 h (Fig 3.4f). Over the entire time series 

(24 h), Fv/Fm values decreased drastically to values of ~0.1. Due to this no significant 

difference were observed between the adjuvant treatments and herbicide treatment 

alone, as without the addition of an adjuvant the herbicidal mixture on its own was 

shown to have a very potent effect. 

 No significant difference was observed between the Paraquat treatments 

on Brassica leaves (p>0.05) (Fig 3.4l). Although a strong effect was still seen across 

all treatments after 24-hours, when compared to the other two species being tested 

(AMARE and ECHCG) in the present research, the effect of the Paraquat took longer 

to be exhibited in the Fv/Fm of the BRSNN leaves. As mentioned with the ECHCG 

leaves, the droplets of treatment took up a much smaller area on the BRSNN leaves 

than the other species, and so the effects of treatments were either less or only 

apparent after a longer period of time, in order to reach the same effect as seen on 

the other species. 

Similar to the findings in Amaranthus leaves, there was a strong effect of 

Paraquat on the PSII maximum photosynthetic efficiency in the Echinochloa leaf 

sections, with a major decrease in Fv/Fm of ~0.4 being observed between 1 and 3 

hours post treatment (Fig 3.4r). However, as before, this effect of Paraquat was 
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observed across all three of the treatments, and therefore no significant difference is 

observed (p>0.05). 

3.3.2 Effects of herbicides and adjuvants on the light adapted 

operating photosynthetic efficiency of photosystem II (Fq’/Fm’) 

 Bromoxynil 

There is a clear difference in Fq’/Fm’ values of the Bromoxynil treatments on 

Amaranthus leaves (p<0.001) (Fig 3.5a), with the data of the herbicide treatment alone 

being significantly higher than those that included an adjuvant (SLES-H p<0.001; 

Tween-H p<0.001). The values across the entire time series for the two adjuvant 

treatments were similar (Tween-SLES p>0.05). 

When applied to the leaves of Brassica napus, the addition of adjuvants 

significantly increased the efficacy of the herbicide (p<0.001) (Fig 3.5g). The herbicide 

treatment alone showed a consistently much higher Fq’/Fm’ value than both the SLES 

and Tween 20 treatments, with the latter two showing values of only around ~66% of 

the herbicide values. There was no statistically significant difference between the two 

adjuvant treatments (SLES-H p<0.001; Tween-H p<0.001; Tween-SLES p>0.05). 

For Bromoxynil, the two adjuvant treatments showed a slight decrease in Fq’/Fm’ 

when applied to the Echinochloa leaf segments (Fig 3.5m), and the values recorded 

were consistently a lot lower (~50%) than the herbicide treatment (SLES-H p<0.001; 

Tween-H p<0.001; Tween-SLES p>0.05). 
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Figure 3.5. Mean Fq’/Fm’ of Amaranthus retroflexus (AMARE) (a-f), Brassica napus 

(BRSNN) (g-l), and Echinochloa crus-galli (ECHCG) (m-r) leaves (or 3-cm leaf 

segments in the case of ECHCG) over 24 hours, having had various herbicide and 

adjuvant combinations applied. (a,g,m) Bromoxynil, (b,h,n) Diclofop-methyl, (c,i,o) 

Glufosinate, (d,j,p) Glyphosate, (e,k,q) Mesotrione, and (f,l,r) Paraquat. Error bars 

represent ± standard error, n=4-5. 

 

 Diclofop-methyl 

There was no significant difference observed between the treatments of 

Diclofop-methyl on the Fq’/Fm’ of Amaranthus leaves (p>0.05) (Fig 3.5b). 

After application to the BRSNN leaves, the treatments remain close together in 

a narrow region of Fq’/Fm’ values, and there was no significant differences between 

treatments (p>0.05) (Fig 3.5h).  

The efficacy of Diclofop-methyl was affected by the addition of the adjuvant 

SLES, with a significant difference between the treatment using that adjuvant, and the 

other two treatments, on ECHCG (SLES-H p<0.05; Tween-H p>0.05; Tween-SLES 

p<0.01) (Fig 3.5n). Despite there being a significant difference between the SLES 

treatment and the other mixtures, contrary to what may be expected, the SLES 

treatment showed to produce higher Fq’/Fm’ values than the others. 

 Glufosinate  

All treatments containing Glufosinate consistently showed lower Fq’/Fm’ values 

when compared to other herbicides – however no significant differences were found 

between the Glufosinate treatments when applied to AMARE (p>0.05) (Fig 3.5c). 

All three of the treatments utilising Glufosinate proved to have an effect on the 

operating efficiency of the Brassica napus leaves (Fig 3.5i), specifically after 24 h, 
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which is the point where most of the differences between the treatments occurs 

(p<0.001). The herbicide treatment alone showed consistently higher Fq’/Fm’ values 

than the two adjuvant treatments, with the Tween treatment exhibiting the greatest 

effect at the 24-hour mark (i.e. lowest Fq’/Fm’ value), resulting in a significant difference 

between treatments (SLES-H p=0.054; Tween-H p<0.001; Tween-SLES p>0.05). 

Without the addition of any adjuvants, and with the addition of SLES to 

Glufosinate, significantly (p<0.05) higher PSII operating efficiency values in ECHCG 

were observed when compared to the treatment containing Tween 20 (SLES-H 

p>0.05; Tween-H p<0.05; Tween-SLES p>0.05) (Fig 3.5o). 

 Glyphosate 

When applied to Amaranthus leaves, Glyphosate greatly decreased the PSII 

operating efficiency (p<0.001) (Fig 3.5d), with the two adjuvant treatments having 

routinely lower values recorded than the herbicide treatment alone (SLES-H p<0.001; 

Tween-H p<0.001). Although the SLES treatment was also consistently lower than the 

Tween 20 treatment, this difference was not significant (Tween-SLES p>0.05). 

The two adjuvant treatments proved to have similar effects on BRSNN (Fig 

3.5j), with both having greater effects on Fq’/Fm’ than the herbicide treatment alone, 

recording significantly lower values than the herbicide treatment alone (SLES-H 

p<0.001; Tween-H p<0.001; Tween-SLES p>0.05). 

The values recorded for Fq’/Fm’ on the Echinochloa leaf sections following 

Glyphosate treatments remained stable over the 24-hour period (Fig 3.5p). The values 

for the SLES treatment were consistently and significantly lower than the other two 

treatments, causing an overall significance between the treatments (p<0.05; SLES-H 

p<0.05; Tween-H p>0.05; Tween-SLES p>0.05). 
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 Mesotrione 

The adjuvant treatments resulted in consistently lower values than the herbicide 

treatment alone on AMARE (SLES-H p<0.001; Tween-H p<0.001; Tween-SLES 

p>0.05) (Fig 3.5e). For all treatments, the values were consistently around the 0.42 for 

the adjuvant treatments and 0.6 for the herbicide treatment, without much variance 

over the entire time course. 

There was no significant difference between the treatments across the whole 

time series when using Mesotrione as the main active ingredient in the herbicidal 

mixtures applied to BRSNN (p>0.05) (Fig 3.5k). 

For Mesotrione, the herbicide treatment alone had significantly (p<0.001) less 

of an effect on the operating efficiency of PSII of the Echinochloa leaves than the 

treatments utilising Mesotrione with the addition of adjuvants (Fig 3.5q). The Fq’/Fm’ 

values for the herbicide alone were notably higher across the entire time series (SLES-

H p<0.001; Tween-SLES p<0.001). With both of the adjuvant treatments being 

consistently lower than the herbicide treatment, there was no significant difference 

between them (Tween-SLES p>0.05). 

 Paraquat 

Most of the herbicides did not show much effect on Fq’/Fm’ in Amaranthus 

leaves (Fig 3.5f), however, the PSI inhibitor Paraquat, showed a large effect. Over the 

24 hours of the experiment, values were halved, with the greatest decreases observed 

between 1 and 3-hours. All three treatments showed a similar trend however, and 

there was no significant differences between them (p>0.05). 

The separate addition of the two adjuvants SLES and Tween 20 proved to have 

a significant effect on the efficacy of Paraquat on the Brassica napus leaves (SLES-H 
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p<0.05; Tween-H p<0.05) (Fig 3.5l). All three treatments show a steady (albeit only 

slight) decrease in the Fq’/Fm’ of the Brassica leaves, however between 5 and 24-hours 

there was a large decrease in the operating efficiency, with values decreasing from 

around 0.4 to 0.15.  

Across all treatments, Paraquat had the strongest and most rapid effect on 

Fq’/Fm’ in Echinochloa leaves, with values being reduced to approximately 0.2 after as 

little as 3 hours (Fig 3.5r). Despite also having a strong effect, the herbicide treatment 

alone proved to record higher values than the other two treatments, and significantly 

so (SLES-H p<0.001; Tween-H p<0.01). There was no significant difference between 

the two adjuvant treatments (p>0.05). 

3.3.3 Effect of herbicides and adjuvants on the quenching 

parameters Fq’/Fv’ and Fv’/Fm’ 

   3.3.3.1 Amaranthus retroflexus 

 Bromoxynil 

There was a significant difference in Bromoxynil treatment effects on Fq’/Fv’ in 

Amaramthus (p<0.001) with the herbicide treatment alone having greater values 

across the entire time series than when either of the two adjuvant treatments were 

added to the treatment (SLES-H p<0.001; Tween-H p<0.001) (Fig 3.6a). There was 

no significant difference between the two adjuvant treatments (p>0.05). 

A significant difference (p<0.001) was found between the treatments, when 

assessing the Fv’/Fm’ of Amaranthus leaves after the application of various treatments 

(Fig 3.6b). The largest differences occurred at time points T0 and T24, with SLES 

resulting in a Fv’/Fm’ lower than the other treatments, and Tween 20 being lower than 

the herbicide treatment (SLES-H p<0.001; Tween-H p<0.05). Although the two 
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adjuvant treatments showed different responses, the differences were slightly above 

the 0.05 significance threshold (Tween-SLES p=0.05432). 

Glyphosate 

The results recorded for the treatments containing the herbicide Glyphosate 

form a bell-shaped response over the 24-h time series, with the highest Fq’/Fv’ values 

recorded after 3 and 5 hours, and the lower values for all treatments either side at 0 

and 24 hours after application (Fig 3.6c). The herbicide treatment records consistently 

higher value than the other two treatments at all time points with the exception of T0, 

and SLES treatment records consistently lower values than all other treatments 

(SLES-H p<0.01; Tween-H p<0.01). However, there was no significant difference 

between the two adjuvant treatments (SLES-Tween p>0.05). 

Across the whole time series, the adjuvant treatments with Glyphosate resulted 

in lower Fv’/Fm’ values than the herbicide on its own (SLES-H p<0.001; Tween-H 

p<0.001) (Fig 3.6d). Although the SLES treatment values were consistently lower than 

the Tween 20 treatment, these differences were not significant (Tween-SLES p>0.05). 

 Mesotrione 

Similar to the findings for both Bromoxynil and Glyphosate, the Mesotrione 

treatment alone resulted in higher Fq’/Fv’ values than with the addition of the two 

adjuvants (p<0.001) (Fig 3.6e). The two adjuvant treatments had an almost identical 

effect on the Amaranthus leaves (SLES-H p<0.001; Tween-H p<0.001; Tween-SLES 

p>0.05). 
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Figure 3.6. Mean Fq’/Fv’ (a,c,e) and mean Fv’/Fm’ (b,d,f) of Amaranthus retroflexus 

leaves over 24 hours, having had various herbicide and adjuvant combinations 

applied. The herbicides analysed were (a,b) Bromoxynil, (c,d) Glyphosate, and (e,f) 

Mesotrione. Error bars represent +- standard error, n=4. Only the treatments which 

showed significant effects in the corresponding Fq’/Fm’ measurements were 

analysed. Error bars represent ± standard error, n=4-5. 

 

Much like the previous two herbicides mentioned, treatments utilising 

Mesotrione as an active ingredient showed that those that used an adjuvant in addition 

to just the herbicide recorded lower Fv’/Fm’ values than the treatment using just the 

herbicide, and to a significant level (SLES-H p<0.01; Tween-H p<0.01) (Fig 3.6f). 

3.3.3.2 Brassica napus 

Interestingly, all four of the herbicides analysed in Fig 3.7 (a-d) resulted in an 

increase of the Fq’/Fv’ in Brassica leaves over the 24-hour time series. This effect was 

often mirrored in the treatments that included either adjuvant, although not always. 

a b 

c d 

e f 
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Bromoxynil 

There was a large difference in Fq’/Fv’ between the different treatments, with 

the herbicide treatment alone having much higher values over the entire time series 

than when the two adjuvants were added (SLES-H p<0.001; Tween-H p<0.001) (Fig 

3.7a). The Tween 20 treatment resulted in lower values than the SLES treatment, 

however the difference not significant (Tween-SLES p>0.05). 

Bromoxynil application on Brassica napus leaves was not affected by the 

addition of an adjuvant, with all three treatments displaying similar results, 

characterised by a drop in Fv’/Fm’ after 24 hours (p>0.05) (Fig 3.7e). 

Glufosinate 

As no significant difference was found between the SLES treatment and 

herbicide alone treatment for the results of Fq’/Fm’ in Brassica leaves, only the results 

of the treatments ‘Herbicide alone’ and ‘Tween 20’ are displayed in Figure 3.7 d&h.  

There was no significant difference detected between the effects of the 

treatments using Glufosinate as a main active ingredient on Fq’/Fv’ of Amaranthus 

leaves (p>0.05) (Fig 3.7d). 

