
Development & Evaluation of 

Chlorophyll a Fluorescence as 

a bioanalytical tool for 

pollutant identification 

A thesis submitted for the degree of Doctor of Philosophy by 

Rachael Smith (B Sc . Hons) 

20 10 

Department of Environmental Science 

University of Technology, Sydney 



This thesis is dedicated to my grandfather, 
Geoff Murphy (1928-2009). 

As a child, my grandfather's love and respect for the land, the bush and the ocean 
was a true inspiration for me to one day be able to do all that I can to help save our 

beautiful Earth. 
Grandad - I hope you 're proud that I've finished university and can finally get to 

work. 

11 



CERTIFICATE OF AUTHORSHIP/ORIGINALITY 

I certify that the work in this thesis has not previously been submitted for a degree nor 
has it been submitted as part of requirements for a degree except as fully 
acknowledged within the text. 

I also certify that the thesis has been written by me. Any help that I have received in 
my research work and the preparation of the thesis itself has been acknowledged. In 
addition, I certify that all infonnation sources and literature used are indicated in the 
thesis. 

Signed 

Rachael Smith (PhD Candidate) 



ACKNOWLEDGEMENTS 

Although I have signed my name to this thesis, there are many people who have 

contributed in one way or another along the road to its completion. Those people are 

recognized and acknowledged here. 

Imparting great wisdom of photosynthesis and other scientific and non-scientific 

truths, my supervisor Peter Ralph is particularly acknowledged for overseeing and 

guiding my research through all its triumphs and pitfalls. With Peter's patience, 

dedication and belief in my abilities, thankfully the triumphs managed to prevail. I 

would also like to acknowledge the other members of the Aquatic Photosynthesis 

Group (APG) for their valued input particularly for seminar and conference 

presentations and assistance with laboratory work. 

I would like to acknowledge my co-supervisor, Jochen Muller, particularly in the 

early stages of my candidature for giving me strong advice and to help steer me in the 

right direction. I would also like to acknowledge Jochen' s team at EnTOX whose 

knowledge of toxicology and chemistry was of great value. Derek Earn us, my co-

supervisor at UTS, is also acknowledged for imparting great wisdom in tackling a 

thesis and a PhD. I also acknowledge the very many other academics and staff from 

UTS who were of immense value in giving experimental and statistical help and 

advice. 

Davy Wong is acknowledged for his assistance and development of the MSF software 

program used in this thesis. Without his knowledge of mathematics and statistics it 

would not have been possible for me to develop the fingerprinting method described 

in this thesis. I would also like to acknowledge Michael Manion for his role in 

preparing my thesis for submission as a patent application. 

Particular mention goes to Cliff Seery, Christopher Rawson and Jennifer Whan for 

reading and editing my thesis, being great support, giving great advice and being 

wonderful friends when all seemed to be lost. I would also like to acknowledge Cliff 

for his dedication to late night sampling in the rain for samples that didn't quite make 

it into the final thesis. 

IV 



I have learnt also that a thesis doesn't get done without the many friends and family 

around you to help as much as possible. I would like to acknowledge my parents for 

their financial support. I also would like to acknowledge my stepfather, Richard 

Barnes, for the Excel macro ' s that he wrote for me and the glasses of French 

champagne in the Whitsundays when I really needed a holiday. I would like to 

acknowledge my father for his support and giving up lengths of time to listen to my 

science ramblings. I need to acknowledge my mother and mentor, Kim Barnes, for so 

many aspects of this thesis. My mother has been such a great source of inspiration for 

so many years, not to mention the amount of hours of thesis reading and editing that 

she has put in to help get it to its finished state. Lastly, I would like to acknowledge 

the very patient and understanding Cameron Harris, who has been the solidarity in my 

life, who helped me get through the long hours, went through the ups and downs with 

me, and helped minimize the mental craziness . . . now we can finally get married! 

v 



ABSTRACT 

There is potential to improve water quality monitoring programs by generating 

pollution data that better represents the aquatic ecosystem being monitored. By 

incorporating rapid and cost-effective bioanalytical methods into water quality 

monitoring programs, risk associated with unrepresentative data can be reduced by 

increasing the number of samples collected without incurring additional costs. The 

rapid and cost-effective toxin-identification method presented here is based on 

quantifying patterns of change in chlorophyll a fluorescence (fluorescence 

fingerprints) associated with a toxicants mode of action (MoA). Chlorophyll a 

fluorescence yield is influenced by environmental factors and can be used to identify 

stress caused by light, nutrient status and the presence of pollutants. When the 

functional state of the photosynthetic apparatus changes, the yield of fluorescence 

emission also changes, generating a chlorophyll a fluorescence response that has 

previously been thought to be unique based on a toxicants mode of action. 

The toxin-identification method was developed as a bioanalytical system based on the 

chlorophyll a fluorescence responses of a microalgae (Dunaliella tertiolecta) to 

herbicide and nutrient impacts, measured using the Imaging-PAM fluorometer. The 

analysis of the fluorescence response was the novel method; a holistic approach was 

employed. Unlike previous approaches which measured one fluorescence parameter 

for toxicant identification, the method presented here assessed the temporal unity of 

change in energy dissipation, which was found to be unique depending on a 

chemical ' s mode of action (i.e. its physico-chemical properties and toxicokinetic 

relationship with the organism). The method was tested for two different uses: (1) as 

a non-specific biosensor able to identify herbicides (and their potency) in a water 

sample of unknown constituents, and (2) a method specific to the identification and 

potency of nutrients in a water sample. 

Seven herbicides were examined totaling three different MoAs; PSII inhibitors 

(DCMU, Irgarol, Bromacil and Simazine), uncoupling of phosphorylation (Dinoseb 

and PCP) and creation of reactive oxygen species (paraquat). By first generating a 

database of reference response patterns, the response patterns of laboratory derived 

test samples were then measured and quantitatively compared to the reference 
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patterns. The unknown or test sample was compared to reference toxicants using a 

mean-square fit (MSF) software program. The MSF program tells the user how well 

the fingerprint of the test sample fits to each of the fingerprints of the reference 

chemicals. The method showed 93% accuracy in correctly identifying six herbicides, 

with false negative identifications occurring for only two toxicants, simazine (8% of 

samples) and Dinoseb (27% of samples). 

Phosphate induced fluorescence transients were also assessed to demonstrate that the 

toxin-identification method was versatile in its ability to also be used as a selective 

biomarker. By culturing P-limited D. tertiolecta cells, a unique fluorescence response 

was recorded upon additions of P04
3

-. The NIFT (nutrient induced fluorescent 

transient) response was specific to Pol- additions compared to NH4
3+ and N02

-

additions. Quantification of the NIFT response showed high levels of precision and 

specificity for multiple fluorescence parameters. 

The toxin-identification method presented here is still in its preliminary stages and 

higher levels of validation are still necessary including testing environmental samples, 

and comparing results from the toxin-identification method to results from chemical 

analysis. However, this thesis presents the foundational work of a unique and 

powerful bioanalytical tool with the potential to greatly improve water quality 

management practices. 
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CHAPTER ONE 

Introduction 



1.0 INTRODUCTION 

Water quality is one of the world ' s most pressing environmental problems, both for 

the health and quality of life for humans, as well as the preservation of aquatic 

ecosystems and the biota that depend on them. Since the industrial revolution, 

chemicals have been entering aquatic ecosystems as a method of disposal or through 

unintentional release. While environmental protection has reduced disposal of 

chemicals into aquatic ecosystems as a means of waste removal, chemicals are still 

transported into aquatic environments through runoff, accidental spills, illegal 

discharge and sewerage treatment. With freshwater ever becoming one of the world's 

most precious and scarce resources, and coastal ecosystems suffering the burden of 

their adjacent, highly-valued, developed land; the need for protection is more crucial 

than ever. In order to protect and regenerate the Earth ' s aquatic ecosystems, existing 

and potential threats need to be effectively managed. The methods to do so involve 

water quality monitoring. 

1.1 Pollution Monitoring 

There is an ever-increasing number of new chemical pollutants being created and 

finding their way into the Earth ' s aquatic ecosystems. This issue means that pollution 

monitoring will need to continue to evolve and become more sophisticated to keep up 

with the rapid changes occurring in aquatic ecosystems. The number and wide variety 

of chemicals that contaminate the environment is of critical concern (Rogers & 

Williams 1995). In 1998, it was quoted (Ankley et al. 1998) that within the US 

alone, 70 000 existing industrial organic chemicals (not including pharmaceuticals 

and pesticides) and 15 00 - 2000 new industrial chemicals were being submitted 

yearly for evaluation under the Toxic Substances Act. The Toxic Substances Control 

Act (TSCA) inventory indicates that of the 70 000 chemical substances listed, 

approximately 15 000 are in commercial production (USEPA 2010). Additionally, 

the European Inventory of Existing Chemical Substances listed more than 100 000 

chemicals and the Australian Inventory of Chemical Substances (AICS) list of 

industrial chemicals that are, or have been, in commercial use in Australia is 
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approximately 37 000. Thus, identifying the presence of pollutants and their 

concentrations is a critical part of water quality monitoring. 

Environmental and ecotoxicological tests , such as acute and chronic bioassays, are 

now well standardized and are becoming increasingly more common practice in water 

quality monitoring (Tonkes, den Besten & Leverett 2005). However, the tests still 

suffer from one major drawback: they are expensive to run. A pollution monitoring 

program is often curtailed by available financial resources and, as such, limits the 

number of samples that can be analysed for any particular project (Rogers & Williams 

1995). This limitation could mean that the monitoring of a waterway is restricted to 

just a few times a year. However, pollution input can happen on a daily basis with 

stormwater effluent and treated sewerage effluent constantly being a major input into 

aquatic ecosystems, especially in densely populated regions such as cities and 

industrial areas. Greenwood, Mills and Roig (2007) suggested that while there is a 

high degree of confidence in determining pollutant concentrations in a water sample 

through the current accredited methods for sample analysis, there is less confidence 

associated with water sampling practices. This is because the samples collected may 

not provide a good representation of water quality as a result of infrequent sampling at 

a restricted number of sampling points, especially where levels of pollutants vary both 

temporally and spatially. 

Environmental management decisions tend to be improved by increasing the amount 

of analytical data. Increasing the data improves the accuracy of hazardous waste site 

characterization and the certainty of risk assessments and, also improves the 

efficiency of cleanup procedures (Rogers & Williams 1995). Incorrect decisions 

made on the basis of unrepresentative data can also prove to be very costly (Roig, 

Quevauviller & Greenwood 2007). A wrong decision can have political, economic, 

social and environmental consequences especially in today's society in which 

environmental impact assessments are subjected to greater scientific and legal 

scrutiny than ever before (Mapstone 1995). Limiting the scope of a monitoring 

program can have severe consequences on the accuracy and precision of the 

assessment which can lead to Type I or Type II errors (Mapstone 1995; ANZECC 

2000). A Type I error (i.e. concluding that an impact has occurred when it actually 

has not) may result in the cessation of work, the closing of a factory , or imposing 
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unnecessary restrictions such as fishing quotas, all of which may lead to local 

economic adversity (Mapstone 1995). Alternately, a Type II error (i.e. concluding 

that no impact has occurred when in reality it has occurred) usually provides support 

for continued development, resulting in prolonged polluting, leading to environmental 

degradation, aquatic habitat loss, collapse of a fishery , or the extinction of species 

(Mapstone 1995). 

The expense of monitoring usually lies in the cost of collecting samples, analysis and 

data handling and interpretation (ANZECC 2000). These costs mean that the total 

expense involved in collecting a comprehensive data set of overall water quality, 

using the existing accredited methods, is very expensive, often prohibitively so 

(Greenwood, Mills & Roig 2007). If economic expense could be reduced through 

more cost-effective methods of analysis, the precision of the assessment need not be a 

trade-off and the level of risk would be reduced. 

The opportunity to use cost-effective alternative monitoring tools to complement or 

partially replace classical methods does exist (Greenwood, Mills & Roig 2007). For 

instance, the USEP A's Office of Research and Development is directing efforts 

towards developing emerging methods such as biomarkers and biosensors that show 

promise in complementing laboratory-based and field analytical methods (Rogers & 

Williams 1995). It has also been suggested that these new methods could play an 

important role in the implementation of legislative policies by facilitating the 

acquisition of representative water quality data (Roig, Quevauviller & Greenwood 

2007). For instance, biosensors or biomarkers could provide some of the water 

quality information necessary to achieve the aims of a monitoring program without 

increasing the costs associated with extra monitoring using classical methods. 

Screening for pollutants using rapid, cost-effective methods means that classical 

monitoring methods can be focused on systems which fail to meet required standards 

(Roig, Quevauviller & Greenwood 2007), or where spatial and temporal variation is 

an influential factor: the seasonal use of pesticides for crop or animal protection, 

sporadic discharges from treatment or manufacturing processes, or wash-off following 

storm events (Greenwood, Mills & Roig 2007). Additionally, these new methods 

may be very helpful in forensic applications, for example where discharges (either 
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accidental or deliberate) have entered water systems and where the source is unknown 

(Greenwood, Mills & Roig 2007). 

Power and Boumphrey (2004) hypothesised that 

" .. . there is a symbiotic relationship between the development of novel 

bioassay test methods and the evolution of regulatory objectives. If 

regulatory objectives can evolve at a fast enough rate (creating a driver 

for change), there will be a need for new types of bioassays which are 

likely to become more sophisticated as our understanding of cause and 

effect improves." 

We are now at a new stage in the quest for the improvement of water quality in which 

regulatory objectives (and legislation) are starting to change and evolve. The Water 

Framework Directive (WFD) of the European Union (EU) is one major piece of 

legislation being implemented across Europe and the UK (Coquery et al. 2005; Roig, 

Quevauviller & Greenwood 2007). The aim of the legislation is to implement 

procedures that critically evaluate existing monitoring practices. A key finding of the 

WFD is that the requirements of new monitoring schemes (i.e. a greater number of 

samples to be collected) cannot be met due to budget limitations if classical sampling 

and analysis are used as the only means of pollution monitoring (Roig, Quevauviller 

& Greenwood 2007). What has been suggested is the provision of necessary support 

through the introduction of alternative cost-effective systems (emerging tools) into 

monitoring schemes that will complement the classical sampling and laboratory 

procedures (Rogers & Williams 1995; Roig, Quevauviller & Greenwood 2007). 

Recent research directions have concentrated on achieving improved monitoring 

practices through the inception of a number of short-term, cost-effective methods in 

the field of ecotoxicology and water quality monitoring. According to Greenwood, 

Mills and Roig (2007) a great deal of work has already been initiated to establish 

opportunities for applying existing short-term methods, such as biomarkers and 

biosensors, in support of new legislation (such as the WFD). 
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1.2 Pollutant Identification 

Chemical analysis through classical methods of assessment (e.g. HPLC, GCMS and 

LCMS) has the advantage over accredited biological assessments in its capability to 

accurately discern the type and concentration of pollutants present in a sample. In 

contrast, ecotoxicity bioassays use biological systems as an inference of the potential risk 

of a pollutant on organisms within the natural environment (Calow 1989). Trigger 

guidelines (ANZECC 2000) for chemical pollutants indicate chemical concentrations 

that will allow for the protection of an aquatic ecosystem, however, the ability to 

detect a compound through chemical analysis does not ensure that biological effects 

will be predicted (Cairns & Pratt 1989). For example, where several chemicals 

interact, the use of biological material for predicting or detecting the adverse impacts 

of the combined effect of more than one chemical is the only reliable evidence (Cairns 

& Pratt 1989). 

The use of chemical analysis can become very expensive as it is highly specific and a 

priori knowledge of the pollutants to be identified is necessary. Legislated water 

quality guidelines provide a list of pollutants, so often when chemical analysis is 

being conducted tests are only conducted for these (or a selection of) pollutants 

(Greenwood, Mills & Roig 2007). Furthermore, there are a number of new chemicals 

(or emerging pollutants) listed as priority substances which currently have no 

analytical method developed for their detection (Coquery et al. 2005). Testing 

individually for all possible pollutants for each water sample collected (even just 

those pollutants listed in water quality guidelines) with chemical analysis would 

become extremely expensive and severely limit the number of samples that could be 

analysed. 

Classic bioassays will account for those pollutants present in a sample that are 

bioavailable and have the potential to cause adverse impacts on an aquatic ecosystem. 

However, in general, classical bioassays cannot allow the analyst to discern one 

pollutant from another and no formal identification of the chemicals present in a 

sample can be made based on a bioassay response. Pollutant identification is 

important especially to control emissions, determine where and how pollutants are 

being discharged into the water source, what potential effects it may have on the 

6 



ecosystem (e.g. bioaccumulative, biomagnification), rehabilitation of the ecosystem 

and detecting the source of illegal or accidental discharge. 

One method that has the potential to be incorporated into monitoring schemes to 

support current methods is the use of biosensors to identify pollutants in water 

samples. In biological assessment methods, the use of a biosensor has an advantage 

of being able to detect bioavailable pollutants and their effects in a mixture. A 

method that could first screen a sample for the presence of pollutants would help 

reduce the number of samples that needed further assessment. Furthermore, a method 

that could also indicate the type of pollutant that was present would reduce the 

number of chemicals that needed to be tested. This would reduce the cost of analysis 

per sample substantially and a more rigorous monitoring regime could be applied to 

account for spatial and temporal variation in a water body. 

There is currently one method, Toxicity Identification Evaluation (TIE), which can 

indicate the type of pollutant present (lop, Foster & Askew 1991 ). TIE is currently 

used in regulatory monitoring programs, however, the approach can become very time 

consuming and an expensive method to undertake. TIE is based on a number of 

phases that systematically cancel out the possibility of particular pollutants causing 

the toxic response on the biological test organism until eventually identifying the 

pollutant responsible (lop, Foster & Askew 1991 ). But the cost to do this can amount 

to thousands of dollars, especially in cases where there is a requirement to go through 

many phases. Thus, to use this method as a screening tool to determine if other 

methods of analysis are required would be impractical in regard to both expense and 

time. 

Recently, researchers have been trying to uncover new, cost-effective methods of 

rapid toxicant identification. Evidently, as a new endeavor, a perusal of the literature 

showed that only a few studies had attempted pollutant identification for a range of 

different pollutant types with a non-specific biomarker. The research did, however, 

show much promise for such methods to be developed, validated and used in pollution 

monitoring in the future. Specific biomarkers, such as enzyme biomarkers, respond 

only to one type of pollutant and thus a response from that biomarker can accurately 

identify a pollutant in this manner (Lam & Wu 2003). A non-specific biomarker 
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responds to a variety of compounds, but usually requires a proceeding chemical 

analysis to make an exact identification (Podola, Nowack & Melkonian 2004). The 

ability to detect a wide range of toxicants is advantageous considering the large 

number of pollutants that have been found to occur in aquatic ecosystems. But also 

having the capacity to specifically identify pollutants is even more valuable, as this 

would either replace (in some circumstances) or greatly compliment the subsequent 

chemical analysis. 

Probably the most significant of the toxicant identification studies was the study 

undertaken by Turner et al. (2001) who developed a fingerprinting technique for 

pollutant identification with lux-marked biosensors (the lux gene encodes for 

luminescence in certain bacteria). The method used the unique time-dependent 

luminescence response of bacteria, as well as the dose-response relationship to 

identify individual pollutants. The study successfully validated the hypothesis that 

pollutants could be identified by characterizing the joint temporal-dose responses of a 

single non-specific lux-marked biosensor. 

Two other toxicant identification studies used photokinetic responses of microalgae 

by measuring chlorophyll a fluorescence as the biosensor to detect different types of 

herbicides (Podola & Melkonian 2005) and volatile organic compounds (Podola, 

Nowack & Melkonian 2004). The technique applied in these two studies incorporated 

measuring changes in chlorophyll a fluorescence of up to nine different immobilized 

strains of microalgae on a biochip. Podola, Nowack and Melkonian (2004) could 

successfully distinguish between formaldehyde and methanol in their gaseous form 

based on the dose-response of three microalgal strains to the two toxicants. Podola 

and Melkonian (2005) used an on-line system that included the biochip containing 

nine strains of microalgae in order to distinguish between five different types of 

herbicides. These two studies demonstrated the great potential of chlorophyll a 

fluorescence to be used as a possible fingerprinting method to be developed for the 

identification of pollutants. While Turner et al. (2001) incorporated a temporal dose-

response measurement to distinguish between pollutants, Podola, Nowack and 

Melkonian (2004) and Podola and Melkonian (2005) used only the dose-response 

measurement (albeit of several different species). 
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Assessing for differences between xenobiotics based on parallelism of dose-response 

curves is a well established method of analysis, especially in toxicology and to a 

lesser degree in environmental toxicology. It is founded upon the premise that 

different types of toxicants (based on their mode of action) have different shaped 

dose-response curves (Walsh, Schwartz-Bloom & Levine 2005). An assessment of 

parallelism between curves will indicate the likeness between two to xi cants (Wal sh, 

Schwartz-Bloom & Levine 2005). The temporal-dose response measurement (as used 

by Turner et al. 2001) allows for the assessment of an additional dimension of a 

pollutant's impact on an organism, i.e. it will also take into account variations in 

reaction rates which has also been shown to be a distinguishing feature between 

toxicants (Turner et al. 2001 ; Horsburgh et al. 2002). 

A time-dependent response can be measured with chlorophyll a fluorescence and has 

been shown in the past to vary between pollutants (Juneau et al. 2001). In addition, 

chlorophyll a fluorescence has another benefit which may add to its advantages for 

use in identifying differences between pollutant responses. Unlike the lux-marked 

biosensor, chlorophyll a fluorescence has more than one measurable end-point and 

different pollutants show different sensitivities to these end-points (Brack & Frank 

1998; Juneau et al. 2001). Assessing multiple end-points together provides a more 

complex response matrix for analysis and, thus, a finer resolution for specific 

identification. 

1.3 Chlorophyll a Fluorescence Toxicology 

1.3.1. Status of chlorophyll a fluorescence in environmental toxicology 
In the field of environmental toxicology, chlorophyll a fluorescence comes under the 

designation of 'biosensor' and/or 'biomarker'. A 'biomarker' is defined by the 

National Academy of Sciences (USA) as "a xenobiotically-induced variation in 

cellular or biochemical components or processes, structures, or functions that is 

measurable in a biological system or sample" (NRC 1989). Biosensors are by 

definition analytical devices incorporating (a) a biological component (e.g. micro-

organisms, organelles, cell receptors, enzymes, antibodies, nucleic acids) and (b) a 
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physicochemical transducer system (e.g. optical, electrochemical, thermometric, 

piezoelectric or magnetic) (Huschek & Hansen 2006). 

Although chlorophyll a fluorescence has been used for about twenty years in aquatic 

and terrestrial ecophysiology studies, it is still seen as a relatively new endpoint in 

ecotoxicology (Ralph et al. 2007). Any attempts to include the method into 

conventional water quality programs for pollution monitoring have so far been 

unsuccessful. In fact, biosensors in general have yet to achieve the prominent 

commercial application that was initially expected (Giardi, Koblizek & Masojidek 

2001 ). The slow progress may be a result of the requirements for the combined 

expertise of biologists, chemists, biotechnologists, biochemists, physicists and 

mechanical and electrical engineers, needed in the development of a biosensor 

(Giardi, Koblizek & Masojidek 2001 ). Similarly, the progress of chlorophyll a 

fluorescence for ecotoxicity testing is still principally at the experimental research 

stage, with little development towards validation testing and standardization of 

methods (Ralph et al. 2007). For a more detailed review of the applications of 

fluorescence in ecotoxicology see Ralph et al. (2007). 

The advantages of using chlorophyll a fluorescence as an environmental toxicological 

method are numerous; it is non-invasive and non-destructive, the data are simple to 

collect, the method is inexpensive and fast to run, and it is applicable to a number of 

different organisms. Chlorophyll a fluorescence is non-specific, being sensitive to a 

large range of pollutants (Ralph et al. 2007) including metals (Frankart, Eullaffroy & 

Vernet 2002; Juneau, El Bertley & Popovic 2002), petrochemicals and polyaromatic 

hydrocarbons (Ralph & Burchett 1998; Macinnis-Ng & Ralph 2003), herbicides 

(Schreiber et al. 2002; Frankart, Eullaffroy & Vernet 2003; Bengtson Nash et al. 

2005c) and other organic pollutants (Brack & Frank 1998; Radix et al. 2000). 

Instruments used to measure chlorophyll a fluorescence are also now being designed 

specifically for ecotoxicological applications. For example, the ToxY-PAM 

fluorometer was designed for toxicity testing with microalgae and has been 

incorporated into studies of herbicide monitoring in natural waterways (Bengtson 

Nash et al. 2005a; Seery, Gunthorpe & Ralph 2006). More recently, the Imaging-

p AM fluorometer, a much more advanced instrument which provides a two-
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dimensional measurement over the surface of a 96-well plate has further expanded 

the possible applications of chlorophyll a fluorescence ecotoxicology (for an example 

of field application see Escher et al. (2006)). 

1.3.2. Photosynthesis and photoinhibition 
Chlorophyll a fluorescence toxicology is based on the measurement of energy 

changes in the photosynthetic apparatus responding to the impact of toxic chemical 

compounds. Under normal conditions, the photosynthetic apparatus has many 

protection mechanisms to help reduce damage caused by excess light (Long, 

Humphries & Falkowski 1994). Physiological mechanisms such as the closure of 

reaction centres, the thylakoid proton gradient, charge recombination, and state 

transitions can be enabled to divert the damaging excess energy via other pathways 

(Long, Humphries & Falkowski 1994; Schreiber 2004). The binding oftoxicants to 

receptors within the photosynthetic apparatus can also cause these changes in energy 

dissipation and they can be measured through changes in yield of chlorophyll a 

fluorescence (Schreiber 2004). 

Photosynthesis 1 is based on light reactions and dark reactions that convert photon 

energy into chemical energy which is then used to fix and biochemically reduce C02 

into organic carbon compounds (Falkowski, Raven & Laws 2007). The light 

reactions involve capturing photons of light by the antenna complex of two 

photosystems (PSII and PSI) situated in the thylakoid membrane, the conversion of 

photons to produce electrons, and the transportation of electrons along the electron 

transport chain from H20 to NADP+ (Brack & Frank 1998). The de-excitation of 

energy along this pathway is coupled with the movement of protons across the 

thylakoid membrane between the inner and outer aqueous phases (lumen and stroma, 

respectively) resulting in the formation ofNADPH (from NADP+) and ATP (from 

ADP) (Brack & Frank 1998). NADPH and ATP couple the light reactions to the dark 

reactions through their use in fixing absorbed inorganic carbon. As a basic 

description, the dark reactions involve the photosynthetic carbon reduction cycle 

(Calvin-Benson cycle) which ultimately adds four electrons and four protons to the 

1 For a more detailed and graphical description of the fundamentals of photosynthesis and the 
mechanisms and processes that drive it, see Falkowski , Raven and Laws (2007). 
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absorbed inorganic carbon atom to form carbohydrate which is used for growth in the 

oxy 0enic photoautotrophic organism (Falkowski, Raven & Laws 2007). Thus, if the 

formation of ATP and NADPH are inhibited by, for example, a block in the electron 

transport chain or disintegration of the trans-thylakoid proton gradient, ultimately 

growth of the organism may also be inhibited. 

A change from darkness to light allows photons of light to be absorbed by chlorophyll 

a pigments within the antenna system, from which the energy is directed to a reaction 

centre where it is used in photochemical charge separation (Schreiber 2004 ). This in 

turn induces the progressive closure of reaction centres as a consequence of the 

reduction of the plastiquinone QA (an electron acceptor situated on the electron 

transport chain) (Maxwell & Johnson 2000). The closing of PSII reaction centres 

causes absorbed excess energy to be re-emitted at a higher wavelength ( 680 run) , i.e. 

fluorescence (Maxwell & Johnson 2000). As the electron continues along the 

electron transport chain from QA to Q8, QA is oxidized and therefore available to 

accept another electron, reaction centres open and the emitted fluorescence decays. 

E:ectrons continue to be passed from donor to acceptor along the electron transport 

chain driving the photosynthetic light reactions. However, if this pathway of energy 

dissipation (photochemical quenching) is inhibited, the absorbed energy must be 

rtrlistributed to protect the photosynthetic apparatus from electron build-up and the 

production of damaging oxygen species. This is achieved when energy is redirected 

via fluorescence, or non-regulated energy dissipation. In this instance, fluorescence 

yield increases above the base fluorescence level. 

A third pathway of de-excitation exists - originating from the antenna or the reaction 

cmtre, it is known collectively as non-photochemical quenching (Falkowski, Raven & 

L ws 2007). For instance , a decrease in pH within the thylakoid lumen triggers the 

activation of the xanthophyll cycle (Muller, Li & Ni yogi 2001 ). This process occurs 

in the antenna and results in a decrease in the absorptive cross section of PSII due to 

tre synthesis of xanthophyll pigments that act as a second energy sink (Falkowski, 

Riven & Laws 2007). Alternatively, state transitions act as a first line of regulation 

b., uncoupling of light harvesting complexes from PSII (Muller, Li & Ni yogi 2001) 

ard controlling the amount of light absorbed (Falkowski, Raven & Laws 2007). For 

e)lam ple, a sudden exposure to high irradiance would cause a reduction in the 
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plastiquinone pool and subsequently reduce the absorptive cross-section of PSII. In 

response, the absorptive cross-section of PSI would increase (State II of the state 

transitions) and, as PSI is rate-limiting, help to balance light absorption with electron 

transport. On the other hand, State I of the state transitions induces an increase in the 

absorptive cross-section of PSII and a decrease in PSI which is particularly useful 

under low light conditions (Falkowski, Raven & Laws 2007). 

Of the three de-excitation pathways (photochemical quenching, fluorescence and non-

photochemical quenching), chlorophyll a fluorescence can be easily and simply 

measured and the other two processes can be inferred from these measurements (see 

1.3.3). The simplicity of the measurement enables a wide range of photochemical 

processes linked with photosynthesis to be monitored easily, providing an insight into 

the organism' s overall "health" (Ralph et al. 2007). Fluorescence yield is variable 

and is influenced by environmental factors and can be used to identify stress caused 

by light, nutrient status and the presence of pollutants (Hofstraat et al. 1994 ). If the 

functional state of the photosynthetic apparatus changes, the extent of fluorescence 

emission also changes, as is the case when a toxic compound acts on the 

photosynthetic apparatus. The fluorescence emission will change depending on 

whether the absorption of light, the electron-transport chain, the generation of proton-

motive forces or the ATPase is inhibited (Brack & Frank 1998). For example, 

electrons can be substituted at electron acceptor sites by pollutant compounds which 

will close those acceptors off and prevent excitation energy from dissipating via this 

pathway. When the pathway becomes blocked, the excitation energy must be 

dissipated via another mechanism. An example of this is the compound 3-(3,4-

dichlorophenyl)-1, 1-dimethylurea (DCMU) which binds to the oxidized form of Q8 , 

preventing excitation energy from being converted to photochemical energy through 

charge separation and lead to the cessation of electron transport. In this case, 

excitation energy is, instead, dissipated through fluorescence and an increasing 

change in fluorescence can be seen when measured with a fluorometer. The 

inhibition of the herbicide, DCMU, is one of the most basic mechanisms of 

photoinhibition that can be detected by fluorometric techniques. 

A vast array of different water borne pollutants has been found to impact directly on 

the photosynthetic apparatus or to cause an indirect effect. Many of these pollutants 
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have a different mode of action and evidently produce a different fluorescence 

response depending upon the region of the photosynthetic apparatus that is affected. 

Table 1.1 lists some of the known impact sites of toxicants that affect photosynthetic 

functioning. 
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Chemical Name Chemical Class Mode of Action Responding Photochemical Referenc' 
Process 

• Amides (e .g. propanil) PSII Herbicides Bind to plastiquinone Q8 Increase in chlorophyll a (Jones 20 

• Benzothiadiazinone (bentazon) fluorescence 

• Nitrites (e.g. bromoxynil) 

• Phenyl-carbamates (e.g . 
desmedipham) 

• Phenylpyridazines (e.g. pyridate) 

• Triazines (e.g. simazine, atrazine) 

• Triazinones (e .g. hexazinone) 

• Uracils (e.g. Bromacil) 

• Ureas (e.g. DCMU, linuron) 
Copper Metal Inhibits the transport of electrons at the donor and acceptor sites of PS 11 Increase in Fo, decrease in Fm (Prasad, : 

& Krak6' 
(Mallick 
2003) 

Zinc Metal Interacts with the donor side ofPSII, inhibiting photosynthetic C02 No change in Fo, decrease in (Prasad, : 
fixation and the Hill reaction Fm & Krak6' 

(Mallick 
2003) 

Cadmium Metal Influences the net photosynthesis, by inhibiting different reaction steps Small increase in Fo, greater (Prasad,: 
of the Calvin cycle, as well as inhibiting the Hill reaction and C02 decrease in Fm & Krak6' 
fixation (Mallick 

2003) 

Dinoseb Phenolic herbicide Acts as proton carrier, reducing the pH gradient without the synthesis of Decrease in photochemical Brack & 
A TP, inciting an uncoupling effect on electron transport and quenching and increase in (1998) 
photophosphorylation. NPQ 

Pentachlorophenol Chlorinated hydrocarbon Acts as proton carrier, reducing the pH gradient without the synthesis of Decrease in photochemical Brack& 
insecticide/ fungicide ATP, inciting an uncoupling effect on electron transport and quenching and increase in (1998) 

photophosphorylation. NPQ 

1 ,3-dinitrobenzene and 3-nitrotoluene Nitro aromatic Impacts at the lipid-chlorophyll phase of the thylakoid membrane. Causes a distinct, (Papageo 
compounds dose-increasing reduction in Argoudel 

the portion of closed PS II Brack & 
reaction centers at the given (1998) 
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Oxytluorfen Herbicide 

Norflurazon Herbicide 

Paraquat Quaternary Ammonium 
corn ound 

Strong in 
biosynth1 

hibitor of chlorophyll 
sis 

Triggers t he photo-oxidative process inducing photodestruction of 
hetic pigments and membrane lipids photosynt 

Electron d donor 

actinic light intensity 

Decrease in photochemical 
quenching and increase in 
NPQ 
Decrease in photochemical 
quenching and increase in 
NPQ 
Increase in NPQ 
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Juneau et 
(2007) 

Juneau et 
(2007) 

Brack & 
( 1998) 
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1.3.3. Measurement of toxicant induced photoinhibition with chlorophyll a 
fluorescence 

In order to evaluate photosynthetic activity during illumination, determination of the 

minimal and maximal fluorescence yields after dark-adaptation is necessary (Schreiber 

2004). The occurrence of the minimum and maximum fluorescence yields is based on 

physiological changes in the photosynthetic apparatus during dark-adaptation; the PSII 

acceptor, QA, becomes fully oxidized and there is an absence of the trans-thylakoid 

proton gradient (Schreiber 2004). During ambient light conditions (under normal 

conditions), the electron transport is activated and de-excitation of energy is dissipated 

principally through photochemical quenching, however a small amount is still re-emitted 

back as fluorescence. This is the minimum level of fluorescence and is termed Fo. 

During periods of saturating light levels, all PSII reaction centres are closed and instead 

energy is dissipated through fluorescence. This is the maximum level of fluorescence and 

is termed Fm. By measuring variations in the fluorescence yield between Fo and Fm, 

other processes of the light reactions can be inferred (Schreiber 2004). The sensitivity 

and immediacy of the changes in fluorescence in response to environmental factors 

affecting photosynthesis makes the measurements of Fo and Fm very effective probes for 

detecting such changes (Govindjee 1995). 

The ability to infer the operation of photochemical quenching and non-photochemical 

quenching from fluorescence measurements is founded upon a chlorophyll a fluorescence 

induction curve, known as the Kautsky effect. The Kautsky curve is presented in Figure 

1.1 and represents the time course of changes in fluorescence upon illumination of actinic 

light (photosynthetic active radiation) and saturating light (Falkowski, Raven & Laws 

2007). 
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Figure 1.1: Fluorescence induction or 'Kautsky' curve based on the PAM technique. A time course 
of changes in fluorescence upon illumination of ML (measuring light), SP (saturation pulse) and AL 
(actinic light) records the fluorescence parameters Fo (minimum fluorescence) , Fm (maximum 
fluorescence) , Ft (minimum fluorescence under photosynthetic active radiation) and Fm' (maximum 
fluorescence under photosynthetic active radiation.). 

PAM (Pulse Amplitude Modulated) fluorometery was based on the Kautsky effect 

(Schreiber 2004) and is the experimental method used in this thesis. Thus, further details 

of fluorescence measurements will focus specifically on those used in PAM 

fluorometery. It should be noted that the fluorescence parameters specific to PAM 

fluorometery may not apply to other fluorescence techniques, such as the pump-and-

probe method (for a description see Falkowski, Raven & Laws (2007)). 

The design of PAM fluorometers are based on the saturation pulse (SP) method 

(Schreiber, Schliwa & Bilger 1986). The SP method allows the user to measure the 

fluorescence yield in all physiologically relevant situations without changing the state of 

the sample (i.e. in a non-invasive way) by the application of a refined experimental 

technique (Hofstraat et al. 1994; Schreiber 2004). The PAM measuring technique is 

based on three different excitation schemes demonstrated in Figure 1.1: (1) a modulated, 
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low-powered fluorescence measuring light (ML); (2) a constant, variable-intensity actinic 

light (AL); and, (3) a very high intensity pulse of saturating light (SP) (Schreiber et al. 

2002; Schreiber 2004). According to Juneau, Qiu and Deblois (2007) this method 

provides an important advantage as it enables changes in the pathways of energy 

dissipation to be assessed. 

The low intensity and low frequency measuring light (ML) under quasi-dark conditions 

(after a period of dark-adaptation) allows for measuring the minimum fluorescence (Fo). 

Maximum fluorescence (Fm) can be induced transiently by a short (~0.5 s) pulse of 

saturating light (Schreiber et al. 2002). This saturating pulse is applied directly after 

dark-adaptation without the influence of ambient or actinic light. Such an application 

insures that there is no influence of the trans-thylakoid proton gradient from redirecting 

excitation energy (NPQ), such that a true maximum fluorescence value associated only 

with closed PSII reaction centres is recorded. Upon application of ambient or actinic light 

to the test organism, processes of non-photochemical quenching and other mechanisms 

related to photosynthesis can be interpreted (Walz 2009). 

Measurements taken after exposure of actinic light on the photochemical reactions are 

influenced by the stoichiometry of PSII:PSI, Calvin cycle activation, and the activity of 

the xanthophyll cycle (Demmig-Adams & Adams III 1994). Ft and Fm' represent the 

minimum and maximum fluorescence yields under the influence of actinic light 

(respectively). Illumination causes a portion of the PSII reaction centres to close when 

QA becomes reduced, thus causing a rise in the minimum fluorescence yield from that 

observed under dark conditions (i.e. Ft> Fo ). When a saturating pulse of light is applied 

to the photosynthetic apparatus, all PSII reaction centres are forced closed causing the 

maximum emission in fluorescence yield. However, under illuminated conditions, the 

trans-thylakoid proton gradient forms and provides another path of energy dissipation. 

This incurs a smaller maximum fluorescence yield (Fm ') than the yield measured after 

dark-adaptation (Fm), i.e. when the proton gradient is absent. 
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By using PAM-fluorometry, multiple parameters of fluorescence can be obtained 

(Juneau, Qiu & Deblois 2007). These parameters include: parameters of non-

photochemical quenching (NPQ, qN, Y(NPQ)); maximum quantum yield (Fv/Fm); 

effective quantum yield (EQY); non-regulated energy dissipation (Y(NO); photochemical 

quenching (qP); and, coefficient of photochemical quenching (qL). For a detailed 

explanation of these parameters see section 2.3.2. 

The ability to measure the various parameters of chlorophyll a fluorescence with the 

PAM measuring technique means that substances other than just those inhibiting electron 

transport can be detected , including chemicals affecting energy transduction, such as 

uncouplers and A TPase inhibitors (Schreiber et al. 2002). This technique allows for the 

discrimination between chemicals with different modes of action (Brack & Frank 1998). 

1.3.4. Fluorescence parameters and a toxicants mode of action 
It is commonly found in fluorescence toxicology that an array of fluorescence parameters 

have been used to describe the toxic impact of the many chemicals that have been tested. 

Juneau et al. (2001) stated that "the sensitivity and usefulness of different fluorescence 

indicators is highly dependent to specific pollutant inhibitory mechanisms" and the 

choice of the parameter will be dependent on the pollutant's mode of action. Using one 

fluorescence parameter (often the most sensitive) for determining the toxicity of a 

particular pollutant has been employed in a number of different studies (Ralph et al. 

2007). Thus, in most cases, the toxicant under examination determines the parameter 

that is used. 

This use of one specific fluorescence parameter has both advantages and disadvantages. 

The disadvantage is that when testing a water sample of unknown constituents, the choice 

of the best parameter to use as the end-point would also be unknown and, furthermore, 

there is difficulty in comparing the toxicity of one substance that uses one fluorescence 

end-point to another substance that uses a different fluorescence end-point. The 

advantage is that pollutants show different sensitivities to an array of fluorescence 

endpoints. These different sensitivities indicate the potential of chlorophyll a 
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fluorescence to be used in identifying pollutants in a water sample based on the response 

of particular parameters. For example, Juneau et al. (2001) found that Fv/Fm, EQY, qP 

and qN were good indicators for assessing the inhibitory effects of mercury, but only 

EQY and qN were useful for metolachlor. Juneau et al. (2001) concluded that the 

differences seen in response to mercury and metolachlor were due to the different modes 

of action of the two chemicals. 

Additionally, Brack and Frank ( 1998) found that fluorescence responses were able to 

distinguish between 21 pollutants based on their modes of action. From this study, the 

changes recorded for three fluorescence parameters led Brack and Frank (1998) to 

recognize that the modes of action caused different fluorescence responses. It was 

concluded that the fluorescence responses would be a great help in the identification of 

phytotoxic agents and their sources. From examples such as the Brack and Frank ( 1998) 

and Juneau et al (2001) studies, it can be established that a combination of chlorophyll a 

fluorescence parameters should be used to evaluate toxicant modes of action, and thus, 

has the potential to be used in pollutant identification. 

1.4 Aim of Thesis: Development of a chlorophyll a fluorescence 
fingerprint for toxicant identification and potency estimation 

It was outlined previously that there have been attempts to use chlorophyll a fluorescence 

as a means of to xi cant identification. The two studies mentioned (Podola, Nowack & 

Melkonian 2004; Podola & Melkonian 2005) used biochips containing up to nine 

microalgal species to distinguish between different pollutants. This indicates that a large 

amount of preparation is needed for these methods, i.e. for culturing multiple species and 

fixing biomaterial to the biochip. In this thesis, I suggest that a simpler method can be 

employed. 

This thesis describes an approach that involves a system of analysis that records and 

assesses unique fluorescence changes, attributed to individual toxicants and their 

concentration, using only one microalgal species without the use of a biochip. To do this, 
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a chemical ' s physico-chemical properties, the toxicokinetic relationship of the cell with 

the chemical, and dose-response relationships to determine bioequivalence were used. 

Furthermore, a new method of examining fluorescence response using a holistic approach 

was employed. Unlike Podola, Nowack and Melkonian (2004) and Podola and 

Melkonian (2005), who used only one fluorescence parameter for toxicant identification, 

the new method presented here involves examining multiple fluorescence parameters 

together to determine changes in energy dissipation from toxicant impact. Combining all 

these factors together, it was aimed to generate a chlorophyll a fluorescence fingerprint 

for each chemical tested. In doing so, the fingerprint of a test chemical could be 

identified with the correct reference toxicant and distinguished from all other reference 

toxicants. 

The methods presented here were developed for two different uses: (1) as a non-specific 

biosensor able to identify herbicides (and their potency, i.e. the concentration of a 

chemical in a test sample compared to the concentration of the chemical from a reference 

sample) in a water sample of unknown constituents, and (2) a method specific to the 

identification and potency of nutrients in a water sample. It was expected that the test 

methods for toxicant identification using chlorophyll a fluorescence would have a low 

detection limit, i.e. sensitive to low levels of pollutants, have high precision and be 

selective. Selectivity is the ability of a method that produces responses for different 

chemical entities or analytes that can be distinguished from each other (Taverniers, De 

Loose & Van Bockstaele 2004). 

As for any newly developed method, validation is required. Figure 1.2 demonstrates the 

stages of validation for a new analytical method which are similar for water quality 

screening methods (Gonzalez et al. 2007). The first stage, the development stage or pre-

validation stage, is the focus of this thesis. According to Taverniers, De Loose and Van 

Bockstaele (2004) the development stage does involve a degree of evaluation and 

validation in conjunction with the development of the analytical system. The intended 

use of the analytical system should be clearly stated: including the purpose and the type 

of method, the type and the concentration range of analyte(s) being measured, the types 
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of material or matrices for which the method is applied, and a method protocol 

(Taverniers, De Loose & Van Bockstaele 2004). Secondly, the analytical requirement is 

defined. The analytical requirement reflects the performance criteria (with an acceptable 

standard of accuracy) which the method must meet in order to solve the particular 

problem (Taverniers, De Loose & Van Bockstaele 2004 ). 

Following the development stage, full validation is then required which involves the 

collaboration of a number of laboratories to validate the system. Upon full validation, the 

final stage involves the standardization of the system by an internationally recognized 

standardization body (e.g. ISO). These last two stages are beyond the scope of this thesis 

but will be used as guidance for future research. 

~P_R_E_V_A_L_ID_A_T_IO_N~ _ __,.. , (FULL) VALIDATION I-+ I STANDARDIZATION I 
SINGLE-LAB ORA TORY 

OPTIMIZATION 

descripti on of analytical sys tem 
- purpose of the method? 

- type of a nalyte? 
-type of met hod? 

i 
ap pli ca bi lity/ inte nded use of met hod 
- type(s) of material/ matrix(matrices) 

-concentration rate of an alyte 

i 
writing a SOP 

(standard operating procedure) 

i 
fi xing the analytical requirement 

i 
evaluation of method performance 

characte ri sti cs 

INTERLABORATORY or 
COL LAB ORA TIVE TRIAL: 

1. ISO 5725 (1994) 
2. IUPAC: Horwitz (1995) 

minimum of 5 materials 

i 
minimum of 8 laboratories 

i 
precision data must be given 
in terms of RSD or CV(%) 

i 
both repeatabil ity and 

reproducibility precision data must 
be given 

i 
precision data mu st be 

documented both without and with 
outliers (Cochran test: Grubbs 

test) 

ADOPTION by INTERNATIONALLY 
RECOGNIZED STANDARDIZATION 

BODY 

method has been validated collaboratively 
(ISO 5725 or Horwitz, 1995) 

i 
evaluati on of precision and other statistical 
data by an accepted method of statistical 

analysis 
(Cochran, Grubbs) 

! 
precision: calculated values of RSD must 

be in compliance with Horwitz (Horrat) 
va lues 

precision not more than 1 of the 5 sets of 
data give more than 20% statisti cally 

outyi ng results 

! 
mandatory standard format for text and 

presentation of results 

Figure 1.2: Hierarchy of stages of the objectives and requirements for prevalidation, validation and 
standardization of new analytical methods. RSD=relative standard deviation; CV=coefficient of 
variation. Adapted from Taverniers, De Loose and Van Bockstaele (2004). 
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1.5 Thesis Outline 

This thesis describes the first , or development stage, of a new bioanalytical method for 

identifying toxicants in water samples using chlorophyll a fluorescence. The thesis is 

divided into seven chapters with the aim to meet the objectives and requirements of the 

pre-validation stage. The thesis chapters are outlined below. 

1. In examining the current related literature, Chapter 1 describes the purpose of the 

bioanalytical system, why it is needed, the type of system being developed and the 

validation requirements of the system. 

2. Chapter 2 describes the bioanalytical system in detail and the general experimental 

methodology used in the operating procedure. 

3. In Chapter 3 the operating procedure is examined in depth and optimized to meet the 

specified validation requirements: high precision and sensitivity. 

4. Chapter 4 tests the developed mathematical technique designed to configure the 

chlorophyll a fluorescence fingerprint into a quantitative form in order to match test 

samples to reference samples. In Chapter 4, the method is developed as a non-

specific biosensor and examines the ability of the method to identify herbicides with 

both similar and dissimilar modes of action. The precision of the method is examined 

in terms of generating Type I or II errors. 

5. Chapter 5 continues to examine the capabilities of the fluorescence fingerprinting 

method by assessing the selectivity of the non-specific biosensor in the presence of 

binary mixtures. Using a selection of the herbicides tested in Chapter 4, the method 

is assessed for distinguishing the fluorescence fingerprint of a mixture from the 

fluorescence fingerprints of the individual components of the mixture. Changes in 

the fluorescence fingerprints are examined with the introduction of a secondary 

to xi cant. 

6. In Chapter 6, the developed method is altered to test for nutrient pollution. Using the 

same mathematical approach , the phosphate-specific biosensor is examined for 

precision, sensitivity and selectivity from other nutrients (ammonium and nitrate) and 

other pollutants. 
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7. Chapter 7 brings together the findings of chapters 4, 5 and 6 to evaluate the overall 

performance of the developed method, highlight the strengths and weaknesses of the 

method and comment on future research directions. 
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2.0 GENERAL METHODS 

2.1 Introduction 

The bioanalytical system presented here is a microalgal chlorophyll a fluorescence 

bioassay for pollutant identification and potency estimation. In this chapter the 

bioanalytical system is described along with general operating procedures relevant to all 

experimental chapters (chapters 3 - 6). Specific experimental procedures relevant to 

individual chapters are presented in the methods section of those particular chapters. 

The bioanalytical system describes the biomarker and biosensor: the biomaterial, the 

measured biochemical response and the instrument to measure the response. The 

operating procedures describe the experimental and mathematical methods used in 

Chapters 4, 5 and 6 for pollutant identification and potency estimation for laboratory-

derived samples. E lements of the operating procedure are examined and refined in 

Chapter 3 and then integrated into the methodology of Chapters 4, 5, and 6. 

2.2 Bioanalytical System 

2.2.1. Test organism 
Dunaliella tertiolecta Butcher (CSIRO strain CS-175; strain synonym CCMP1320) is a 

halotolerant, marine, unicellular microalgae (Chlorophycae). Dunaliella tertiolecta was 

selected for a number of its physiological characteristics that make it a favourable test 

species for chlorophyll a fluorescence bioassays. Due to its flagellation and small size, 

D. tertiolecta cells have the ability to maintain in suspension (Horiuchi et al. 2003). The 

ability to remain in suspension is a very important characteristic for testing with the 

Imaging-PAM fluorometer as settling of cells can not only reduce the level of detection 

of the instrument but also cause shading of other cells which may produce confounded 

results. 
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Dunaliella tertiolecta is also an ideal species to use for general environmental toxicity 

testing. It was listed as a species recommended to be used in phytotoxicity testing 

(Rand, 1985) based on its availability and ease of culturing, its ecological relevance and 

sensitivity to toxicants. Furthermore, it has been recommended by a number of standards 

development organizations for use in published toxicity test methods including the 

American Society for Testing and Materials (ASTM 1995), the American Public Health 

Association, American Water Works Association and Water Pollution Control Federation 

(APHA 1989), as well as the U. S. Environmental Protection Agency (Maloney, Miller & 

Specht 1974). 

The use of D. tertiolecta in chlorophyll a fluorescence testing has been well documented. 

In particular, Hofstraat et al. (1994) used D. tertiolecta to demonstrate the applicability of 

the saturating pulse fluorescence technique for testing marine phytoplankton, not just 

higher plants. It was found to be an ideal species to use in nutrient induced fluorescence 

transient research (Petrou et al. 2008), and Bengtson Nash et al. (2005b) found that it 

performed well when a comparison was made with nine algal species for toxicity testing 

using PAM fluorometery (i.e. it was sensitive, practical and easily manipulated under 

experimental conditions). 

The photophysiology of the test organism is also an important factor to consider when 

selecting a test species for chlorophyll a fluorescence tests as it will influence the 

fluorescence parameters chosen to be measured. Dunaliella tertiolecta is 

photoautotrophic with a single cup-shaped chloroplast and a photosynthetic apparatus 

similar to that of higher plants (Berner et al. 1989; Vassiliev et al. 1995). The PSII 

photosynthetic units of higher plants are known to operate on a 'lake' or 'connected 

units' antenna model in which PSII reaction centres are connected by shared antenna. 

This is opposed to the 'puddle ' model in which each photosystem centre possesses its 

own independent antenna system (Kramer et al. 2004). Vassiliev et al. (1995) found that 

under nutrient replete conditions, the calculated probability of energy transfer between 

PSII reaction centers was greater than 60% for D. tertiolecta. Kramer et al. (2004) 
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indicated that a value of about 60%, usually found in higher plants, indicates that the 

reaction centres are highly connected and thus operate via the 'lake' model. 

In the case of the 'lake' model all open PSII reaction centres compete for excitons in the 

pigment bed and, thus, the photochemical efficiency of an open PSII centre depends upon 

the fraction of QA in its oxidized state (Kramer et al. 2004 ). Therefore, for phototrophs 

with the ' lake' model structure, in order to calculate the processes of energy dissipation 

through fluorescence quenching, the QA red ox state (or open PSII reaction centres) has to 

be measured based on a competitive system of connected reaction centres (Kramer et al. 

2004). 

The work of Kramer et al. (2004) demonstrated that an equation can be derived for any of 

the processes of energy dissipation provided that a suitable model of the photosynthetic 

unit is chosen. The fluorescence parameters EQY, NPQ, Y(NPQ), Y(NO) and qL can be 

calculated based on the ' lake ' model using a Stern-Volmer approach (Kramer et al. 

2004). Stern-Volmer analysis is an elementary method of photochemistry and is used to 

investigate the kinetics where a quenching reaction competes with a decay process such 

as fluorescence (Green, Pimblott & Tachiya 1993). A detailed description of the 

aforementioned fluorescence parameters using a Stem-Volmer approach are presented in 

Section 2.2.3 

2.2.2. Imaging-PAM fluorometer 
The Imaging-PAM fluorometer (Heinz Walz GmbH, Effeltrich, Germany) is a 

chlorophyll fluorescence imaging system that measures slow secondary kinetics of 

fluorescence(> ls) (as opposed to fast kinetics, i.e. up to I s). Several versions of the 

Imaging-PAM fluorometer were designed for different research applications: the Maxi-

version was designed with toxicological applications in mind. The principle advantage 

for toxicological work is the capacity to measure chlorophyll fluorescence from a large 

sample area (10 x 13 cm), allowing for many samples to be measured simultaneously 

with the use of multi-well plates. 
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The following section outlines the standard set-up and test procedures for the Maxi-

Imaging-PAM, upon which the methodologies detailed in the following chapters (3 - 6) 

are based. Any procedures that depart from the methods stated below are specified in 

individual chapters. 

2.2.2.1. Components and set-up of the Maxi Imaging-PAMfluorometer 
The Maxi version of the Imaging-PAM (Imaging-PAM) composes 2D fluorescence 

images of multi-well plates displayed on a PC monitor such that the fluorescence 

recording of all individual wells are visible simultaneously. This is achieved through the 

unique composition of a CCD (charge-coupled device) camera surrounded by an LED 

(light-emitting diode) array mounted directly above the well-plate. Figure 2.1 (a) and (b) 

illustrates schematically the components of the Maxi-Imaging-PAM demonstrating how 

the 44 LED lamps are arranged around the CCD camera' s objective lens with their 

distribution being optimized for maximal homogeneity of illumination (Schreiber et al. 

2007), as can be seen in the adjacent 2D fluorescence image (Figure 2.1 ( c )). 

Fluorescence images are displayed as a 640 x 480 (= 307 200) pixel false colour coded 

image (Figure 2.1 ( c )). The colour code represents values from 0 to 1, hence, all 

measured or calculated fluorescence parameters are normalized to values between 0 and 

1. Each pixel captures fluorescence information and is assigned a value based on the 

false colour code. The fluorescence information is quantified and plotted by the 

ImagingWin software program, (Heinz Walz GmbH, Effeltrich, Germany) from the 

average value of pixels in a defined region (e.g. one well on a multi-well plate). 
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Figure 2.1: The Maxi-Imaging-PAM; (a) a schematic representation of the Maxi-Imaging-PAM 
(adapted from Walz 2009), (b) photographic picture showing the configuration of the LED lamps and 
CCD camera objective lens (Source: Walz 2009), and (c) a 2D image of chlorophyll fluorescence 
measured from a 96-well plate. 

2.2.2.2. System operation 
Operation of the Maxi-Imaging-PAM is controlled by the Imaging Win software program 

which allows the user to define settings, manually control measurements and record 

fluorescence readings. There are a number of system operations offered by the Max i-

Imaging-PAM, however, only the parameter settings, the light and gain settings, and the 

induction and light curve functions are pertinent to the following chapters and are 

discussed below. 

As with many other PAM instruments, the Maxi-Imaging-PAM incorporates the use of 

three excitation schemes (measuring light, actinic light and saturation pulse). The 

Imaging Win software allows the user to define the settings of each of the three excitation 

schemes in order to optimise/manipulate test methods. The intensity and frequency 

settings for each of the light parameters are instrument-specific and range from a setting 

of 0 up to a setting of 20. 
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The weak pulse-modulated measuring light (ML) used to measure Fo is flexible in both 

its intensity (MLi) and frequency (MU} Both of these settings can be defined by the user 

to adjust the Fo amplitude, which is especially useful when there is a small signal due to a 

low chlorophyll concentration. The actinic light intensity (ALi) settings correspond to 

PAR (photosynthetically active radiation) levels of 11 - 1197 µmol photons m-2 s- 1
• The 

AL width (ALw) determines the duration of actinic light radiance. The saturation pulse 

(SP) enables the maximum fluorescence yields to be recorded, Fm after dark-adaptation 

and Fm ' under actinic illumination. The best results are generally obtained at the 

maximum SP intensity (SPi) (Walz 2009). 

The Gain setting is another user-defined setting that determines the amplitude of the 

fluorescence signal, at a given setting of MLi. Gain is also very useful for increasing the 

Fo amplitude in situations when only a small signal can be detected due to low 

chlorophyll concentrations. In general , it has been found that an increase in Gain 

increases the instrument related error (Schreiber et al. 2007), and thus a low Gain setting 

is preferred. 

The JmagingWin software automatically calculates the selected derived fluorescence 

parameters; Fv/Fm, EQY, NPQ/4, Y(NPQ), Y(NO) and qL (as described in Section 

2.3.2). However, to calculate the derived parameters, the four base parameters of 

fluorescence ; Fo, Fm, Ft and Fm ', first need to be measured. This is commonly achieved 

through the Induction Curve application and is described in Section 2.2.3. 

2.2.3. Chlorophyll a fluorescence analysis 

A brief description of the chlorophyll a fluorescence parameters referred to throughout 

the following chapters is presented below. 

Maximum PSII quantum yield: The maximum quantum yield of PSII (Fv/Fm) is an 

estimate of the photochemical efficiency of PSII and is calculated by the difference 
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between the minimum and maximum fluorescence (after dark-adaptation) divided by the 

maximum fluorescence , as shown by equation 2.1: 

Fv Fm-Fo 
Fm Fm 

(2.1) 

Non-photochemical quenching: Non-photochemical quenching (NPQ) reflects heat 

dissipation of excitation energy in the antenna system; it indicates the down-regulation of 

PSII as a protective mechanism against excess light intensity. It is calculated by equation 

2.2: 

NPQ= Fm-Fm' 
Fm' 

(2.2) 

NPQ can reach values higher than 1 and is always less than 4. The Imaging-PAM 

automatically calculates NPQ divided by 4 to scale the parameter to range between 0 and 

I and is presented in the following chapters as NPQ/4. 

Photochemical quenching: The coefficient of photochemical quenching ( qL) is an 

estimate of the fraction of open PSII centres and describes the fraction of QA in its 

oxidized state. This parameter was derived based on a Stem-Volmer approach using the 

' lake' model , unlike its counterpart, qP, which is based on the 'puddle' model (Kramer et 

al. 2004 ). The coefficient of photochemical quenching is calculated by equation 2.3: 

L 
Fm'-F Fo' 

q = x-
Fm'-Fo' Ft 

(2.3) 

Where Fo' is the minimal fluorescence yield of an illuminated sample, which is lowered 

with respect to Fo by non-photochemical quenching, it is calculated by equation 2.4: 

Fo' = Fo 
Fv Fo 

(2.4) 
- +--
Fm Fm' 

Quantum yields of energy dissipation: The three yields of energy dissipation are: (a) 

EQY, the effective quantum yield of PSII ; (b) Y(NPQ), regulated non-photochemical 
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quenching; and, (c) Y(NO), non-regulated non-photochemical quenching. Each of these 

three parameters can be derived on the basis of the ' lake ' model and the total sum of their 

unity always amounts to 1 (Kramer et al. 2004). 

Effective quantum yield of PSII: The effective quantum yield of PSII (EQY), originally 

developed by Genty, Briantais and Baker ( 1989), is the derivative of maximum and 

minimum fluorescence parameters measured only under actinic light and is calculated by 

equation 2.5: 

EQY= Fm'-Ft 
Fm' 

(2.5) 

Kramer et al. (2004) showed that this parameter can also be derived on the basis of the 

' lake' model. EQY provides an indication of the amount of energy used in 

photochemistry. 

Regulated non-photochemical quenching: Regulated non-photochemical quenching in PSII 

is calculated by equation 2.6 according to Kramer et al. (2004): 

Y (NPQ) = 1- EQY - ------

NPQ +I+ qL(~ -IJ (2.6) 

A high Y(NPQ) value indicates that the actinic light is excessive yet also shows that the 

sample has retained the physiological means to protect itself by regulation, i.e. the 

dissipation of excessive excitation energy into heat. Without such dissipation there would 

be formation of singlet oxygen and reactive radicals which cause irreversible 

photodamage (Falkowski , Raven & Laws 2007). 

Non-regulated non-photochemical quenching: Non-regulated non-photochemical 

quenching in PSII is calculated according to Kramer et al. (2004): 

(2.7) 
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Changes in Y(NO) is primarily due to closed PS II reaction centers and is a reflection of 

change in the fraction of energy that is passively dissipated (via heat and fluorescence) 

(Klughammer & Schreiber 2008). A high Y(NO) value indicates that the photochemical 

energy conversion (EQY) and protective regulatory mechanisms (Y(NPQ)) are inefficient 

or unable to dissipate excess energy (Walz 2009; Jin et al. 2011). High values of Y(NO) 

can, for example, be induced by PSII herbicides, the decrease in EQY is quantitatively 

compensated by a corresponding increase of Y(NO) (Klughammer & Schreiber 2008). 