Both treatments containing Glufosinate have an effect on the maximum 

efficiency of PSII (Fv’/Fm’) in Brassica leaves, however the treatment utilising Tween 

20 as an adjuvant resulted in lower values after 24-hours with a decrease in values by 

about 0.2, as opposed to 0.05 observed for the herbicide treatment alone (p<0.001 

(Fig 3.7h).  
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Figure 3.7. Mean Fq’/Fv’ (a-d) and mean Fv’/Fm’ (e-h) of Brassica napus leaves over 

24 hours, having had various herbicide and adjuvant combinations applied. The 

herbicides analysed were (a,e) Bromoxynil, (b,f) Glyphosate, (c,g) Paraquat, and 

(d,h) Glufosinate. Error bars represent +- standard error, n=4. Only the treatments 

which showed significant effects in the corresponding Fq’/Fm’ measurements were 

analysed. Error bars represent ± standard error, n=4-5. 
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 Glyphosate 

A significant difference was observed in Fq’/Fv’ (p<0.001) between the three 

Glyphosate treatments (Fig 3.7b). Specifically, there was a clear gap between the 

herbicide treatment and the adjuvant treatments, with the adjuvant treatments 

consistently lower than the herbicide on its own, with no difference being detected 

between the two adjuvant treatments (SLES-H p<0.001; Tween-H p<0.001; Tween-

SLES p>0.05). 

For the majority of the time series, the treatment without adjuvants maintained 

higher levels of Fv’/Fm’ than the treatments with adjuvants (SLES-H p<0.001; Tween-

H p<0.001) (Fig 3.7f). Additionally, the SLES treatment was significantly lower than 

the Tween 20 treatment (Tween-SLES p<0.05). 

 Paraquat 

After 24 h, Fq’/Fv’ increased in all three treatments, with the greatest difference 

being observed in the two adjuvant treatments, with values increasing by ~40% from 

approximately 0.6 to almost 0.8 (Fig 3.7c). As this trend was observed with the 

application of both adjuvants, there was no significant difference observed between 

the adjuvant treatments, however (as seems to be the case with most of these results), 

the herbicide treatment alone was consistently greater than when either of the two 

adjuvants were included (SLES-H p<0.001; Tween-H p<0.001; Tween-SLES p>0.05). 

The treatment of solely Paraquat proved to have significantly (p<0.05) lower 

values recorded for Fv’/Fm’ than with the addition of any adjuvants (SLES-H p<0.05; 

Tween-H p>0.05) (Fig 3.7g). All three treatments had a large effect on Fv’/Fm’, with 

values decreasing to as little as 0.1 after 24 hours. The herbicide treatment alone 

shows a much more gentle decrease in Fv’/Fm’ over the 24 hours, compared with the 
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addition of adjuvants, which lowered Fv’/Fm’ between 5 and 24 hours from around 0.6 

to 0.1. 

   3.3.3.3 Echinochloa crus-galli 

Bromoxynil 

The effect of Bromoxynil on the co-efficient of photochemical quenching (Fq’/Fv’) 

of the Echinochloa leaf sections is dependent on whether any adjuvants were used in 

conjunction with the herbicide (Fig 3.8a). When adjuvants were included in the 

treatments, values were significantly reduced, with Fq’/Fv’ values at about half those of 

the herbicide treatment (p<0.001). Individually, the SLES treatment was significantly 

different to the herbicide treatment (p<0.001), and so was the Tween 20 treatment 

(p<0.001), however the two adjuvant treatments were not significantly different from 

one another (p>0.05). 

The treatment mixtures that contained Bromoxynil and either of the two 

adjuvants showed to steadily decrease the Fv’/Fm’ over a 24-hour period, when applied 

to Echinochloa leaf sections (Fig 3.8f). Over this time course, values dropped from 

~0.6 straight after the herbicidal mixture was applied, to around 0.3, 24 h after 

application. The treatment which did not utilise an adjuvant resulted in a decreased 

light adapted maximum efficiency of PSII over the time period, however this decrease 

was not large as large as the decrease due to the treatments with adjuvants, and so 

was significantly different when compared with the other treatments (SLES-H p<0.001; 

Tween-H p<0.001). 
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Figure 3.8. Mean Fq’/Fv’ (a-e) and mean Fv’/Fm’ (f-j) of 3-cm sections of Echinochloa 

crus-galli leaves over 24 hours, having had various herbicide and adjuvant 

combinations applied. (a,f) Bromoxynil, (b,g) Glufosinate, (c,h) Glyphosate, (d,i) 

Mesotrione, and (e,j) Paraquat. Error bars represent +- standard error, n=4. Only 

the treatments which showed significant effects in the corresponding Fq’/Fm’ 

measurements were analysed. Error bars represent ± standard error, n=4-5. 
 

Glufosinate 

As mentioned previously with regards to the Glufosinate applied to BRSNN, 

only the application of Tween 20 resulted in a significant difference in Fq’/Fm’ when 
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compared with the herbicide treatment alone, when applied to the Echinochloa leaf 

sections. As such only these results are displayed in Figure 3.8 b&g. 

Fq’/Fv’ values for all Glufosinate treatments were similar between all treatments, with 

no statistically significant differences being observed between treatments (p>0.05) 

(Fig 3.8b).  

Both of the treatments analysed here, just the herbicide on its own, and with 

the addition of Tween 20, that included Glufosinate as the main active ingredient of 

the mixture, showed a steady decrease in Fv’/Fm’ with no significant differences 

between treatments (p>0.05) (Fig 3.8g). 

 Glyphosate 

As no significant differences in Fq’/Fm’ were found between the Tween 20 

treatment and Herbicide alone treatment, only the results for the Herbicide alone and 

SLES treatments were analysed for the quenching parameters Fq’/Fv’ and Fv’/Fm’, 

when applied to ECHCG (Figure 3.8 c&h). 

No effect of the Glyphosate treatments on Fq’/Fv’ values can clearly be seen, 

with the values plateauing from T0 until T24, with no significant differences be 

observable between the treatments (p>0.05) (Fig 3.8c). 

The Fv’/Fm’ values recorded for both the herbicide treatment and SLES 

treatment remained reasonably similar across the time series, with some 

differentiation between them starting after 24 hours (Fig 3.8h). However, there was no 

significant differences between them (p>0.05). 

 Mesotrione 
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A clear difference was observed in the effects of the various treatments on 

Fq’/Fv’, with the Mesotrione alone treatment staying significantly higher (p<0.001) than 

the adjuvant treatments for the entire time series (Fig 3.8d)  (SLES-H p<0.001; Tween-

H p<0.001). There was no difference between the effects of the adjuvant treatments 

on Fq’/Fv’ (Tween-SLES p>0.05). 

No statistically significant differences were observed when comparing the 

effects of the various Mesotrione treatments on the Fv’/Fm’ of Echinochloa leaf 

segments (p>0.05) (Fig 3.8i). 

 Paraquat 

A significant difference (p<0.001) in the Fq’/Fv’ was observed between the 

various treatments utilising Paraquat, with the herbicide treatment maintaining higher 

values than the adjuvant treatments (SLES-H p<0.001; Tween-H p<0.001) (Fig 3.8e). 

Despite the differences in data, the treatments follow the same pattern, with a dip 

being observed after 1 h, followed by a steady increase over the rest of the time 

course, from 3 hours after application until 24 hours after application. 

All treatments including Paraquat showed a strong effect on the maximum 

efficiency of PSII (Fv’/Fm’) in the light adapted Echinochloa leaf segments, drastically 

decreasing values from 0.6 at the start of the assay, to a minimal level of around 0.1 

after 24 h, for all treatments, with the largest single decrease occurring between 1 and 

3-hours (Fig 3.8j). There was no significant difference observed between the 

treatments (p>0.05). 

3.3.4 Whole leaf versus affected area of application data 

It can be seen from the results presented above, that the use of a whole leaf 

collects a large amount of data outside of the application area of the treatments, which 
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can lead to poor judgements on how effective the herbicidal treatments were. The 

effects of the herbicides and adjuvants get lost and undetected until 24 hours after 

application, unless the herbicides have an exceptionally strong effect, as seen with the 

likes of Paraquat (Fig 3.4 f,l,r). This was incidentally partially dealt with when utilising 

the monocot Echinochloa crus-galli, as due to the length of the leaves, the leaves were 

sectioned down to just a 3-centimetre segment with treatments applied within this 

reduced leaf area. The following results display this difference in analysis when 

utilising the whole leaf versus only the affected area of application – dubbed ‘dots’ 

henceforth. These ‘dots’ however were not always visible on the chlorophyll 

fluorescence images. A smaller subset of the data was chosen, where for the 

treatments selected, the ‘dots’ could be seen across all replicates performed of all 

treatments. This subset only included results for Amaranthus retroflexus leaves, 3 

hours after the application of the treatments, using only the herbicides Bromoxynil, 

Glufosinate, Mesotrione, and Paraquat. 

3.3.4.1 Maximum efficiency of photosystem II in dark adapted 

material (Fv/Fm) 

 Bromoxynil 

No significant difference was found between the three treatments when using 

the ‘dot’ data (p>0.05) (Fig 3.9a). However, a significant difference was found when 

comparing the results for the ‘dot’ data to the whole leaf data, when looking at the 

treatments separately (Herbicide dot vs whole p<0.001; SLES dot vs whole p<0.001; 

Tween dot vs whole p<0.001). 
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Figure 3.9. Differences between ‘dots’ and whole leaf dark adapted maximum 

efficiency of PSII data recorded, for all three treatments, on Amaranthus retroflexus 

plants, 3 hours after application. The results of the following four herbicides were 

analysed: (a) Bromoxynil, (b) Glufosinate, (c) Mesotrione, and (d) Paraquat. 

Statistical notation above the box plots indicates significance between the ‘dot’ and 

whole leaf data; notation below the box plots indicates significance when comparing 

adjuvant treatments to the herbicide treatment, for ‘dot’ data.  

 

 Glufosinate 

No significant difference was found when comparing the adjuvant treatments to 

the herbicide treatment for this set of ‘dot’ data (p>0.05) (Fig 3.9b). A significant 

difference was found between the ‘dot’ and whole leaf data for the herbicide alone and 

SLES treatments, however not for the Tween 20 treatment (Herbicide dot vs whole 

p<0.01; SLES dot vs whole p<0.01; Tween dot vs whole p>0.05). 
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Mesotrione 

A significant difference was found between the effects of the three Mesotrione 

treatments on the Fv/Fm of the Amaranthus leaves, three hours after application 

(p<0.001) (Fig 3.9c). Both the SLES and Tween 20 treatments showed significantly 

lower maximum efficiencies of PSII than the herbicide alone treatment (SLES-H 

p<0.001; Tween-H p<0.001). Additionally, both adjuvant treatments showed 

significant differences between the data recorded over a whole leaf when compared 

to the data for the ‘dots’, however this difference was not observed for the herbicide 

alone treatment (Herbicide dot vs whole p>0.05; SLES dot vs whole p<0.05; Tween 

dot vs whole p<0.05).  

 Paraquat 

All three treatments utilising Paraquat as an active ingredient, for both the ‘dots’ 

and whole leaf data sets, showed substantially decreased Fv/Fm values after just 3 

hours, with values as low as 0.2 being recorded (Fig 3.9d). As all three treatments had 

already had an exceptionally strong response, there are no significant differences 

between them (p>0.05). In contrast, a significant difference was found between the 

‘dot’ and whole leaf data for the SLES treatment, and the difference between the ‘dot’ 

and whole leaf data for the herbicide alone treatment was slightly above the 

significance threshold of 0.05 (Herbicide dot vs whole p=0.0599; SLES dot vs whole 

p<0.05; Tween dot vs whole p>0.05).  

For all four herbicides, the data extracted from the ‘dots’ exhibited consistently 

lower Fv/Fm values than the Fv/Fm recorded from the whole leaf data sets – for 66% of 

the treatments, this difference was significant. 
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3.3.4.2 Operating efficiency of photosystem II in light 

adapted material (Fq’/Fm’) 

 Bromoxynil 

Significant differences were found between the whole and ‘dot’ data for all three 

Bromoxynil treatments (Herbicide dot vs whole p<0.05; SLES dot vs whole p<0.001; 

Tween dot vs whole p<0.001) (Fig 3.10a). Specifically, a much larger difference was 

found between the whole leaf and ‘dot’ data for the two adjuvant treatments, than the 

herbicide alone treatment. Despite an evidently large difference between the ‘dot’ 

Fq’/Fm’ values for the three treatments, with the Fq’/Fm’ of the Amaranthus leaves 3 h 

after the application of the SLES and Tween 20 treatments being lower than the values 

recorded for the herbicide alone treatment, no significant difference was found 

between the treatments (SLES-H p=0.0545; Tween-H p=0.06146). This is probably 

due to a single value recorded for the herbicide alone treatment that is vastly lower 

than the rest of the values recorded. This outlier had a value of 0.205 Fq’/Fm’, with the 

rest of the data points having a mean of 0.431. Even when including this outlier, the 

p-values of the post hoc Tukey tests are close to being significant (SLES-H p=0.0545; 

Tween-H p=0.06146). The boundary of p=0.05 for significance, whilst widely used, is 

arbitrary, so these results could prove to be significant when having performed more 

replicates in the future. Additionally, the Fq’/Fv’ results for Bromoxynil (which can be 

viewed as Fig 6.2 in the appendix) exhibit similar findings, with a clear difference being 

observed between the three treatments, and a single outlier point for the herbicide 

alone treatment. However, in this case, a significant difference was found between the 

treatments (ANOVA p<0.05; Tukey SLES-H p=0.0566; Tween-H p<0.05). Additionally, 

the results of an analysis between the treatments on Fv’/Fm’ in Amaranthus leaves (Fig 

6.3 in appendix) showed to not being significant (p>0.05). This indicates that if a 
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significant difference were to arise between the Bromoxynil treatment’s effects on the 

Fq’/Fm’, then the difference would probably be due to the effect of the treatments on 

the Fq’/Fv’, as opposed to the effects on the maximum efficiency of PSII (Fv’/Fm’).  

 

 

Figure 3.10. Differences between ‘dots’ and whole leaf light adapted operating 

efficiency of PSII data recorded, for all three treatments, on Amaranthus retroflexus 

plants, 3 hours after application. The results of the following four herbicides were 

analysed: (a) Bromoxynil, (b) Glufosinate, (c) Mesotrione, and (d) Paraquat. 