2.3 Operating Procedure 

2.3.1. Batch culturing and test preparation 
Unless otherwise specified, all D. tertiolecta cultures were grown based on the batch 

culturing methods according to the standards development organization APHA (APHA 

1989). All test cultures were grown under axenic conditions in 250 mL erlenmeyer flasks 

and used within seven days after transfer. Batch cultures of Dunaliella tertiolecta were 

cultured in f/2 growth medium (Guillard & Ryther 1962) - without agitation or aeration -

under white light supplied at 80 µmol photons m-2 s- 1 by cool white fluorescent tubes on a 

12: 12 h light:dark cycle at 20 °C. In general , tests were conducted t\vo hours after the 

beginning of the light cycle and completed at least two hours before the initiation of the 

dark cycle to reduce the effect of diurnal changes in photochemistry (Samuelsson et al. 

1983). Cultures were acclimatized for at least one hour to ambient laboratory conditions 

( ~ 10 µmol photons m-2 s- 1
, 21 °C) before testing. 

2.3.2. Culture calibration and standardization 
Effective quantum yield (EQY) was measured before testing to determine photochemical 

efficiency or 'health ' of the culture. A steady state EQY >0.5 was considered healthy 

and fit for testing for nutrient replete cultures. A baseline Ft value of approximately 1500 

fluorescence units (i.e. Ft= 0.15 on the false colour code) was used as recommended 
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(Schreiber et al. 2007). If required, cultures were diluted with f/2 media or concentrated 

by centrifugation (5000 g x 7 minutes) to reach a Ft baseline level of 1500 units. 

2.3.3. Cell density determination 
For cell density determinations, an aliquot of the test culture was first suspended in a 

small volume of Lugols solution to inhibit cell motility. Counts were then made using a 

Hemocytometer (Neubauer, Germany) and cell density was calculated by the following 

equation: 

Cells mL-1 =Average number of cells (in central counting area) x 10 000 

2.3.4. Test solutions 
All test solutions were made using Milli-Q water filtered with a laboratory water 

purification system (Sartorius AG, Goettingen, Germany) . Details of test chemicals and 

stock solutions are reported in the Methods section of each of the relevant chapters. 

2.3.5. Solvent controls 
Test solutions that required a solvent to dissolve the test chemical into reagent grade 

water are listed in Table 2.1. Solvent controls were made and tested based on the solvent 

concentrations used in stock solutions of each test chemical. Preliminary tests were 

conducted to examine the effect of solvent controls on the fluorescence response of D. 

tertiolecta. The concentration of the solvent controls that were used was equivalent to 50 

µL of the stock solution into 1950 µL of algal culture. This was a higher concentration 

than that used in definitive tests, as stock solutions were diluted to the appropriate 

concentration before adding to cultures for definitive tests. Cultures of D. tertiolecta 

were exposed to solvent controls for 30 minutes and 2 hours under the same experimental 

conditions outlined in Chapter 4. An unpaired t-test was conducted to test for any 

significant effects (p ~ 0.05) of the solvent control on the fluorescence response (i.e. 

changes in EQY, Y(NPQ) and Y(NO)) compared to Milli-Q water controls. 
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Table 2.1: Test chemicals and concentrations of the solvents used in stock solutions. 
Solvent Solvent % of solvent in stock 

solution 
Diuron/ DCMU acetone 0.4 

Irgarol acetone 5 

Simazine methanol 

PCP and Dinoseb NaOH (50mM) + methanol 10 

Statistical analysis indicated that acetone and methanol solvent controls did not generate 

a significantly different fluorescence response compared to Milli-Q water controls. P-

values were 2:: 0.156 and 2:: 0.209 for acetone and methanol (respectively), which included 

each of the fluorescence parameters at both time periods. NaOH with methanol was also 

tested and it was found that there were significant differences (i.e. p ~ 0.05) to Milli-Q 

controls. The significant differences between controls and solvent controls (NaOH + 

methanol) proved not to be an issue, however, as in all cases the average percent change 

in fluorescence was less than 1 % for solvent controls (Figure 2.2). The percent change in 

fluorescence for solvent controls was also less than the percent change in fluorescence for 

controls in most cases. 
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Figure 2.2: Changes in fluorescence of Dunaliella tertiolecta when spiked with controls (Milli-Q 
water) compared to solvent controls (NaOH +methanol). The x-axis indicates fluorescence changes 
of three fluorescence parameters; EQY, Y(NPQ) and Y(NO), at two exposure periods; 0.5 hand 2 h. 
Bars indicate average values± standard error of mean (n = 66 and 22 for controls and solvent 
controls, respectively). * indicates where a significant difference (p ~ 0.05) lies between Milli-Q and 
solvent controls. 

2.3.6. Fluorescence measurements 
The general principle behind the measurement of chlorophyll a fluorescence is, firstly, to 

subject a selected photosynthetic material to a specific wavelength ( 460 nm) of light at 

constant intensity by the use of a fluorometer and then, secondly, measure the emitted 

fluorescence from the photosynthetic material at a wavelength of greater than 680 nm. 

As all tests are conducted at room temperature the chlorophyll a fluorescence measured 

was almost exclusively ( ~90%) associated with the antenna of PSII (Hofstraat et al. 1994; 

Govindjee 1995). At room temperature, fluorescence emanating from PSI (720 - 750 

nm) is very weak due to extremely rapid rates at which energy is dissipated once 

absorbed; rapid rates of charge separation and the immediate transfer of electrons 

between chlorophyll molecules. 
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The captured 2D fluorescence images were transformed to values in order to plot 

induction curves (see Section 1.3.3). From the fluorescence image, all pixels pertaining 

to an individual well in the 96-well plate were averaged to give one representative value 

of that well. Using the Imaging Win software, induction curves were employed to record 

fluorescence parameters over time based on the Kautsky effect (see Figure 1.1 ). 

Fo and Fm were first recorded after dark-adaptation of the test culture. Preliminary tests 

indicated that a dark-adaptation period of 10 minutes was appropriate to reduce QA and 

open PSII reaction centres. Dark-adaptation was conducted in complete darkness, i.e. 

without measuring light. Actinic light was then switched on followed by a saturating 

pulse, upon which Ft and Fm ' were recorded. The recording of Ft and Fm' continued for 

a specified period of time, usually until steady-state fluorescence was reached 

(approximately 5 - 10 minutes) . For each saturation pulse, the derived parameters were 

calculated and plotted as a function of time (induction curve). 

The timing of saturation pulses was determined through preliminary tests to determine 

the most appropriate frequency between pulses. For all experiments a 40 second period 

between pulses was used , except for those outlined in Chapter 6 in which a 10 second 

period between pulses was used. All experiments were conducted at a low actinic light 

level (AL= 1 ), as suggested by Schreiber et al. (2002). Gain and MLi settings were 

determined through experimentation as outlined in Chapter 3. 

2.4 Mathematical and Statistical Analysis 

2.4.1. Computer software 
All data analysis was conducted with Microsoft Office Excel 2003. Statistical methods 

including ANOV A, Kruskal-Waliis, paired sample t-test, tests for homogeneity of 

variances and tests for normality were conducted using the statistics computer program 

SPSS 14.0. All graphical figures and regression modeling were conducted with the 

graphical computer program Sigma-Plot 10.0. 
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2.4.2. Standard dose-response curves and effective concentrations 
Standard dose-response curves and effective concentrations (i.e. the concentration (X) 

that induces a nominated percent change (Y) in the measured response) were calculated 

using a 4-parameter sigmoid regression model represented by Equation 2.8: 
a 

Y = Yo + -(X-X0 ) 

1 + e b (2.8) 

Where, 

Y 0 = min(y), a= max(y) - min(y), b = slope of sigmoid curve and X0 = first derivative of 

function. 

To calculate effective concentrations (e.g. EC50), dose response data were fitted to 

Equation 2.8 using the SPSS 14.0 software. The resulting output gave the values for the 

parameters, Y 0, a, b and X0. These values were then inserted into Equation 2.9 along 

with the effective concentration value in question (e.g. for EC50, Y = 50). 

X = X -bx .en(-a--lJ 
0 y -Y, 

0 

2.4.3. Coefficient of variance and Variance 
Coefficient of variation (Co V) was calculated according to equation 2.10: 

(j 
CoV=-

µ 

Where, cr = standard deviation and µ=mean. 

(2.9) 

(2.10) 

Variance was calculated according to the sample deviation score method (Equation 2.11): 

s2 =-I_(x_-_x)2 
n-1 

(2.11) 
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Where, S2 = sample variance, X =sample mean and n = sample size. 

2.4.4. Parallel curves and potency estimation 
Background information on the use of parallel dose-response curves for bioequivalence 

determination and pollutant identification is presented in Chapter 4. Potency estimation 

is introduced and described in Chapter 6. The following section describes the methods 

used to compare dose-response curves of reference toxicants to unknown samples in 

order to assess for parallelism and potency estimation. 

2.4.5. Method for determining parallelism of dose-response curves and potency 
estimation using the MSF software program 

The mean-square fit (MSF) software program was developed by Dr Davy Wong 

(University of Technology, Sydney) for the purposes of this thesis. The MSF software 

was developed to estimate parallelism of dose-response curves and for potency 

estimation. 

The following text outlines the steps required for generating a mean-square fit value and 

potency estimation of a test dose-response curve fitted to a reference dose-response 

curve. The initial steps aimed to obtain a reference sigmoid function from a controlled 

sample of a known pollutant at a known concentration. The second stage was based on 

the process of identifying an unknown pollutant at an unknown concentration by fitting 

the dose-response curve of the unknown pollutant to the reference function of known 

pollutants. The degree of fit (mean-square fit) of the unknown pollutant to the reference 

pollutant's reference function determines the identification of the unknown pollutant. 

1. Obtaining a reference sigmoid function from a controlled sample (with known 

pollutant and known concentration) 

For the reference pollutants, the following steps were repeated for each fluorescence 

parameter: 
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1. The percent change in fluorescence (from control) was measured at various 

concentrations (via sequential dilution). 

11. The next step was to let Y be the percent change in fluorescence and X be the 

concentration, such that the curve of Y vs ln(X) was the concentration-effect 

curve which was unique for each pollutant. 

iii. A four-parameter sigmoid function (see Equation 2.8) was then fitted to the 

concentration-effect curve from (ii) and the parameters X0, a, b and Y 0 were 

obtained. 

2. Identifying the unknown pollutant and its concentration 

For the unknown samples, the following steps were repeated for each fluorescence 

parameter: 

1. From the unknown sample, the concentration-effect curve for a given 

fluorescence parameter was recorded via sequential dilution. For example, the 

percent change in fluorescence was measured for an unknown sample at 5 

different concentrations, such that the recorded data set was : 

(Y1 , X1), (Y2, X2), (Y3, X3), (Y4, ~)and (Ys, Xs). 

11. The next step was then to compare the data set of Step 2 (i) to the reference 

functions of known toxicants from Step 1. If there was a perfect fit between the 

reference sigmoid function and the data set, it would be expected that, for i = 1, .. , 

5: 

Yi = f(X(; Yo,Xo) 

Where, 
a 

Yo + - (Xr. - X0 ) 

1 + e o 

In the case of a change in Y 0, the whole sigmoid function would move up or down 

along the y-axis (Figure 2.3). A change in the value of X0 would shift the whole 

sigmoid function left or right along the x-axis (Figure 2.3). 
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Figure 2.3: Parallel shifts of a concentration-effect curve to the right along the x-axis (blue curve) 
and up along the y-axis (red curve). 

111. A loss function was used to determine the fit of the two curves being compared 

(i.e. the unknown to the known). The loss function is defined as: 
5 

l(Y0,X0 ) = 2)Yi - f (Xi; Y0, X0) )
2 

i=l 

In the case of a perfect fit , L(Y0, X0) = 0, for some value of Y0 and X0. 

As the exact concentration of the unknown pollutant would not be known, X 1 to 

X5 would only indicate their relative locations but not the exact locations. Their 

exact locations would be X 1 - X0 to X5- X0, where X0 is an unknown constant. 

If the function f(X ; Y0, X0) was parallel to the concentration-effect curve, it would 

be considered a perfect fit. Thus, a second unknown constant is introduced, Y 0: 

used to shift f(X; Y0,. X0) up or down. 

iv. A computer optimisation subroutine LMDIF of the MINPACK package (More, 

Garbow & Hillstrom 1980) was thus used to find the values of X0 and Y 0 that 
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minimises L( Y0, X 0) , giving the estimates of X0, Y 0 and the minimum value of 

L( Y0, X0). 

v. The above steps (ii-iv) were repeated for each unknown sample on each of the 

reference sigmoid functions. The reference sigmoid function (of a known 

pollutant) that gives the smallest L (Y0, X 0 ) value would be considered the best fit 

and its X0 value could be used to estimate the concentration (potency) of the 

pollutant in the sample. An example is given below. 

Example 
The following hypothetical example demonstrates the application of the MSF software 

program described above. Serial dilutions and effect data for three chemical substances, 

S 1, S2 and S3 , were compared. The dilutions and effects (the measured end-point e.g. 

change in fluorescence) are recorded in Table 2.2, and the log dose-response curves are 

pictured in Figure 2.4. 

Table 2.2: Serial dilutions and effect of two substances, Sl, S2 and S3. 
Sl S2 S3 

Dilution Effect Dilution Effect Dilution Effect 
1 1 0.5 0.25 1 1 
5 4 1 2 5 8 
10 6 5 3 10 12 
25 15 10 4 25 30 
50 30 20 6 50 60 
75 40 50 15 75 80 
100 50 100 30 100 100 
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Figure 2.4: Log dose-response curves of substances Sl, S2 and S3 from Table 2.2. 

Parallel ism and potency estimation between the three dose-response curves was 

determined with the MSF software program. S2 and S3 were used as the reference 

standards and S 1 as the sample of unknown toxicant and concentration. 

A sigmoid regression was conducted on the dose-response data of S2 and S3 and the 

following parameters were extracted from the regression equation: 

S2: xO= 183.0308, b= 247.7056, a= 310.7582, yO= -99.5979 

S3: xO= -20.3474, b= 67.2912, a= 353.1644, yO= -202.9592 

The regression parameters of the reference substances S2 and S3 were then applied to the 

MSF software program along with the S 1 dilution effect data, as illustrated in Figure 2.5 

('Input data'). The MSF software program was then used to calculate the mean-square 

fits and potency (concentration) estimation of SI compared to S2 and S3 ('Output data' 

Figure 2.5). 
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The results indicate that the reference curve S3 was a closer fit to the 'unknown' sample 

(S 1 ), with a much smaller mean-square fit of 1.66 compared to the mean-square fit, 6.50, 

to S2. Potency estimations indicated that S3 was 2.48 times the concentration of S 1 and 

S2 was 0.47 times the concentration of S 1. These results are consistent with Table 2.2 

and Figure 2.4 which indicate that potency was highest for S3 and lowest for S2. 

Input Data 
np= 7 
concent flu or. response 
1.0 1.0 
5.0 4.0 

10.0 6.0 
25.0 15.0 
50 .0 30.0 
75.0 40.0 
100.0 50.0 

ncurve= 4 
label=S2 
xO= 183.0308 b= 247.7056 

yO= -99.5979 
label=S3 
xO== -20 .34 7 4 b== 67. 2912 

yO= -202.9592 

Output Data 
SJ 
Mean square of fit= 1.66 

yfinal= -185 .9 

S2 
Mean square of fit= 6.50 

yfinal= -50.44 

info= 

info= 

lnp ut -

81 dilution- effect data 

a= 310.7582 
.... 

a== 353.1644 

lnp ut -

82 and 83 reference 
regression parameters 

1 concen=2.48 Output -

1 concen= 0.47 

,..._ Mean-square fit and pot ency 
estimation of 81 comp a re d to 
S2 and S3 refe re nee toxicants 

Figure 2.5: Example of input data required for the MSF software program and the subsequent 
output data calculated from the MSF software program. Highlighted areas demonstrate the mean-
square fit (or estimation of parallelism) between the SI and S2 dose-response curves and the potency 
estimation of S2 compared to Sl. 
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3.0 OPTIMISATION OF CHLOROPHYLL a FLUORESCENCE 
TOXICITY TESTING FOR TOXICANT IDENTIFICATION USING 
THE IMAGING-PAM FLUOROMETER 

3.1 Introduction 

Toxicant identification based on chlorophyll a fluorescence is a new and relatively 

undeveloped test system. Furthermore, there is no standard operating procedure defined 

by regulatory organizations such as International Standardization Organization (ISO) for 

general chlorophyll a fluorescence based toxicological assessment methods. Therefore, 

when developing a test procedure for a particular analytical system, method performance 

characteristics need to be evaluated (Coquery et al. 2005 ; Gonzalez et al. 2007). 

Testing conditions are critical in chlorophyll a fluorescence bioassays as variations in 

environmental conditions can cause variations in the emitted fluorescence. Large 

variations between replicates will lead to large measures of error and, therefore, 

potentially inconclusive results, or Type I or Type II errors. Hence, reducing 

environmental variables that affect the testing conditions are vital to ensure high quality 

results. The chlorophyll a fluorescence test methods and conditions were, therefore, 

investigated for sensitivity and precision. 

3.1.1. Imaging-PAM fluorometer 
Instruments such as the Imaging-PAM fluorometer offer a user-friendly format that can 

provide an array of data for a range of applications using chlorophyll a fluorescence. 

More importantly, though, the instrument has the advantage of being able to measure 

multiple samples at one time. This ability has enhanced research productivity as labour 

costs are reduced considerably but, more importantly, the instrument can reduce the error 

that may be generated over time with extended testing periods (Schreiber et al. 2007), i.e. 

from variations in microalgal light history and circadian rhythms. 
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Schreiber et al. (2007) looked at the factors limiting the reliable assessment of 

phytotoxicity data obtained from the Imaging-PAM measurements of chlorophyll a 

fluorescence. Schreiber et al. (2007) found that there were three variables that may 

increase the error between readings (and, therefore, reduce precision): (1) physiological 

variations of the test organism; (2) errors related to heterogeneity of incident light 

intensity, and; (3) instrument related error. It has long been understood that changes in 

microalgal culture conditions can cause changes in the chlorophyll a fluorescence 

response. Culture age, cell density, temperature and light history have been shown to 

affect the fluorescence yield (Conrad et al. 1993; Vavilin et al. 1995; Klipper et al. 2002; 

Jones & Kerswell 2003). Errors due to physiological variations can be minimized by 

growing cultures under strict protocols, such as those described in Section 2.3, to ensure 

that culture age, growth conditions and light history remain consistent. Major changes 

during testing periods can also be prevented by pre-incubating the algae for at least 30 

minutes under the same light intensity and temperature conditions as applied during the 

Imaging-PAM test measurements (Schreiber et al. 2007). 

Error related to heterogeneity of light intensity is based on variations, on a spatial scale, 

of the photosynthetic active radiation (PAR) intensity due to a heterogeneous light field 

projected by the light emitting diodes (LEDs, see Figure 2.1) array. Schreiber et al. 

(2007) calculated the variation in light intensity of individual wells across a black 96-well 

plate and found the maximum deviation was ±6.5% of the mean. This was reduced when 

the well plate was divided into smaller regions; ±4.5% over 24 wells, ±3.5% over 16 

wells, and ±1.5% across the middle four wells. 

Lastly, instrument related error is largely a factor of the gain setting (see Section 2.4.2). 

The relative error of Fm' increases from 0.22% to 1.83% from Gain 1 to Gain 16. 

According to Schreiber et al. (2007), this instrument related error does not normally limit 

the overall performance of the bioassay at low gain settings. The gain setting is often 

used for increasing the Ft amplitude in situations where only a small signal can be 

detected due to low chlorophyll concentrations. Thus, to reduce instrument related error, 

a high chlorophyll a concentration should be used. However, a high chlorophyll a 
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concentration and, therefore, a high cell density will reduce the sensitivity of the test to 

low concentrations of pollutants (Conrad et al. 1993). 

3.1.2. Multi-well plates 
One short-fall of the Imaging-PAM is the high chlorophyll concentration/cell densities 

needed for the test. The detectors of the Imaging-PAM are situated 18 cm above the test 

plate, reducing its detection sensitivity compared to other PAM instruments. With the 

recommended black 96-well plates, the concentration of chlorophyll a needed to be able 

to measure a good and stable fluorescence signal was 500 - 700 µgL- 1 chlorophyll a 

(Schreiber et al. 2007) compared to approximately 5 µgL- 1 (Bengtson Nash et al. 2005b) 

required by other PAM instruments (e.g. ToxY-PAM). Furthermore, a high cell density 

generates much higher labour costs in order to produce the high concentrations of 

chlorophyll a required for the test. Therefore, methods that will reduce the cell density of 

the test, without affecting the precision, need to be considered. 

Other multi -well plates are available on the market with different reflective properties. 

These include well plates designed specifically for fluorescence work, in particular 

Microtiter Microfluor microplates (ThermoScientific ). The white Microfluor plates have 

been developed to enhance signal reflectance with reduced background fluorescence; 

enhancing the fluorescence signal and sensitivity while improving signal to noise ratios 

and reducing crosstalk (i.e. the signal detected in an adjacent well from where the signal 

derived). Hengster et al. (2002) examined multi-well plate type on the effects of 

chemiluminescence testing (a light emission as a direct result of a chemical action). 

Although they did not examine the white Microfluor plates, Hengster et al. (2002) found 

that background fluorescence activity was lower in black plates compared to general 

white plates, however, there was greater sensitivity in detecting chemiluminescence using 

the white plates than the black plates. This was explained by higher light reflection and 

less absorption of light from the white pigment compared to the black pigment (Hengster 

et al. 2002). 
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Therefore, based on the cited literature, a multi-well plate with high reflectance to 

increase the fluorescence signal will reduce the cell density required for toxicity testing 

and, therefore, increase the sensitivity of the test to low concentrations of toxicants. It 

will also require a lower gain setting from the Imaging-PAM fluorometer, which 

according to Schreiber et al. (2007), will also reduce instrument related error. However, 

a multi-well plate with high reflectance can also cause crosstalk, and thus increase 

variance between wells. Thus, different types of multi-well plates were examined to 

determine the optimum multi-well plate to use with the Imaging-PAM fluorometer for 

toxicity testing. More specific chapter aims are presented below. 

3.1.3. Chapter aims 
The first step in identifying toxicants using chlorophyll a fluorescence is the fluorescence 

measurement itself. From the fluorescence measurement, the next stage is to identify the 

distinguishing features of the fluorescence response that differentiates one toxicant from 

another (assessed in Chapter 4). Therefore, if the individual fluorescence measurements 

do not have a high precision and are not sensitive, the distinguishing features that make 

each toxicant ' s fluorescence fingerprint unique may not be discerned . Hence, the goal of 

this chapter was to establish the ideal chlorophyll a fluorescence testing procedure for the 

highest test precision and sensitivity. Secondly, it was also recognized that the test 

procedure needed to be cost-effective. Achieving this meant selecting a method that 

would provide the maximum output without impacting upon the precision. 

In order to achieve this goal , a series of experiments were developed with the aim to 

examine differences in test performance of different types of 96-well plates. The results 

would help determine the best test procedure to use in Chapters 4, 5 and 6 of this thesis. 

Using the recommended black 96-well plate as a basis, a white plate optimized for 

fluorescence testing (Microfluor 96-well plate) and a standard white 96-well plate were 

compared. Plates were tested for: 

• The heterogeneity of irradiance across each well plate and the greatest area of 

homogenous light field for each plate type; and, 

• The absorption/reflectance of light within wells of each plate type. 
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In addition, the relationship between the Imaging-PAM settings and cell density was 

examined using a standard DCMU inhibition test to determine which combination of 

plate, instrument settings and cell density proved to give the most sensitive and precise 

measurements. 
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3.2 Materials and Methods 

The following experiments were conducted in three sequential stages. The results of one 

stage determined the methods used for the following stage (Figure 3.1 ). Specifically, the 

results of Stage 1 determined methods used for Stage 2, and results from Stage 1 and 2 

determined the methods used for Stage 3. 

Stage 1: 
Test for heterogeneous light 
field across 96-well plates 

l 
find homogenous regions of 

irradiance for continued 
testing 

l 
Stage 2: 

Test for the effect of well plate 
type on reflectance/attenuation 

of light 

1 
determine best wel l plate 

type for signal and precision 

1 
Stage 3: 

Test for the optimum cell 
densit'f and I-PAM settings for 

sensitivity and precision 

In corporate 
settings and 

designations into 
toxic ant 

id entif icatio n 
methodology 

Figure 3.1: Flow diagram of experimental stages applied in this chapter in order to determine the 
settings and designations (i.e. plate type, plate testing region and cell density) to be used in the 
experimental methods for Chapters 4 - 6. 
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The general methodology for experiments described in this chapter is presented below. 

Materials or methods that had to be determined through experimentation and which were 

subsequently used in a following stage of experimentation have been reported and 

discussed in the individual results section of the initial experimental stage. 

3.2.1. Test chemicals 
The herbicide DCMU (3-(3,4-Dichlorophenyl)-l , 1-dimethylurea) was obtained as an 

analytical standard from Sigma Aldrich, Australia. Stock solutions were prepared with 

acetone (1 %) and Milli-Q water and stored at 4°C. Just prior to experimentation, five 

dilutions were prepared in Milli-Q water from a 100 µM DCMU stock solution. In all 

experiments 50 µL of a DCMU dilution was added to 350 µL of culture. 

3.2.2. Biomaterial 
The marine microalga Dunaliella tertiolecta was the test species used. For more specific 

details of culturing and species test conditions refer to Section 2.3 . 

3.2.3. Chlorophyll a fluorescence measurements 
All chlorophyll a fluorescence measurements were conducted with the Imaging-PAM 

fluorometer (Heinz Walz GmbH, Effeltrich , Germany). For a more detailed description 

of basic methods used refer to Section 2.3.6. More specific details of fluorescence 

methods used for this chapter are presented below. 

3.2.4. Comparison of the light field within the wells of different types of 96-well 
plates 

Light intensity and the homogeneity of the light field across the individual wells of four 

different types of 96-well plates were examined. The standard black (Coming®) 96-well 

plates (BP) were compared to white (Corning®) 96-well plates (WP) and white 

Microtiter Microfluor (Thermo Scientific) 96-well plates with (MWP+F) and without 

(MWP) the presence of a 0.6 neutral density light filter (LEE Filters, Hampshire, UK). 

The neutral density filter was used to reduce the light intensity emitted by the Imaging-
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PAM in order to compensate for the increased irradiance due to light reflectance within 

the wells of white plates. 

The light attenuation and reflection within wells was compared between plate types over 

19 actinic light (AL) intensity settings supplied by the Imaging-PAM fluorometer. For 

this test the middle four wells (see Figure 3 .1) were each filled with 400 µL of Milli-Q 

water. Irradiance measurements were taken using a submerged calibrated spherical micro 

quantum sensor (type US-SQS/B, Heinz Walz GmbH, Effeltrich, Germany) placed at the 

bottom of the well to account for the refractive properties of water. As the sensor was 

calibrated in air, an immersion calibration was conducted to account for differences in the 

refractive index between air and water ( + 33% in water). Irradiance was also measured 

without the presence of a well plate to determine the PAR intensities emitted by the light 

emitting diodes (LED ' s) of the Imaging-PAM (at plate level) and then tested again with 

the presence of a 0.6 neutral density light filter. The Gain setting on the Imaging-PAM 

was set to 1 for all plate types. 

The homogeneity of incident irradiance within wells across all 96-wells of each plate 

type was also examined. These tests were conducted at AL 1 of the Imaging-PAM 

settings with a Gain of 1. All 96-wells were measured for each of the four plate types. 

3.2.5. Rapid light curves 
Rapid light curves (RLC) were conducted to compare the effect of irradiance on D. 

tertiolecta cells in the four different types of 96-well plates. Rapid light curves measure 

the effective quantum yield (EQY) as a function of irradiance by taking fluorescence 

measurements during short-term (1 Os) increments of AL. From these measurements the 

relative electron transport rate (rETR) can be estimated which is an approximation of the 

rate of electrons pumped through the photosynthetic electron chain (Beer et al. 2001 ). 

The rETR was then used to determine Ik; the minimum actinic light level at which the 

maximum rate of rETR (rETRmax) occurs. The parameter Ik was thus used to determine 

differences in incident light intensities experienced by the algal cells within the wells of 

the four different plates. 
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Cultures were first acclimated to laboratory conditions(~ 21°C, 10 µmol photons m-2 s- 1
) 

for approximately one hour before testing. Concentrated D. tertiolecta cultures ( 400 µL ) 

were placed into the four centre wells of each of the four well plate types (BP, MWP+F, 

MWP and WP). Consistency in cell density was necessary to compare h values between 

the plate types. A cell density of 3 x 105 mi- 1 was found to be transposable across plate 

types, however, Imaging-PAM MLi settings (with a Gain of 1) had to be adjusted for 

each plate such that the minimum fluorescence measurement also remained consistent 

across plates (Ft~ 0.15). 

No dark-adaptation period was used before measurements were taken. Rapid Light 

Curves were conducted with the Imaging Win software routine in which incrementing AL 

levels (0- 12) were applied for 10 s each. The ImagingWin software records EQY and 

rETR at each AL level. To determine h values for each RLC, the data were first fitted to 

a double exponential decay function using a Marquardt-Levenberg regression algorithm 

(Platt, Gallegos & Harrison 1980): 

( 
-(a:" J] -(p!" J P=Ps 1-e , e , 

h was then calculated by the following equation: 

Where, 

I _ rETRmax 
k -

a 

( a J( fJ Jo/a rETRmax = P~ [a+ fJ] [a+ fJ] 

Where, P s = , a = , ~ = , Ect = 
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3.2.6. Test for optimal cell density 
In order to determine an optimal cell density that would produce the most sensitive 

response to pollutants while maintaining a low error, five concentrations of D. tertiolecta 

cells were tested for their dose-response relationship to DCMU. Cells were first 

acclimatized to laboratory conditions ( ~ 21°C, 10 µmol photons m-2 s- 1
) and then 

concentrated via centrifugation to a cell density of approximately 5.3 x 106 mL-1
. The 

concentrated culture was then diluted four times to make densities of approximately 10, 

25 , 50 and 75% of the original culture. The supernatant from the centrifuged culture was 

used for the dilution process. Actual cell densities were counted using a hemocytometer 

(see Section 2.3.3 for more detailed description of methodology). 

Based on the results of Part 1 (3.3.1) , only the black 96-well plates and MWP+F plates 

were examined. Eight wells were chosen from the middle of the plate where variance 

between wells was lowest (see Section 3.3.1). Three controls were used to account for 

well variation along with five concentrations of DCMU; 0.001 , 0.005 , 0.01 , 0.05 and 1 

µM. Cells were first exposed to DCMU in glass vials for 30 minutes under laboratory 

conditions. An aliquot ( 400 µL) of the test cultures was placed in wells of either the 

black or MWP+F 96-well plate before undergoing a dark-adaptation period of 10 

minutes. Immediately after dark-adaptation, an induction curve (see Figure 1.1) was 

recorded at AL 1 (11 µmol photons m-2 s-1
, see Appendix) and measurements were 

continued until steady state was reached (~ 5 minutes). 