Statistical notation above the box plots indicates significance between the ‘dot’ and 

whole leaf data; notation below the box plots indicates significance when comparing 

adjuvant treatments to the herbicide treatment, for ‘dot’ data. 

 

 Glufosinate 

Consistently lower values of Fq’/Fm’ were exhibited by the isolated ‘dots’ of 

treatment than the whole leaf (Fig 3.10b), however this difference was not large 

enough to be significant for any of the three Glufosinate treatments (Herbicide dot vs 

whole p>0.05; SLES dot vs whole p>0.05; Tween dot vs whole p>0.5). Additionally, 

a b 

c d 



101 
 

no significant difference was found between the treatments when comparing data from 

the ‘dots’ (p>0.05). 

 Mesotrione 

Despite visibly lower Fq’/Fm’ values being recorded for the adjuvant treatments 

of the ‘dot’ data (Fig 3.10c), no significant difference was found for any of the 

treatments when comparing the ‘dot’ and whole leaf data (Herbicide dot vs whole 

p>0.05; SLES dot vs whole p>0.05; Tween dot vs whole p>0.05). In contrast, a 

significant difference was found when comparing the treatments (p<0.001), with both 

the SLES and Tween 20 treatments being drastically lower than the herbicide alone 

treatment, evidenced by values as low as ~55% of the herbicide values (SLES-H 

p<0.001; Tween-H p<0.001). 

 Paraquat 

Paraquat evidently has a strong effect on the operating efficiency of PSII, as 

evidenced by Fq’/Fm’ values as low as ~0.25 being recorded for all treatments, 

irrespective of ‘dots’ or whole leaves (Fig 3.10d). Due to this exceptionally strong effect 

being seen across all treatments, no significant difference was found between the 

treatments (p>0.05). When comparing the ‘dot’ and whole leaf data, a significant 

difference was found between the two data sets, for both the herbicide alone and 

SLES treatments, however not for the Tween 20 treatment (Herbicide dot vs whole 

p<0.05; SLES dot vs whole p<0.05; Tween dot vs whole p>0.05). Across all three 

treatments, the utilisation of the ‘dots’ was observed to greatly reduce the error 

accounted for in the data, with the boxes for the ‘dots’ data being just a fraction of the 

size of the whole leaf data boxes. 
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3.3.4.3 Quenching Parameters Fq’/Fv’ and Fv’/Fm’ 

Mesotrione was the only herbicide to display a significance between the 

treatments when looking at the Fq’/Fm’ values of the ‘dot’ data set (despite some results 

being near significance e.g. Bromoxynil (Fig 3.10a)). Mesotrione is therefore the only 

herbicide that will be looked into further with regards to the quenching parameters, 

Fq’/Fv’ and Fv’/Fm’.  

 

 

Figure 3.11. Box plot to show the effects of three different treatments, all containing 

Mesotrione as the main active ingredient, on (a) the co-efficient of photochemical 

quenching (Fq’/Fv’) and (b) maximum efficiency of PSII (Fv’/Fm’) of light adapted 

Amaranthus retroflexus leaves, 3 hours after application, depending on whether a 

whole leaf was analysed or just the ‘dot’ where the treatments were applied.  

 

No significant difference was found between the ‘dot’ and whole leaf data for 

any of the Mesotrione treatments, with regards to the photochemical quenching co-
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efficient Fq’/Fv’ (Herbicide dot vs whole p>0.05; SLES dot vs whole p>0.05; Tween dot 

vs whole p>0.05) (Fig 3.11a). Additionally, when looking at the ‘dot’ data set, no 

significant difference was found between the herbicide alone and SLES treatments, 

however a significant difference was observed when comparing the herbicide alone 

and Tween 20 treatments (SLES-H p>0.05; Tween-H p<0.05). 

No significant difference was observed between the ‘dot’ and whole leaf data 

for any of the treatments (Fig 3.11b), with regards to the maximum efficiency of PSII 

(Fv’/Fm’) in the light adapted Amaranthus leaves, 3 h after application (Herbicide dot 

vs whole p>0.05; SLES dot vs whole p>0.05; Tween dot vs whole p>0.05). A 

significant difference was found however when comparing the two adjuvant treatments 

to the herbicide alone treatment (p<0.001), evidenced by both adjuvant treatments 

exhibiting significantly lower values for Fv’/Fm’ than the herbicide alone treatment 

(SLES-H p<0.01; Tween-H p<0.01). 

3.3.5 Principal Components Analysis 

A principal components analysis (PCA) was performed on the data for the 

second study, to identify the most influential variables on the data, with the aim of 

highlighting the specific essential information, differences, and patterns in the data. 

For both Figure 3.12 and 3.13, the first principal component (PC1) accounts for 

approximately 36.5% and 34% of the total variance in the samples, respectively. For 

both figures, the main attributes of PC1 are the timepoint, the name of the herbicide, 

and the maximum efficiency of PSII in the light and dark (Fv’/Fm’ and Fv/Fm 

respectively). As some of these variables are non-numeric, they were assigned 

numerical values for the purpose of the PCA, as seen in Table 3.1. PC2 is mostly a 

combination of the species and treatment (H, SLES, and Tween) variables, however 
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PC2 only accounts for ~20% of the variance. The second principal component is 

primarily in the direction of the variables “Species” and “Treatment”, with smaller shifts 

towards NPQ, Fq’/Fm’ and Fq’/Fv’. PC2 is largely orthogonal to the variables Name, 

Time, Fv/Fm, and Fv’/Fm’. 

Table 3.2. Numerical values assigned to the non-numeric variables of PCA. 

Numerical Value Herbicide Treatment Species 

1 Bromoxynil Herbicide AMARE 

2 Diclofop-methyl SLES BRSNN 

3 Glufosinate Tween 20 ECHCG 

4 Glyphosate   

5 Mesotrione   

6 Paraquat   

 

The effects of the mode of action of herbicides are not distinctly separated in 

the Principal Component Analysis (PCA). Paraquat exhibits a significant variance 

primarily attributed to the amount of time that has passed since its application, 

demonstrating a notably faster efficacy compared to other herbicides, resulting in a 

distinct effect observed at T1, while most other herbicides exhibit minimal impact at 

this stage. The effects of Bromoxynil and Glyphosate can be seen to have been more 

profoundly influenced by the species to which they are applied, compared to the other 

tested herbicides, as can be seen in Figure 3.12. The species-specific impact of 

Bromoxynil surpasses that of other herbicides in terms of magnitude. 

 

 



105 
 

Mesotrione, Bromoxynil, and Glufosinate display a greater degree of variation 

in the parameters Fq'/Fm' and Fq'/Fv' than the other herbicides, with the respective data 

points being located more towards the lower end of the PCA displayed in Figure 3.12.  

 

Figure 3.13 indicates the variance due to the two largest principal components 

after having grouped the tested herbicides by similarities in mode of action. Group 1 

consists of Paraquat (PSI), Bromoxynil (PSII), and Mesotrione (Plastoquinone), as 

their MOAs are more directly involved in inhibiting photosynthesis. Group 2 includes 

Glufosinate (NH4 assimilation) and Glyphosate (amino acid biosynthesis), as both are 

linked to the disruption of amino acid biosynthesis. Group 3 consists solely of Diclofop-

methyl which has a MOA targeting fatty acid biosynthesis.  

 

Figure 3.12. Principal components analysis (PCA) of all treatments, species, and 

parameters utilised in study 2. 

 



106 
 

 

Figure 3.13. Principal components analysis (PCA) of all treatments, species, and 

parameters utilised in study 2, with herbicides grouped by similar modes of action 

 

Despite this grouping, a large overlap is still seen between them, with Group 1 

having the most variance due to the Time point of the data and the Name of the 

herbicide. This is akin to the indication of Figure 3.12, with these herbicides targeting 

the process of photosynthesis directly, and therefore having a much more rapid effect 

than those herbicides with modes of action targeting other metabolic processes, which 

then feeds back into photosynthesis. The area for Group 2 largely remains central 

around the origin of the loading arrows, however it does exhibit larger variation due to 

PC2 than PC1. Group 3 (Diclofop-methyl) has more variance than the other groups in 

terms of the non-photochemical quenching (NPQ) parameter, which as Diclofop-

methyl has a mode of action targeting fatty acid biosynthesis, i.e. not directly affecting 

photosynthesis, this can be anticipated. 

 

 

Group 
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3.4 Discussion 

The hypothesis that the efficacies of the 6 tested herbicides will be affected by 

the addition of one or both of the adjuvants used in the study, and the effects can be 

detected utilising chlorophyll fluorescence imaging, has been confirmed. Additionally, 

the results presented here prove that chlorophyll fluorescence imaging is a suitable 

tool for herbicidal mode of action detection and determination of adjuvant effects. For 

the dark-adapted results, across all species, four of the six tested herbicides showed 

improved efficacies when one or both of the adjuvants Tween 20 and SLES was 

included in the mix. The difference between treatments becomes more evident when 

examining the light adapted operating efficiency of PSII. In order to determine a 

mechanistic understanding how these treatments impacted on the operating efficiency 

of PSII photochemistry, the chlorophyll quenching parameters Fq’/Fv’ and Fv’/Fm’ 

(which make up the values for Fq’/Fm’) were determined. The results showed that for 

those herbicides where a significant difference between treatments was observed in 

the light adapted operating efficiency (Fq’/Fm’), the significance was mirrored in only 

one of the quenching parameters, Fq’/Fv’ or Fv’/Fm’, rather than both – most of the time. 

Crucially, with the utilisation of CFI, these results will help to help determine the MOA 

of the herbicides, with those that affect Fq’/Fv’ more, having more of an effect on 

processes downstream of the photosystems (CO2, stomata), and those that have an 

effect on Fv’/Fm’ being related to non-photochemical quenching of energy in the 

antenna, and therefore affecting protective mechanisms more (Baker et al., 2001; 

Fryer et al., 2003; Lawson et al., 2002; Murchie and Lawson, 2013). The results for 

the herbicides and where they target can be seen without the use of the adjuvants, 

but as well as their effects being analysed separately the effects of the adjuvants aid 

in detecting herbicidal effects. Both of the adjuvants used in this study were uptake 
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enhancers, and so those herbicides which showed little difference in efficacy in the 

presence of either SLES or Tween 20, may be more strongly affected by adjuvants 

with different mechanisms (Arand et al., 2018; Hazen, 2000; Landim et al., 2019; 

Wang and Liu, 2007).  

For most of the herbicides tested in this assay, the lowest values recorded over 

the 24-hour time series were when applied to Echinochloa crus-galli leaves, as 

opposed to the other two tested species (Amaranthus retroflexus and Brassica napus). 

This was due to the natural morphology of the monocot, in that its lengthier leaves 

would not entirely fit into the imaging area of hardware (unlike the two dicots), and so 

3-cm sections were marked onto the Echinochloa leaves. All of the herbicide 

treatments were applied within this 3-cm leaf section, and after imaging, the value for 

the rest of the leaf was removed. This was done as to have a defined leaf area. Due 

to this, a comparatively smaller area of leaf material was used for the Echinochloa 

plants than the Amaranthus and Brassica plants, and hence the ‘dots’ of applied 

treatment took up a larger proportion of leaf area. This difference in effects due to a 

difference in leaf area to treatment area ratio is analysed and discussed in further 

detail below. 

The extra analysis focusing on the differences in data when comparing whole 

leaf values and data taken from just the sites of application (‘dots’) shows that the 

results acquired and differences in herbicidal effects can be seen more quickly, with 

greater herbicidal and adjuvant effects being observed after 3 hours in the ‘dots’ data 

than the whole leaf data. When examining the light adapted results from the ‘dot’ data, 

the only herbicide which showed significant differences between the effects of the 

three treatments was Mesotrione. Upon further inspection, a significant difference was 

found between the treatments for the Fv’/Fm’ values, however not for the Fq’/Fv’ values. 
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This suggest that the MOA of Mesotrione targets the protective quenching structures 

of the plant’s chloroplast. This is in line with what is already known about Mesotrione’s 

mode of action, and so provides evidence that this can be a suitable method for 

detecting an adjuvants effect on the efficacy of a herbicide, as well as determining its 

mode of action (Mitchell et al., 2001). These results of the quenching parameters 

Fq’/Fv’ and Fv’/Fm’ at T3 leads to the logical conclusion that the significant differences 

found between the Fq’/Fm’ values for the three Mesotrione treatments is due to a 

change in the maximum efficiency of PSII, Fv’/Fm’, rather than the operating efficiency 

of PSII, Fq’/Fv’. Both adjuvant treatments show much more significant results between 

treatments in Fv’/Fm’ than Fq’/Fv’. The operating efficiency (Fq’/Fm’) of the Amaranthus 

retroflexus leaves was inhibited by a decrease in the maximum PSII efficiency (Fv’/Fm’) 

when treatments of Mesotrione were applied. 

This ‘dot’ work had a smaller subset of data to work with, and mainly acts as a 

proof of concept for the rapid data collection with there being a wealth of data possible 

for obtaining, in comparison to whole leaf data, which is already tremendously faster 

than traditional whole plant glasshouse tests. Largely, a significant difference was 

found between the ‘dot’ and whole leaf data for specific samples. However, when 

comparing the treatments, those that displayed statistical significance in the whole leaf 

data, remained statistically significant when looking at the ‘dot’ data. Likewise, when 

there was no statistical significance between the treatments. Although no additional 

significant results were found when comparing the results of the whole leaf and ‘dot’ 

data, these results suggest a method that could be utilised in future studies and whilst 

this method is not without limitations, the ‘dots’ can give a rapid idea of herbicidal MOA 

and suggest a likelihood of the MOA targeting photosystems. 
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A key constraint of the ‘dot’ work is that it focused on one specific time point, 

T3, and it can be seen from the whole leaf data that more differentiation occurs 

between treatments after 5 and 24 hours. Additionally, another limitation is that the 

dots were selected manually – this is not reproducible by various people, as all would 

have different biases for selection areas, and would take a large amount of time. Work 

for the future should aim to automate these processes, streamlining the workflow. This 

would make it compatible for multiple people, multiple imaging systems, and overall 

make the approaches used in this research a lot more transferable. 

Two principal components analyses were performed, with the aim of highlighting 

the connections between the parameters and variables used in the study, specifically 

with regard to the groupings of MOAs. Several observations can be made from these 

PCAs. Firstly, the loadings of variables that are far apart, such as “Time” and “FvFm”, 

show a negative correlation with each other, meaning that as time progresses, the 

value of Fv/Fm decreases. Lower values of PSII operating efficiency are observed 24 

hours after the herbicide has been applied than after 3 hours, which is expected, as 

the herbicides have had time to damage the plant. However, in the case of Paraquat, 

a large amount of variance is exhibited in these aspects compared to the other 

herbicides, primarily because Paraquat has a more rapid and significant effect on the 

Fv/Fm values of the leaf, causing it to deviate significantly from the rest of the data 

points. At T1, Paraquat demonstrates a substantial effect, whereas most other 

herbicides have shown minimal impact at that point. Paraquat's significant variance 

can be attributed to its faster action compared to other herbicides.  

Additionally, the loadings for Fv/Fm and Fv’/Fm’ are very close together in both of 

the performed PCAs, indicating that the observed variance of the two parameters are 

positively correlated with one another and closely linked. This finding is logical as 
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these parameters are both analyses of the operating efficiency of PSII, simply with the 

plant material in different states of illumination. The factors affecting differences in one 

of these parameters would likely have a similar effect on the other parameter (for 

example the herbicide Paraquat has a very large effect on both of these parameters 

due to the nature of its MOA inhibiting PSI). 

Additionally, it is observed that a higher treatment and species number (as seen 

in Table 3.2) is associated with lower Fq'/Fm' and Fq'/Fv' values.This indicates that the 

combination of, for example, Echinochloa plants and SLES would be hypothesised to 

result in lower Fq'/Fm' and Fq'/Fv' values, as compared to using Amaranthus plants and 

the herbicide on its own. This again suggests that the utilisation of an adjuvant in a 

herbicidal mixture leads to a greater effect on the photosynthetic processes of a plant 

than using the herbicide on its own.  

Similarly, there are three herbicides which have skews towards the Fq’/Fm’ 

loading in Figure 3.12;Mesotrione, Glyphosate, and Bromoxynil. These three 

herbicides have largely differing modes of action, with Bromoxynil targeting 

photosystem II, Mesotrione targeting Plastoquinone biosynthesis, and Glyphosate 

inhibiting amino acid biosynthesis. The effect of Mesotrione on the quenching 

parameters of photosynthesis was previously discussed as a result of the ‘dot’ 

analysis, with the results of this PCA corroborating this finding, indicating that the MOA 

of Mesotrione has a large effect on the protective quenching structures of chloroplast, 

which is in line with what is already known about the herbicides MOA. 

Despite the differences observed in the PCAs, neither of the largest two 

principal components account for a great amount of the variance (i.e. >50%). This 

indicates that the variance between the samples is mainly due to a multitude or 
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combination of the variables, rather than a specific factor (with the exception of the 

herbicide Name being “Paraquat”, which showed to have the largest amount of 

variance compared to all other variables). is more different to the rest of the herbicides, 

than the rest of the herbicides are to anything else). 

The causes of the variance seen in the results are elucidated by utilising 

principal components analysis, and help to tie together and link the effects of variables, 

which were observed separately earlier in the chapter. Additionally, the similarities of 

data points, and lack of variance between other variables indicates that whilst 

significant effects were observed between the herbicides, these differences are the 

result of a large number of factors in combination, rather than one specific variable. 

A limitation of this study, despite the large initial data set and number of samples 

tested, is that all of the plants were grown at the same consistent temperature and 

light levels, which does not reflect real-world environmental variation. Previous 

research has shown that herbicide efficacy decreases under high temperature stress, 

due to decreased absorption and translocation of the herbicidal active ingredients, as 

well as low relative humidity’s (Coetzer et al., 2001; Gomes and Juneau, 2017; 

Varanasi et al., 2016). The research by Coetzer et al 2001 also used the herbicide 

Glufosinate and the species redroot pigweed (Amaranthus retroflexus), both of which 

were used in the present research. This could be important to take into account for 

future research, with rising global temperatures, amongst other changing 

environmental factors due to climate change, and more growth conditions could be 

tested. An additional inhibiting factor of the present research was that only one plant 

could be placed inside the imager at a time, due to limited space in imaging area. This 

meant that slightly different amounts of time passed for each sample post herbicide 

application – this was combatted by utilising a ‘staggered’ application approach, 
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however this can’t be entirely precise, due to human error as well as other real time 

issues that may have arisen. 

Typically, whole plant tests conducted in glass houses are used to screen for 

herbicide resistance, however these tests are time and space consuming, as well as 

being relatively expensive (Kaiser et al., 2013). Whole plant tests relate to the growth 

of many plants of a species in a specific environment, to be analysed as a whole, as 

opposed to looking at say specific leaves only. Chlorophyll fluorescence imaging is a 

suitable method for the detection of modes of action for herbicides, but also could be 

used to detect herbicidal resistance in common species. 

Chlorophyll fluorescence imaging is a suitable method for detecting the 

efficacies of specific herbicides, as well as determining the effectiveness of adjuvants 

at improving these herbicides, an important factor when aiming to reduce active 

ingredient input. This experiment aimed to assess the efficacy of the two adjuvants 

Tween 20 and SLES at improving the effectiveness of the chosen herbicides, using 

chlorophyll fluorescence imaging as a detection method. The impact of the herbicides 

was assessed by utilising both dark and light adapted measurements. 

Previous research has been conducted with the aim of determining the effect 

that adjuvants have on the efficacies of various herbicides (Akhter et al., 2017; Palma-

Bautista et al., 2020; Roggenbuck et al., 1990; Travlos et al., 2017). However, the 

work of Palma-Bautista et al. (2021) used methods other than CFI to determine the 

effects of the adjuvants on herbicide efficacy (specifically assessing dry weights of 

treated plants), 21 days after application of the treatments. With the utilisation of CFI, 

similar results could have been obtained in a much more rapid manner. 
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This research provides a solid foundation for continuing the research into the 

viability of using chlorophyll fluorescence imaging as a detection tool for herbicidal 

modes of action, and adjuvant efficacy, with a large data set with many avenues of 

potential analysis having been generated. Perhaps more valuably, this research, 

despite its limitations, has provided an insight into the process required for utilising 

CFI in this way, as well as transferable approaches and processes that can be used 

in the future, for other work of a similar nature. 

 

 

 

 

 

 

 

 

 

4. Discussion 

Chlorophyll fluorescence imaging (CFI) is a technique that provides an 

assessment of the photosynthetic activity and overall health of a plant, by measuring 

the photosynthetic efficiency of PSII photochemistry (Baker, 2008; Maxwell and 

Johnson, 2000; Murchie and Lawson, 2013). Herbicides, through a variety of means, 

either directly or indirectly, can affect this photosynthetic efficiency, and therefore the 

effects and efficacy of the herbicide be determined using CFI (Barbagallo et al., 2003).  
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No new herbicidal modes of action (MOA) had been discovered for 

approximately 30-40 years, until the introduction of the plant dihydrogen phosphate 

dehydrogenase inhibitor Tetflupyrolimet in 2019 (Dayan, 2019; Sukhoverkov et al., 

2021). This is a major issue, as herbicide resistance is becoming more prevalent, 

resulting in greater weed numbers, which compete with the same resources as crops, 

potentially decreasing the yields of the crops (Merfield, 2022; Renton and Chauhan, 

2017). Therefore, novel modes of action are needed to combat this problem, as an 

effort towards increasing crop production to support the predicted changes in global 

population (Evans, 1999; FAO, 2018; United Nations Department of Economic and 

Social Affairs, 2022). One major issue with developing these novel herbicidal MOAs 

is understanding their mechanisms, and having a phenotyping tool with the ability to 

determine modes of action. 

The present research supports the proposal that chlorophyll fluorescence 

imaging is a suitable tool for research and development of novel herbicidal modes of 

action, and also provides a method for detecting the efficacy, phytotoxicity, and 

behaviours of chemical adjuvants. The research here addressed the question of what 

protocol would be necessary for detecting these various herbicidal modes of action, 

as well as determining the specificity of the assay. As part of this protocol, the amount 

of time the proposed method would take was a key factor, which in future work could 

be compared to more traditional glasshouse methods of herbicidal effect detection 

(Boutin et al., 2004; Evans, 1999; Kaundun, 2021). 

The results presented here support the hypothesis that chlorophyll 

fluorescence imaging is a useful tool for determining herbicidal mode of action 

detection. Of the tested herbicides, some greatly affected the photosynthetic efficiency 

of both the aquatic and terrestrial plants, over the course of 24 h. This effect was 
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noticeable in both the dark adapted and light adapted measurements. The dark 

adapted results were obtained at a more rapid rate than the light adapted 

measurements, in as little as 25s, however the light adapted results provided greater 

information, and gave a better understanding of the mechanistic properties of the 

various herbicidal MOAs. For all photosynthetic parameters, the greatest decrease in 

PSII efficiency was caused by herbicides with a PSII inhibiting MOA. However, 

herbicides with a PSI inhibiting MOA also had a large effect on PSII efficiency, and 

this can be assumed to be due to the consequential effect that the inhibition of PSI 

has on PSII. Those herbicides that influenced the light adapted parameter Fq’/Fm’ often 

mainly showed a change in just one of the quenching parameters, Fv’/Fm’ or Fq’/Fv’. 

This information can potentially be used to determine the targeted site and new modes 

of action of herbicides.  

Significant differences between the efficacies of several herbicides were 

apparent, when used either in conjunction with one of the two adjuvants, or on their 

own.  The first study found that the adjuvant SLES proved to have a greater effect on 

the herbicidal efficacies than Tween 20, however the second study found that both 

adjuvants worked well to improve the efficacy – for example as seen in the results for 

Bromoxynil when applied to Echinochloa crus-galli (Fig 3.4m & Fig 3.5m), both 

adjuvants had a great effect on the efficacy of the herbicide. 

The results presented here provide further evidence that chlorophyll 

fluorescence imaging can be used to detect and determine various herbicidal modes 

of action, corroborating the work of Barbagallo et al. (2003). Additionally, this 

technique can be used to assess the efficacies of these herbicides, as well as any 

additional benefit of using adjuvants, in line with the findings of previous research 

(Zhang et al., 2022). 
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Additionally, chlorophyll fluorescence imaging results of those herbicides which 

do not directly affect the photosystems could still be seen, such as the acetolactate 

synthase inhibitor Imazapic (Fig 2.6g), and the glutamine synthetase inhibitor 

Glufosinate (Fig 3.4c,i,o & Fig 3.5c,i,o), decreasing the efficiency of PSII within the 24 

h time frame (Loux et al., 2019a; Sebastian et al., 2016). Thus, CFI can be determined 

to be a useful tool for detecting a wide range of MOAs. This is due to the consequential 

and indirect effects of the modes of action on the photosystems. However, the indirect 

effects take a longer period of time to elucidate than the effects of those herbicides 

which do directly target the photosystems. This aligns with and builds upon the findings 

of Barbagallo et al. (2003), who reported that whilst using CFI as a screening method 

does not directly detect any herbicidal effects that have no impact on the 

photosynthetic efficiency of plants, a surprisingly large amount of herbicides which 

affect other metabolic processes do consequentially have an effect on photosynthetic 

metabolism, and therefore can be detected using CFI (Barbagallo et al., 2003). 

Furthermore, CFI can be used for both higher throughput and lower throughput 

assays, as evidenced by the two studies described in the present research. 

For a large portion of the recorded data, the effects of the herbicides were not 

evident. Due to the size of the leaves, as well as the comparatively small size of 

affected plant matter, the effect of the herbicide on the application area was lost due 

to the affected area being small, relative to the rest of the leaf material. By narrowing 

down the effect of herbicide treatment application to a small defined area, the effects 

could be seen more in all CF parameters. This approach will help to narrow down the 

MOA, as well as giving more rapid results. 

The present research did suffer from limitations from a methodological 

perspective. Study 2 utilised a much smaller set of herbicides than in study 1. 
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Additionally, the range of species and timepoints were limitations. These were 

addressed by utilising species with a range of leaf morphologies (broad leaf retentive, 

broad leaf non-retentive, and grasses), as well as by selecting specific time points to 

take images at, to gain enough information to develop an understanding of the kinetics 

of the effects of various herbicide MOAs – 0, 1, 3, 5, and 24 hours after treatment 

application. Due to these limitations, the specific results for herbicidal MOAs and 

adjuvants may not be generalisable across all herbicides and adjuvants.  

Previous research has shown that differing environmental conditions affect 

herbicidal uptake, with particular reference to temperature and humidity (Coetzer et 

al., 2001; Gomes and Juneau, 2017; Varanasi et al., 2016). As the present research 

only examined one period of growth, this could be considered a limitation. 