The fluorescence parameters Ft, Fm ' and EQY were recorded for data analysis. The EQY 

values from the three control wells were averaged and used to determine the % inhibition 

of each of the DCMU concentrations within each plate. EC50s were calculated from the 

% inhibition dose-response data fitted by a 4-parameter sigmoid curve (Equation 2.8). 

3.2. 7. Mathematical and statistical analysis 
Methods used to determine EC50 values of DCMU dose-response curves were calculated 

according to methods described in Section 2.4.2. The coefficient of variation (Co V) and 

variance were calculated according to Equations 2.10 and 2.11, respectively. 
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To determine significant differences (p ~ 0.05) in fluorescence data, ANOV A (for data 

that fitted the assumptions of normality and homogeneity of variances) or Kruskal-Wallis 

was used. 
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3.3 Results 

Results for this series of experiments are divided into three sections (based on Stages I -

3 from Figure 3 .1 ). The results are presented and discussed in each section before 

proceeding to the next stage. 

3.3.1. Stage 1: Heterogeneity of light field across 96-well plates 
Heterogeneity of light intensity within wells of the four well plate types was calculated 

across all 96-wells. It was important to identify which region of the plate would be most 

ideal for conducting tests to reduce test error (i.e. variations in fluorescence derived from 

heterogeneous light fields) while utilising as many wells as possible for testing. Data 

from well plates were divided into five different regions consisting of 96, 48, 36, 16 and 

4 wells (Figure 3.2). Light intensity was measured for each individual well. Variance 

was then calculated for each region of the plate and averaged from three replicate plates 

(Table 3 .1 ). 
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Figure 3.2: Divided regions of a 96-well plate; Region 1- middle 4 wells, Region 2- middle 16 wells, 
Region 3- middle 36 wells, Region 4- middle 48 wells and Region 5- all 96-wells. 
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The black plate demonstrated the largest area of homogeneity in the light field with the 

middle 48 wells showing no difference in light intensity. The four middle wells (Region 

1) indicated homogeneity in the light field for all plate types except WP. Looking at the 

variance values, WP showed the highest variance for each region followed by MWP, 

MWP+F and lastly BP. This result indicates that the pigments of the Microtiter plate 

(MWP) reduced the degree of variance compared to the WP which was again further 

reduced by the light filter (MWP+F). 

Ta hie 3.1: Variance of actinic light intensity supp lied by the Imaging-PAM fluorometer across wells 
of four types of 96-well plates (± 1 S.D., n=3). Regions of wells are based on Figure 3.1. 

Region of No. of Wells BP MWP+F MWP WP 
well plate 

1 
2 
3 
4 
5 

4 
16 
36 
48 
96 

0 0 0 
0 0 0.132 (±0.03) 
0 0 0.142 (±0.02) 
0 0.014 (± 0.02) 0.165 (± 0.01) 

0.034 (±0.03) 0.101 (± 0.02) 0.260 (±0.01) 

Discussion of heterogeneity of light field across 96-well plates 

0.417 (±0.46) 
0.596 (±0.15) 
0.790 (±0.27) 
0.772 (±0.24) 
1.044 (±0.50) 

The higher variance in light levels between wells of the WP (Table 3.1) may be due to 

crosstalk from the high reflectivity of the white pigments. This finding is conducive with 

the manufacturer's claim which reported that the pigments of the specially designed 

Microtiter plates reduce crosstalk between wells (ThermoScientific 2010). The light 

filter further reduced the variance between wells (Table 3.1). Although the filter does not 

reduce the reflectance of light within the wells, it does reduce the amount of light 

entering the wells which, demonstrated here, reduces variance between wells. The best 

plate for homogeneity of light across the well plate was the black plate (BP) with up to 48 

wells within the homogenous region. The utility of this plate in terms of usable sample 

size outweighs the other three plates. The middle 36 wells of the MWP+F were also 

found to be homogenous which still allows for a large number of wells to be used in 

testing. Whereas, the results of the MWP and WP, demonstrated that using these plates 

would likely incur a large degree of error based on irradiance variation between wells. 
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Based on these results, experiments in Stage 2 used the middle four wells to examine 

reflectivity and light attenuation between the different well plate types. 

3.3.2. Stage 2: Effect of well plate type on reflectance/attenuation of light 
The well plate types were examined for the effect of plate pigmentation on reflectance 

and absorption of light emitted from the Imaging-PAM. The radiance emitted by the 

LEDs in the Imaging-PAM fluorometer was measured using a light sensor at plate level 

(without a multi-well plate present) and reported in Appendix 3.6. Light intensities 

recorded in wells for each plate type were compared against the actual light intensities 

reported in Appendix 3.6 and the average% change in intensity for all 19 AL levels was 

calculated (Table 3.2). 

Absorption of light was found to occur within the wells of the black plates in which light 

levels within the wells were almost 50% lower than light emitted by the LEDs. White 

and Microtiter plates caused reflection of light within the wells, increasing the light 

intensity compared to that emitted by the LEDs. The WP demonstrated the highest degree 

of reflectivity (Table 3.2), 2.7 times the intensities reported in Appendix 3.6. The 

pigment of the MWP reduced reflection by over 60% within wells compared to WP and 

the light filter further reduced light within the wells by another 50%. The irradiance 

within the wells of the MWP+F was found to be closest to the light intensity emitted by 

the LEDs with only a 22% increase in intensity. 

Table 3.2: Percent change in light intensity recorded within the middle four wells of four different 
96-well plate types. Nineteen AL levels were tested and compared to the actual LED actinic light 
intensity of the Imaging-PAM. Values represent the mean % change(± 1 S.D.) of light intensities 
within wells from the actual LED actinic light intensities (n = 4). 

Plate Type/ Filter Effect Change in light intensity 

BP 
MWP + F 
MWP 
WP 

(%of light emitted from fluorometer) 
54.5 (± 1.3) 
121.6 (± 4.5) 
246 (± 9.8) 

370 (± 12.7) 
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In order to compare the irradiance experienced by algal cells within wells of the different 

96-well plate types, rapid light curves (RLCs) were performed. The minimum saturating 

irradiance (h values) represents the minimum AL intensity emitted by the fluorometer's 

LEDs at which the maximum rETR was reached (Table 3.3). The results indicated that 

cells within the wells of the different plates did not experience the same light exposure. 

As AL levels increased during the time course of the rapid light curve, maximum rETR 

was reached first by cells in the WP, followed by MWP, BP and, lastly by MWP+F. The 

recorded h values were assessed statistically and were found to be significantly different 

(p < 0.01). 

Table 3.3: Minimum saturating irradiance (IJ values were calculated from rapid light curves of D. 
tertiolecta tested in four different types of 96-well plates. Values represent the mean(± 1 S.D.) LED 
actinic light intensity of the Imaging-PAM fluorometer at which rETR is reached (n=3). 

Plate Type Ik 

BP 
MWP+F 
MWP 
WP 

(µmo! photons m-2 s-1
) 

87.1 (±14.2) 
108.1 (±2.8) 
61 .7 (±5.5) 
50.7 (±2.8) 

Discussion of the effect of well plate type on reflectance/attenuation of light 

The results from Stage 2 indicated that pigmentation of multi-well plates did have an 

effect on the light field within the wells and, therefore, on the microalgal cells within the 

wells. The operation manual for the Maxi head Imaging-PAM fluorometer recommended 

the use of black plates for chlorophyll a fluorescence testing. As a basis, black plates 

were compared to other multi-well plates with different pigmentation to examine effects 

of pigmentation on the light field (absorption/reflectance and irradiance) within wells and 

between wells. 

White pigments from the Microtiter (MWP) and standard white plates (WP) increased 

light reflection within the individual wells, whereas, the black pigment absorbed light 

(Table 3.2). The reflective properties of the white pigments are known to increase 
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sensitivity by increasing the fluorescence yield detected by the fluorometer (Hengster et 

al. 2002). Increasing the detectable fluorescence within each well would mean that a 

lower cell density could be used at a low gain, potentially resulting in greater sensitivity 

and precision. 

Conversely, between wells, white pigments caused greater heterogeneity in irradiance 

(Table 3.1). This heterogeneity may be due to crosstalk between wells; the reflectance of 

light from the wells crosses over other wells rather than emitting straight up to the 

detectors. The MWP were developed intentionally to increase reflectance and also to 

reduce crosstalk. This reduction in crosstalk is demonstrated in Table 3.1 in which the 

variance was smaller for MWP compared to WP for each of the tested plate regions. 

The MWP also reduced irradiance within the wells by over 60% compared to the WP. 

WPs increased light intensity within the wells 3.7 times that emitted by the LEDs (Table 

3.2). Thus, the lowest AL level that could be tested with WPs would be approximately 

40 µmol photons m-2 s- 1 (3 .7 x 11 µmol photons m-2 s- 1
, from Appendix) . This could be 

a limitation as testing at a low light intensity is sometimes preferred. For example, in 

order to maximize the effect of DCMU and other like inhibitors, Schreiber et al. (2002) 

suggested that the test should be conducted at the absolute minimum PAR that would 

allow electron transport to take place but which would also allow for the greatest number 

of reaction centres to remain operational (i.e. maximum EQY), thus, exhibiting the 

greatest possible change in the fluorescence yield due to the inhibitor. 

The addition of the neutral density light filter further reduced the light intensity emitted 

by the LEDs and also reduced variance between wells (Tables 3.2 and 3.1 , respectively). 

The use of the Microtiter white plate and the filter together presented a good combination 

for testing. Reflectance was still greater in the MWP+F than the black plate which would 

allow for a lower cell density and gain to be used. Additionally, MWP+F increased the 

homogeneity of light intensity across the plate (Table 3.1). Although black plates had a 

larger region of a homogeneous light field (region 4- 46 wells, Figure 3.2), the middle 36 
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wells of the MWP+F in which there was no variance in irradiance would still allow for a 

large number of wells to be used for testing. 

Furthermore, h values of rapid light curves suggested that with the added light 

attenuation of microalgal cells within the wells, the light intensity that cells were 

subjected to in the MWP+F was actually lower than that experienced by cells in black 

plates. Therefore, testing at a low light intensity in the MWP+F would not pose a 

problem. 

Although the cell density required for use with the white plates (WP and MWP) would 

probably be the lowest of all the plate types, it is likely that the test error would be the 

greatest due to the higher variation in the light intensity between wells. The high light 

intensity within wells would also lower the sensitivity of the bioassay to detect pollutant 

impacts that require a low PAR for assessment. Given that the principle aims were to 

increase sensitivity and precision between measurements, the WP and MWP plate types 

would be undesirable for toxicant identification. 

There is an advantage in using the black plates over the three types of white plates, given 

that the black plates have a larger area of homogenous light field. Using the white 

pigmented plates would either decrease the number of wells that could be used or 

potentially increase the error between measurements. Therefore, it is concluded that the 

Black Plate and the Microtiter White Plate +Filter should be considered for further 

investigation to determine the most sensitive and precise method for toxicant 

identification. 
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3.3.3. Stage 3: Optimum cell density and Imaging-PAM setting selection for 
precision and sensitivity 

Cell density and Imaging-PAM settings (Gain and Measuring Light intensity, MLi) were 

assessed with the black plate and MWP+F to determine which plate, cell density and 

instrument settings were optimal for sensitive and precise measurements. The Imaging-

PAM Gain and MLi settings were adjusted so that for each cell density (Table 3.4) the 

lowest Gain and MLi combination was selected for Ft to read ~0.15. Table 3.4 shows 

that as cell density decreased, Gain and MLi settings increased. Furthermore, the Gain 

and MLi settings were lower for MWP+F than for BP which was attributed to the higher 

reflectivity of the MWP+F reported in Stage 2 (Section 3.3.2). 

Table 3.4: Cell densities of Dunaliella tertiolecta and Imaging-PAM settings for the black 96-well 
plate and Microtiter white plate+ filter required to to obtain an Ft reading of ,..,(),15. 

Cell Density (cells mL-1
) BP MWP+F 

4.5 x 105 

1.5 x 106 

2.3 x 106 

3.9 x 106 

5.3 x 106 

Imaging-PAM Settings 
(Gain, MLi) 

5, 12 
3,6 
2, 6 
2,4 
2, 4 

Imaging-PAM Settings 
(Gain, MLi) 

2, 4 
1, 4 
1, 3 
1, 3 
1, 3 

Following the selection of the Imaging-PAM settings, cell densities were tested for 

sensitivity to DCMU inhibition of EQY. EC50 values were calculated for each cell 

density tested on either the black 96-well plate or MWP plate (Figure 3.3) based on a four 

parameter sigmoid regression curve (R2 > 98%). As cell density increased, EC50 

concentrations also increased for BP and MWP+F, indicating that the lowest cell 

densities were the most sensitive to DCMU. Statistical analysis indicated that the 

differences in EC50 values between the cell densities were significantly different (p~ 

0.01), but were not significantly different between plates (p = 0.565). 
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Figure 3.3: Effect of D. tertiolecta cell density on EC50 concentrations based on the % change in EQY 
by DCMU (µM) tested with black 96-well plates(•) and Microtiter white plates+ filter (o). Symbols 
and error bars represent mean± 1 S.D. (n=3). 

Figure 3.3 indicates that the lowest cell density showed high standard deviations, 

especially for the black plate, while the highest cell densities showed much smaller 

standard deviations. The ideal cell density would be one that had the smallest EC50 

value and the smallest variance between replicates. The commonly used signal to noise 

ratio (SNR) or coefficient of variation (Co V) calculates the highest signal to smallest 

variance by dividing the standard deviation by the mean (SNR) or vice versa for the Co V 

(mean/S.D.), which is not valid here. Therefore, to determine the smallest EC50 value 

with the smallest standard deviation, EC50 values were inverted (i.e. 1 - mean) such that 

the smallest EC50 value then became the largest signal. The coefficient of variation 

could then be calculated. These values are presented in Table 3.5. The MWP+F at 1.5 x 

106 cells mL-1 cell density had the smallest Co V indicating that this was the best 

combination to use to give the most sensitive result with the least amount of variance. 

The smallest CoV for the black plate needed a much higher cell density at 3.9 x 106 cells 

mL- 1
• As was expected, the lowest cell density for both plates had the highest Co V for 

the black plate and the second highest for the MWP+F. 
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Table 3.5: Coefficients of variation(%) of D. tertiolecta DCMU (1 - ECSO) concentrations (µM) at 
different cell densities tested in black 96-well plates and Microtiter white plates+ filter. 
Cell Density (cells mL- 1

) Black Plate MWP+F 
4.5 x 10 0.562 0.216 
1.5 x 106 0.123 0.028 
2.3 x 106 0.270 0.218 
3.9 x 106 0.063 0.137 
5.2 x 106 0.077 0.080 

3.4 Discussion 

The Imaging-PAM' s user manual recommends using black multi-well plates for 

measuring fluorescence (Walz 2009). However, one shortfall of the black plate is that it 

reduces the sensitivity of the fluorometer to detect chlorophyll fluorescence at low cell 

densities (Table 3.4); an important feature to include in toxicity testing. Through a series 

of experiments, it was found that using a Microtiter white plate with a neutral density 

filter (MWP+F) reduced many of the shortfalls attributed to using regular white plates 

(high error due to crosstalk), in addition to increasing the sensitivity of measurements to 

low cell densities. 

In order to explain the differences in the light fields that occurred within the wells of the 

BP and MWP+F, Figures 3.4 and 3.5 were provided. Figure 3.4 demonstrates the 

differences in the light fields within the wells of the BP and MWP+F without the 

presence of microalgae, measured by a light sensor, as was tested in Stage 2 (Section 

3.3.2). The results indicated that light was reflected from the white pigments in the 

MWP+F after the light intensity was first reduced by the neutral density light filter. The 

reflection caused increased light within the well such that the light intensity within the 

well was ~20% more than what was emitted by the fluorometer (without the presence of 

the neutral density filter). Conversely, the black pigments in the black plates absorbed 

the light such that, inside the well, the light intensity was lower than that emitted by the 

fluorometer. 
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Adding microalgae to the wells also changed the light conditions within the wells. The 

rapid light curves indicated that the microalgae in the MWP+F wells were under lower 

light conditions than the cells in the black wells, which contradicts the results described 

above. Furthermore, Stage 3 indicated that the Imaging-PAM detected fluorescence 

levels from the MWP+F plate higher than the black plates (Table 3.4), which would 

indicate either that the light intensity experienced by cells in the MWP+F was higher than 

the BP or that the concentration of chlorophyll was greater. Considering that cell 

densities were the same for both plates for the rapid light curves test and the DCMU test, 

the most likely reason for the results was that photons of light were able to reach more 

cells in the MWP+F than those in the BP (Figure 3.5). Due to the reflective surfaces 

within the well, the majority of microalgal cells within the MWP+F would be in contact 

with light to generate chlorophyll a fluorescence , hence, the higher emitted fluorescence 

levels. However, the neutral density filter reduced the light intensity by approximately 

50% such that the algae were actually under lower light conditions, hence, the low lk 

value. The cells in the BP, conversely, would experience the light levels emitted by the 

Imaging-PAM, however, only the top layer of cells would be in contact with the light 

and , hence, less fluorescence is emitted back to the fluorometer. 
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Figure 3.4: Depiction of the light fields (reflection and absorption) within the MWP+F and BP wells 
measured by a spherical light sensor. Blue arrows indicate wavelengths of light emitted by the 
Imaging-PAM fluorometer. 
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Figure 3.5: Depiction of the light fields and chlorophyll a fluorescence of microalgal cells in the 
MWP+F and BP. Blue region represents light intensity emitted by the Imaging-PAM fluorometer, 
green dots indicate microalgae not emitting fluorescence and red dots indicate microalgae emitting 
fluorescence. 
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Based on the results presented here, the MWP+F were chosen for use for experiments in 

toxicant identification outlined in the following chapters. The MWP+F presented low 

variability across the plate, particularly for the middle 36 wells in which the light field 

was homogenous. Additionally, a low cell density could be used to increase the 

sensitivity of the test without hindering the precision. Table 3.6 indicates the 

specifications determined by the results of this chapter that were used in experiments in 

the following chapters. 

Table 3.6: Multi-well plate and Imaging-PAM specifications for use in the toxicant identification 
bioassa . 

Plate Type 
Plate region 
Cell Density 
Imaging-PAM Settings: 

MLi 
Gain 

Microtiter white plate + light filter 
Region 3 (inner 36 wells) 
1.5 x 106 cells mL-1 

4 
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3.6 Appendix 

Actinic Light Level Light Intensity Actinic Light Level Light Intensity 
(µmol photons m-2 s- 1

) (µmol photons m-2 s-1
) 

1 11 11 379 
2 22 12 447 
3 39 13 519 
4 60 14 592 
5 88 15 680 
6 122 16 781 
7 161 17 892 
8 205 18 1033 
9 261 19 1197 
10 317 
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CHAPTER FOUR 
~Pollutant Identification 
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4.0 TOXIN-IDENTIFICATION WITH CHLOROPHYLL a 
FLUORESCENCE 

4.1 Introduction 
The possibility of incorporating a rapid and cost-effective bioanalytical fingerprinting 

method into water quality monitoring has the potential to enhance current accredited 

methods. The aim of the toxin-identification method, like other alternative methods for 

water quality monitoring, is to reduce risk associated with unrepresentative data. The 

toxin-identification method addressed here is based on patterns of change in chlorophyll 

a fluorescence associated with the toxicokinetics (a chemicals rate of absorption into an 

organism and its fate within the organism) and mode of action (MoA) of a toxicant. 

Although pollutant identification using chlorophyll a fluorescence has previously been 

recommended (Brack & Frank 1998; Ralph et al. 2007), the reality of quantifying the 

patterns of change for each chemical ' s identification is in its infancy. 

A chemical ' s unique molecular structure determines a number of characteristics about 

how the chemical behaves or reacts with other substances (Mackay et al. 2006), in this 

case with the light reactions of the photosynthetic apparatus of microalgae. Such 

characteristics are often referred to as the chemical ' s physico-chemical properties and 

include (for example); molecular weight, molecular branching, solubility, octanol/water 

partitioning coefficient (Log K0 w) and ionization constant (pKa). A chemical ' s physico-

chemical properties and its concentration affect the toxicokinetics of the chemical 

interacting with an organism and can determine the rates of absorption of the chemical, 

its distribution and biotransformation within the organism and the excretion of the 

chemical from the organism (Rand 1995; Rozman & Klaassen 2001 ). The molecular 

structure also determines the impact site of the chemical within the organism (Rand 

1995). 

In the field of chlorophyll a fluorescence , changes in fluorescence parameters are 

particularly useful for identifying the mode of action of a chemical on the photosynthetic 
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apparatus (Mallick & Mohn 2003). Chlorophyll a fluorescence toxicology, however, is 

still yet to achieve a validated mathematical method to identify toxicants. There are a 

number of validated methods from other disciplines that may be successfully applied to 

chlorophyll a fluorescence data. For example, parallel dose-response curves have been 

used in immunology, pharmacology and toxicology to identify chemicals with similar 

modes of action (Finney 1979; Jensen & Kudsk 1988; Walsh, Schwartz-Bloom & Levine 

2005). Additionally, the absorption rate of a chemical is used to determine whether one 

pharmaceutical drug is the same or has the same effect as another (Welling, Tse & Dighe 

1991 ). Furthermore, Turner et al. (2001) and Horsburgh et al. (2002) used reaction rates 

of bacterial luminescence combined with dose-response curves to identify individual 

toxicants. 

It has been demonstrated that the chlorophyll a fluorescence response to toxicant impact 

varies with respect to: the sensitivity of different fluorescence parameters to the toxicants 

mode of action (Mallick and Mohn 2003); the concentration of the chemical (Brack & 

Frank 1998); and, the exposure period (Frankart, Eullaffroy and Vernet 2002). 

Therefore, it is theorized, that by considering these three variables together, the whole 

fluorescence response to a toxicant will be described. Figure 4.1 broadly summarises the 

theory presented in this thesis for identifying individual toxicants using chlorophyll a 

fluorescence. From what is known of methods used in toxicology, pharmacology and 

chlorophyll a fluorescence, it is envisioned that the measurable responses of fluorescence 

(right-hand side of diagram) will be able to provide the relevant information of the 

identifying characteristics (middle of diagram), which are derived from the unique 

physico-chemical properties and toxicokinetics of each toxicant (left-hand side of 

diagram). It is further theorized that by combining the measurable characteristics of 

fluorescence and examining them as one response, a unique fluorescence fingerprint for 

each toxicant will be found. Sections 4.1.1 - 4.1.3 describe and examine reaction rates, a 

chemicals mode of action and the shape of the dose-response curve in more detail. 

Competition at the site of action from two or more chemicals that may also affect the 

unique fluorescence response is considered in Chapter 5. 
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CHEMICAL 
CHARACTER! STICS 

Physi co-chemical 
properties 
•Log Kow 
•pKa 
•Molecular weight 
•Molecular branching 
•Concentration 
•Solubility 

Toxicokinetics 
•Absorption 
•Distribution 
• Biotran sform ation 
•Excretion 

IDENTIFYING 
CHARACTERISTICS 

A. Dose-response 

B. Mode of Action 

c. Reaction Rate 

MEASURABLE 
CHARACTERISTICS 

Figure 4.1: From left to right; chemical characteristics of toxicants impacting on the light reactions 
of the photosynthetic apparatus, their identifying characteristics (based on pharmacological (A), 
chlorophyll a fluorescence (B) and toxicological (C) methods, and the measurable responses that, 
when combined (D), will theoretically produce a unique fluorescence fingerprint. 

4.1.1. Reaction rates 
The various reaction rates of an organism to the impact of a chemical are dependent on 

the physico-chemical properties and toxicokinetic characteristics of the chemical and the 

organism (Van Leeuwen & Koster 2004). The cellular absorption rate of a chemical 

compound is highly dependent on the physico-chemical characteristics of the compound, 

or physico-chemical properties, including its: log K0 w, pKa, solubility, molecular charge, 

and , even its molecular weight and molecular branching (Bromilow & Chamberlain 

1995; Rozman & Klaassen 2001 ; Reboud 2002; Van Leeuwen & Koster 2004). The 

cellular membrane consists of aqueous pores and lipids across which toxicants can 

diffuse (passive transport) based on their hydrophilic or hydrophobic nature (through 

aqueous pores or the lipid domain, respectively) (Van Leeuwen & Koster 2004). Certain 

characteristics of the toxicant molecule will influence the ease (or rate) by which the 

molecule can cross the membranes. For example, hydrophobic compounds will diffuse 
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more quickly into the plant/algal cells than hydrophilic compounds, smaller hydrophilic 

molecules diffuse through aqueous pores more readily than larger hydrophilic molecules, 

and negatively charged ions more slowly than neutral and positively charged ions 

(Rozman & Klaassen 2001). 

Metabolic kinetics has been used with lux-marked bacterial biosensors as a means of 

identifying pollutants or pollutant types (Turner et al. 2001; Horsburgh et al. 2002). 

Turner et al. (2001) and Horsburgh et al. (2002) found that they could identify different 

pollutants through a fingerprinting method involving unique temporal variations in 

luminescence from lux-marked bacteria, combined with concentration-dependent changes 

in response to each pollutant. Differences in the temporal changes in chlorophyll a 

fluorescence have also been demonstrated for different toxicants. Cedergreen et al. 

(2005) found that the PSI inhibitor, diquat, had a much slower response compared to the 

PSII inhibitor, terbuthylazine, showing a change in fluorescence 8 h and 1 h after 

exposure, respectively. Cedergreen et al. (2005) indicated that the large variations in 

response rates were due to differences in the lipophilicity (ability to dissolve in lipids) 

and molecular charge of the two chemicals. Additionally, Podola, Nowack and 

Melkonian (2004) demonstrated that differentiating the responses between formaldehyde 

and methanol was possible using chlorophyll a fluorescence response rates. 

It is also evident that secondary responses within the photochemical apparatus occur over 

time. For example, Mallick and Mohn (2003) observed variations in the timing of 

response of different parameters when microalgal cultures were inhibited by five metals. 

Changes in Fm, Fv/2 and Fo/Fv were clearly evident after 1 h exposure whereas Fo, 

Fv/Fm, qN and qP were observed after 12 hours of exposure. Similarly, Frankart, 

Eullaffroy and Vernet (2002) showed that changes in Fv/Fm and qN in response to 

copper impacts were observed in Lemna minor before any changes in qP were observed. 

4.1.2. Mode of action and fluorescence parameters 
It is evident from the examples given above that often it is not just one chlorophyll a 

fluorescence parameter that varies on account of a toxicant's impact. Several 
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fluorescence parameters can show a response, though not necessarily to the same degree. 

In essence, there are a multitude of responses from different fluorescence parameters with 

varying degrees of magnitude. The reason for this was clearly articulated by Lavorel and 

Etienne (1977); 

"Any given (fluorescence) response is initially directly related to the closest 

photochemical step, but subsequently becomes determined by a network of 

interactions of increasing complexity ultimately involving the entirety of the 

apparatus. The analysis of the fluorescence phenomenon is thus made difficult 

not only because of the number of controlling factors but also because the mode 

of action of these factors may not simply be reduced to elementary concepts of 

quenching or non-radiative (heat) dissipation." 

Juneau et al. (2007) made the point that the majority of the studies done in recent years 

have used only a limited number of parameters despite the fact that numerous chlorophyll 

a fluorescence parameters are available, thus restraining the interpretation of the results. 

For example, in the case of pollutant identification, two studies used chlorophyll a 

fluorescence responses of microalgae to detect different types of herbicides (Podola & 

Melkonian 2005) and volatile organic compounds (Podola, Nowack & Melkonian 2004). 

Both studies only used one fluorescence parameter (Ft and F /Fm', respectively) to 

measure toxicant impact. In order to resolve toxicant specificity, they introduced a 

complex response pattern created from the fluorescence measurements of up to nine 

species of microalgae. Such a method would be labour intensive and thus could become 

quite costly in time and money: not ideal characteristics for a screening tool. 

By incorporating quenching analysis and other parameters of chlorophyll a fluorescence 

into toxicant impact studies, discrimination between chemicals that impart different 

effects on photosynthesis can be achieved (Brack & Frank 1998). Brack and Frank 

( 1998) demonstrated that certain response patterns were unique for toxicants with similar 

modes of action (MoAs). These researchers showed that from 21 chemicals, distinctions 

could be made between triazine and urea herbicides, acidic phenols, nitro aromatic 
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compounds, paraquat, aldehydes and hydrogen sulfides from the dose-response 

relationships of three fluorescence parameters. Brack and Frank ( 1998) explained that 

the inhibition of the electron transport chain, uncoupling of the electron flow from 

photophosphorylation, and fluorescence quenching were clearly distinguishable. The 

researchers suggested that fluorescence responses indicating the primary MoA could 

assist in identifying microalgal toxicants in complex environmental mixtures and the 

primary MoA elicited by these mixtures. However, while Brack and Frank (1998) 

suggested that identification of pollutants was possible, they gave no indication of a 

mathematical method that could perform this task using their findings. 

By broadening the scope of the analysis from just one parameter to many parameters, this 

complex matrix of fluorescence responses may shed light on important details that could 

help to identify a particular type of to xi cant. Considering again the quote by Lavorel and 

Etienne (1977), using a set of parameters that described the entirety of the apparatus 

would be ideal. The problem is that to do this could be quite cumbersome considering 

the array of fluorescence parameters published in the literature which describe the many 

different components and reactions that take place in the photosynthetic apparatus. 

However, given that approximately 50% of commercially available herbicides inhibit the 

light reactions of photosynthesis by targeting PSII-dependent electron flow (Jones & 

Kerswell 2003), then focusing principally on the energy absorbed by PSII would make 

sense. Kramer et al. (2004) stated that "the sum of all yields for dissipative processes for 

the energy absorbed by PSII is unity: EQY + Y(NPQ) + Y(NO) = 1" which describes the 

fraction used in photochemical energy (EQY), and that which is dissipated via competing 

non-photochemical pathways; the yield induced by down-regulatory processes (Y(NPQ)) 

and the yield for other energy losses (Y(NO)). Thus, when a change in EQY is observed, 

it can also be shown whether the change was a result primarily from, for example, 

changes in phosphorylation , Y(NPQ), or the fraction of open reaction centres, Y(NO) 

(Kramer et al. 2004 ). 
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4.1.3. Parallelism of dose-response curves 
Sections 4.1.1 and 4.1.2 showed that reaction rates and the compartmentalization and 

shifts in energy dissipation are unique responses based on a chemical ' s physico-chemical 

characteristics and its mode of action within an organism. There is another distinguishing 

characteristic that can also provide a quantitative approach to identify and distinguish a 

chemical from other chemical responses; parallelism of dose-response curves. 