Future work should look at a broader selection of herbicides, adjuvants, and 

species as possible, whilst performing more replicates. These would help in improving 

the robustness of the data recorded and eliminate some of the uncertainties regarding 

significant differences, specifically in study 2. Additionally, this work should be 

performed alongside plants maintained in a glasshouse, as whilst photos of leaves 

were taken at every time point, a direct comparison between CFI and the traditional 

method of visual assessment in a glasshouse cannot be made. Further studies are 

necessary to streamline the imaging and data analysis processes, with aims of getting 

the most out of the collected data. Many of the limitations discussed have simple 

solutions (e.g. growing plants at different temperatures, performing replicates side by 

side in a greenhouse and lab) which can be addressed in future studies. Future work 

could also determine which CF parameters are best utilised for determining specific 

herbicidal MOAs, as some parameters provide more useful results than others.  
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Additionally, CFI could be used for further herbicidal research not limited to 

discovery of novel MOAs – for example, this method could be used to look at herbicidal 

resistance, or the combinatory effects of herbicides (Sukhoverkov and Mylne, 2021; 

Zhang et al., 2016). One example of herbicidal synergies is Mesotrione-Atrazine, as 

described by Sukhoverkov and Mylne (2021), who identified Mesotrione as a standout 

herbicide for synergistic properties, not just with Atrazine. The present study illustrated 

that Mesotrione was clearly identifiable utilising CFI. The methods that Sukherkov and 

Mylne (2021) utilised for detecting these synergies took 14 days – with the use of CFI, 

this assay time could be dramatically reduced. Third, CFI could be used to monitor the 

effects of herbicides over time and to track the recovery of the plant after herbicide 

application. This can provide valuable information about the long-term effects of 

herbicides on plant health and can help to identify potential issues, such as herbicide 

resistance, that may arise, whilst giving much more timely results than traditional visual 

assessments (Menegat and Gerhards, 2014; Wang et al., 2018). 

In conclusion, the results of the present research have provided evidence that 

chlorophyll fluorescence imaging (CFI) is a valuable and suitable tool for studying the 

effects of herbicides and adjuvants on plants, and can be used in herbicidal discovery 

and research in several ways. Firstly, by using CFI to measure changes in the amount 

of chlorophyll fluorescence emitted by the plant in response to different herbicides, it 

is possible to quickly identify compounds that are effective at controlling the growth of, 

and killing, invasive plant species. Secondly, CFI can be used to study the 

mechanisms by which different herbicides act on plants. By comparing the results of 

CFI measurements with known modes of action (MOA) of different herbicides, it is 

possible to determine the MOA of an unknown herbicide. This can help to understand 

the effects of herbicides on plants and predict their effectiveness against specific weed 
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species. Additionally, CFI can provide valuable information about the effects of 

adjuvants on both herbicidal efficacy and plant health, and can help to optimize the 

use of adjuvants in herbicide formulations. Despite limitations, CFI remains as a useful 

and adaptive measure for herbicidal MOA research. Overall, CFI is a valuable tool for 

herbicide and adjuvant research, providing useful information about the effectiveness 

and modes of action of different herbicides and adjuvants. Overall, CFI can provide 

valuable insights into the effects of herbicides on plants, and should be used in 

conjunction with other techniques, such as traditional greenhouse whole plant 

assessments, to provide a more complete picture of the herbicidal effects on plants.  

 

 

 

 

 

 

 

 

  



121 
 

5. Bibliography 

Akhter, M. J., Abbas, R. N., Waqas, M. A., Noor, M. A., Arshad, M. A., Mahboob, W., 

Nadeem, F., Azam, M. and Gull, U. (2017) Adjuvant improves the efficacy of 

herbicide for weed management in maize sown under altered sowing 

methods. Journal of Experimental Biology and Agricultural Sciences, 5, 22-30. 

Alcántara‐de la Cruz, R., Cruz‐Hipolito, H. E., Domínguez‐Valenzuela, J. A. and De 

Prado, R. (2021) Glyphosate ban in Mexico: potential impacts on agriculture 

and weed management. Pest Management Science, 77, 3820-3831. 

Alva, A. K. and Singh, M. (1991) Use of adjuvants to minimize leaching of herbicides 

in soil. Environmental Management, 15, 263-267. 

Andersson, B. and Styring, S. (1991) Photosystem II: Molecular organization, 

function, and acclimation. Current Topics in Bioenergetics, 16, 1-81. 

Anonymous (1999) The Bichel Committee: Report from the Main Committee. In: 

Environment, M. o. (ed.). Copenhagen, Denmark. 

Arand, K., Asmus, E., Popp, C., Schneider, D. and Riederer, M. (2018) The Mode of 

Action of Adjuvants—Relevance of Physicochemical Properties for Effects on 

the Foliar Application, Cuticular Permeability, and Greenhouse Performance 

of Pinoxaden. Journal of Agricultural and Food Chemistry, 66, 5770-5777. 

Arnon, D. I., Whatley, F. R. and Allen, M. B. (1954) Photosynthesis by Isolated 

Chloroplasts. II. Photosynthetic Phosphorylation, the Conversion of Light into 

Phosphate Bond Energy. Journal of the American Chemical Society, 76, 

6324-6329. 

Asada, K. (2000) The water–water cycle as alternative photon and electron sinks. 

Philosophical Transactions of the Royal Society of London. Series B: 

Biological Sciences, 355, 1419-1431. 

Asaduzzaman, M., Pratley, J. E., Luckett, D., Lemerle, D. and Wu, H. (2020) Weed 

management in canola (Brassica napus L): A review of current constraints 

and future strategies for Australia. Archives of Agronomy and Soil Science, 

66, 427-444. 

Bajwa, A. A., Jabran, K., Shahid, M., Ali, H. H. and Chauhan, B. S. (2015) Eco-

biology and management of Echinochloa crus-galli. Crop Protection, 75, 151-

162. 



122 
 

Baker, N., Harbinson, J. and Kramer, D. (2007) Determining the limitations and 

regulation of photosynthetic energy transduction in leaves. Plant, cell & 

environment, 30, 1107-25. 

Baker, N. R. (2008) Chlorophyll fluorescence: a probe of photosynthesis in vivo. 

Annual review of plant biology, 59, 89-113. 

Baker, N. R., Oxborough, K., Lawson, T. and Morison, J. I. (2001) High resolution 

imaging of photosynthetic activities of tissues, cells and chloroplasts in leaves. 

Journal of experimental botany, 52, 615-621. 

Balambica, V., Baskar, S., Padmanabhan, S., Rinawa, M. L., Borkar, D. S., Sharma, 

A. and Ruban, M. (2022) Study on tribological characteristics of Bio-Lubricant 

formed from Brassica napus oil. Materials Today: Proceedings. 

Banks, J. M. (2017) Continuous excitation chlorophyll fluorescence parameters: a 

review for practitioners. Tree physiology, 37, 1128-1136. 

Barbagallo, R. P., Oxborough, K., Pallett, K. E. and Baker, N. R. (2003) Rapid, 

noninvasive screening for perturbations of metabolism and plant growth using 

chlorophyll fluorescence imaging. Plant Physiology, 132, 485-493. 

Barber, J. (2003) Photosystem II: the engine of life. Quarterly reviews of biophysics, 

36, 71-89. 

Barber, J. and Archer, M. (2001) P680, the primary electron donor of photosystem II. 

Journal of Photochemistry and Photobiology A: Chemistry, 142, 97-106. 

Battaglino, B., Grinzato, A. and Pagliano, C. (2021) Binding properties of 

photosynthetic herbicides with the QB site of the D1 protein in plant 

photosystem II: a combined functional and molecular docking study. Plants, 

10, 1501. 

Bayr, H. (2005) Reactive oxygen species. Critical care medicine, 33, S498-S501. 

Belgio, E., Kapitonova, E., Chmeliov, J., Duffy, C. D., Ungerer, P., Valkunas, L. and 

Ruban, A. V. (2014) Economic photoprotection in photosystem II that retains a 

complete light-harvesting system with slow energy traps. Nature 

Communications, 5, 1-8. 

Bell, C. E. (2015) A Historical View of Weed Control Technology [Online]. UC Weed 

Science. Available: 

https://ucanr.edu/blogs/blogcore/postdetail.cfm?postnum=17593 [Last 

accessed 02/11/22 2022]. 

https://ucanr.edu/blogs/blogcore/postdetail.cfm?postnum=17593


123 
 

Bernard, S. M. and Habash, D. Z. (2009) The importance of cytosolic glutamine 

synthetase in nitrogen assimilation and recycling. New Phytologist, 182, 608-

620. 

Bernes, C. (1998) Persistent organic pollutants. 

Berry, J. (2018) 3.10 solar induced chlorophyll fluorescence: Origins, relation to 

photosynthesis and retrieval. Comprehensive remote sensing, 3, 143-162. 

Björkman, O. and Demmig, B. (1987) Photon yield of O 2 evolution and chlorophyll 

fluorescence characteristics at 77 K among vascular plants of diverse origins. 

Planta, 170, 489-504. 

Blackshaw, R. E., Lemerle, D., Mailer, R. and Young, K. R. (2002) Influence of wild 

radish on yield and quality of canola. Weed Science, 50, 344-349. 

Blackshaw, R. E., O'DONOVAN, J. T., Harker, K. N., Clayton, G. W. and Stougaard, 

R. N. (2006) Reduced herbicide doses in field crops: a review. Weed Biology 

and Management, 6, 10-17. 

Blaich, R., Bachmann, O. and Baumberger, I. (1982) Studies of photosynthesis 

inhibition by phytoluminography. Zeitschrift für Naturforschung C, 37, 452-

457. 

Böcker, T., Möhring, N. and Finger, R. (2019) Herbicide free agriculture? A bio-

economic modelling application to Swiss wheat production. Agricultural 

Systems, 173, 378-392. 

Bolhàr-Nordenkampf, H. and Öquist, G. (1993) Chlorophyll fluorescence as a tool in 

photosynthesis research. Photosynthesis and production in a changing 

environment. Springer. 

Boutin, C., Elmegaard, N. and Kjaer, C. (2004) Toxicity testing of fifteen non-crop 

plant species with six herbicides in a greenhouse experiment: implications for 

risk assessment. Ecotoxicology, 13, 349-369. 

Brankov, M., Simić, M., Tabaković, M., Vukadinović, J., Djuric, N., Branković-

Radojčić, D. and Dragičević, V. (2022) Weed management practices for 

redroot pigweed (Amaranthus retroflexus L.) and smooth pigweed (A. 

hybridus L.) control in maize. Chilean journal of agricultural research, 82, 611-

618. 

Brennan, R. and Bolland, M. (2007) Effect of fertiliser phosphorus and nitrogen on 

the concentrations of oil and protein in grain and the grain yield of canola 



124 
 

(Brassica napus L.) grown in south-western Australia. Australian Journal of 

Experimental Agriculture, 47, 984-991. 

Cashman, C., Martin, M. and McCarl, B. (1981) Economic consequences of bans on 

corn (Zea mays) and soybean (Glycine max) herbicides commonly used on 

Indiana farms. Weed Science, 29, 323-328. 

Chauhan, B. and Johnson, D. (2011) Ecological studies on Echinochloa crus-galli 

and the implications for weed management in direct-seeded rice. Crop 

Protection, 30, 1385-1391. 

Coe, J., Kupitz, C., Basu, S., Conrad, C. E., Roy-Chowdhury, S., Fromme, R. and 

Fromme, P. (2015) Crystallization of photosystem II for time-resolved 

structural studies using an X-ray free electron laser. Methods in enzymology. 

Elsevier. 

Coetzer, E., Al-Khatib, K. and Loughin, T. M. (2001) Glufosinate efficacy, absorption, 

and translocation in amaranth as affected by relative humidity and 

temperature. Weed Science, 49, 8-13. 

COGEM (2019) Genetically modified oilseed rape (Brassica napus). 

Cooper, G. (2000) The Cell: A Molecular Approach. In: Associates, S. (ed.) 2nd 

Edition ed. Sunderland (MA): Sinauer Associates. 

Costea, M., Weaver, S. E. and Tardif, F. J. (2004) The biology of Canadian weeds. 

130. Amaranthus retroflexus L., A. powellii S. Watson and A. hybridus L. 

Canadian Journal of Plant Science, 84, 631-668. 

Croce, R. and van Amerongen, H. (2011) Light-harvesting and structural 

organization of photosystem II: from individual complexes to thylakoid 

membrane. Journal of Photochemistry and Photobiology B: Biology, 104, 142-

153. 

Curran, W., McGlamery, M., Liebi, R. and Lingenfelter, D. (1999) Adjuvants for 

enhancing herbicide performance. 

Dayan, F. E. (2019) Current status and future prospects in herbicide discovery. 

Plants, 8, 341. 

Dayan, F. E. and Zaccaro, M. L. d. M. (2012) Chlorophyll fluorescence as a marker 

for herbicide mechanisms of action. Pesticide Biochemistry and Physiology, 

102, 189-197. 

de María, N., Becerril, J. M., García-Plazaola, J. I., Hernández, A., De Felipe, M. R. 

and Fernández-Pascual, M. (2006) New insights on glyphosate mode of 



125 
 

action in nodular metabolism: role of shikimate accumulation. Journal of 

Agricultural and Food Chemistry, 54, 2621-2628. 

de Souza Barros, V. M., Pedrosa, J. L. F., Gonçalves, D. R., Medeiros, F. C. L. d., 

Carvalho, G. R., Gonçalves, A. H. and Teixeira, P. V. V. Q. (2021) Herbicides 

of biological origin: A review. The Journal of Horticultural Science and 

Biotechnology, 96, 288-296. 

Dewez, D., Goltsev, V., Kalaji, H. M. and Oukarroum, A. (2018) Inhibitory effects of 

silver nanoparticles on photosystem II performance in Lemna gibba probed by 

chlorophyll fluorescence. Current plant biology, 16, 15-21. 

Dogaru, V. G., Budoi, G. Ş. and Săndoiu, D.-I. (2012) Determination of the 

Amaranthus retroflexus damage threshold in maize crop. Advances in 

Agriculture & Botanics, 4, 1-5. 

Donthi, D. and Kumar, A. (2022) Glufosinate Ammonium An Overview. Pesticide 

Action Network, India. 

Duke, S. O. (1990) Overview of herbicide mechanisms of action. Environmental 

health perspectives, 87, 263-271. 

Duke, S. O. (2012) Why have no new herbicide modes of action appeared in recent 

years? Pest Management Science, 68, 505-512. 

Duke, S. O. and Dayan, F. E. (2022) The search for new herbicide mechanisms of 

action: Is there a ‘holy grail’? Pest Management Science, 78, 1303-1313. 

Duke, S. O. and Powles, S. B. (2008) Glyphosate: a once‐in‐a‐century herbicide. 

Pest Management Science: formerly Pesticide Science, 64, 319-325. 

Ellenson, J. L. and Amundson, R. G. (1982) Delayed light imaging for the early 

detection of plant stress. Science, 215, 1104-1106. 

Ellenson, J. L. and Raba, R. M. (1983) Gas exchange and phytoluminography of 

single red kidney bean leaves during periods of induced stomatal oscillations: 

A demonstration of an integrated, spatially resolving physiometric technique. 

Plant Physiology, 72, 90-95. 

Evans, A. (1999) How can technology feed the world safely and sustainably? Special 

Publication - Royal Society Of Chemistry, 233, 3-24. 

FAO, R. (2018) The state of food security and nutrition in the world 2018: Building 

climate resilience for food security and nutrition, United Nations. 

Flynn, D. and Naylor, R. (2002) Herbicide legislation and regulation. Weed 

management handbook, 114-133. 



126 
 

Frankart, C., Eullaffroy, P. and Vernet, G. (2003) Comparative effects of four 

herbicides on non-photochemical fluorescence quenching in Lemna minor. 

Environmental and Experimental Botany, 49, 159-168. 

Frankenberg, C., Köhler, P., Magney, T. S., Geier, S., Lawson, P., Schwochert, M., 

McDuffie, J., Drewry, D. T., Pavlick, R. and Kuhnert, A. (2018) The 

Chlorophyll Fluorescence Imaging Spectrometer (CFIS), mapping far red 

fluorescence from aircraft. Remote sensing of environment, 217, 523-536. 

Friedt, W., Tu, J. and Fu, T. (2018) Academic and economic importance of Brassica 

napus rapeseed. The Brassica napus genome. Springer. 

Fryer, M. J., Ball, L., Oxborough, K., Karpinski, S., Mullineaux, P. M. and Baker, N. 

R. (2003) Control of Ascorbate Peroxidase 2 expression by hydrogen 

peroxide and leaf water status during excess light stress reveals a functional 

organisation of Arabidopsis leaves. The Plant Journal, 33, 691-705. 

Fu, Y. X., Zhang, Z. Y., Guo, W. Y., Dai, Y. J., Wang, Z. Y., Yang, W. C. and Yang, 

G. F. (2022) In vivo fluorescent screening for HPPD‐targeted herbicide 

discovery. Pest Management Science, 78, 4947-4955. 

Fuerst, E. P. and Norman, M. A. (1991) Interactions of herbicides with photosynthetic 

electron transport. Weed Science, 39, 458-464. 

Fujita, T. (2002) Formation and removal of reactive oxygen species, lipid peroxides 

and free radicals, and their biological effects. Yakugaku Zasshi, 122, 203-18. 

Gianessi, L. P. (2013) The increasing importance of herbicides in worldwide crop 

production. Pest Management Science, 69, 1099-1105. 

Gomes, M. P. and Juneau, P. (2017) Temperature and light modulation of herbicide 

toxicity on algal and cyanobacterial physiology. Frontiers in Environmental 

Science, 5, 50. 

Gorbe, E. and Calatayud, A. (2012) Applications of chlorophyll fluorescence imaging 

technique in horticultural research: a review. Scientia Horticulturae, 138, 24-

35. 

Govindjee (1995) Sixty-three years since Kautsky: chlorophylla fluorescence. 

Australian Journal of Plant Physiology, 22, 131-160. 

Gowdy, J. M. (2021) Our Hunter-Gatherer Heritage and the Evolution of Human 

Nature. In: Gowdy, J. M. (ed.) Ultrasocial: The Evolution of Human Nature and 

the Quest for a Sustainable Future. Cambridge: Cambridge University Press. 



127 
 

Gower, J. (2016) On the use of satellite-measured chlorophyll fluorescence for 

monitoring coastal waters. International Journal of Remote Sensing, 37, 2077-

2086. 

Gower, J. F., Brown, L. and Borstad, G. (2004) Observation of chlorophyll 

fluorescence in west coast waters of Canada using the MODIS satellite 

sensor. Canadian Journal of Remote Sensing, 30, 17-25. 

Green, J. and Hazen, J. (1998) Understanding and using adjuvants properties to 

enhance pesticide activity. Adjuvants for Agrochemicals: Challenges and. 

Green, J. M. (2014) Current state of herbicides in herbicide‐resistant crops. Pest 

Management Science, 70, 1351-1357. 

Grey, T. L., Raymer, P. L. and Bridges, D. C. (2006) Herbicide-resistant canola 

(Brassica napus) response and weed control with postemergence herbicides. 

Weed technology, 20, 551-557. 

Guidi, L., Lo Piccolo, E. and Landi, M. (2019) Chlorophyll fluorescence, 

photoinhibition and abiotic stress: does it make any difference the fact to be a 

C3 or C4 species? Frontiers in plant science, 10, 174. 

Guyton, K. Z., Loomis, D., Grosse, Y., El Ghissassi, F., Benbrahim-Tallaa, L., Guha, 

N., Scoccianti, C., Mattock, H. and Straif, K. (2015) Carcinogenicity of 

tetrachlorvinphos, parathion, malathion, diazinon, and glyphosate. The Lancet 

Oncology, 16, 490-491. 

Hall, C. J., Mackie, E. R., Gendall, A. R., Perugini, M. A. and Soares da Costa, T. P. 

(2020) amino acid biosynthesis as a target for herbicide development. Pest 

Management Science, 76, 3896-3904. 

Harker, K. N. and O'Donovan, J. T. (2013) Recent weed control, weed management, 

and integrated weed management. Weed technology, 27, 1-11. 

Hashimoto, Y., Ino, T., Kramer, P. J., Naylor, A. W. and Strain, B. R. (1984) Dynamic 

analysis of water stress of sunflower leaves by means of a thermal image 

processing system. Plant Physiology, 76, 266-269. 

Hay, J. (1974) Gains to the grower from weed science. Weed Science, 22, 439-442. 

Hazen, J. L. (2000) Adjuvants—terminology, classification, and chemistry. Weed 

technology, 14, 773-784. 

Heap, I. (2014) Global perspective of herbicide‐resistant weeds. Pest Management 

Science, 70, 1306-1315. 

Heap, I. (2022) The International Herbicide-Resistant Weed Database. HRAC. 



128 
 

Heap, I. (n.d.) Herbicide-Resistant Weeds by Site of Action [Online]. Available: 

http://weedscience.org/Pages/SOASummary.aspx [Last accessed 

Wednesday, 19 January 2022]. 

Herrmann, K. M. and Weaver, L. M. (1999) The shikimate pathway. Annual review of 

plant biology, 50, 473. 

Heuzé, V., Thiollet, H., Tran, G. and Lebas, F. (2020) Cockspur grass (Echinochloa 

crus-galli) forage. Feedipedia. 

Hogg, N. and Kalyanaraman, B. (1999) Nitric oxide and lipid peroxidation. 

Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1411, 378-384. 

Holm, L., Pancho, J., Herberger, J. and Plunkett, P. (1991) A geographical atlas of 

world weeds. Krieger Malabar. 

Holt, J. S. (2013) Herbicides. 

HRAC (2020a) 2020 REVIEW OF THE HERBICIDE MOA CLASSIFICATION 

[Online]. Global HRAC Team. Available: https://hracglobal.com/tools/2020-

review-of-the-herbicide-moa-classification [Last accessed Wednesday, 19 

January 2022]. 

HRAC (2020b) Important Changes To Herbicide Mode Of Action Labeling - Fact 

Sheet. In: Committee, H. R. A. (ed.). 

IRED, R. A. (2006) Decision Documents for Atrazine. 

Jamaludheen, A., Chand, P., Praveen, K., Krishnan, P. and Singh, P. (2022) Trends 

in global herbicides research during 2011-2020: A web of science-based 

scientometric study. Indian Journal of Weed Science, 54, 1-10. 

Jones, K. C. and De Voogt, P. (1999) Persistent organic pollutants (POPs): state of 

the science. Environmental Pollution, 100, 209-221. 

Juneau, P., Qiu, B. and Deblois, C. P. (2007) Use of chlorophyll fluorescence as a 

tool for determination of herbicide toxic effect. Toxicological and Environ 

Chemistry, 89, 609-625. 

Juneau, P., Sumitomo, H., Matsui, S., Itoh, S., Kim, S.-G. and Popovic, R. (2003) 

Use of chlorophyll fluorescence of Closterium ehrenbergii and Lemna gibba 

for toxic effect evaluation of sewage treatment plant effluent and its 

hydrophobic components. Ecotoxicology and environmental safety, 55, 1-8. 

Kaiser, Y. I., Menegat, A. and Gerhards, R. (2013) Chlorophyll fluorescence imaging: 

a new method for rapid detection of herbicide resistance in A lopecurus 

myosuroides. Weed Research, 53, 399-406. 

http://weedscience.org/Pages/SOASummary.aspx
https://hracglobal.com/tools/2020-review-of-the-herbicide-moa-classification
https://hracglobal.com/tools/2020-review-of-the-herbicide-moa-classification


129 
 

Kalaji, H. M., Schansker, G., Brestic, M., Bussotti, F., Calatayud, A., Ferroni, L., 

Goltsev, V., Guidi, L., Jajoo, A. and Li, P. (2017) Frequently asked questions 

about chlorophyll fluorescence, the sequel. Photosynthesis Research, 132, 

13-66. 

Kalaji, H. M., Schansker, G., Ladle, R. J., Goltsev, V., Bosa, K., Allakhverdiev, S. I., 

Brestic, M., Bussotti, F., Calatayud, A. and Dąbrowski, P. (2014) Frequently 

asked questions about in vivo chlorophyll fluorescence: practical issues. 

Photosynthesis Research, 122, 121-158. 

Kaundun, S. S. (2021) Syngenta's contribution to herbicide resistance research and 

management. Pest Management Science, 77, 1564-1571. 

Kautsky, H. and Hirsch, A. (1931) Neue versuche zur kohlensäureassimilation. 

Naturwissenschaften, 19, 964-964. 

Khaleghi, E., Arzani, K., Moallemi, N. and Barzegar, M. (2012) Evaluation of 

chlorophyll content and chlorophyll fluorescence parameters and relationships 

between chlorophyll a, b and chlorophyll content index under water stress in 

Olea europaea cv. Dezful. International Journal of Agricultural and 

Biosystems Engineering, 6, 636-639. 

Kimball, J. W. (2000) Chlorophylls and Carotenoids [Online]. Available: 

https://web.archive.org/web/20030803205514/http://users.rcn.com/jkimball.ma

.ultranet/BiologyPages/C/Chlorophyll.html [Last accessed Thursday, 20 

January 2022. 

Klöppel, H., Kördel, W. and Stein, B. (1997) Herbicide transport by surface runoff 

and herbicide retention in a filter strip—rainfall and runoff simulation studies. 

Chemosphere, 35, 129-141. 

Konishi, T. and Sasaki, Y. (1994) Compartmentalization of two forms of acetyl-CoA 

carboxylase in plants and the origin of their tolerance toward herbicides. 

Proceedings of the National Academy of Sciences, 91, 3598-3601. 

Konstantinović, B., Blagojević, M., Konstantinović, B. and Samardžić, N. (2014) 

Allelopathic effect of weed species Amaranthus retroflexus L. on maize seed 

germination. Romanian Agricultural Research, 31, 315-321. 

Korres, N. E., Burgos, N. R., Travlos, I., Vurro, M., Gitsopoulos, T. K., Varanasi, V. 

K., Duke, S. O., Kudsk, P., Brabham, C. and Rouse, C. E. (2019) New 

directions for integrated weed management: Modern technologies, tools and 

knowledge discovery. Advances in Agronomy, 155, 243-319. 

https://web.archive.org/web/20030803205514/http:/users.rcn.com/jkimball.ma.ultranet/BiologyPages/C/Chlorophyll.html
https://web.archive.org/web/20030803205514/http:/users.rcn.com/jkimball.ma.ultranet/BiologyPages/C/Chlorophyll.html


130 
 

Krähmer, H., Walter, H., Jeschke, P., Haaf, K., Baur, P. and Evans, R. (2021) What 

makes a molecule a pre‐or a post‐herbicide–how valuable are 

physicochemical parameters for their design? Pest Management Science, 77, 

4863-4873. 

Krause, a. G. and Weis, E. (1991) Chlorophyll fluorescence and photosynthesis: the 

basics. Annual review of plant biology, 42, 313-349. 

Kudsk, P. (2002) Optimising herbicide performance. Weed management handbook, 

9, 323-344. 

Kudsk, P., Hatcher, P. and Froud-Williams, R. (2017) Optimising herbicide 

performance. Weed Research: Expanding Horizons. Hoboken, NJ: John 

Wiley & Sons, Ltd, 149-179. 

Kudsk, P. and Mathiassen, S. K. (2020) Pesticide regulation in the European Union 

and the glyphosate controversy. Weed Science, 68, 214-222. 

Kudsk, P. and Streibig, J. (2003) Herbicides–a two‐edged sword. Weed Research, 

43, 90-102. 

Kumar, A., Rakow, G. and Downey, R. (1998) Genetic characterization of 

glufosinate‐ammonium tolerant summer rape lines. Crop science, 38, 1489-

1494. 

Kume, A., Akitsu, T. and Nasahara, K. N. (2018) Why is chlorophyll b only used in 

light-harvesting systems? Journal of Plant research, 131, 961-972. 

Landim, T. N., da Cunha, J. P., Alves, G. S., Marques, M. G. and Silva, S. M. (2019) 

INTERACTIONS BETWEEN ADJUVANTS AND THE FUNGICIDE 

AZOXYSTROBIN+ BENZOVINDIFLUPYR IN HYDRAULIC SPRAYING. 

Engenharia Agrícola, 39, 600-606. 