Parallel dose-response curves are necessary for relative potency estimation (Hester & 

Harrison 1999), but they can also be used to identify chemicals with similar modes of 

action (Finney 1979). The method was originally described by Arunlakshana and Schild 

(1959) who demonstrated that competitive antagonists (chemicals that compete for the 

same receptor site) produce parallel log dose-effect curves and, vice versa, that parallel 

log dose-effect curves can be fitted by equations of competitive antagonism. Parallelism 

is commonly used in pharmacology bioequivalency studies when determining whether a 

test drug that produces the same effect has a similar MoA as a reference drug (Walsh, 

Schwartz-Bloom & Levine 2005). The opposite is also true which means that if two 

drugs that have non-parallel log dose-effect curves, but give qualitatively similar 

responses, then they act by different mechanisms (Walsh, Schwartz-Bloom & Levine 

2005). 

When the relationship between two chemicals is so simple that one is p times more potent 

than the other, i.e. on the log-dose scale, the horizontal distance (p) between the two 

curves is constant (Kallen & Larsson 1999). Calculating parallelism between two log 

dose-response curves takes into account horizontal shifting of curves along the log-dose 

scale (x-axis) as well as the vertical shifting of the curves along the effect scale (y-axis) 

(Gudzinowicz, Younkin & Gudzinowicz 1984). Horizontal shifting is exhibited by 

varying affinities of different chemical compounds for a receptor, indicating the strength 

of the interaction of the chemical and receptor (Walsh, Schwartz-Bloom & Levine 2005). 

The efficacy or intrinsic activity (i.e. the vertical shifting) is the chemical's effectiveness 

or capacity to stimulate an action after binding (Gudzinowicz, Younkin & Gudzinowicz 

1984). 
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The dose-dependent nature of many fluorescence parameters to toxicant inhibition has 

been clearly established throughout the 20 years of fluorescence toxicological research. 

However, what is less well-known is whether parallelism exists in dose-dependent curves 

of chlorophyll a fluorescence data of similarly acting chemicals. Escher et al. (2006) 

used parallelism of EQY dose-response curves to determine the type of to xi cant present 

in field samples, however, this is the only study that could be found that referenced such 

a method in aquatic chlorophyll a fluorescence toxicology. Brack and Frank (1998) 

suggested that dose-response curves were similar between similarly acting toxicants and 

not between dissimilar toxicants. However, they made no attempt to mathematically 

verify this. 

4.1.4. Chapter aims 
The aims of this chapter were to: (1) determine which characteristics of the chlorophyll a 

fluorescence toxicant-response were key factors in differentiating the patterns of response 

of different compounds; and, (2) develop a "fingerprinting" method based on these 

characteristics to accurately identify test solutions from a set of reference toxicants. 

Previous biological fingerprinting methods have examined known toxicants to map out 

the patterns of response or "fingerprint" that make them unique (Lam & Wu 2003). By 

comparing the response of an unknown solution/sample with the prototypical or reference 

toxicants, it is possible to determine the mode of action of the unknown, what class of 

compound it belongs to (Lam & Wu 2003) and perhaps even identify the exact chemical. 

By considering the three chlorophyll a fluorescence response variables mentioned above 

(response rate, variations in energy dissipation and the nature of the dose-response 

curve), a set of experiments were designed to determine whether an unknown laboratory-

derived solution could be identified from a set of reference toxicant fingerprints. The 

following methodology (Section 4.2) was developed to quantitatively differentiate 

response patterns between herbicides with similar and different MoAs. Seven herbicides 

were examined totaling three different MoAs; PSII inhibitors (DCMU, Irgarol, Bromacil 

and Simazine), uncoupling of phosphorylation (Dinoseb and PCP) and creation of 
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reactive oxygen species (paraquat). By first generating a database of reference response 

patterns, the response patterns of laboratory-derived test samples were then measured and 

quantitatively compared to the reference patterns. 
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4.2 Materials and Methods 

4.2.1. Test chemicals 
Test chemicals (Table 4.1) were obtained as analytical standards from Sigma Aldrich, 

Australia. Stock solutions were prepared with a solvent (when applicable, see Table 4.1) 

and Milli-Q water and stored at 4°C. Just prior to experimentation, 7 dilutions were 

prepared in Milli-Q water from each stock solution. A solvent control (see Section 2. 3.5 

for solvent control results) and a Milli-Q control were also prepared. 

4.2.2. Biomaterial 
The marine microalga Dunaliella tertiolecta was the test species used. For more specific 

details of culturing and species test conditions, please refer to Section 2.2. 

4.2.3. Cell density 
Cell density was measured and calculated as outlined in Section 2.3.3 The average cell 

density for the following bioassays was 1.6 x 105 (± 0.3 x 105
) cells mL- 1

, which is within 

range of the optimal cell density (1.5 x 105 cells mL-1
) calculated in Chapter 3 (Table 3.6) 

4.2.4. Chlorophyll a fluorescence measurements and analysis 
All chlorophyll a fluorescence measurements were conducted with the Imaging-PAM 

tluorometer. For a detailed description of general methods please refer to Sections 2.3.6. 

More specific details of fluorescence methods used for this chapter are presented below. 

4.2.5. Exposure experiments 
For each toxicant, exposure experiments were carried out twice a day for three days 

(morning and afternoon to take into account any circadian rhythms) , generating 24 sets of 

dose-response data per toxicant. Exposures were conducted in 20 mL scintillation vials 

under ambient laboratory conditions (Section 2.2.3), in which 50 µL of toxicant solution 

was added to 2450 µL of the prepared algal culture. Fluorescence measurements for each 
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replicate were recorded at 0 h (before toxicant addition), 30 minutes and 2 h after toxicant 

addition. 

Aliquots ( 400 µL) of exposed algae were randomly placed in one of 36 wells of Region 3 

(see Figure 3.1, Section 3.3.3) of the MWP+F 96-well plates. Plates were then dark-

adapted for 10 minutes prior to fluorescence testing. The maximum (Fm) and minimum 

(Fo) fluorescence parameters were recorded immediately after dark-adaptation. Upon 

actinic illumination, saturation pulses were applied every 40 s (see Section 3.3.5 and 

3.3.6) to record Fm' and Ft over a 10 minute period to reach steady-state fluorescence. 

The last five measurements were used to calculate an average value for Fm ' and Ft. 

For each toxicant's 24 replicate dilution series, 12 were randomly selected to be used as 

reference samples and the other 12 became part of a group of test samples. Thus, for 

each fluorescence parameter, there were a total of 84 test samples (i.e. 12 x 7 toxicants). 

4.2.6. Mathematical and statistical analysis 
From the parameters Fm, Fo, Fm ' and Ft, changes in EQY, Y(NPQ) and Y(NO) were 

calculated (See Eq. 2.4, 2.5 and 2.7, Section 2.3.2) from 0 - 30 minutes and 0 - 2 h. It 

should be noted that only the derived fluorescence parameters, EQY, Y(NPQ) and 

Y(NO), were used for the proceeding mathematical and statistical analyses. 

Fluorescence data were applied to the MSF (mean-square fit) computer software program 

outlined in Section 2.4.3.1. Figures 4.2 and 4.3 depict the process used in this chapter to 

determine parallelism of test samples to reference samples. It should be noted that the 

processes depicted in Figures 4.2 and 4.3 represent only one fluorescence parameter, the 

process was repeated for each of the three fluorescence parameters. The MSF software 

program is based on a 4-parameter sigmoid regression model (Equation 2.8). Therefore, 

a regression calculation was first conducted on the dose-response data using the 4-

parameter sigmoid model before running through the MSF program. The coefficient of 

determination (R2
) was used to determine the goodness-of-fit of the dose-response data 

with the regression model. An R2 2: 0.85 was found to be an appropriate value in 
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assessing whether the data fit the regression model satisfactorily (see Section 4.3.2). The 

regression calculation from reference toxicants also supplied the parameters a, b, x0 and 

y0 for the MSF program (see Figure 4.2). If the dose-response curve was deemed as a 

good fit , the data were applied to the MSF software program. 

For analysis of variance, a one-way ANO VA was used for data that fitted the 

assumptions of normality and homogeneity of variances, otherwise the non-parametric 

Kruskal-Wallis test was used. Significance levels were p ~ 0.05. 

4.2.7. Calculation of reference input data and acceptance range 
The 12 reference curves for each toxicant (per fluorescence parameter) were compiled to 

produce one regression curve to calculate the four input reference parameters, a, b, x0 and 

y0, for use in the software program (Figure 4.2, right-hand side). To test how well each 

of the 12 reference curves fitted to the compiled data, the dose-response data for each 

curve was individually inserted into the software program and fitted to the compiled 

reference input data (Figure 4.2 , left-hand side) . This meant that a mean-square fit 

(MSF) value could be calculated by the program for each of the 12 replicates. An 

average MSF value was then calculated with the standard deviation (S.D.) to give an 

acceptance range from 0 - (Mean + 1 S.D.) or 0 - (Mean + 2 S.D.). These acceptance 

ranges (for each reference toxicant) determined the variation around the MSF value that 

would be considered acceptable for a match with the test solutions. 

4.2.8. Calculation of parallelism 
Upon calculation of the reference input data (for each toxicant), test data from a single 

test sample could then be assessed for its fit to each toxicant ' s reference data (Figure 4.3). 

For an individual test solution, the dose-response data of one fluorescence parameter 

were inserted into the software program. The program then fitted the test data with the 

reference data of the seven to xi cants for that particular fluorescence parameter. A MSF 

for each of the eight reference toxicants was then calculated by the program. If the test 

MSF value for a reference toxicant was within the acceptance range for that toxicant, 
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then the dose-response curve of the test solution was deemed parallel to the reference 

toxicant ' s dose-response curve. Conversely, if the MSF value was not within the 

acceptance range, then it was deemed as non-parallel. 
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Table 4.1: Ph · hemical f hemical d th . de of (Mo A) - -
Chemical Name Mol. formula Mol. Wgt Solubility Log 1'iw pKa Type Mo A 

(g mole- 1
) (mgL-1

, 20°C) 
Diuron/DCMU N-(3 ,4- 233. l 42 2.6 n/a Substituted QA/Qs 

dichlorophenyl)- urea herbicide electron 
N ,N-dimethyl inhibitor 
urea 

Irgarol 1051 2-methylthio-4- 253.4 7 3.3 8 n/a Triazine QA/Qs 
tert-buty lam i no-6- herbicide electron 
cycl opropy I amino inhibitor 
-s-triazine 

Simazine 6-chloro-N2,N4- 201 .7 5 1.94 n/a Triazine QA/Qs 
diethyl-1 ,3,5- herbicide electron 
triazine-2,4- inhibitor 
diamine 

Bromacil 5-bromo-6- 261 .1 815 1.87 n/a Uracil QA/Qs 
methyl-3-( 1- herbicide electron 
methylpropyl)- inhibitor 
2,4(1H,3H) 
pyrimidinidione 

Paraquat l , l '-dimethyl-4,4'- 257.20 700,000 0.00 n/a Quaternary Electron 
bipyridinium Ammonium donor 

compound 
Pentachlorophenol pentachlorophenol 266.34 80 4. 15 4.8 Chlorinated Uncoupler 
(PCP) hydrocarbon 

insecticide/ 
fungicide 

Dinoseb 2-(sec-butyl)-4,6- 240.22 52 2.29 4.7 Phenolic Uncoupler 
dinitrophenol herbicide 

Note: n/a = not applicable. Log K0 w and pKa values from Brudenell , Baker & Grayson (1995). 

98 



Calculation of 
Acceptance Range 12 x reference 

samples 

Individual 
reference curves 

12 x dilution-effect 
data 

Input into software 

Fitted 

Calculation of 
Reference Input Data 

Combined 
reference curves 

1 Regression 
Curve 

4 Reference } 
parameters, a, b, 

Xo, Yo 

Input into software 

Reference Input 
Data 

Output: 12 x MSF 

Acceptance Range { Mean 
+ 1 S.D 

or 
+ 2 S.D. 

Figure 4.2: Methodology for calculation of the reference input data and 
acceptance range for toxicant reference samples. This process accounts for 
data of only one fluorescence parameter for an individual toxicant. The 
process is repeated for each toxicant and each fluorescence parameter. 
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Figure 4.3: Methodology for calculation of parallelism of test samples with 
reference data of each toxicant. This process accounts for data of only one 
fluorescence parameter for an individual test sample. The process is 
repeated for each test sample and each fluorescence parameter. 
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4.3 Results 

4.3.1. Reference curves 
Reference dose-response curves of the three fluorescence parameters (EQY, Y(NPQ) and 

Y(NO)) for each toxicant was first assessed for fit with the sigmoid regression model 

(Table 4.2). In the case of a' good fit' (high R2 value), four parameters (a, b, x0 and y0) 

derived from the resulting regression equation were then used as the reference points to 

establish parallelism between reference data and test samples. If the reference dose-

response data did not show a good fit to the model, the data were not used as a point of 

reference to compare with test samples. In Table 4.2, it was found that for most of the 

herbicides tested, high R2 values (~0.90) were recorded for two out of the three 

fluorescence parameters at both time points. Paraquat was the exception, it was found to 

have a poor fit with the model (R2
::; 0.04) in all cases. There was a distinction between 

the different MoA of herbicides, the PSII herbicides had high R2 values for EQY and 

Y(NO), whereas the uncouplers principally had high R2 values from EQY and Y(NPQ). 

Dinoseb and PCP also showed good fits (R2 ~0.80) to the third (Y(NO)) parameter, but 

only at one time point; 30 minutes and 2 h respectively. 

Table 4.2: R2 values of reference data to a 4-parameter sigmoid regression model (n=12). 
Fluorescence Parameters EQY Y(NPQ) Y(NO) 

Time (h) 0.5 2 0.5 2 0.5 2 

PSII Bromacil 0.94 0.97 0.26 0.06 0.92 0.95 
Inhibitors DCMU 0.98 0.99 0.31 0.26 0.95 0.93 

Simazine 0.99 0.99 0.01 0.00 0.90 0.92 
Irgarol 1051 0.98 0.99 0.19 0.00 0.96 0.93 

Uncouplers Dinoseb 0.93 0.95 0.94 0.96 0.87 0.54 
PCP 0.97 0.98 0.95 0.97 0.00 0.82 

Electron Paraquat 0.01 0.04 0.00 0.00 0.00 0.00 
Donor 
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4.3.2. Test sample curves 
Dose-response data of test samples were also assessed for their goodness-of-fit with the 

sigmoid regression model. If the curve fit the model, it could then be compared to the 

reference curves of the seven toxicants for identification. R 2 values of the test samples are 

presented in Figure 4.4 for EQY, Y(NPQ) and Y(NO) at 30 minutes and 2 hours. The R2 

values of the test sample dose-response curves followed closely to the fits of the 

reference data. In most cases, fits were prominent for two out of the three fluorescence 

parameters at both time points. For DCMU, Irgarol 1051 , Bromacil and Simazine 

(Figure 4.4(a) - (d)), EQY and Y(NO) showed high R2 values with very little variation. 

Whereas, R2 values for Y(NPQ) covered a large range with the majority R2 < 0.85. 

PCP and Dinoseb dose-response curves (Figure 4.4(e) - (f)) demonstrated good fits to the 

regression model for EQY and Y(NPQ) with very little variation between replicates. 

Values of R2 were much more varied for the fluorescence parameter Y(NO) particularly 

at 30 minutes for PCP and 2 hours for Dinoseb. Paraquat showed considerable variation 

for all fluorescence parameters (Figure 4.4(g)) with the majority of the test samples 

having R2 values< 0.85. 

The large variations shown in Figure 4.4 indicate the fluorescence parameters that would 

not be suitable for use as an identifying characteristic for that toxicant. From an 

unknown solution, it would also be necessary to determine the fluorescence parameter 

that would not be useful as an identifying characteristic. To determine which 

fluorescence parameters would be included and those which would not, a selection 

criterion could be imposed into the method which the data would have to meet in order to 

be used. From Table 4.2 and Figure 4.4, an R2 value of 2: 0.90 would clearly separate 

data from the two parameters that had a good fit to the model compared to the one that 

didn ' t. However, to be conservative an R2 value 2: 0.85 was used. 

The poor fit of paraquat dose-response data to the regression model indicated that this 

data could not be used in the proceeding stages of analysis as it is first necessary for 

dose-response data to fit the 4-parameter sigmoid regression model if it is to be used in 
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the MSF software program. Therefore, the paraquat data were removed from the 

remainder of the analyses. 
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Figure 4.4: Box-plot of R2 values of EQY, Y(NPQ) and Y(NO) at 30 minutes and 2 h dose-response 
curves for (a) DCMU, (b) Irgarol 1051, (c) Bromacil, (d) Simazine, (e) PCP, (f) Dinoseb, and (g) 
Paraquat. Top, middle and bottom lines of box indicate the 75th percentile, median and 251h 
percentile, error bars above and below the box indicate the 90th and 10th percentiles (n=12). 
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4.3.3. Acceptance ranges 
The next stage of analysis involved calculating acceptance ranges from reference data. 

The acceptance ranges were found to vary between toxicants (Table 4.3), a small 

acceptance range indicating low variation between reference data. EQY generally had 

smaller ranges for each toxicant than Y(NPQ) and Y(NO). Simazine, PCP and DCMU 

had small acceptance ranges in comparison to the other toxicants, with Irgarol 1051 and 

Dinoseb having the largest ranges . 

Table 4.3: Acceptance ranges of toxicant reference data for the fluorescence parameters EQY, 
Y(NPQ) and Y(NO). Values represent average mean-square fit(± 1S.D.),n=12, n/a indicate where 
reference data did not fit the 4-~arameter sigmoid regression model ~see Table 4.2). 
Fluorescence Time Bromacil DCMU Dinoseb Irgarol PCP Simazine 
Parameter (h) 105 1 
EQY 0.5 5.42 1.83 2.52 10.44 1.52 0.53 

(± 6.4) (± 1.3) (± 1.8) (± 8.8) (± 1.2) (± 0.2) 
EQY 2 7.87 1.51 9.37 6.96 6.62 0.99 

(± 9.22 {± 1.1 2 (± 9.2) {± 5.1) {± 8.02 {± 1.1 ) 
Y(NPQ) 0.5 17.22 2 .27 

n/a n/a (± 1.3) n/a (± 1.9) n/a 
Y(NPQ) 2 14.38 3.86 

n/a n/a (± 15.02 n/a {± 3.62 n/a 
Y(NO) 0.5 7.85 7.57 1.86 14.62 5.53 

(± 5.5) (± 3.3) (± 7.9) (± 22.6) n/a (± 5.0) 
Y(NO) 2 21.33 12.34 15.1 9 3.59 

(± 17.9) (± 8.6) n/a (± 21.8) n/a (± 2.7) 

4.3.4. Toxicant prediction 
Subsequent to the determination of reference acceptance ranges, dose-response data of 

individual test samples (for each fluorescence parameter) were run through the MSF 

software program and compared to the reference data of all relevant toxicants. For each 

test sample the program generated a MSF to each of the reference toxicants. A test 

sample was considered a match ifthe MSF was between 0 - (Mean+ 1 S.D.) of the 

reference toxicant. Positive matches were first examined for individual fluorescence 

parameters at both time points and presented in Tables 4.4 - 4.8. Values in bold indicate 

a correct positive match, values either side of these are false positive errors. It should be 

noted that the ' predicted toxicants ' along the top row of each table correlates with the 

positive fits in Table 4.2. 
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An advantage ofEQY 30 minutes and 2 h (Tables 4.4 and 4.5) over Y(NPQ) and Y(NO) 

(Tables 4.6, 4. 7 and 4.8) was that there was a much greater number of reference to xi cants 

with which to compare test samples (Table 4.2). All reference herbicides (except 

Paraquat) were available for comparison for EQY (30 minutes and 2 h), whereas the 

' non-fits' (see Table 4.2) of Y(NPQ) and Y(NO) reference data reduced the number of 

herbicides available for identification (Table 4.6 and 4.7, respectively). For example, the 

number of potential herbicides that could be identified from EQY reference data was six, 

whereas Y(NPQ) data had the ability to identify only two herbicides; Dinoseb and PCP. 

False positive errors were high and consistent for each of the fluorescence parameters at 

both time points. Most notable was that false-positive errors were present for both 

similarly acting chemicals (e.g. Irgarol 1051 and DCMU) and those with different MoA 

(e.g. Dinoseb and DCMU). The percent of positive matches (values in bold), generally 

increased from 30 minutes to 2 h for EQY and Y(NPQ). The differences in positive 

matches between the three fluorescence parameters were toxicant specific. For example, 

at the 30 minute time point, a positive Dinoseb match was 55% for EQY and much 

higher for Y(NPQ) at 73%, whereas a positive match for PCP was higher for EQY (73%) 

than for Y(NPQ) (45%) (Tables 4.4 and 4.6, respectively). Similar trends were also 

apparent between EQY and Y(NO) (Table 4.4 and 4.7, respectively). 

Table 4.4: Identification of toxicant test samples using parallelism of dose response curves for the 
fluorescence parameter EQY after a 30 minute exposure. Values are expressed as% (n=12), values 
in bold indicate a correct positive match, values either side of these are false positive errors. 
Acceptance range= Mean + 1 S.D. 
EQY 30 minutes Predicted Toxicants 

Irgarol 
Tested Toxicants Bromacil DCMU Dinoseb 1051 PCP Simazine 
Bromacil 82 0 0 0 0 0 
DCMU 0 67 67 100 0 0 
Dinoseb 18 0 55 91 27 0 
lrgarol 1051 0 0 0 92 0 0 
PCP 82 0 100 100 73 0 
Simazine 67 0 100 100 50 75 
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Table 4.5: Identification of toxicant test samples using parallelism of dose response curves for the 
fluorescence parameter EQY after a 2 hour exposure. Values are expressed as % (n=12), values in 
bold indicate a correct positive match, values either side of these are false positive errors. Acceptance 
range= Mean + 1 S.D. 
EQY2h 

Tested Toxicants Brornacil DCMU 
Brornacil 82 9 
DCMU 100 83 
Dinoseb 27 0 
Irgarol 1051 0 0 
PCP 91 0 
Sirnazine 100 0 

Predicted Toxicants 

Dinoseb 
18 

Irgarol 
1051 

0 
17 0 
73 55 
0 100 
0 0 
0 100 

PCP Sirnazine 
82 0 
83 0 
27 0 
0 0 

91 0 
100 92 

Table 4.6: Identification of toxicant test samples using parallelism of dose response curves for the 
fluorescence parameter Y(NPQ) after a 30 minute and 2 hour exposure. Values are expressed as% 
(n=12), values in bold indicate a correct positive match, values either side of these are false positive 
errors. Acceptance range= Mean + 1 S.D. 

Y(NPQ) 

Tested Toxicants 

Bromacil 
DCMU 
Dinoseb 
Irgarol 1051 
PCP 
Sirnazine 

Predicted toxicants 
Y(NPQ) 30 minutes Y(NPQ) 2 h 

Dinoseb PCP Dinoseb PCP 
36 0 
17 
73 
33 
0 

8 
0 
0 

45 

9 0 
8 

73 
0 
0 
9 

8 
0 
0 

73 
9 

Table 4.7: Identification of toxicant test samples using parallelism of dose response curves for the 
fluorescence parameter Y(NO) after a 30 minute exposure. Values are expressed as% (n=12), values 
in bold indicate a correct positive match, values either side of these are false positive errors. 
Acceptance range= Mean + 1 S.D. 

Y(NO) 30 minutes 

Tested Toxicants Bromacil 
Bromacil 82 
DCMU 0 
Dinoseb 0 
Irgarol I 051 0 
PCP 27 
Simazine 33 

Predicted Toxicants 

DCMU 
0 

83 
0 
0 

27 
17 

Dinoseb 
0 
0 

82 
0 
0 
0 

lrgarol 
1051 
36 
100 
64 
83 
27 
100 

Sirnazine 
45 
42 
0 
0 

27 
92 
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Table 4.8: Identification of toxicant test samples using parallelism of dose response curves for the 
fluorescence parameter Y(NO) after a 2 hour exposure. Values are expressed as % (n=l2), values in 
bold indicate a correct positive match, values either side of these are false positive errors. Acceptance 
range= Mean + 1 S.D. 
Y(NO) 2 h 

Tested Toxicants Bromacil 
Bromacil 91 
DCMU 67 
Dinoseb 27 
Irgarol 1051 0 
PCP 100 
Simazine 100 
Paraquat 9 

Predicted Toxicants 

DCMU 
55 
75 
9 
0 

100 
92 
9 

Irgarol 
1051 

18 
83 
27 
83 
100 
100 
9 

Simazine 
0 

33 
0 
0 

100 
75 
9 

4.3.5. Toxicant identification using multiple fluorescence parameters 
The next stage of assessment was to develop a more robust system of toxicant 

identification by merging the three response variables (response rate, variations in energy 

dissipation and the nature of the dose-response curve) into one system of analysis; a 

composite response analysis. The composite response analysis was developed based on a 

three out of four (3/4) point match system and the results are presented in Tables 4.9 and 

4.10. The 3/4 point match system was based on choosing the response (for each test 

sample) of two out of the three fluorescence parameters at both 30 minutes and 2 h, 

giving a maximum of 4 points to match as correct. If the test sample scored at least 3 out 

of 4 points for any of the reference toxicants it was considered positive for that toxicant. 

The choice of two fluorescence parameters out of the three for test samples was based on 

the results of Figure 4.1 , i.e. the parameters with the highest R2 values and least amount 

of variation between replicates. Furthermore, a Mean+ 1 S.D. acceptance range was 

compared to a Mean+ 2 S.D. acceptance range. 

Results are presented here using an acceptance range of Mean+ 1 S.D. (Table 4.9) and 

Mean+ 2 S.D. (Table 4.10). The results in Table 4.9 show a large decrease in false 

positive errors compared to the method using individual fluorescence parameters (Tables 

4.4 - 4.8). Table 4.9, however, shows a lower percent of positive matches (values in 

bold) compared to an individual fluorescence parameter at one time point, i.e. EQY 2 h 

(Table 4.5). So while the combined method was good for removing most of the false 
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positives, the more critical purpose of the procedure is to correctly identify the toxicants. 

Increasing the acceptance range to Mean+ 2 S.D. resolves this matter (Table 4.10) with a 

100% positive match for all most all toxicants tested (94% positive identification in 

total). 

Table 4.9: Identification of toxicant test samples using composite response analysis based on the 
parallelism of dose response curves with an acceptance range of Mean + 1 S.D. for the fluorescence 
parameters, EQY, Y(NPQ) and Y(NO) after a 30 minutes and 2 hour exposure. Values are expressed 
as % (n=12), values in bold indicate a correct positive match, values either side of these are false 
positive errors. 

Predicted Toxicants 
Irgarol 

Tested Toxicants Bromacil DCMU Dinoseb 1051 PCP Simazine 
Bromacil 82 0 0 0 0 0 
DCMU 0 75 0 83 0 0 
Dinoseb 0 0 55 0 0 0 
Irgarol 1051 0 0 0 92 0 0 
PCP 0 0 0 0 73 0 
Simazine 67 0 0 100 0 83 

Table 4.10: Identification of toxicant test samples using a composite response analysis based on the 
parallelism of dose response curves with an acceptance range of Mean +2 S.D. for the fluorescence 
parameters, EQY, Y(NPQ) and Y(NO) after a 30 minutes and 2 hour exposure. Values are expressed 
as% (n=l2), values in bold indicate a correct positive match, values either side of these are false 
positive errors. 

Predicted Toxicants 
lrgarol 

Tested Toxicants Bromacil DCMU Dinoseb 1051 PCP Simazine 
Bromacil 100 0 0 0 0 0 
DCMU 83 100 0 92 0 0 
Dinoseb 0 0 73 0 0 0 
Irgarol 1051 0 0 0 100 0 0 
PCP 0 0 0 0 100 0 
Simazine 92 8 0 100 0 92 

Table 4.11 compares the false negative errors of four methods of identification presented 

here; EQY 30 minutes, EQY 2 h, composite response analysis(+ 1 S.D.) and (+2 S.D.). 

The results clearly indicate that the composite response analysis (+2 S.D.) far outweighs 

the capabilities of identifying toxicants with only one fluorescence parameter at one time 

point. 
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Table 4.11: Percent of false negative predictions for the fluorescence parameter EQY at 30 minutes 
and 2 h exposures and the composite response analysis with acceptance ranges of mean+ 1 S.D. and 
mean + 2 S.D., n = 12. 

Single Response Composite Response Analysis 
EQY 30 

Test Samples minutes EQY2h 1 S.D. 2 S.D. 
Bromacil 18 18 18 0 
DCMU 33 17 25 0 
Dinoseb 45 27 45 27 
Irgaro 1 10 51 8 0 8 0 
PCP 27 9 27 0 
Simazine 25 8 17 8 

The increase in the acceptance range to mean+ 2 S.D. caused a large increase in the 

percent of false positives for a few select chemicals, i.e. DCMU and Simazine showed a 

high percentage of false positive identifications of Bromacil (83% and 92%, respectively) 

and Irgarol 1051 (92% and 100%, respectively). By comparing the dose-response curves 

of the four chemicals at the 30 minutes and 2 h time points, there is yet another 

distinguishing factor that can eliminate these false positive errors. Figure 4.5 indicates 

that there is a difference in reaction rates of DCMU and Simazine compared to Bromacil 

and Irgarol , with no change in the dose-effect responses occurring after the 30 minute 

measurement for DCMU and Simazine, whereas Irgarol 1051 and Bromacil did continue 

to change over time. 

4.3.6. Time-dependent variations 
EC30 values (approximate midpoint and linear part of the curve) were calculated from a 

4-paramter sigmoid regression model for individual sample responses for 30 minutes 

measurements and were compared to EC30 values of 2 h measurements (Table 4.12). 

Analysis of variance confirmed that EC30 values for the 30 minute measurement for 

DCMU and Simazine were not significantly different from their 2 h counterpart, (p = 

0.492 and p = 0.146, respectively). On the other hand, EC30 values for Irgarol (p < 

0.001) and Bromacil (p < 0.001) indicated that there were significant differences between 

the two time points. This significant change in toxicity over time (or lack of) presented 

another method to statistically distinguish Irgarol 1051 and Bromacil from DCMU and 

Simazine, thus eliminating the false positive errors reported in Table 4.10. 

108 



10 10 

0 0 

-10 -10 

~ 
-20 

~ 
-20 

>-a -30 >-a -30 

w w 
<l -40 <l -40 

-50 -50 

-60 -60 

-70 -70 
0.1 10 100 1000 10 100 1000 

DCMU (µM) Simazine (µM) 

10 10 

0 0 

-1 0 -10 

~ 
-20 . 

>- -30 a 
w 
<l -40 

~ 
-20 

;;:- -30 a 
w 
<l -40 

-50 -50 

-60 -60 

-70 -70 
0.1 10 100 1000 0.1 10 100 1000 

lrgarol (µM) Bromacil (µM) 

Figure 4.5: Dose-response changes in EQY of D. tertiolecta exposed to the PSII inhibitors; DCMU, 
Simazine, Irgarol 1051 and Bromacil for 30 minutes(•) and 2 h (o). Values represent mean% 
change in EQY from control(± 1 S.D.), n=12. 