Lawson, T., Oxborough, K., Morison, J. I. and Baker, N. R. (2002) Responses of 

photosynthetic electron transport in stomatal guard cells and mesophyll cells 

in intact leaves to light, CO2, and humidity. Plant Physiology, 128, 52-62. 

LeBaron, H. M., McFarland, J. E. and Burnside, O. C. (2008) The triazine herbicides: 

a milestone in the development of weed control technology. The triazine 

herbicides, 50, 1-12. 

Legendre, R., Basinger, N. T. and van Iersel, M. W. (2021) Low-Cost Chlorophyll 

Fluorescence Imaging for Stress Detection. Sensors, 21, 2055. 



131 
 

Lemerle, D., Luckett, D., Koetz, E. and Wu, H. Canola (Brassica napus) competition 

for weed management.  23 rd Asian-Pacific Weed Science Society 

Conference, 2011. 278. 

Lewin, R. (2009) Human Evolution: An Illustrated Introduction, John Wiley and Sons. 

Liu, L., Zhao, J. and Guan, L. (2013) Tracking photosynthetic injury of Paraquat-

treated crop using chlorophyll fluorescence from hyperspectral data. 

European journal of remote sensing, 46, 459-473. 

Llewellyn, R., Ronning, D., Clarke, M., Mayfield, A., Walker, S. and Ouzman, J. 

(2016) Impact of weeds in Australian grain production. Canberra, ACT, 

Australia: Grains Research and Development Corporation. 

Logan, B. A., Adams, W. W. and Demmig-Adams, B. (2007) Avoiding common 

pitfalls of chlorophyll fluorescence analysis under field conditions. Functional 

Plant Biology, 34, 853-859. 

López-Calcagno, P. E., Brown, K. L., Simkin, A. J., Fisk, S. J., Vialet-Chabrand, S., 

Lawson, T. and Raines, C. A. (2020) Stimulating photosynthetic processes 

increases productivity and water-use efficiency in the field. Nature Plants, 6, 

1054-1063. 

Loux, M., Doohan, D., Dobbels, A., Reeb, B., Johnson, W., Young, B., Ikley, J. and 

Hager, A. (2019a) 2019 Weed Control Guide for Ohio, Indiana, and Illinois. In: 

University, O. S. (ed.). 

Loux, M., Doohan, D., Dobbels, A., Reeb, B., Johnson, W., Young, B., Ikley, J. and 

Hager, A. (2019b) 2019 Weed Control Guide for Ohio, Indiana, and Illinois. In: 

Extension, O. S. U. (ed.). Ohio State University, University of Illinois, Purdue. 

Lucian, D., Maria, D., Stelian-Dorian, P., Voichița, T.-G. and Cristian, O. (2018) 

Amaranthus plant–between myth and usage. Sustainable Development, 8. 

Manuchehri, M. (2017) Understanding Herbicide Mode of Action. Available: 

https://extension.okstate.edu/fact-sheets/herbicide-how-to-understanding-

herbicide-mode-of-action.html. 

Markwell, J. and Namuth, D. (2003) Introduction for Herbicides that Act Through 

Photosynthesis [Online]. Plant & Soil Sciences eLibrary. Available: 

https://passel2.unl.edu/view/lesson/92cc6f5d51ca/1 [Last accessed 12/01/23 

2023]. 

https://extension.okstate.edu/fact-sheets/herbicide-how-to-understanding-herbicide-mode-of-action.html
https://extension.okstate.edu/fact-sheets/herbicide-how-to-understanding-herbicide-mode-of-action.html
https://passel2.unl.edu/view/lesson/92cc6f5d51ca/1


132 
 

Matringe, M., Sailland, A., Pelissier, B., Rolland, A. and Zink, O. (2005) p‐

Hydroxyphenylpyruvate dioxygenase inhibitor‐resistant plants. Pest 

Management Science: formerly Pesticide Science, 61, 269-276. 

Maxwell, K. and Johnson, G. N. (2000) Chlorophyll fluorescence—a practical guide. 

Journal of experimental botany, 51, 659-668. 

McAlister, E. D. and Myers, J. (1940) Time course of photosynthesis and 

fluorescence. Science, 92, 241-243. 

McDougal, P. (2018) Evolution of the Crop Protection Industry since 1960. 

McMullan, P. M., Daun, J. K. and DeClercq, D. R. (1994) Effect of wild mustard 

(Brassica kaber) competition on yield and quality of triazine-tolerant and 

triazine-susceptible canola (Brassica napus and Brassica rapa). Canadian 

Journal of Plant Science, 74, 369-374. 

Menegat, A. and Gerhards, R. (2014) Validation of the chlorophyll fluorescence 

imaging method (CFI) for early detection of herbicide resistance in weeds. 

Julius Kühn Archive, 60. 

Merfield, C. N. (2022) Redefining weeds for the post‐herbicide era. Weed Research, 

62, 263-267. 

Mesnage, R. and Antoniou, M. N. (2018) Ignoring adjuvant toxicity falsifies the safety 

profile of commercial pesticides. Frontiers in public health, 5, 361. 

Mitchell, G., Bartlett, D. W., Fraser, T. E. M., Hawkes, T. R., Holt, D. C., Townson, J. 

K. and Wichert, R. A. (2001) Mesotrione: a new selective herbicide for use in 

maize. Pest Management Science: formerly Pesticide Science, 57, 120-128. 

Moreland, D. E. (1980) Mechanisms of action of herbicides. Annual Review of Plant 

Physiology, 31, 597-638. 

Muller, P., Li, X.-P. and Niyogi, K. K. (2001) Non-photochemical quenching. A 

response to excess light energy. Plant Physiology, 125, 1558-1566. 

Muller, R., Schreiber, U., Escher, B. I., Quayle, P., Nash, S. M. B. and Mueller, J. F. 

(2008) Rapid exposure assessment of PSII herbicides in surface water using 

a novel chlorophyll a fluorescence imaging assay. Science of the Total 

Environment, 401, 51-59. 

Murchie, E. H. and Lawson, T. (2013) Chlorophyll fluorescence analysis: a guide to 

good practice and understanding some new applications. Journal of 

experimental botany, 64, 3983-3998. 



133 
 

Mylne, J. S. and Stubbs, K. A. (2020) Antimalarial drugs as inspiration for herbicides. 

Outlooks on Pest Management, 31, 216-220. 

Nath, U. K., Kim, H.-T., Khatun, K., Park, J.-I., Kang, K.-K. and Nou, I.-S. (2016) 

Modification of fatty acid profiles of rapeseed (Brassica napus L.) oil for using 

as food, industrial feed-stock and biodiesel. Plant Breeding and 

Biotechnology, 4, 123-134. 

Nedbal, L. and Whitmarsh, J. (2004) Chlorophyll fluorescence imaging of leaves and 

fruits. Chlorophyll a Fluorescence. Springer. 

Ning, L., Petersen, B. E., Edwards, G. E., Daley, L. S. and Callis, J. B. (1997) 

Recovery of digital information stored in living plant leaf photosynthetic 

apparatus as fluorescence signals. Applied spectroscopy, 51, 1-9. 

Nissen, S., Sterling, T. and Namuth, D. (2005) Foliar Absorption and Phloem 

Translocation [Online]. Plant & Soil Sciences eLibrary. Available: 

https://passel2.unl.edu/view/lesson/c5acc4095d02 [Last accessed 10/01/2023 

2023]. 

O’SULLIVAN, P. and O’DONOVAN, J. (1980) Influence of various herbicides and 

Tween 20 on the effectiveness of glyphosate. Canadian Journal of Plant 

Science, 60, 939-945. 

Oerke, E.-C. (2006) Crop losses to pests. The Journal of Agricultural Science, 144, 

31-43. 

Oettmeier, W. (1999) Herbicide resistance and supersensitivity in photosystem II. 

Cellular and Molecular Life Sciences CMLS, 55, 1255-1277. 

Ogawa, T. and Sonoike, K. (2021) Screening of mutants using chlorophyll 

fluorescence. Journal of Plant research, 134, 653-664. 

Omasa, K., Shimazaki, K.-I., Aiga, I., Larcher, W. and Onoe, M. (1987) Image 

analysis of chlorophyll fluorescence transients for diagnosing the 

photosynthetic system of attached leaves. Plant Physiology, 84, 748-752. 

Omasa, K. and Takayama, K. (2003) Simultaneous measurement of stomatal 

conductance, non-photochemical quenching, and photochemical yield of 

photosystem II in intact leaves by thermal and chlorophyll fluorescence 

imaging. Plant and Cell Physiology, 44, 1290-1300. 

Pacanoski, Z. (2015) Herbicides and adjuvants. Herbicides, Physiology of Action, 

and Safety; Price, A., Kelton, J., Sarunaite, L., Eds, 125-148. 

https://passel2.unl.edu/view/lesson/c5acc4095d02


134 
 

Palma-Bautista, C., Vazquez-Garcia, J. G., Travlos, I., Tataridas, A., Kanatas, P., 

Domínguez-Valenzuela, J. A. and De Prado, R. (2020) Effect of adjuvant on 

glyphosate effectiveness, retention, absorption and translocation in Lolium 

rigidum and Conyza canadensis. Plants, 9, 297. 

Park, J., Brown, M. T., Depuydt, S., Kim, J. K., Won, D.-S. and Han, T. (2016) 

Comparing the acute sensitivity of growth and photosynthetic endpoints in 

three Lemna species exposed to four herbicides. Environmental Pollution, 

220, 818-827. 

Penfield, K., Young, B., Young, J. K., Kruger, G. R., Henry, R. and Lindner, G. 

(2015) Physical and biological effects of modified polysorbate 20. 

Peng, S. (1983) Biological control--one of the fine traditions of the ancient Chinese 

agricultural techniques [Plant protection in China]. Scientia agricultura sinica. 

Percival, G. C. (2005) The use of chlorophyll fluorescence to identify chemical and 

environmental stress in leaf tissue of three oak (Quercus) species. Journal of 

Arboriculture, 31, 215. 

Pérez-Bueno, M. L., Pineda, M. and Barón, M. (2019) Phenotyping plant responses 

to biotic stress by chlorophyll fluorescence imaging. Frontiers in plant science, 

10, 1135. 

Peterson, M. A., McMaster, S. A., Riechers, D. E., Skelton, J. and Stahlman, P. W. 

(2016) 2, 4-D past, present, and future: a review. Weed technology, 30, 303-

345. 

Pike, D. R., McGLAMERY, M. D. and Knake, E. L. (1991) A case study of herbicide 

use. Weed technology, 5, 639-646. 

Pospíšil, P. (2016) Production of reactive oxygen species by photosystem II as a 

response to light and temperature stress. Frontiers in plant science, 7, 1950. 

PPDB (2023) Pesticide Properties Database. University of Hertfordshire: University 

of Hertfordshire. 

Prado, R., García, R., Rioboo, C., Herrero, C., Abalde, J. and Cid, A. (2009) 

Comparison of the sensitivity of different toxicity test endpoints in a microalga 

exposed to the herbicide paraquat. Environment international, 35, 240-247. 

Qasem, J. R. (2011) Herbicides applications: problems and considerations. 

Herbicides and environment. IntechOpen. 



135 
 

Qu, R. Y., He, B., Yang, J. F., Lin, H. Y., Yang, W. C., Wu, Q. Y., Li, Q. X. and Yang, 

G. F. (2021) Where are the new herbicides? Pest Management Science, 77, 

2620-2625. 

Randall, R. (2012) A Global Compendium of Weeds. Perth, Australia: Department of 

Agriculture and Food Western Australia, 1124 pp. 

Renger, G. (2012) Mechanism of light induced water splitting in Photosystem II of 

oxygen evolving photosynthetic organisms. Biochimica et Biophysica Acta 

(BBA)-Bioenergetics, 1817, 1164-1176. 

Renton, M. and Chauhan, B. S. (2017) Modelling crop-weed competition: Why, what, 

how and what lies ahead? Crop Protection, 95, 101-108. 

Rice, E. L. (1979) Allelopathy—an update. The Botanical Review, 45, 15-109. 

Ridley, S. M., Elliott, A. C., Yeung, M. and Youle, D. (1998) High‐throughput 

screening as a tool for agrochemical discovery: automated synthesis, 

compound input, assay design and process management. Pesticide Science, 

54, 327-337. 

Roggenbuck, F. C., Rowe, L., Penner, D., Petroff, L. and Burow, R. (1990) 

Increasing postemergence herbicide efficacy and rainfastness with silicone 

adjuvants. Weed technology, 4, 576-580. 

Rögner, M., Boekema, E. J. and Barber, J. (1996) How does photosystem 2 split 

water? The structural basis of efficient energy conversion. Trends in 

biochemical sciences, 21, 44-49. 

Rutherford, A. W. and Krieger-Liszkay, A. (2001) Herbicide-induced oxidative stress 

in photosystem II. Trends in biochemical sciences, 26, 648-653. 

Sandmann, G. and Böger, P. (2020) Inhibition of carotenoid biosynthesis by 

herbicides. Target sites of herbicide action. CRC Press. 

Sarizadeh, G., Geravandi, S., Takdastan, A., Javanmaerdi, P. and Mohammadi, M. 

J. (2022) Efficiency of hospital wastewater treatment system in removal of 

level of toxic, microbial, and organic pollutant. Toxin Reviews, 41, 721-730. 

Schansker, G., Tóth, S. Z., Holzwarth, A. R. and Garab, G. (2014) Chlorophyll a 

fluorescence: beyond the limits of the QA model. Photosynthesis Research, 

120, 43-58. 

Sebastian, D. J., Nissen, S. J. and Rodrigues, J. D. S. (2016) Pre-emergence control 

of six invasive winter annual grasses with imazapic and indaziflam. Invasive 

Plant Science and Management, 9, 308-316. 



136 
 

Shaffer, G. (2016) What’s the Difference Between Herbicide Mode of Action and Site 

of Action? [Online]. South Dakota State University. Available: https://www.no-

tillfarmer.com/articles/5961-whats-the-difference-between-herbicide-mode-of-

action-and-site-of-action. 