Table 4.12: Mean EC30 values(± 1 S.D.) calculated from DCMU, Simazine, lrgarol 1051 and 
Bromacil dose-response curves after 30 minute and 2 h exposures to D. tertiolecta. 
Toxicant 30 minutes EC30 (µM) 2 h EC30 (µM) 
DCMU 22.8 (± 4.8) 21.5 (± 3.9) 
Simazine 47.8 (± 4.2) 44.3 (± 4.4) 
Irgarol 1051 I 0.8 (± 2.0) 6.4 (± 1.2) 
Bromacil 52.2 (± 14.4) 18.9 (± 4.8) 
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4.4 Discussion 

The characteristics of a chemical and its interaction at the target site within the cell make 

the fluorescence response unique to that particular chemical. It is evident from the results 

that methods of measuring these diverse response characteristics need to be integrated to 

produce a signature or fingerprint for each individual chemical. Subsequently, this 

signature can be used to identify characteristics of unknown environmental samples when 

compared to reference signatures of known toxicants. 

The aim of this chapter was to examine the response variables of a selected number of 

herbicides, determine methods to quantify these response variables and then examine 

how important they were in constructing a fingerprint for each chemical. The chemical 

fingerprints presented here were based on a number of values calculated at two time 

points from three fluorescence parameters over seven concentrations of the chemical. 

Each of these values was considered individually and together. The aim was to examine 

how accurately just one of these response variables could identify each of the herbicides, 

in comparison to integrating the variables together. 

Response rates 

Variations in response rates proved to be an important identification technique. It was 

found , for example, that D. tertiolecta continued to show declines in EQY after the 30 

minute exposure period for Bromacil and Irgarol 1051, whereas, maximum inhibition 

was reached within 30 minutes for DCMU and Simazine (Figure 4.5). The differences in 

these reaction rates were an advantage in discriminating between the four PSII inhibitors 

as both DCMU and Simazine showed false positive predictions for Bromacil and Irgarol 

1051 (Table 4.10). The additional application of discerning a change in EC30 values 

between the 30 minute measurement and the 2 h measurement generated a clear division 

between DCMU and Simazine from Bromacil and Irgarol 1051, such that those false 

positive predictions were no longer apparent. 
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Although it seems that Irgarol 1051 and Bromacil had slower response rates than 

Simazine and DCMU. This was not the case for Irgarol 1051 which, in fact, had a higher 

toxic impact at 30 minutes and 2 h compared to the other three herbicides. This result 

indicated that the response to Irgarol 1051 was actually very rapid but took longer to 

reach the maximum inhibition. A reason for the deviations between the four chemicals 

may possibly be attributed to their physico-chemical properties (Table 4.1 ). Considering 

Irgarol 1051 first, a high log K0 w means that molecules are readily transported across 

lipid membranes, thus giving a highly toxic response. However, the low solubility (7 

mgL- 1
) would indicate that the molecules were not readily available for uptake due to 

slow dispersion through the aqueous external medium to the cell wall (Reboud 2002). 

Thus, there was a lag in reaching the maximum internal concentration and maximum 

inhibition. Conversely, Bromacil had a low log K0 w and high solubility, therefore, 

molecules were readily available for uptake. However, absorption and transport through 

lipid membranes was slow, thus giving a low toxicity after 30 minutes and exhibiting a 

longer time to reach maximum inhibition. The response to DCMU also fits within this 

logic. It has a higher solubility than Irgarol 1051 and a higher log K0 w than Bromacil, 

indicating that molecules are readily available for uptake and readily transported across 

lipid membranes, thus the maximum internal concentration is reached quickly. On the 

other hand, Simazine reached maxi mum inhibition quickly, however, its solubility is the 

lowest of the four toxicants and the log K0 w is lower than DCMU and Irgarol 1051. This 

result would indicate a low toxicity, (reported in Table 4.12) and a slower attainment of 

reaching maximum inhibition. However, such a result was not seen. This may be due to 

biotransformation or elimination processes occurring within the cell , or that the time 

between measurements was not long enough to see any significant increases in inhibition. 

Whatever the explanation for these phenomena, by including an examination of the 

variation in response rates between chemicals, false positive errors calculated from the 

composite response analysis were reduced, proving that including an assessment of 

response rates would be a valuable addition to the toxin-identification method. 

Generally, strong responses to toxicants could be seen within 30 minutes of exposure. 

The number of false positives between 30 minutes and 2 h did not show any real trends 
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and were toxicant specific (Tables 4.4 - 4.8) . However, there was a distinct reduction in 

false negatives after 2 h compared to the 30 minute exposure (Table 4.11 ). Podola, 

Nowack & Melkonian (2004) also found that response rate was a good variable for 

identification of toxicants, however, to use it as the sole method for identification (as in 

Podola, Nowack & Melkonian 2004) was not powerful enough to discern between the 

chemicals tested here. The application of using the two exposure periods proved to be 

valuable. However, not all toxicants (i.e. paraquat) showed a response within a 2 h time 

frame and, therefore, in order to accommodate more toxicants, a 12 h or even 24 h 

exposure period may also need to be included. 

A fluorescence response to paraquat could not be seen within the two hour time frame; 

this result is not too surprising though as paraquat is a strong autooxidable electron 

acceptor in PS I, and affects photosynthesis through the creation of reactive oxygen 

species (ROS) (Varadi , Darko & Lehoczki 2000). The testing conditions had low light 

levels (ambient laboratory conditions ~ 10 µmol photons m-2 s-1
) which may have 

reduced the rate of ROS formation. It is likely that a higher light level would have 

increased the number of electrons in the system, which combined with the paraquat, 

would have caused ROS to accumulate much faster, and as such a response to paraquat 

would have appeared sooner. In addition, paraquat is hydrophilic with a log K0 w of 0.00 

and has a reasonably large molecular weight (186.3 g mole-1), which means that uptake is 

through aqueous pores in the cell wall and membranes which could reduce uptake rate 

(Rozman & Klaassen 2001 ). However, Brack and Frank (1998) did see a response to 

paraquat from the green alga Chlamydomonas reinhardtii, within 2 hours using a similar 

concentration range. 

This result highlights the intricate nature of the toxin-identification methodology when 

deciding the most appropriate testing conditions to accommodate the majority of 

toxicants that do impact on the photosynthetic apparatus. Fluorescence yield is 

dependent on light intensity as this determines electron flow and photoprotective 

mechanisms (Falkowski , Raven & Laws 2007). At low light levels, there is little 

pressure from electron build-up on the electron transport chain, thus, photoprotective 
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mechanisms are not operational (Atwell , Kriedemann & Turnbull 1999). However, if an 

electron build-up is necessary to be able to see the impact of certain chemicals, 

(especially for those that impact on the photoprotective mechanisms), than at a low light 

intensity, the impact will not be seen. The choice of light intensity for this method has 

already been discussed in Chapter 2 and the non-response to paraquat impact does 

indicate a limitation of the method. It is clear that not one testing condition will 

accommodate all possible toxicants that impact on the photosynthetic apparatus. The 

advantage of these toxicant idiosyncrasies is that their specific characteristics could be 

used as identification techniques in conjunction with the methods reported here. 

Fluorescence parameters 

The results in Table 4.2 agreed with the literature regarding the shifts in energy 

dissipation upon impact of PSII toxicants (Brack & Frank 1998). PSII inhibitors bind to 

Q8 causing a blocking of electrons at PSII. Energy dissipation is quickly switched from 

photochemistry (EQY) to fluorescence, which is seen principally in a rise of Y(NO) with 

very little of this energy released via regulated energy dissipation (Y(NPQ)). On the 

other hand , uncouplers of phosphorylation caused a change in energy dissipation from 

photochemistry to regulated energy dissipation with very little change in non-regulated 

energy dissipation (Y(NO)). This response from PCP and Dinoseb is contradictory to the 

response recorded by Brack and Frank (1998) and also to the MoA that has been 

described for these two chemicals (Jayaweera, Petersen & Smejtek 1982). It has been 

reported that Dinoseb and PCP, as uncouplers of phosphorylation, cause a leakage of H+ 

ions from the lumen which in turn causes a reduction in regulated energy dissipation (i.e. 

Y(NPQ)). Why, in fact , the reverse occurred in this experimental series is not quite 

known. One possible reason could be related to the method used here for dissolving the 

chemicals into Milli-Q water using NaOH, considering that changes in pH is central to 

the responses that should have been seen. Alternatively, the test light intensity, being 

relatively low, may also have contributed to the differences in response compared to 

Brack and Frank' s (1998) study which used a light intensity approximately 30 times that 

which was used here. Whatever the reasoning behind this phenomenon, it would be 

extremely beneficial to identify the cause of the contradictory results for the toxin-
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identification method. It is recommended that this contradiction in results be examined in 

future research. 

The results of the reference samples (Table 4.2) indicated that the general response to 

most toxicants was driven from concomitant changes in two fluorescence parameters, 

with EQY always being one of those parameters. Dinoseb was the only reference 

toxicant that showed a dose-dependent response to a third fluorescence parameter. There 

was also evidence that individual reference dose-response curves of the third parameter 

did fit the logistic model , however, the reference group as a whole did not fit. This result 

is indicated in Figure 4.4, in which test curves did show large variations in their R2 values 

for the third parameter. Such a finding demonstrates the importance of selecting the two 

fluorescence parameters that show the strongest dose-effect response, and only these two 

parameters should be used. However, this is not to say that a toxicant may invoke an 

equal change in all three parameters. Under such circumstances, the composite response 

analysis would need to be revised to account for to xi cants of this nature. Nonetheless, a 

response to a ll three fluorescence parameters would also become a unique identify ing 

characteri stic of thi s hypothetical case. 

The acceptance ranges recorded in Table 4.3 show that for some toxicants the average 

mean-square fit value is small , with a small standard deviation, but this is not consistent 

across all to xi cants and not for each of the fluorescence parameters. In general , it was 

found that EQY was much more conservative than the other two parameters indicating 

that this parameter plays a strong part in differentiating between chemicals. However, it 

was also shown that on its own (Table 4.4 and 4.5) , there was still a large number of false 

positive predictions. False positives were also apparent for Y(NPQ) and Y(NO), though 

because the number of predictable toxicants was much less, the number of potential false 

positive predictions was reduced. Y(NPQ) and Y(NO) would also be inadequate to be 

used on their own for toxicant identification purposes, as not all toxicants cause a shift in 

energy via these pathways and, thus, their impact could not be effectively measured. 
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Dose-response 

The analysis of parallelism between dose-response curves in this study showed some 

inconsistencies with the literature, however, it was ultimately a very useful identification 

technique. For instance, it was often found that positive matches were consistent among 

toxicants with similar modes of action, however, parallelism of dose-response curves did 

not always fit with the theory that response curves of dissimilarly acting chemicals were 

not parallel (Walsh, Schwartz-Bloom & Levine 2005). A good example was in the case 

of Dinoseb which fitted four out of the seven tested chemicals (Table 4.4) even though 

PCP was the only similarly acting toxicant. There was also the discrepancy where 

chemicals with similar modes of action should have parallel response curves. This 

discrepancy is illustrated by two examples: (1) Bromacil and Irgarol 1051 rarely gave 

positive matches to other PSII herbicides (Table 4.4, 4.5 , 4.7, 4.8); and, (2) one toxicant ' s 

dose-response curve matched a reference curve of another toxicant, however, the reverse 

was not always true. For example, Simazine was predicted to be Bromacil (Table 4.4), 

indicating that the two curves were very similar, however, the test toxicant Bromacil was 

not predicted to be Simazine, indicating that the two curves were dissimilar. 

The latter example can be explained by the differences in the acceptance ranges of the 

two chemicals (Table 4.3). Bromacil had a large acceptance range (5.42 ± 6.4, EQY 30 

minutes), whereas, Simazine had a very small acceptance range (0.53 ± 0.2, EQY 30 

minutes). Thus, Simazine test samples were more likely to fit within Bromacil ' s 

acceptance range, whereas, conversely, Bromacil test samples had to fit within a much 

smaller acceptance range. The first example may be explained by the toxicokinetic 

differences between similarly acting compounds. For some PSII toxicants, parallelism 

increased from 30 minutes to 2 h, for example Tables 4.4 and 4.5 show that the number 

oftest samples of DCMU that were predicted as Bromacil increased from 0% after 30 

minutes to I 00% after 2 h. This change over time may indicate that parallelism in dose-

response curves does in fact exist between toxicants with the same MoA, but a longer 

exposure period may be necessary before it can be seen. The use of parallelism of dose-

response curves in chlorophyll a fluorescence research is uncommon and , therefore, it is 
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unknown whether the fluorescence response to the impact of a toxicant acts in the same 

way as the biomarker responses from which parallelism was first derived. 

Conclusions 

In essence, parallelism of the dose-response curves presented a good method for 

quantifying the results and aided in the identification of the individual toxicant responses. 

Combining parallelism of dose-response curves with the qualitative results of the 

fluorescence parameters, as well as toxicokinetic variations, revealed the best results. 

That is, 94% of test samples (not including paraquat) were correctly identified (Table 

4.10) with a very small proportion of false positive predictions (8% of test samples 

predicted one toxicant falsely) . By using the composite response analysis (Table 4.9), the 

number of false positive errors were significantly reduced when compared to methods 

using a single fluorescence parameter at one time point. Furthermore, by incorporating 

changes in toxicity over the two exposure periods to further eliminate false positive errors 

(Table 4.12), the false positive predictions recorded in Table 4.9 would be reduced to 

zero. 

The idea of the acceptance range allows the user to define the degree of error or variation 

associated with the test samples. As was shown, a larger acceptance range increased the 

number of positive identifications (Table 4.11 ). This point is very important, as a false 

negative would incur human and/or environmental costs if the pollutant was not 

accounted for in an ecosystem ' s risk assessment. On the other hand, a large acceptance 

range also creates a higher percent of false positive errors (Table 4.10) which would incur 

an unnecessary financial cost if chemical analysis had to be performed for each of the 

false positive readings. The advantage of this method is that there seems to be a number 

of additional characteristics of the unique fluorescence responses that may be useful in 

eliminating false positive errors. Some of these characteristics have been touched on: the 

use of different test light intensities; longer exposure periods; and, even the use of 

multip le rnicroalgal species as was reported by Podola, Nowack & Melkonian (2004). 
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The toxin-identification method presented here is still in its preliminary stages and more 

validation is required, including the testing of environmental samples, and comparison of 

results from the toxin-identification method to results from chemical analysis. The main 

complexity of the system developed here was the data analysis and this was due to the 

quantity of the data produced and the number of stages of analysis required. The 

development of an automated software program capable of computing all mathematical 

procedures used in this chapter (see Figure 4.2) would greatly reduce the complexity of 

the analysis and thus also reduce costs associated with labour and expertise. Lastly, the 

toxin-identification method was also developed to estimate the potency of the unknown 

chemical , although it was not used in this chapter it is explored in Chapter 6. 
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5.0 Single pollutant identification from a mixture 

5.1 Introduction 

In Chapter 4, the parallelism of dose-response curves was used to identify single 

toxicants and differentiate them from both similarly acting and non-similarly acting 

chemicals. An important question remains, however, in relation to the effect the presence 

of a chemical has on the fluorescence response to another chemical. If the method 

developed in Chapter 4 is to be used to identify active toxicants, it needs to be able to 

distinguish between a single chemical from a mixture in order to reduce the error of a risk 

assessment. That is, it is vital to understand how the fluorescence response of a single 

toxicant departs from its unique fingerprint upon addition of one or more other toxicants. 

Furthermore, it needs to be understood how the dose ratio of the mixture constituents 

changes the fluorescence fingerprint of the mixture. 

When testing field samples of an unknown mixture, a top-down approach of assessment 

would be required to identify the constituents (in combination) generating the sample's 

fluorescence fingerprint. Therefore, knowledge of the joint action of chemicals on the 

photosynthetic apparatus would be necessary. To assess the joint action of chemicals in a 

mixture, a bottom-up experimental approach is conducted to ascertain the mixture 

combinations in which additive, synergistic and antagonistic responses occur. 

5.1.1. Mixture toxicology 
The need to examine chemical interactions is imperative as environmental contaminants 

are frequently encountered as mixtures (Altenburger, Nendza & Schtitirmann 2003). 

However, to do so can be a "daunting challenge" (Feron & Groten 2002) due to the 

number of possible chemical mixtures occurring in the environment, in a variety of doses, 

on temporal and spatial scales (Backhaus et al. 2004; Jonker et al. 2005). Furthermore, it 

can be difficult to ascertain the biological reaction from a mixture based on the reaction 

of the individual components because, in combination, complex and substantial changes 
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in the individual properties of the constituents can occur (Altenburger, Nendza & 

Schi.ii.irmann 2003). 

Mixture toxicology examines the joint action and interaction of chemicals (Feron & 

Groten 2002). There are several different types of joint actions of chemicals in a mixture 

described in the literature, with three principle actions most commonly reported (although 

the nomenclature differs between authors and disciplines): (1) concentration addition 

(CA); (2) independent action; and, (3) interaction (Feron & Groten 2002; Altenburger, 

Nendza & Schi.ii.irmann 2003). Concentration addition describes a mixture in which all 

constituents act in the same way, by the same mechanism, and differ only by their 

potencies (Mumtaz, DeRosa & Durkin 1994). Independent action describes chemicals in 

a mixture with different sites of action and dissimilar modes of action (Mumtaz, DeRosa 

& Durkin 1994). While interactions occur when the chemicals in the mixture influence 

each other' s toxicity, resulting in a stronger (synergistic) or weaker (antagonistic) effect 

than expected on the basis of additivity (Feron & Groten 2002). 

In order to determine the interactions occurring between chemicals in a mixture, 

numerous experimental methods and analytical models have been developed over time 

(Feron & Groten 2002). Current research of biological responses to chemical mixtures 

favour experimental designs that use a large array of dose combinations between the 

chemical components in order to achieve a greater assessment of the behaviour of those 

chemicals in multiple combinations. An array of dose combinations is preferred because 

one dose level combination describes the interaction between the chemicals at that dose 

level , and not necessarily at all other dose combinations (Jonker et al. 2005). 

Experimental designs that use an array of dose combinations (e.g. n.n design and ray 

design, see Section 5.2.5) are also necessary for certain methods of data analysis, such as 

isobolograms (Altenburger, Nendza & Schi.ii.irmann 2003; Jonker et al. 2005) and, 

parallel shifts of dose-response curves (Si.ihnel 1998; Altenburger, Nendza & 

Schi.ii.irmann 2003; Altenburger, Walter & Grote 2004). The aforementioned methods of 

data analysis can be helpful in determining the types of mixture joint actions previously 

mentioned (i.e. CA, synergism and antagonism). 
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In the case of the toxicant identification method described in Chapter 4, the purpose of 

examining mixtures is to determine whether the response of one chemical is influenced 

by another. More specifically, the question needs to be asked whether, in combination, is 

there a shift in parallelism away from the dose-response curves of the individual 

chemicals that compose the mixture? This question is vital in order to reduce false 

negative errors. If the mixture mimics the response of only one chemical in the mixture 

then only that chemical would be identified, according to the methods developed in 

Chapter 4. Therefore, all other chemicals present in the mixture would be ignored, based 

on the assumption that the chemical identified was the only chemical present. 

5.1.2. Effects of mixtures on chlorophyll a fluorescence 
The effect of two or more chemicals on chlorophyll a fluorescence has had limited 

examination in fluorescence-based toxicological research (Ralph et al. 2007). The design 

of the Imaging-PAM fluorometer allows the testing of a large sample size at one time 

and, therefore, enables a more detailed examination of the actions of chemicals in 

combination. A detailed examination of multiple combinations of chemicals has the 

potential to generate a greater understanding of the nature of chlorophyll a fluorescence 

changes in response to two or more chemicals simultaneously. 

Chlorophyll a fluorescence mixture toxicology looks at chemicals that directly or 

indirectly impact on the same functional unit (i.e. the photosynthetic apparatus) to induce 

a common effect, photochemical quenching. However, active chemicals may have 

similar or dissimilar actions to induce that effect. For example, DCMU and Bromacil 

have similar mechanisms of action by binding to the receptor site Q8 , which blocks 

electron transport to induce photochemical quenching. Whereas, PCP and Dinoseb have 

a dissimilar mechanism of action to DCMU and Bromacil by causing uncoupling of 

phosphorylation (Grossmann 2005) which also results in photochemical quenching. In 

Chapter 4 it was shown that the different modes of action also produce different 

fluorescence responses, particularly for changes in Y(NO) and Y(NPQ). Specifically, the 

PSII inhibitors exhibited a reduction in EQY and an increase in Y(NO) (see Table 4.2, 
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Section 4.3), whereas the uncouplers caused a principle decrease in EQY and increase in 

Y(NPQ). 

The chlorophyll a fluorescence response to two or more chemicals with similar or 

dissimilar modes of action is poorly understood. There are only a few examples of 

attempts to examine the simultaneous effect of more than one chemical on the 

photosynthetic apparatus. The reason for this is that the research has been somewhat 

thwarted by labour intensive experimental methods. For example, Seery (2006) used the 

ToxY-PAM fluorometer to investigate binary mixtures of similarly acting chemicals, 

DCMU and Irgarol 1051 , and dissimilarly acting chemicals, DCMU and copper, and 

Irgarol 1051 and copper. The responses showed additive and antagonistic behaviours for 

the similarly acting and dissimilarly acting chemicals, respectively. However, the 

method used was limited to only one dose level and one fluorescence parameter, which 

has the problem of drawing conclusions from one very specific situation (Altenburger et 

al. 1993). By increasing the amount of data to include more dose combinations and 

fluorescence parameters that describe all energy dissipation pathways, parallelism of 

dose-response curves and isobolograms can be used to generate a bigger picture of the 

physiological changes that occur in the photosynthetic apparatus in the presence of 

multiple combinations of binary mixtures. 

The physiology of the photosynthetic apparatus may cause some discrepancies with 

models proposed in mixture toxicology. For instance, an antagonistic fluorescence 

response may not necessarily mean that an interaction has occurred between the 

chemicals to reduce their bioavailability. Electron donor and inhibitor research 

demonstrates that adding a second chemical can induce significant changes in 

fluorescence. For example, the inhibition of electron transport from the binding of 

DCMU to Q8 can be reversed with the addition of silicomolybdate. Silicomolybdate is 

an electron acceptor that binds upstream at QA which catalytically transfers electrons 

from QA to ferricyanide (Ikezawa et al. 2002). The rise in Ft induced by the binding of 

DCMU is reduced back to control levels with additions of silicomolybdate (Ikezawa et al. 

2002). In this example, the response of the mixture would be described as antagonistic, 
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however the antagonism of toxicity occurs after the two chemicals are bound to their 

individual receptor sites. Based on the fact that it is a chain of reactions that occurs to 

transport electrons and pump protons, and the nature by which it is measured (i.e. through 

fluorescence) , an inhibition at the start of the chain may cause a masking effect of any 

binding further down the chain. Thus, it is vital to have an understanding of these types 

of interactions to aid in the development of the to xi cant identification method. To do 

this, a bottom-up approach examining the interactions of as many different dose 

combinations as possible is essential. 

5.1.3. Chapter aims 
The aim of this chapter was to examine the interactions that occur when a binary mixture 

of active toxicants impacts on the photosynthetic apparatus of D. tertiolecta. Three types 

of interactions were examined: (1) active toxicants with similar modes of action 

impacting on PSII; (2) active toxicants with similar modes of action which cause 

uncoupling of phosphorylation; and (3) active toxicants with dissimilar modes of action, 

i.e. a PSII inhibition with an uncoupler of phosphorylation. In examining these 

interactions it was expected that the results would provide knowledge of the effects that 

multiple toxicants would have on the ability to identify single toxicants using the toxin-

identification method from Chapter 4. More specifically, the aim of the experimental 

assessment was to: 

• Examine the shifts in parallelism of single-chemical dose-response curves with the 

addition of a second toxicant. 

• Examine additive, synergistic or antagonistic responses of binary mixtures for three 

fluorescence parameters (EQY, Y(NPQ) and Y(NO)). 

• Assess parallelism between single-toxicant and mixture dose-response curves using 

the MSF software program. 

Three methods were chosen to test these aims: (1) n.n design ; (2) ray design; and, (3) a 

full matrix design. The n.n design and ray designs result in an assessment of shifts in 

parallelism of dose-response curves which would help to assess whether a mixture dose-

response curve could be identified as one of its constituent's single-chemical dose-
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response curve. The n.n design examines the shifts in the shape of the primary toxicant's 

dose-response curve with increasing additions of a secondary toxicant. The n.n design 

(detailed in Section 5.2.5) is based on an experimental approach in which a range of 

concentrations of one substance (i.e. the primary toxicant) is tested with one 

concentration level of the secondary toxicant (Altenburger et al. 1993). This method is 

then repeated for a number of concentration levels of the secondary toxicant. The ray 

design (detailed in Section 5.2.5), however, is more environmentally relevant as it is 

based on a constant combination ratio. Therefore, while the concentration of each 

individual toxicant will change (to form a dose-response curve), the ratio between the 

concentrations is kept constant (Altenburger et al. 1993). 

The full matrix design was used to produce isobolograms. Isobolograms (Figure 5 .1) can 

be used to describe the joint actions of two chemicals in a two-dimensional plot at one 

defined effect level (e.g. EC50). The isobole, the line connecting all points of different 

mixture ratios of the same combined effect, describes whether the joint action is additive, 

antagonistic or synergistic at that defined effect level (Altenburger et al. 1993). A 

straight line indicates concentration addition, an upward-bent line (antagonism) indicates 

that higher concentrations of the chemicals are required to exert the same combined 

effect, and a downward-bent line (synergism) indicates that lower concentrations of the 

two chemicals are required to exert the same combined effect (Altenburger et al. 1993). 
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Figure 5.1: Isobologram (adapted from Altenburger et al. 1993) illustrating three types of joint 
action of a binary mixture: additive, antagonistic and synergistic. Isoboles are lines representing a 
defined effect level and indicate the mixture ratios of the two substances (Sl and S2) required to 
achieve that effect level. The straight line indicates additivity, an upward-bent line indicates 
antagonism and a downward-bent line indicates synergism. 
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5.2 Materials and Methods 

5.2.1. Test chemicals 
The test chemicals, DCMU, Bromacil, Dinoseb and PCP (Pentachlorophenol), were 

obtained as analytical standards from Sigma Aldrich, Australia. Stock solutions were 

prepared with a solvent (when applicable, Table 2.1) and Milli-Q water and stored at 4°C. 

Just prior to experimentation, 5 dilutions were prepared in Milli-Q water from each stock 

solution. A solvent control (when applicable) and a Milli-Q control were also prepared. 

5.2.2. Biomaterial 
The marine microalga Dunaliella tertiolecta was the test species used. For more specific 

details of culturing and species test conditions, please refer to Section 2.2. 

5.2.3. Cell density 
Cell density was measured and calculated as outlined in Section 2.3.3. Cell densities for 

the following experiments were approximately l.5xl05 cells mL-1 based on calculations 

reported in Chapter 3 (Table 3.6). 

5.2.4. Chlorophyll a fluorescence measurements and analysis 
All chlorophyll a fluorescence measurements were conducted with the Imaging-PAM 

fluorometer. For a more detailed description of basic methods used please refer to 

Sections 2.3.6. More specific experimental protocols used in the following experimental 

series are discussed and outlined in Chapter 3 (see Table 3.6). 

5.2.5. Exposure experiments 
Three binary concentration designs were conducted, the n ·n design, the ray design and a 

full matrix (Figure 5 .2). The n.n design was used to determine the concentration-

response of one substance (the primary toxicant, or 1°) in the presence of one or more 

fixed levels (five levels in this instance) of another compound (the secondary toxicant, or 

2°). Figure 5.2 shows that green lines represent the n.n experimental design of dose 
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combinations where Substance 1 (S 1) is the primary toxicant with increasing 

concentration additions (Ci) of Substance 2 (S2) as the secondary toxicant. Yellow lines 

represent the dose combinations when S2 is the primary toxicant and is treated with 

increasing concentrations of S 1 as the secondary toxicant. For ease of reference, test 

mixtures with a primary toxicant ( 1°) and increasing additions of the secondary toxicant 

(2°), will be referred to collectively as; 

substance 1(1°) +substance 2(2°) 

For example, DCMU(l 0 ) + Bromacil(2°) 

The ray design is illustrated in Figure 5.2 by red circles which provide a constant mixture 

ratio of S 1 and S2 with increasing concentrations of the two chemicals. 

For the ray design's constant ratio doses, mixtures will be referred to as; 

substance 1: substance 2 

For example, DCMU:Bromacil 

The full matrix is all (6x6) possible dose combinations (circles) of S 1 and S2 (Figure 

5.2). Black lines represent single toxicant dose-response reference data for S 1 (horizontal 

line) and S2 (vertical line). 
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Figure 5.2: Experimental design of a 6-6 dose-combination matrix for a binary mixture of substances 
1 and 2 at various concentrations (C0 , ••• , C6) (adapted from Altenburger et al. 2003). Circles 
represent dose-combinations. Green horizontal lines represent an n.n experimental design where 
various concentrations of Substance 1 (Sl) as the primary toxicant are tested with a fixed 
concentration of Substance 2 (S2) as the secondary toxicant: Sl(l 0 ) + S2 (2°). Yellow lines represent 
the converse, i.e. the dose-combinations when S2 is the primary toxicant with fixed concentrations of 
St as the secondary toxicant: S2(1°) + S1(2°). Dose-combinations for the ray experimental design are 
represented by red circles. Black lines represent single toxicant reference data for Sl (horizontal line) 
and S2 (vertical line). 

Exposures were conducted in 20 mL clear scintillation vials under ambient laboratory 

conditions (Section 2.2.3) in which 50 µL of mixture solution was added to 2450 µL of 

the prepared algal culture. Fluorescence measurements for each replicate were recorded 

at 0 h (before toxicant addition) and 2 h after toxicant addition. 

Aliquots ( 400 µL) of exposed microalgae were randomly placed in one of 36 wells of 

Region 3 (see Figure 3.1 , Section 3.3.3) of the MWP+F 96-well plates. Plates were then 

dark-adapted for 10 min prior to fluorescence testing. The maximum (Fm) and minimum 

(Fo) fluorescence parameters were recorded immediately after dark-adaptation. Upon 

actinic illumination, saturation pulses were applied every 40 s to record Fm ' and Ft over a 

10 minute period to reach steady-state fluorescence. The last five measurements were 

used to calculate an average value for Fm ' and Ft. 

5.2.6. Mathematical and statistical analysis 
From the parameters Fm, Fo, Fm' and Ft, changes in EQY, Y(NPQ) and Y(NO) were 

calculated (see Equations 2.4, 2.5 and 2.7, Section 2.3.2) from 0 - 2 h. It should be noted 

that only the derived fluorescence parameters, EQY, Y(NPQ) and Y(NO), were used for 

the mathematical and statistical analyses. 

Single toxicant dose-response curves were used as 'reference ' data to compare for 

parallelism with the binary mixture dose-response curves. Non-linear regression analysis 

was performed on reference data (Equation 2.8) to produce one common reference dose 

response curve (out of four replicate curves) for each fluorescence parameter. 
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The acceptance range (see Section 4.2.6) was calculated from single toxicant reference 

data. A mixture dose-response curve was deemed parallel to single toxicant reference 

data if the mean-square fit of the mixture dose-response curve fell within the acceptance 

range (Mean+ 2 S.D.). All mixture dose-response curves were tested for goodness-of-fit 

(R2 2:0.85) to the sigmoid regression model before applying them to the Mean-Square Fit 

(MSF) software program. 

Isobolograms were configured using the software program SigmaPlot. Isobolograms 

were depicted according to Jonker et al. (2005) which illustrate joint action at multiple 

effect levels based on binary mixture dose-response relationships (Figure 5.3). 

Examples of potential relationships that may be observed are illustrated in Figure 5.3: (a) 

straight lines indicating concentration addition; (b) upward-bent (pictured) or downward-

bent lines indicating antagonism and synergism, respectively; and, ( c) dose-level 

dependent deviation in which lines at low dose-levels indicate a different type of joint 

action to lines at higher dose-levels. 
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Figure 5.3: Isobolic representations of binary mixture dose-response relationships illustrating (a) 
concentration addition, (b) antagonism, and (c) dose level-dependent deviation. Lines and values 
indicate effect concentrations, St and S2 are substances 1 and 2 of the binary mixture (adapted from 
Jonker et al. 2005). 
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5.3 Results 

5.3.1. Chemical interactions of binary mixtures 
Before examining parallelism of the three binary mixtures, isobolograms were first 

created to assess the types of chemical interactions occurring between the mixture 

components. The isobolograms represent interactions between similarly acting 

chemicals, DCMU + Bromacil (Figure 5.4) and Dinoseb +PCP (Figure 5.5), and 

dissimilarly acting chemicals, DCMU +PCP (Figure 5.6), for the fluorescence 

parameters EQY, Y(NO) and Y(NPQ). The mixture DCMU + Bromacil showed changes 

principally for EQY and Y(NO). Changes in EQY and Y(NPQ) were dominant for 

Dinoseb +PCP and changes for all three fluorescence parameters occurred for DCMU + 

PCP. 

Examination of the two mixtures of similarly acting chemicals (Figure 5.4 and 5.5) 

showed that there was a level of correspondence between the two figures , even though 

the chemical components of each mixture had different impact sites. Changes in EQY 

for both mixtures (Figures 5.4(a) and 5.5(a)) showed response levels with relatively 

straight lines (more so for lower doses) directed from the upper left hand corner to the 

bottom right hand corner, thus, indicating additivity. The almost vertical lines, especially 

for Dinoseb + PCP and for lower doses of DCMU + Bromacil, indicated that responses 

were predominantly due to changes along the x-axis, i.e. Bromacil and PCP, respectively. 

For DCMU + Bromacil, at higher doses, the curving lines indicated some antagonism 

between the two chemicals. Changes in Y(NO) for DCMU + Bromacil (Figure 5.4(b )), 

and Y(NPQ) for Dinoseb +PCP (Figure 5.5(b )), showed strong similarities with their 

EQY counterparts. 

The response patterns in Figure 5.6 indicated very different results compared to Figures 

5.4 and 5.5, when combining two dissimilarly acting chemicals together, DCMU +PCP. 

The lines of the response levels representing changes in EQY (Figure 5.6(a)) were more 

curved, particularly at the lower concentrations of PCP with increasing additions of 

134 



DCMU (y-axis). The direction of the curvature in the line indicates an antagonistic 

interaction between the two chemicals at these dose levels. 
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Figure 5.4: Isobolic representation of the% mean change in (a) EQY, and (b) Y(NO) for the 6·6 
matrix of DCMU + Bromacil dose combinations; values indicate response levels (n=4). 

Dinoseb + PCP EQY Dinoseb + PCP Y(NPQ) 

10 
(a) 

10 
(b) 

-20 -30 -40 -50 8 8 40 

.-
2 6 2 6 2: 2: 
.0 .0 
Q) Q) 
en en 
0 0 c 4 c 4 
0 0 

2 -50 2 
-20 30 40 

-10 

0 0 
'0-:o 

0 10 20 30 40 50 0 2 4 6 8 

PCP (µM) PCP (µM) 

Figure 5.5: Isobolic representation of the% mean change in (a) EQY, and (b) Y(NPQ) for the 6·6 
matrix of Dinoseb +PCP dose combinations; values indicate response levels (n=4). 

3.0 

10 

135 



Changes in Y(NO) demonstrated a distinctive response pattern (Figure 5.6(b)) with 

horizontal lines representing response levels, especially for low concentrations of 

DCMU. This indicated that changes in the y-axis, i.e. changes in DCMU concentration, 

had the principle effect of changes seen in Y(NO). A curvature in the lines at the higher 

DCMU concentrations (i.e. the 30% and 40% response levels) indicated antagonistic 

responses with increasing additions of PCP. The result was reversed for the response 

pattern representing changes in Y(NPQ); changes in PCP influenced the changes in 

Y(NPQ) as denoted by the vertical lines at the lower response levels, however, as PCP 

concentrations increased, antagonism also occurred with DCMU additions. 
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Figure 5.6: Isobolic representation of the% mean change in (a) EQY, (b) Y(NO), and (c) Y(NPQ) 
using a 6·6 matrix of DCMU +PCP dose combinations; values indicate response levels (n=4). 

5.3.2. Parallelism of binary mixtures to single toxicant data 

Similar Action: DCMU and Bromacil mixtures 

DCMU and Bromacil have similar mechanisms of action, binding to the receptor site Q8 

and exhibit a reduction in EQY and an increase in Y(NO) (see Table 4.2). The mean-
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square fits of an n·n experimental design of DCMU and Bromacil binary mixtures for the 

fluorescence parameters EQY and Y(NO) are presented in Figure 5.7. It should be noted 

that in the n·n experiments, dose-response curves of mixtures with additions of the 

highest dose of the secondary toxicant (i.e. [Co)] I 0 +[C5]2°, ... , [C5)] I 0 +[C5]2°) did not fit 

the sigmoid regression model (i.e. R2 s 0.85) and were thus omitted. 

Single toxicant DCMU and Bromacil dose-response curves acted as reference curves to 

determine parallelism against mixture dose-response curves. Mean-square fit (MSF) 

values of mixture dose-response curves were calculated to assess parallelism with single 

toxicant reference curves (acceptance ranges denoted by dotted lines). Regression lines 

indicated trends in mean-square fit values of mixture dose-response curves with 

increasing additions of the secondary toxicant. 

In Figure 5.7, the primary toxicant in each of the figures showed an increase in the mean-

square fit values as the secondary toxicant was added. This result indicates that the shape 

of the dose-response curve of the primary toxicant was changing with increasing 

concentrations of the secondary to xi cant and departing from a parallel fit to the primary 

toxicants reference curve. It should be noted that in each case the primary toxicant was 

not parallel to the secondary toxicant. 

In the case of DCMU(l 0 ) + Bromacil(2°) (Figures 5.7(a) and (c)), parallelism was 

quickly lost after the addition of the lowest concentrations ofBromacil. However, the 

increasing additions of Bromacil did not cause the dose-response curves to conform to 

the shape of the Bromacil reference curve, instead (for both EQY and Y(NO)), the curves 

became less like Bromacil as well. 

The reverse is true for Bromacil(l 0 ) + DCMU(2°) (Figures 5.7(b) and (d)). Firstly, it 

took a higher concentration of DCMU to cause the curves to depart from the acceptance 

range of the Bromacil reference curve (Figure 5.7(b)). Secondly, the MSF values of the 

mixture curves measured against the DCMU reference curve decreased with increasing 
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additions of DCMU, thus, indicating a closer fit to the DCMU reference curve with 

increasing DCMU concentrations. 
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Figure 5.7: Average mean-square fits (n = 4) of primary toxicant dose-response curves with 
increasing additions of the secondary toxicant fitted to both the primary and secondary toxicant 
reference data. Figures on the left represent DCMU ( •) as the primary toxicant with additions of 
Bromacil (• )as secondary toxicant for the fluorescence parameters (a) EQY and (c)Y(NO). Figures 
on the right represent Bromacil ( • ) as primary toxicant and DCMU ( •) as secondary toxicant for the 
fluorescence parameters (b) EQY and (d) Y(NO). Dotted lines represent acceptance range derived 
from single toxicant reference data for DCMU (black) and Bromacil (red). Solid lines represent 
regression lines for DCMU data (black) and Bromacil data (red). 

In order to explain the results in Figure 5.7, a closer inspection (Figure 5.8) of the 

changes in the shapes of the EQY dose-response curves of DCMU(l 0 ) + Bromacil(2°) 

and Bromacil(l 0 ) + DCMU(2°) revealed the reason behind the mean-square fit trends. 
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The Bromacil EQY reference curve (Figure 5.8(a) inset) had an almost linear sloping 

shape. Whereas, the DCMU reference curve (Figure 5.8 (a)) was flattened at the top of 

the curve with a dramatic decrease in EQY to the lowest DCMU concentration. With 

increasing additions of Bromacil , the DCMU(l 0 ) + Bromacil(2°) curves became less like 

both the DCMU and Bromacil reference curves due to the continued flattening of the 

curve (Figure 5.8(a)). Increasing additions of DCMU also caused the top part of the 

Bromacil(l 0 ) + DCMU(2°) curve to flatten , such that the Bromacil(l 0 ) + DCMU(2°) 

curves developed closer in shape to the DCMU reference curve and retracted in shape 

from the Bromacil reference curve (Figure 5.8(b)). 
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Figure 5.8: Changes in EQY of DCMU + Bromacil mixtures based on the n.n experimental design: 
(a) DCMU (I 0 ) + Bromacil (2°), 0.25 and 1.0 µM Bromacil, compared to DCMU (red line) and 
Bromacil (inset) single toxicant reference curves; and (b) Bromacil (I 0 ) + DCMU (2°), 0.02 and 0.04 
µM DCMU, compared to Bromacil (red line) and DCMU (inset) single toxicant reference curves. 
Values represent mean± I S.D. (n = 4). 
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The ray experimental designs illustrated a closer fit of the DCMU :Bromacil response 

curve to the Bromacil reference curve when compared to the DCMU reference curve for 

both fluorescence parameters, EQY and Y(NO) (Figure 5.9). The closer fit to the 

Bromacil reference curve was consistent with isobolograms (Figure 5.4) which indicated 

that although the joint action of the two chemicals was a concentration addition 

interaction, changes in response were predominantly due to changes along the x-axis, i.e. 

changes in concentration of Bromacil. 

0 (a) 70 (b) 

-10 60 

50 
-20 0 >-a z 40 w -30 :;:-

Q) 
O'l Q) 

30 c O'l 
ro c 
..c -40 ro 
0 ..c: 20 0 
~ ~ -50 

10 

-60 0 

-70 -10 
10 100 1000 10 100 1000 

Dilution (%) Dilution(%) 

Figure 5.9: DCMU:Bromacil mixture dose-response curves(•) based on the ray design, and DCMU 
(T) and Bromacil (•)single toxicant reference curves for the fluorescence parameters (a) EQY and 
(b) Y(NO). Values represent mean± 1 S.D. (n = 4). 

The domination of the DCMU:Bromacil effect response by Bromacil concentrations was 

examined for parallelism with the single toxicant reference data of DCMU and Bromacil. 

As would be expected, the mean-square fit of the DCMU:Bromacil mixture dose-

response curve was within the acceptance range of the Bromacil reference curve but not 

within the acceptance range ofDCMU (Table 5.1), for both EQY and Y(NO). Thus, 

from these results the DCMU:Bromacil mixture was deemed parallel to the Bromacil 

single toxicant reference curve at the tested dose ratio after a 2 hour exposure, but not 

parallel to DCMU. 
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Table 5.1: Mean-square values for DCMU:Bromacil mixture dilution curve fitted to DCMU and 
Bromacil reference curves for the fluorescence parameters EQY and Y(NO), and test for parallelism. 

Fluorescence Reference Curves Mean-square fit Parallel Range 
Parameter (mixture curves) (reference curves) 
EQY DCMU 85.14 0.92 
EQY Bromacil 0.31 2.03 
Y(NO) DCMU 65.33 3.63 
Y(NO) Bromacil 1.04 21.12 

Similar Action: Dinoseb and PCP mixtures 
The effect of dose combinations of two uncouplers on the fluorescence response of D. 

tertiolecta were examined with the n·n experimental design for the fluorescence 

parameters EQY and Y(NPQ) (Figure 5.10). The results of the binary mixtures of 

Dinoseb and PCP were very similar to that of DCMU and Bromacil. The trends in 

change of the mean-square fits depicted in Figure 5.10 were comparable to the trends in 

Figure 5. 7, that is a concomitant increase in the mean-square fits of Dinoseb(l 0 ) + 

PCP(2°) test curves when compared to the Dinoseb and PCP single toxicant reference 

curves for EQY and Y(NPQ). The reverse was true for PCP(l 0 ) + Dinoseb(2°) (Figure 

5. lO(b) and (d)), as it was for Bromacil(l 0 ) + DCMU(2°) (Figure 5.7(b) and (d)), in 

which the mean-square fit decreased in comparison to the secondary toxicant ' s reference 

curve with increasing additions of the secondary toxicant. In most cases, the PCP + 

Dinoseb mixtures remained parallel to the PCP reference curve, i.e. the mean-square fit 

values were at or below the PCP reference curve acceptance range (red dotted line, 

Figures 5.IO(a), (c) and (d)). Parallelism with the Dinoseb reference curve was only 

found when Dinoseb was the primary toxicant with additions of low concentrations of 

PCP (Figures 5.IO(a) and (c)). 

143 



:0 
~ 10 
0 c e. 
If) 
Q) 
:::::i 

~ 6 
~ 
C'O 
:::::i 4 
O'" 
<{' 
c 
m 2 
~ 

Dinoseb (1°) + PCP (2°) 

(a) EQY 
12 CL 

0 
10 e:, 

6 

4 

If) 
Q) 
:::::i -m 
> 
~ 
C'O 
:::::i 
O'" 
If) 

c': 
C'O 
Q) 

~ 

0 -+------~-~~-~--+- 0 
-5 0 5 1 0 15 20 25 30 

PCP (µM) 

14 ....,..-------- ------.-- 40 

:0 
Q) 12 
If) 
0 c e. 10 
If) 
Q) 
:::::i m 
> 
~ 6 
C'O 
:::::i g 4 
c': 
C'O 
Q) 

~ 

(c)Y(NO) • 

• 

~ • 

35 CL 
0 

30 e:, 
If) 

25 ~ 
ro 

20 ~ 
ro 

15 ~ 
If) 

10 ~ 
Q) 

5 ~ 

0 ~~-~-~-~--~--+- 0 
0 5 10 15 20 25 30 

PCP (µM) 

PCP (1°) + Dinoseb (2°) 

250 -r---------------.-- 35 

:0 
Q) 

~ 200 
c e. 
~ 150 
:::::i ro 
> 
~ 100 
C'O 
:::::i 
O'" 
<{' 
c 
C'O 
Q) 

~ 

50 

(b) EQY 

• 
• 

0 2 3 4 5 6 

Dinoseb (µM) 

30 CL 
0 

25 e:, 
If) 
Q) 
:::::i 

20 -m 
> 
Q) 

15 ro 
:::::i 
O'" 

10 ~ 
C'O 
Q) 

5 ~ 

80-,---------------.--40 
(d)Y(NO) 

:0 
Q) 
If) g 60 e. 
If) 
Q) 
:::::i -m 40 
> 
~ 
C'O 
:::::i 
If) 

c': 20 
C'O 
Q) 

~ 

• 

• 
• 

• 
'······ .... . ·•··· 

0 

• 

35 CL 
0 e:, 

30 ~ 
:::::i 

- 25 
m 
> 
Q) 

3 4 5 6 

ro 
:::::i 

20 O'" <{' 
c 
C'O 

15 ~ 

Dinoseb (µM) 

Figure 5.10: Average mean-square fits (n = 4) of primary toxicant dose-response curves with 
increasing additions of the secondary toxicant fitted to both the primary and secondary toxicant 
reference data. Figures on the left represent Dinoseb ( •) as the primary toxicant with additions of 
PCP(• ) as secondary toxicant for the fluorescence parameters (a) EQY and (c)Y(NO). Figures on 
the right represent PCP ( • ) as primary toxicant and Dinoseb ( •) as secondary toxicant for the 
fluorescence parameters (b) EQY and (d) Y(NO). Dotted lines represent acceptance range derived 
from single toxicant reference data for Dinoseb (black) and PCP (red). Solid lines represent 
regression lines for Dinoseb data (black) and PCP data (red). 

Again, a closer inspection of the results was carried out to explain differences seen in 

Figure 5.1 l(a) and (b) between Dinoseb(l 0 ) + PCP(2°) and PCP(l 0 ) + Dinoseb(2°). 

Additions of PCP to the Dinoseb dose-response curve (Figure 5.1 l(a)) caused a 

downward shift of the whole curve along the y-axis, thus, maintaining a parallel shape to 

the Dinoseb reference curve until the highest concentration of PCP caused a flattening of 

the curve. This flattening of the curve also caused a shift in parallelism away from the 
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PCP reference curve (pictured inset). Additions of Dinoseb to the PCP dose-response 

curve (Figure 5.1 l(b)) caused a downward shift of the lowest PCP concentrations along 

the y-axis while little or no shifts occurred at the higher PCP concentrations. These shifts 

caused a change in the shape of the curve away from the PCP reference curve and closer 

to the Dinoseb reference curve (pictured inset). 
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Figure 5.11: Changes in EQY of Dinoseb +PCP mixtures based on the n.n experimental design: (a) 
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(n = 4). 
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Similarly to the DCMU:Bromacil mixture (Figure 5.9), the Dinoseb:PCP dose-response 

curve followed the shape of one toxicant more than the other. Response to PCP 

dominated the Dinoseb:PCP response for both EQY and Y(NPQ) (Figure 5.1 l(a) and (b), 

respectively). This corresponds with Figure 5.5 , i.e. the joint action was found to be 

additive, however, changes were predominantly due to PCP. This response is further 

illustrated in calculations for parallelism of the Dinoseb:PCP dose-response curve with 

Dinoseb and PCP single to xi cant reference curves (Table 5 .2). Mean-square fit values of 

Dinoseb:PCP mixtures were much closer or within the parallel range of the PCP 

reference curves compared to the Dinoseb reference curves. 
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Figure 5.12: Dinoseb:PCP mixture dose-response curves(•) based on the ray design, and Dinoseb 
(T) and PCP(•) single toxicant reference curves for the fluorescence parameters (a) EQY and (b) 
Y(NPQ). Values represent mean± 1 S.D. (n = 4). 
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Table 5.2: Average(± 1 S.D., n=4) mean-square values for Dinoseb:PCP mixture dose-response curve 
fitted to Dinoseb and PCP single toxicant reference curves for the fluorescence parameters EQY and 
Y(NPQ), and test for parallelism. 

Fluorescence 
Parameter 
EQY 
EQY 
Y(NPQ) 
Y(NPQ) 

Reference Curves 

Dinoseb 
PCP 
Dinoseb 
PCP 

Dissimilar Action: DCMU and PCP mixtures 

Mean-square Fit 
values 

(mixture) 
238 .92 
20.73 
71.54 
29.03 

Acceptance Range 
(reference curves) 

8.01 
12.20 
6.88 

36.32 

DCMU and PCP have dissimilar modes of action. DCMU causes a decrease in EQY and 

increase in Y(NO), whereas, PCP causes a decrease in EQY and an increase in Y(NPQ). 

The trends in change of parallelism (using the n.n design) ofDCMU +PCP were again 

fairly similar to the changes recorded for the similarly acting mixtures (Figure 5.13). 

However, changes in Y(NO) and Y(NPQ) could only be compared to the dose-response 

curve of the primary toxicant, DCMU and PCP (respectively), as the single toxicant 

reference data of the secondary to xi cant did not fit the regression model. One response 

that was different to DCMU + Bromacil and Dinoseb +PCP, was that increasing 

additions of PCP did not alter the shape of the EQY DCMU(l 0 ) + PCP(2°) dose-response 

curves compared to the PCP reference curve (Figure 5. l 3(a)). The mixture PCP(l 0 ) + 

DCMU(2°) for EQY (Figure 5.13(b)) did show trends comparable to the similarly acting 

mixtures (Figure 5.7(b) and 5. lO(b)). Upon addition of the secondary toxicant the shape 

shifted away from the PCP reference curve and closer to the DCMU reference curve. 

Changes in Y(NO) and Y(NPQ) dose-response curves (Figure 5.13(c) and (d), 

respectively) indicated a trend in which the shape of the curve shifted away from the 

primary toxicant with increasing additions of the secondary to xi cant. 
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Figure 5.13: Average mean-square fits (n = 4) of primary toxicant dose-response curves with 
increasing additions of the secondary toxicant fitted to both the primary and secondary toxicant 
reference data. Figures on the left represent DCMU ( •) as the primary to xi cant with additions of 
PCP(• ) as secondary toxicant for the fluorescence parameters (a) EQY and (c)Y(NO). Figures on 
the right represent PCP(• ) as primary toxicant and DCMU (•)as secondary toxicant for the 
fluorescence parameters (b) EQY and (d) Y(NPQ). Dotted lines represent acceptance range derived 
from single toxicant reference data for DCMU (black) and PCP (red). Solid lines represent 
regression lines for DCMU data (black) and PCP data (red). 

More detail of the changes to dose-response curves with the addition of a secondary, 

dissimilarly acting toxicant for the fluorescence parameter EQY are presented in Figure 

5.14. The addition of PCP to the DCMU dose-response curve caused two opposing shifts 

along the y-axis in relation to the DCMU concentration (Figure 5.14(a)). At low DCMU 

concentrations, the curve shifted down the y-axis indicating that a larger decrease in EQY 

occurred when PCP was added , and the degree of change was dependent on the 

concentration of PCP. Conversely, at higher DCMU concentrations, the change in EQY 
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for DCMU(l 0 ) + PCP(2°) was less then what was recorded for the DCMU reference 

curve. This change in shape of the curves shifted away from a parallel shape to the 

DCMU reference curve. The small shifts that were noted though, were not great enough 

to cause any change in parallelism with the PCP reference curve (pictured inset). 

Figure 5. l 4(b) shows a flattening in the mixture curve with DCMU additions. According 

to Figure 5. l 3(b ), this shift in shape does cause a departure from parallelism with the 

PCP reference curve, but is maintained within the PCP acceptance range. In comparison 

to the DCMU reference curve (pictured inset), the flattening in the shape of the mixture 

curves with DCMU additions is a change towards the shape of the DCMU reference 

curve (according to Figure 5.13(b)), though parallelism was not reached. 
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Figure 5.14: Changes in Y(NO) and Y(NPQ) of DCMU +PCP mixtures based on the n.n 
experimental design: (a) change in Y(NO) of DCMU (1°) +PCP (2°), 10 and 50 µM PCP, compared 
to DCMU (red line) and PCP (inset) single toxicant reference curves; and, (b) change in Y(NPQ) of 
PCP (1°) + DCMU (2°), 0.02 and 0.08 µM DCMU, compared to PCP (red line) and DCMU (inset) 
single toxicant reference curves. Values represent mean± 1 S.D. (n = 4). 
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Unlike the ray designs for DCMU:Bromacil and Dinoseb:PCP (Figures 5.9 and 5.12, 

respectively), the DCMU:PCP dose-response curve (Figure 5.12) did not always follow 

only one of the two mixture components. For EQY, the DCMU:PCP dose-response 

curve closely followed in shape to the PCP reference curve such that it was deemed 

parallel (Table 5.3). For the fluorescence parameter, Y(NO), the DCMU:PCP dose-

response curve was closer in shape and size to the DCMU curve, however, the additions 

of PCP caused a reduction in the effect response compared to the DCMU reference curve. 

This result occurred even though the change in Y(NO) attributed to PCP was positive. 

Hence, the DCMU:PCP dose-response curve for changes in Y(NO) was found not to be 

parallel for DCMU (Table 5.3). Similarly, the DCMU:PCP dose-response curve for 

Y(NPQ) had a smaller response than the PCP reference curve (Figure 5.12), unlike that of 

Dinoseb:PCP (Figure 5.9). However, this could be attributed to the negative values of 

the DCMU reference curve. The influence of DCMU on the DCMU :PCP response was 

not large enough though to cause a great departure in shape from the PCP reference 

curve, as demonstrated in Table 5.3 in which mean-square fit values indicated that 

parallelism was still present. 
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Figure 5.15: DCMU:PCP mixture dose-response curves(•) based on the ray design, and DCMU (T) 
and PCP(•) single toxicant reference curves for the fluorescence parameters (a) EQY, (b) Y(NO) 
and (c) Y(NPQ). Values represent mean± 1 S.D. (n = 4). 

Table 5.3: Mean-square values for DCMU:PCP mixture dilution curve fitted to DCMU and PCP 
reference curves for the fluorescence parameters EQY, Y(NPQ) and Y(NO), and test for parallelism. 

Fluorescence Fitted regression Mean-square values Acceptance Range 
Parameter parameters (mixtures) (reference curves) 
EQY DCMU 20.14 2.44 
EQY PCP 2.90 12.30 
Y(NO) DCMU 28.61 11.79 
Y(NPQ) PCP 16.61 19.11 

153 



5.4 Discussion 

Examining the effects of mixture combinations on the chlorophyll a fluorescence 

response is critical in order to evaluate the potential use of the toxin-identification 

method developed in this thesis. Most ecotoxicology mixture research is designed to 

examine the toxic effects of mixtures on an organism and assess how additive, synergistic 

or antagonistic interactions can occur that cannot be determined from single toxicant 

data. In this chapter, however, rather than looking at the adverse toxic effects of multiple 

contaminants on photosynthetic functioning, instead, how the effects of multiple 

toxicants change the fluorescence response from that of a single toxicant was examined. 

Increasing the knowledge of the actions of multiple chemicals on the photosynthetic 

apparatus will aid the future development of the toxin-identification method to identify 

mixtures and possibly their constituents. 

Additive, antagonistic or synergistic 

It has been said that examining chemical actions of additivity, antagonism and synergism 

should be done for multiple concentration combinations of the mixture as interactions can 

change depending on the concentrations of each chemical (Jonker et al. 2005). For this, 

the Imaging-PAM fluorometer was invaluable due to its ability to measure multiple 

samples at one time. Actions between chemicals of the binary mixtures tested here did 

prove to change at different concentration combinations. What was most evident in 

assessing these actions though, was that there was a clear distinction of how the 

chemicals acted based on the similarities in their mode of action (see Table 5.4 for a 

summary of the binary interactions). 

Table 5.4: Summary of the binary interactions observed under experimental conditions of three mixtures; 
two consisting of substances with similar modes of action and one consisting of substances with dissimilar 
modes of action. 

Substance 1 Substance 2 Mode of 
Action 

DCMU Bromacil Similar 

Dinoseb PCP Similar 

Fluorescence Response 
EQY 

Additive. 
Antagonistic 

at higher 
concentrations 

Additive 

Y(NPQ) 

Additive 

Y(NO) 
Additive. 

Antagonistic 
at higher 

concentrations 
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DCMU PCP Dissimilar Antagonistic PCP impact 
principally 

responsible for 
changes. 

DCMU caused 
antagonism at 

higher 
concentrations 

DCMU impact 
principally 

responsible for 
changes. 

PCP caused 
antagonism at 

higher 
concentrations 

The combinations of chemicals with a similar mode of action, DCMU + Bromacil and 

Dinoseb +PCP, showed evidence of an additive effect for both of the responding changes 

in fluorescence (EQY, and Y(NO) or Y(NPQ) , respectively). On the other hand, the 

combination of toxicants with a dissimilar mode of action indicated that there were 

principally antagonistic effects. At the highest dose combinations, antagonistic effects 

were prominent for both similarly and dissimilarly acting mixtures. For toxicants with 

the same mode of action and target site, antagonism at high concentrations is indicative 

of competition occurring at the impact site. For dissimilarly acting toxicants though , the 

explanation is not as clear cut. If it was assumed that there was no interaction occurring 

between the two chemicals to reduce their toxicity, the antagonistic response could be 

due to the masking of the response of one toxicant by the response of the other. For the 

mixture, DCMU + PCP, at low concentrations, a normal response to each toxicant could 

be seen from the parameters Y(NO) and Y(NPQ) (Figure 5.6(a) and (b), respectively). 

DCMU caused changes in Y(NO) whereas PCP caused changes in Y(NPQ) without much 

influence of the second toxicant, which could be seen from the near horizontal and 

vertical lines in Figures 5.6(b) and (c) , respectively. However, as concentrations of each 

chemical increased, antagonistic effects started to become evident. What was found was 

that there was competition between the dissipation of energy between these two 

pathways. The reason why this did not occur at lower concentration levels may be due to 

the numerous photosynthetic units that are present. At low concentrations, the proportion 

of photosynthetic units that are impacted by both chemicals may be a lot smaller than the 

proportion of units that are impacted by only one of the two chemicals. However, as 

concentrations of each chemical increases, the proportion of photosynthetic units that are 

impacted by both chemicals is also likely to increase. 
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In examining the changes in EQY, antagonistic effects were also evident for the 

dissimilarly acting toxicants. This would indicate that the MoA of one toxicant affects 

the MoA of the other as both toxicants cause changes in EQY, but by different 

mechanisms. This result may indicate that a masking effect is occurring as a result of 

one impact site being upstream of the electron transport chain compared to the other. At 

this stage only suggestions can be made as to the physiological reasoning behind these 

results. Research using electron donors and acceptors may shed some light onto the 

possibility of masking effects between these two chemicals. What is important to note is 

that the end result, that all three fluorescence parameters respond to the mixture, is a 

different result to either of the constituent chemicals on their own. In this case, it would 

be easy to recognize this as a mixture response compared to the single chemical 

responses recorded in this thesis. On the other hand, however, binary mixtures of 

similarly acting toxicants still only show responses from two out of the three fluorescence 

parameters, the same type of response as the individual constituents. Distinguishing 

these mixtures from their single chemical is likely to be more difficult. 

Shifts in parallel dose-response curves 

Chapter 4 showed that different toxicants have different shaped dose-response curves. 

Thus, it was important to examine whether one toxicant could influence the shape of 

another toxicant ' s dose-response curve and also examine if the changes were enough to 

differentiate a mixture from its constituents using the MSF software program. If only one 

of the two constituents acted on the site of action, the dose-response curves would simply 

move across the x-axis without any change in shape (Stihnel 1998) as shown in Figure 

2.3 , i.e. the dose changes with increasing additions of the second toxicant but no changes 

in effect occur. It was found in most cases that the addition of a second toxicant did 

change the shape of the dose-response curve of a chemical. Looking first at the similarly 

acting mixtures, movement towards or away from parallelism was similar for the two 

combinations. However, the effect of Bromacil on DCMU was not the same as DCMU 

on Bromacil, and similarly, the effect of PCP on Dinoseb was not the same as Dinoseb on 

PCP. For Bromacil (2°) on DCMU (1 °) and PCP (2°) on Dinoseb (1 °), the shape of the 

curve moved away from the shape of both its constituents . Whereas, DCMU (2°) on 
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Bromacil (1°) and Dinoseb (2°) on PCP (1°) caused a shift away from the 1° toxicant and 

closer towards the 2° to xi cant. But for both of the latter cases it was not enough of a 

change for the mixture curve to actually become parallel to the single dose-response 

curve of the 2° toxicant. 