Shaner, D. (2006) An overview of glyphosate mode of action: Why is it such a great 

herbicide. North Central Weed Sci. Soc. Proc. 61, 94. 

Sharma, A., Kumar, V., Shahzad, B., Tanveer, M., Sidhu, G. P. S., Handa, N., Kohli, 

S. K., Yadav, P., Bali, A. S. and Parihar, R. D. (2019) Worldwide pesticide 

usage and its impacts on ecosystem. SN Applied Sciences, 1, 1-16. 

Sherwani, S. I., Arif, I. A. and Khan, H. A. (2015) Modes of action of different classes 

of herbicides. Herbicides, physiology of action, and safety, 165-186. 

Shimabukuro, R. H. and Hoffer, B. L. (1994) Effects on transmembrane proton 

gradient and lipid biosynthesis in the mode of action of diclofop-methyl. 

Pesticide Biochemistry and Physiology, 48, 85-97. 

Shukla, A. and Devine, M. D. (2008) Basis of crop selectivity and weed resistance to 

triazine herbicides. The triazine herbicides, 50, 111-118. 

Simkin, A. J., Faralli, M., Ramamoorthy, S. and Lawson, T. (2020) Photosynthesis in 

non‐foliar tissues: implications for yield. The Plant Journal, 101, 1001-1015. 

Song, H.-Y., Kim, Y.-H., Seok, S.-J., Gil, H.-W., Yang, J.-O., Lee, E.-Y. and Hong, 

S.-Y. (2012) Cellular toxicity of surfactants used as herbicide additives. 

Journal of Korean medical science, 27, 3-9. 

Sonobe, R., Yamashita, H., Mihara, H., Morita, A. and Ikka, T. (2020) Estimation of 

leaf chlorophyll a, b and carotenoid contents and their ratios using 

hyperspectral reflectance. Remote Sensing, 12, 3265. 

Soodabeh, S. and Ahmad, R. G. (2012) Importance of Brassica napus as a 

medicinal food plant. Journal of Medicinal Plants Research, 6, 2700-2703. 

Stirbet, A. and Govindjee (2012) Chlorophyll a fluorescence induction: a personal 

perspective of the thermal phase, the J–I–P rise. Photosynthesis Research, 

113, 15-61. 

Streibig, J. C. and Kudsk, P. (1993) Herbicide bioassays, CRC Press Inc. 

Stuart, A. M., Merfield, C. N., Horgan, F. G., Willis, S., Watts, M. A., Ramírez-Muñoz, 

F., Sánchez, J., Utyasheva, L., Eddlestone, M. and Davis, M. (2022) 

Agriculture without paraquat is feasible without loss of productivity. Lessons 

learned from phasing out a highly hazardous herbicide. 

https://www.no-tillfarmer.com/articles/5961-whats-the-difference-between-herbicide-mode-of-action-and-site-of-action
https://www.no-tillfarmer.com/articles/5961-whats-the-difference-between-herbicide-mode-of-action-and-site-of-action
https://www.no-tillfarmer.com/articles/5961-whats-the-difference-between-herbicide-mode-of-action-and-site-of-action


137 
 

Sukhoverkov, K. V., Corral, M. G., Leroux, J., Haywood, J., Johnen, P., Newton, T., 

Stubbs, K. A. and Mylne, J. S. (2021) Improved herbicide discovery using 

physico-chemical rules refined by antimalarial library screening. RSC 

advances, 11, 8459-8467. 

Sukhoverkov, K. V. and Mylne, J. S. (2021) Systematic, small‐scale screening with 

Arabidopsis reveals herbicides synergies that extend to lettuce. Pest 

Management Science, 77, 4930-4941. 

Sun, M., Ye, M., Wu, J., Feng, Y., Wan, J., Tian, D., Shen, F., Liu, K., Hu, F. and Li, 

H. (2015) Positive relationship detected between soil bioaccessible organic 

pollutants and antibiotic resistance genes at dairy farms in Nanjing, Eastern 

China. Environmental Pollution, 206, 421-428. 

Taiz, L. and Zeiger, E. (2010) Plant Physiology, Sunderland, MA, Sinauer Associates 

Inc. 

Takano, H. K., Beffa, R., Preston, C., Westra, P. and Dayan, F. E. (2020) A novel 

insight into the mode of action of glufosinate: how reactive oxygen species are 

formed. Photosynthesis research, 144, 361-372. 

Takano, H. K. and Dayan, F. E. (2020) Glufosinate‐ammonium: a review of the 

current state of knowledge. Pest Management Science, 76, 3911-3925. 

Takayama, K. and Omasa, K. (2005) Early detection of photosynthetic dysfunction 

caused by a herbicide (Basta) using chlorophyll fluorescence and thermal 

imaging system. Journal of Agricultural Meteorology, 60, 1179-1181. 

Tanaka, R. and Tanaka, A. (2000) Chlorophyll b is not just an accessory pigment but 

a regulator of the photosynthetic antenna. Porphyrins, 9, 240-245. 

Tarazona, J. V., Tiramani, M., Reich, H., Pfeil, R., Istace, F. and Crivellente, F. 

(2017) Glyphosate toxicity and carcinogenicity: a review of the scientific basis 

of the European Union assessment and its differences with IARC. Archives of 

toxicology, 91, 2723-2743. 

Technologica. Technologica Ltd. Available: 

http://www.technologica.co.uk/products/cfimager/terminology.html#FqPFmP 

[Last accessed Wednesday, 3 November 2021]. 

TMR (2020) Global Sodium Lauryl Sulfate Market Estimated to surpass US$ 11.0 Bn 

by 2027: Transparency Market Research. Transparency Market Research. 

http://www.technologica.co.uk/products/cfimager/terminology.html#FqPFmP


138 
 

Tracewell, C. A., Vrettos, J. S., Bautista, J. A., Frank, H. A. and Brudvig, G. W. 

(2001) Carotenoid Photooxidation in Photosystem II. Archives of Biochemistry 

and Biophysics, 385, 61-69. 

Trampe, E., Kolbowski, J., Schreiber, U. and Kühl, M. (2011) Rapid assessment of 

different oxygenic phototrophs and single-cell photosynthesis with multicolour 

variable chlorophyll fluorescence imaging. Marine biology, 158, 1667-1675. 

Travlos, I., Cheimona, N. and Bilalis, D. (2017) Glyphosate efficacy of different salt 

formulations and adjuvant additives on various weeds. Agronomy, 7, 60. 

Turgeon, R. and Wolf, S. (2009) Phloem transport: cellular pathways and molecular 

trafficking. Annual review of plant biology, 60, 207-221. 

Underwood, A. K. (2000) Adjuvant trends for the new millennium. Weed technology, 

14, 765-772. 

United Nations Department of Economic and Social Affairs, P. D. (2022) World: Total 

Population. 

USDA (2022) Oilseeds: World Markets and Trade. 

Utschig, L. M., Soltau, S. R., Mulfort, K. L., Niklas, J. and Poluektov, O. G. (2018) Z-

scheme solar water splitting via self-assembly of photosystem I-catalyst 

hybrids in thylakoid membranes. Chemical science, 9, 8504-8512. 

Varanasi, A., Prasad, P. V. and Jugulam, M. (2016) Impact of climate change factors 

on weeds and herbicide efficacy. Advances in Agronomy, 135, 107-146. 

Varotto, C., Pesaresi, P., Maiwald, D., Kurth, J., Salamini, F. and Leister, D. (2000) 

Identification of photosynthetic mutants of Arabidopsis by automatic screening 

for altered effective quantum yield of photosystem 2. PHOTOSYNTHETICA, 

38, 497-504. 

Vass, I. (2012) Molecular mechanisms of photodamage in the Photosystem II 

complex. Biochimica et Biophysica Acta (BBA)-Bioenergetics, 1817, 209-217. 

Vats, S. (2015) Herbicides: history, classification and genetic manipulation of plants 

for herbicide resistance. Sustainable agriculture reviews, 153-192. 

Velini, E., Duke, S., Trindade, M. L., Meschede, D. and Carbonari, C. (2009) Mode of 

Action of Glyphosate. 

Vialet-Chabrand, S., Matthews, J. S., Simkin, A. J., Raines, C. A. and Lawson, T. 

(2017) Importance of fluctuations in light on plant photosynthetic acclimation. 

Plant Physiology, 173, 2163-2179. 



139 
 

Vinyard, D. J., Ananyev, G. M. and Charles Dismukes, G. (2013) Photosystem II: the 

reaction center of oxygenic photosynthesis. Annual review of biochemistry, 

82, 577-606. 

Vladimirov, Y. A., Olenev, V. I., Suslova, T. B. and Cheremisina, Z. P. (1980) Lipid 

Peroxidation in Mitochondrial Membrane. In: Paoletti, R. and Kritchevsky, D. 

(eds.) Advances in Lipid Research. Elsevier. 

Wakabayashi, K. and Böger, P. (2002) Target sites for herbicides: entering the 21st 

century. Pest Management Science: formerly Pesticide Science, 58, 1149-

1154. 

Walsh, A. and Kingwell, R. (2021) Economic implications of the loss of glyphosate 

and paraquat on Australian mixed enterprise farms. Agricultural Systems, 

193, 103207. 

Wang, C. and Liu, Z. (2007) Foliar uptake of pesticides—present status and future 

challenge. Pesticide Biochemistry and Physiology, 87, 1-8. 

Wang, P., Li, H., Jia, W., Chen, Y. and Gerhards, R. (2018) A fluorescence sensor 

capable of real-time herbicide effect monitoring in greenhouses and the field. 

Sensors, 18, 3771. 

Ward, A. (2020) Important changes to the Global Herbicide Resistance Action 

Committee 

(HRAC)’s herbicide mode of action classification system. CropLife International. 

Warren, G. (1998) Spectacular increases in crop yields in the United States in the 

twentieth century. Weed technology, 12, 752-760. 

Weisdorf, J. L. (2005) From foraging to farming: explaining the Neolithic Revolution. 

Journal of Economic surveys, 19, 561-586. 

Weston, P. A., Gurusinghe, S., Birckhead, E., Skoneczny, D., Quinn, J. C. and 

Weston, L. A. (2019) Chemometric analysis of Amaranthus retroflexus in 

relation to livestock toxicity in southern Australia. Phytochemistry, 161, 1-10. 

Wollman, F.-A., Minai, L. and Nechushtai, R. (1999) The biogenesis and assembly of 

photosynthetic proteins in thylakoid membranes. Biochimica et Biophysica 

Acta (BBA)-Bioenergetics, 1411, 21-85. 

Zarco-Tejada, P. J., Berni, J. A., Suárez, L., Sepulcre-Cantó, G., Morales, F. and 

Miller, J. R. (2009) Imaging chlorophyll fluorescence with an airborne narrow-



140 
 

band multispectral camera for vegetation stress detection. Remote sensing of 

environment, 113, 1262-1275. 

Zhang, C., Lim, S., Kim, J., Nah, G., Fischer, A. and Kim, D. (2016) Leaf chlorophyll 

fluorescence discriminates herbicide resistance in Echinochloa species. Weed 

Research, 56, 424-433. 

Zhang, C., Yao, F., LIU, Y.-w., CHANG, H.-q., LI, Z.-j. and XUE, J.-m. (2017) Uptake 

and translocation of organic pollutants in plants: A review. Journal of 

integrative agriculture, 16, 1659-1668. 

Zhang, J., Jäck, O., Menegat, A., Li, G. and Wang, X. Chlorophyll fluorescence 

measurement: A new method to test the effect of two adjuvants on the 

efficacy of topramezone on weeds.  International Conference on Computer 

and Computing Technologies in Agriculture, 2019. Springer, 206-216. 

Zhang, J., Xie, Y., Zhang, C., Zhang, P., Jia, C. and Zhao, E. (2022) Early evaluation 

of adjuvant effects on topramezone efficacy under different temperature 

conditions using chlorophyll fluorescence tests. Frontiers in plant science, 13. 

Zhu, J., Patzoldt, W. L., Radwan, O., Tranel, P. J. and Clough, S. J. (2009) Effects of 

photosystem‐II‐interfering herbicides atrazine and bentazon on the soybean 

transcriptome. The Plant Genome, 2. 

  



141 
 

6. Appendix 

_______________________________________________________________________________________________________________________________________ 

Table 6.1. Summary of the effects of the 12 herbicides most affected by the addition 

of an adjuvant of study 1, with “+” indicating a significant difference, and “-“ indicating 

no significant difference between the adjuvant treatment and herbicide alone 

treatment. 

 

 

 

 

Name MOA SLES Tween 20 logP 

Bromoxynil PSII + + 0.27 

Dichlone Redox mediator - - 2.65 

Diclofop-methyl Fatty acid biosynthesis  + - 0.7 

Dinoseb Uncoupler + + 3.69 

DMC Plastoquinone biosynthesis + - 4.45 

Haloxydine Homogentisate 

solanesyltransferase 

+ - 2.4 

Imazapic Amino acid biosynthesis + - 1.6 

Ioxynil PSII - - 2 

No name 1 Unknown + - ~ 

No name 2 Cellulose synthesis + - ~ 

PSII standard 1 PSII + - ~ 

PSII standard 2 PSII + - ~ 
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Figure 6.1. 2D chemical structures of the adjuvants utilised in the present 

research; (a) Tween 20, and (b) SLES. 

 

 

 
Figure 6.2. A comparison of the effects of the herbicide mixtures containing 
Bromoxynil on the Fq’/Fv’ of Amaranthus retroflexus when utilising either whole leaf 
or ‘dot’ data. n=4. 

 

a b 
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Figure 6.3. A comparison of the effects of the herbicide mixtures containing 
Bromoxynil on the Fv’/Fm’ of Amaranthus retroflexus when utilising either whole 
leaf or ‘dot’ data. n=4. 

 