The similarities between the responses for the two mixtures, DCMU + Bromacil and 

Dinoseb +PCP, extended to the ray designs as well. In the case of the ray designs, the 

mixture dose-response curves indicated parallelism (for at least one fluorescence 

parameter) to Bromacil and PCP, respectively. This is easily explained by the additive 

effect of similarly acting toxicants and the actual shape of each of the toxicant's dose-

response curve. DCMU and Dinoseb showed small increments in change at low 

concentrations of each chemical, whereas Bromacil and PCP had larger increments in 

change at lower concentrations. Fundamental mathematical relationships suggest that the 

additive responses will follow the shape of the component that causes the greatest amount 

of change. The issue here is that, although there are two toxicants present, the toxin-

identification method might only indicate the presence of one. While, to a degree, this is 

a good resolution, that is, at least one toxicant will be identified. It could also lead to a 

false negative report concluding that only one toxicant was present in the sample. 

There may be a solution though; the additive effect is an advantage. Confirmation with 

chemical analysis after a toxin is identified will also give the concentration at which the 

chemical is present. If the potency of the toxin-identification method (see Chapter 6) was 

not consistent with that reported from the chemical analysis, then there would be good 

reason to suggest that there is more than one toxicant present, and that it, more than 

likely, has a similar mode of action. Because of the concentration addition nature of 

similarly acting chemicals, theoretically subtracting the reference fingerprint from the 

sample fingerprint may be enough to make the identification, or simply to indicate that 

another toxicant was present. 

Shifts in parallelism of DCMU +PCP dose-response curves showed a very interesting 

response. Although DCMU and PCP did not cause great changes in Y(NPQ) and Y(NO) 
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(respectively) when tested on their own, they did cause an inherent change when in a 

mixture. Figures 5.13(c) and (d) demonstrate that the presence of the secondary toxicant 

caused a departure from the primary toxicant ' s reference curve, while Figure 5.15 clearly 

indicates that DCMU and PCP cause very little change in Y(NPQ) and Y(NO) 

(respectively) on their own. The reason for this result once again can be attributed to a 

competition for energy between the two dissipation pathways. Photochemistry 

essentially ceases due to the impact of both toxicants, upon which the absorbed energy 

can only go in two remaining directions; through regulatory or non-regulatory processes. 

These results indicate that both chemicals are causing physiological changes resulting in 

the two dissipation pathways to re-emit energy at the same time. Furthermore, there is no 

indication that the emission of energy from one pathway is favoured over another, as 

each toxicant causes the same effect on the other. 

As with the similarly acting mixtures, there was an indication that one of the two 

constituents may be able to be identified using the toxin-identification method. Table 5.3 

indicated that the ray design dose-response curve of DCMU + PCP indicated parallelism 

with PCP for both EQY and Y(NPQ). If this was a case of an unknown field sample 

being tested, it would be quite clear that another toxicant was also present due to the fact 

that there was also a dose-dependent change in Y(NO). Furthermore, Figure 5.15(c) 

indicates that the potency of the mixture would be less than concentrations of PCP 

derived from chemical analysis. 

Mixture Identification 

The results of the experiments conducted in this chapter clearly indicate that chemical 

analysis of a sample would be necessary following the toxin-identification method. 

Without chemical analysis it is likely that an error in the differentiation between a single 

toxicant response and a mixture response would occur. However, the experiments in this 

chapter focused only on one exposure period. Changes in a mixture response over time 

needs to be examined which may provide the characteristic that can indicate, using the 

toxin-identification method alone, that more than one chemical was present. 
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Realistically, environmental samples are likely to include a much larger array of 

chemicals and their concentration combinations. The probability of identifying 

individual toxicants from a mixture containing more than two chemicals is likely to 

decrease as the number of constituents increase. This issue, however, does not make the 

toxin-identification method limited to situations where only one or two chemicals are 

present. Instead it is suggested that complex mixtures, when tested using the toxin-

identification method, will have their own unique fingerprint. Whether the constituents 

are determined or not, the fingerprint of that mixture can be recorded and placed in a 

database along with reference toxicant fingerprints. This fingerprint could then be 

designated to the site where it was collected and future monitoring of the site would 

allow for the comparison of fingerprints of additional samples. Attributing fluorescence 

fingerprints to a site would allow the site manager to examine whether the mixture is 

consistent over time. A fingerprint that was consistently identified over time would 

indicate that the pollutants are coming from one source and may help to identify the 

source (Turner et al. 2001 ). 
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6.0 Nutrient Induced Fluorescence Transients (NIFTs): a 
selective biomarker for PQ43- assessment 

6.1 Introduction 

A selective biomarker generates a highly specific response to only one chemical or group 

of chemicals (Lam & Wu 2003). In ecotoxicology selective biomarkers are often 

developed from genetic modifications or mutant strains of wild types by imposing 

physiological changes that can be used to select against a response from a particular 

pollutant compared to the wild strain (Lam & Wu 2003). The advantage of using such a 

method is that selective biomarkers have the potential to be used as a replacement for 

chemical analysis because of their high specificity and ability to measure bioavailable 

fractions. Furthermore, they are cost-effective and rapid. 

Modification to the physiology of an organism as a means of detecting a chemical impact 

has been successful for chlorophyll a fluorescence research. For example, mutant strains 

of Dictyosphaerium chlorelloides (Chlorophyceae) were cultured as a selective resistant 

strain to 2,4,6-trinitrotoluene (TNT) impact on photosynthesis (Altamirano et al. 2004). 

Additionally, Touloupakis et al. (2005) collected herbicide resistant biotypes from areas 

of prolonged atrazine exposure that had a modification on the amino acid composition of 

the D 1 protein in the Q8 pocket. By comparing the photosynthetic responses of the 

mutant strains to wild type strains, specific responses to PSII herbicides from river 

samples could be determined. 

Chlorophyll a fluorescence has the potential to be developed as a selective biomarker for 

the rapid assessment of nutrient bioavailability. The concept stems from past 

examinations of nutrient limitation in phytoplankton. In this case it was found that 

nutrient limited cells yielded a rapid change in chlorophyll a fluorescence in response to 

additions of the limiting nutrient, whereas, their nutrient replete counterparts did not 

(Wood & Oliver 1995). Historically, used as a method for detecting nutrient limitation in 
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phytoplankton, this phenomenon possesses characteristics that are ideal for use as a 

selective biomarker: a dose-dependent nature (Roberts 1998; Young & Beardall 2003); 

specific characteristics unique to each nutrient (i.e. Nor P) (Wood & Oliver 1995; Young 

& Beardall 2003); a fast time-to-result; and, methodologically easy. 

Although chlorophyll a fluorescence responses have been shown to occur for both P- and 

N-limited cells, this chapter will concentrate only on P-limited cells and its use for 

detecting P04
3

- concentrations. It is anticipated that similar methods could be applied to 

N-limited cultures for determining N03- and/or NH4 +. 

6.1.1. Physiological changes associated with nutrient limitation and Nutrient 
Induced Fluorescence Transients (NIFTs) 

Nutrient limitation is common to algae in natural waters which cause reductions in rates 

of photosynthesis and growth (Falkowski , Raven & Laws 2007). Phosphorous limitation 

constrains nucleic acid synthesis which in tum reduces the rate of protein synthesis in the 

photosynthetic apparatus, thus, affecting photosynthetic energy conversion (Falkowski , 

Raven & Laws 2007). Additionally, the rate of light utilization for carbon fixation is 

reduced due to the reduced rate of synthesis and generation of substrates in the Calvin-

Benson cycle (Falkowski , Raven & Laws 2007). Nutrient deficiency generally induces 

the potential for high nutrient uptake rates which competes with photosynthesis for ATP 

and reductant (Healey 1979). The uptake of the limiting nutrient by microalgae can be 

mapped by changes in their chlorophyll a fluorescence response. These changes occur 

within minutes of nutrient availability and follow a very distinct pattern for both N and P 

uptake (Turpin & Weger 1988; Wood & Oliver 1995; Young & Beardall 2003; Holland, 

Roberts & Beardall 2004 ). These unique changes in fluorescence have been termed 

nutrient induced fluorescence transients (NIFTs) (Wood & Oliver 1995) and provide a 

potential technique for quantifying nutrient bioavailability. 

The phosphate NIFT response is characterized by a two-phase change in fluorescence of 

P- limited microalgal cells upon exposure to P04
3

- (see Figure 6.1). The initial phase 

occurs directly after the reintroduction of the limiting nutrient in which a change in 
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chlorophyll fluorescence occurs rapidly (within minutes) until a maximum change is 

reached. This is immediately followed by a slower recovery phase back to the level of 

pre-enrichment. The speed of the response is thought to be related to nutrient uptake 

capacity where the transient response in fluorescence persists until the external nutrient is 

depleted (Beardall, Young & Roberts 1996; Gauthier & Turpin 1997). 

The unique responses have been linked to drains in ATP utilization from carbon 

assimilation processes as nutrients are actively taken up, triggering changes in 

photosystem stoichiometry (Beardall et al. 2001). During a phosphate NIFT, there is a 

general concurrent quenching of Ft and Fm' (Gauthier & Turpin 1997; Holland, Roberts 

& Beardall 2004), although, interspecies variability in the magnitude and shape of the 

fluorescence response curve does exist (Holland, Roberts & Beardall 2004). The 

decrease in Ft and Fm' has been attributed to state transitions and energy-dependent 

quenching to supply ATP for Pi uptake (Petrou et al. 2008). Under low ATP conditions a 

positioning in state II favours the immediate operation of cyclic electron transfer (Bulte et 

al. 1990). Petrou et al. (2008) found that during a Po/- NIFT photosynthetic electron 

flow was altered from linear to cyclic allowing the rate of electron transport to be 

maintained, the ratio of A TP/NADPH within the chloroplast to be regulated and 

ultimately allow ATP synthesis to match supply with demand. 

The extent of assimilation of the limiting nutrient is based on the cell's degree of nutrient 

depletion and the available concentration of the limiting nutrient (Roberts 1998; Holland, 

Roberts & Beardall 2004). Thus, using cells in a controlled nutrient limited state at the 

peak of their nutrient assimilation capacity would provide a fast and specific bioanalytical 

tool for the determination of nutrient bioavailability. Furthermore, cells that are not 

nutrient limited do not respond (through fluorescence) to the addition of nutrients (Wood 

& Oliver 1995). Theoretically, this lack of response would provide a positive control (i.e. 

nutrient replete cells) for detecting the presence of any other toxicants in a sample that 

may interfere with the NIFT response. 
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6.1.2. Chapter aims 
The NIFT response is not a novel concept, however, its application to be used as a 

bioanalytical method for nutrient bioavailability assessments is new. If a biological 

method is to be used to ascertain the presence and concentration of a chemical substance 

it must comply with a number of validation criteria. In this chapter the procedure was 

assessed against a number of preliminary validation criteria (Tavemiers, De Loose & Van 

Bockstaele 2004). The aim was to evaluate the potential of this method in order to move 

to the next stages of evaluation and validation. The validation criteria assessed in this 

chapter included standard concentration-response relationships, specificity and precision. 

The following chapter, therefore, aimed to develop a method, both on an experimental 

and mathematical basis, to determine the concentration of PO/- in a water sample. In 

doing so, the following experimental research aimed to assess: 

• The precision of the NIFT response; 

• A mathematical method for quantifying the NIFT response and to derive 

accurate potency estimates; 

• The utility of a number of different fluorescence parameters for deriving 

potency estimates; and, 

• Statistical specificity of the NIFT response to other nutrients and other 

pollutants. 
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6.2 Materials and Methods 

6.2.1. Test chemicals 
The test chemicals, K2HP04, KN03, NH4Cl , DCMU and CuS04, were obtained as 

analytical standards from Sigma Aldrich, Australia . Stock solutions were prepared with 

a solvent (when applicable, see Table 2.1) and Milli-q water and stored at 4 °C. Just prior 

to experimentation 5 dilutions were prepared in Milli-Q water from each stock solution. 

A solvent control (when applicable) and a Milli-Q control were also prepared. 

6.2.2. Biomaterial 
The marine microalga Dunaliella tertiolecta was the test species used. Details of general 

culturing and species test conditions are reported in Section 2.2. More specific details are 

outlined below. 

6.2.3. Phosphate-limited and P-replete cultures 
Seven day old cultures were grown in nutrient replete media (see Section 2.2.3) and from 

that an aliquot of the suspension was transferred aseptically to phosphate-limited (P-

limited) or nutrient replete media. P-limited media was made as directed in Section 2.2.3 

for nutrient replete media with a substituted PO/ concentration 10% of the original 

volume. Cultures were then grown for 3 days under normal growth conditions (see 

Section 2.2.3). 

On day three P-limited and nutrient replete cultures were tested for differences in 

effective quantum yields (EQY) to confirm P04
3

- limitation. Before experimentation 

began cultures were allowed to acclimatize to laboratory conditions, 10 µmol photon m-

2s-1 at 21 °C for approximately one hour. Base fluorescence (Ft) was measured for each 

replicate and used as a proxy for chlorophyll a concentration. Cultures exhibiting low Ft 

values (Ft<0.15) were concentrated by centrifugation and allowed to rest for 30 minutes 

afterwards. The density of test cultures was calibrated to a Ft reading of 0.15 to maintain 

consistency amongst cultures. 
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6.2.4. Chlorophyll a fluorescence measurements and analysis 
All chlorophyll a fluorescence measurements were conducted with the Imaging-PAM 

fluorometer. For a more detailed description of basic methods used please refer to 

Sections 2.3.6. Preliminary tests indicated that the best settings for measuring the NIFT 

response were an actinic light of 1, measuring light intensity of 2, measuring light 

frequency of 1, gain of 2 and saturation pulses every 10 seconds. Previous research 

recorded the NIFT response with the fluorescence parameters Ft, Fm ', EQY and NPQ 

(Turpin & Weger 1988; Holland , Roberts & Beardall 2004). Therefore, the 

aforementioned fluorescence parameters as well as those used in the toxin-identification 

method described in Chapter 4, Y(NO) and Y(NPQ), were assessed in this Chapter. 

6.2.5. Exposure experiments 
Suspensions of P-limited or nutrient replete cultures (350 µL) were placed in MWP+F 96 

well-plates and dark-adapted for 10 minutes before testing began. The NIFT response 

was measured by first generating a stable fluorescence baseline. Once steady state had 

been achieved an aliquot (50 µL) of the test chemical or Milli-Q (for controls) was 

administered to each well. Fluorescence measurements continued for a further 600 

seconds. 

The P04
3

- dilution series ranged in concentration from 0.00 l µM - 8 µMand consisted of 

five concentrations and one Milli-Q control. For each plate one reference and two test 

dilution series were carried out, except for mixtures experiments, in which each plate 

contained only one replicate of all concentration combinations. Similarly, the dilution 

series for NH4 + and NO{ also consisted of five concentrations and one Milli-Q control 

ranging from 0.5 µM - 8 µM. 

Mixture experiments involving P04
3-plus DCMU and P04

3-plus Cu2
+ were conducted 

according to the n.n experimental design as described in Section 5.2.5. Six 

concentrations (including controls) of each chemical were added together (25 µLeach) in 
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all possible combinations, thus, generating 35 different combinations and one Milli-Q 

control. The chemical mixtures were then added to the P-limited cultures and 

measurements were recorded as outlined above. 

6.2.6. Mathematical and statistical analysis 
From the parameters Fm, Fo, Fm ' and Ft, changes in NPQ/4, EQY, Y(NPQ) and Y(NO) 

were calculated (See Eq. 2.2, 2.4, 2.5 and 2.7, Section 2.3.2). Fluorescence changes were 

expressed as a percent change from the baseline calculated for each recorded time point 

after spiking, such that: 

b-F 
%M'=--i 

I b 

Where F1 = fluorescence parameter value at time (i), and b = baseline value calculated 

from steady-state fluorescence before the spike. Changes in the control (spiked with 

Milli-Q water) were subtracted from changes in test responses at each time point to 

remove light effects attributed to the Imaging-PAM testing conditions (i.e. lengthy 

exposure to high frequency of saturating pulses) . The data, thus, resulting in a temporal 

change in fluorescence (NIFT) similar to that depicted in Figure 6.1. 

The NIFT curves were then quantified based on methods reported by Roberts (1998). 

Four descriptive curve variables were extracted from each curve and are depicted in 

Figure 6.1 and described in Table 6.1 . These curve variables represent the maximum 

change in fluorescence (whether it is a negative or positive change), Af max, the slope to 

the maximum change, amax, the area under the whole curve, AUC, and the integrated area 

under the curve from t0 - tmax (i.e. from the start of the NIFT to the time at the maximum 

change in fluorescence), AUCmax· 
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Figure 6.1: A single NIFT response (Fm') of P-Iimited D. tertiolecta to PO/- (8 µM). Lower case 
letters indicate points at which descriptive curve variables are calculated (see Table 6.1). 

Table 6.1: Descriptive curve variables of a NIFT response of P-Iimited D. tertiolecta to PO/-, 
calculated from points on the curve (a, b, c, d) depicted in Figure 6.1. 

Descriptive Curve Variables Formula 

~Fmax 

Urn ax b 
amax = (d- a) 

AUC c 

AUC = J f(x).dx 
a 

AUCmax d 

AUCmax = J f(x).dx 
a 

Fluorescence data was then applied to the Mean Square Fit (MSF) software program 

outlined in Section 2.4.5 , and parallelism of test samples were determined based on the 

methods developed in Chapter 4 (Figures 4.2 and 4.3). If parallelism was present, the 
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potency estimation was recorded. Methods for calculating the relative potency estimation 

are reported in Section 2.4.5. 

A systematic assessment was applied to evaluate the NIFT bioassay in terms of meeting 

validation criteria for precision. The systematic assessment involved determining 

precision based on the calculated relative potency for both reference and test samples 

(with the same potency), where a calculated potency of 1.00 was considered 100% 

precise. Values above or below 1.00 indicated a departure away from the reference 

standard and would thus lead to an error in the potency estimation. To determine the 

precision of the data for each of the curve variables, parallelism of dose-response curves 

and the coefficient of variation for potency data was calculated. Coefficient of variation 

was calculated based on Equation 2.10, Section 2.4.3 . 

To determine significant differences (p S: 0.05) in fluorescence data between P-limited 

and P-replete cultures and to assess selectivity of P-limited cultures to P04
3

-, AN OVA 

(for data that fitted the assumptions of normality and homogeneity of variances) or 

Kruskal-Wallis was used. In order to assess significant differences in potency 

estimations between test and control samples, a paired samples t-test was used. 
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6.3 Results 

In order for the NIFT method to be a valid tool for nutrient concentration 

determinations, it is necessary to measure the precision and the specificity of the 

method. Prior to this, a suitable end-point needs to be quantified from the NIFT 

response that is sensitive and representative of a dose-dependent relationship. The 

following results first assess phosphate depletion on the fluorescence response of algal 

cultures. Secondly the NIFT response is examined and quantified for multiple 

fluorescence parameters. It is the quantified NIFT curve variables which are then 

examined for precision and specificity for each of the fluorescence parameters to 

determine the applicability of the method for potency estimation of phosphate. 

6.3.1. Chlorophyll a fluorescence changes associated with Po/- limitation 
P-limited cultures exhibited signs of PO/ - limitation three days after transferring to P-

limited media compared to their P-replete counterparts (Fig. 6.2). Changes in energy 

use that occurred with PO/ - limitation resulted in a decrease in EQY and Y(NPQ) and 

an increase in Y(NO) compared to the yields recorded for the P-replete cultures. 
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Figure 6.2: Fluorescence yields, EQY, Y(NO) and Y(NPQ), of D. tertiolecta cultured in P-replete 
and P-limited growth media, (n = 9, ± 1 S.D.). * indicates significant differences (p~0.05) between 
P-replete and P-deplete fluorescence yields for individual fluorescence parameters. 

Cultures showing signs of P04
3

- limitation were then examined for short-term (10 

minute) changes in their fluorescence response to additions of varying concentrations 

of P04
3

-. Maximum (Fm' ) and minimum (Ft) fluorescence was measured as well as 

the parameters EQY, Y(NO), Y(NPQ) and NPQ/4. Figure 6.3 demonstrates a typical 

example of the changes in fluorescence parameters upon introduction of Pol- to P-

limited cells. The characteristic two-phase NIFT response was apparent for all 

fluorescence parameters to varying degrees, with some portraying evidence of a dose-

response relationship. 

Upon introduction of P04
3

-, both Fm' and Ft decreased in a dose-dependent manner to 

approximately the same degree before recovering to baseline levels (Figure 6.3(a) and 

(b ), respectively). The changes in Fm' and Ft caused only small concomitant shifts in 

EQY, principally oscillating around the baseline (y=O) with no distinct dose-

dependency (Figure 6.3(c)). Instead, a transient change in energy use occurred 

between decreasing Y(NO) (Figure 6.3(d) and increasing Y(NPQ) (Figure 6.3(e)). 

Dose-dependent changes were clear for Y(NO) but not as clear for Y(NPQ), 

conversely, the increased change in NPQ/4 was the largest and most distinct change 

showing very obvious dose-dependent responses. 
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Figure 6.3: Representative set of NIFT responses of P-limited D. tertiolecta to a range of PO/ 
concentrations (0.5 - 8.0 µM) for the fluorescence parameters: Fm', Ft, EQY, Y(NO), Y(NPQ) 
and NPQ/4. 
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6.3.2. End-point validation 
The four curve variables (~Fmax, Umax, AUC and AUCmax) were calculated for each of 

the six fluorescence parameters (where possible) in order to determine the best end-

point for accurately calculating P04
3

- concentrations of field samples when fitted to a 

laboratory standard. 

Replicate reference samples were compiled to generate one reference standard. The 

reference standard is required for assessing parallelism with test samples. The 

precision of the reference standard was first examined by fitting each of the replicate 

reference samples back to the reference standard and calculating the potency 

estimation. An average potency estimation of 1 and a small coefficient of variation 

would be an indication of the precision of the fluorescence parameters and curve 

variables for estimating potency. Test samples were then assessed against the 

reference standard to determine parallelism, potency estimations and variability 

between samples. 

Average potency data of curve variables for five fluorescence parameters of reference 

samples were recorded in Table 6.2. It was found that EQY reference data did not fit 

the logistic regression model (R2<0.85) and were thus omitted from data tables. This 

is likely to be due to small or no changes in EQY in response to P04
3

- additions that 

did not follow a dose-response relationship. Average potencies for AUC and AUCmax 

were consistently good for each of the fluorescence parameters and, on average, were 

better than the other two curve variables. ~F max also showed good potency 

estimations particularly for Ft, NPQ/4 and Y(NO). Slope to the maximum change 

( amax) demonstrated the least precision out of the four curve variables, particularly for 

NPQ/4 and Fm'. 

The coefficients of variation were then calculated from potency data to assess 

variability between reference samples (Table 6.3). Correspondingly, AUC on average 

demonstrated better precision compared to the other three curve variables for all 

fluorescence parameters. The exception was for Y(NPQ), with coefficients of 

variation below 15% for the other four fluorescence parameters. Again, coefficients 

175 



of variation were relatively low for Ft, NPQ/4 and Y(NO) for ~Fmax and AUCmm and 

<Xmax demonstrated the highest variability between reference samples. 

Table 6.2: Average PO/ potency estimates of PO/ reference samples fitted to a PO/ reference 
standard (n = 3). 

~Fmax <Xmax AUC AUCmax 
Ft 1.00 0.99 1.0 I 1.01 
Fm' 1.56 3.16 0.99 1.09 
NPQ/4 1.0 I 0.77 1.00 1.03 
Y(NO) 1.01 1.00 1.00 1.02 
Y(NPQ) 0.96 0.98 1.41 0.99 

Table 6.3: Coefficient of Variation of PO/- potency estimates presented in Table 6.2 
~Fmax <Xmax AUC AUCmax 

Ft 14.31 19.88 13.58 10.21 
Fm' 
NPQ/4 
Y(NO) 
Y(NPQ) 

90.29 
11.83 
14.34 
43 .01 

132.23 
45.00 
19.28 
55.54 

10.87 
8.12 
4.09 
77.98 

46.01 
13.91 
16.10 
34.25 

Test samples were assessed in a similar manner against the reference standard, as 

would be done with field samples when compared to a laboratory standard. Firstly, 

parallelism was assessed and an acceptance statistic was calculated (i.e. the percent of 

test samples parallel to the reference standard) and recorded in Table 6.4. This was 

followed by a calculation of the potency estimate for parallel samples (Table 6.5) and, 

lastly, the coefficients of variation were calculated and recorded in Table 6.6. 

Reference data indicated that AUC would be the best curve variable to use based on 

precision and variability between the reference samples, followed by ~Fmax and 

AUCmax, and, lastly, <Xmax· This result was also consistent with the test samples when 

fitted to the reference standard. On average, AUC had a higher proportion of samples 

fitting (parallel) to each fluorescence parameter's reference standard (Table 6.4). The 

potency estimation was more accurate (Table 6.5) and the coefficient of variation for 

each fluorescence parameter was typically smaller than the other curve variables. 

Also, <Xmax showed the smallest number of parallel fits , had potency estimations well 

above and below 1.00 and very high variability. It was also noticed that, although, 
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Y(NPQ) had a high acceptance statistic for each of the curve variables (Table 6.4), it 

had consistently poor precision (Table 6.5) and high variability (Table 6.6) indicating 

that it would not be a good fluorescence parameter to use for estimating P04
3

-

concentrations of field samples. 

In general, precision was much lower in test samples (Table 6.5) than reference 

samples (Table 6.2). The best reading was from Ft AUCmax with a potency of 0.99, 

however, for the other fluorescence parameters of AUCmax, potency estimations were 

considerably high with the highest being 2.64 times the reference standard. It is also 

noteworthy that the coefficients of variation for some fluorescence parameters were 

also considerably high. 8Fmax had less precision, again, with estimations both above 

and below 1.00 and also with high variability between replicates (Table 6.6). Apart 

from Y(NPQ), the precision of AUC for each fluorescence parameter was consistently 

good. Also, with the low variability (Table 6.5) and high acceptance statistic (Table 

6.4), AUC was considered as the best curve variable to use that was reliable for the 

majority of the fluorescence parameters. 

Table 6.4: Acceptance statistic(%) of PO/ test dose-response data with a parallel fit to the PO/ 
reference standard. 

8Fmax a max AUC AUCrnax 
Ft 83 50 100 100 
Fm' 100 67 83 50 
NPQ/4 67 83 83 100 
Y(NO) 67 67 100 83 
Y(NPQ) 100 83 100 100 

Table 6.5: Average PO/ potency estimates of PO/ test samples fitted to a PO/ reference 
standard (n=6). 

8Fmax a max AUC AUCrnax 
Ft 0.92 0.78 0.91 0.99 
Fm' 3.04 10.27 0.95 2.64 
NPQ/4 0.87 0.48 0.90 0.91 
Y(NO) 0.87 0.83 0.93 1.07 
Y(NPQ) 1.51 3.36 11.90 1.73 
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Table 6.6: Coefficient of Variation of PO/ potency estimates presented in Table 6.5. 

~Fmax Umax AUC AUCmax 
Ft 17 .90 26.67 10.33 8.62 
Fm' 
NPQ/4 
Y(NO) 
Y(NPQ) 

6.3.3. Selectivity 

119.25 
19.74 
16.58 

102.06 

107.73 
70.62 
27.15 
127.54 

3.34 
4.49 
7.02 

162.73 

83.28 
12.76 
9.97 

44.16 

Specificity was another important criterion to meet for the P04
3

- NIFT response to be 

a selective biomarker in determining PO/- concentrations in field samples. To do so, 

fluorescence changes of a P-limited culture, in response to NH/ and N03- additions, 

were examined as well as additions of P04
3

- to P-replete cultures. The maximum 

change in fluorescence was calculated for the parameters Ft and Fm'. P-limited 

cultures, with nutrient additions, were compared against control P-limited cultures to 

test for significant changes (p<0.05) in the fluorescence responses. Similarly, P-

replete cultures with P04
3

- additions were compared to control P-replete cultures to 

test for significant changes. 

Analysis of variance was used to test for significance (i.e. when normality and 

homogeneity of variances were present, otherwise, the non-parametric Kruskal-Wallis 

test was used) and p-values were recorded in Table 6.7. The results show clearly that 

significant changes in fluorescence occurred when P-limited cells were exposed to 

PO/-, however, exposure to NH/ or NO/- induced no fluorescence changes at all. 

Furthermore, P-replete cultures also showed no significant changes in fluorescence in 

response to PO/- additions. This indicates that the method is selective for only P 

nutrient additions. 

Table 6.7: Significant differences (p ~0.05) of the maximum change in Ft and Fm' for P-limited 
D. tertiolecta cultures with additions of PO/, NH/ and No/-, and for P-replete D. tertiolecta 
cultures with PO/ additions compared to Milli-Q control data. 

Fluorescence Degrees of P-limited P-limited 
Parameter freedom + PO/ + NH/ 
Ft 14 < 0.001 0.289 
Fm' 14 < 0.001 0.940 

P-limited 
+ NO/ 
0.477 
0.186 

P-replete 
+ PO/-
0.936 
0.952 
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6.3.4. Effect of the presence of another pollutant on PO/- relative potency 
estimations 

The next stage of testing involved the assessment of the relative potency estimation of 

P04
3

- when another pollutant was also present. Section 6.3.2 indicates that AUC was 

the best curve variable for determining P04
3-potency and the fluorescence parameters 

Ft, Fm', NPQ/4 and Y(NO) showed the highest precision with low variability. Thus, 

only these end-points were considered for estimating potency in the following section. 

Figure 6.4 represents an example of the fluorescence changes recorded in response to 

the addition ofO.OlµM ofDCMU (Figure 6.4(b)), the addition ofO.lµM of P04
3

-

(Figure 6.4(a)) and when the two are combined experimentally (Figure 6.4(c)). On 

their own, the two chemicals invoke two very different responses. Whereas, 

responses from the fluorescence parameters Fm', Ft, NPQ/4 and Y(NO) all deviated 

from the baseline (y=O) in response to P04
3

- additions (Figure 6.4(b )), only a change 

in Ft was seen from DCMU exposure (Figure 6.4(a)). It was also noted that the rates 

of change between the two chemicals was considerably different with changes in 

response to P04
3

- additions occurring rapidly within the first 100 seconds, whereas, 

the response to DCMU was much more gradual and continued to increase with time. 

When P-limited cells were exposed to both Poi- and DCMU, it was evident that 

DCMU did have an effect (at 0.01 µM DCMU) on the P04
3

- response, most notably 

the reductions in change of Ft and NPQ/4. A faster rate of change back to baseline 

levels for all fluorescence parameters was also clear which was most likely a 

reflection of the slower reaction rate of DCMU impact as it started taking effect. This 

would cause an obvious reduction in the AUC and would indicate that potency 

estimations would likely be affected. 
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Figure 6.4: Representative set of NIFT responses of P-limited D. tertiolecta to (a) DCMU (0.01 
µM), (b) PO/ (0.1 µM) and (c) PO/ (O.lµM) + DCMU (0.01 µM) for the fluorescence 
parameters: Ft, Fm', Y(NO) and NPQ/4. 

Potency estimations were calculated for P04
3

- dose-response curves with DCMU 

additions (test samples) against a P04
3

- reference standard. Tests for parallelism were 

first conducted on test samples and those that were parallel to the reference standard 

were analysed for relative potency. Secondly, (pending on enough replicates parallel 

to the reference standard, i.e. n > 2) significant differences between potency 

estimations of test samples and controls were calculated using a paired samples t-test. 

For two fluorescence parameters, Fm' and NPQ/4, 100% of test samples were deemed 

parallel to the reference standard at the lowest DCMU concentration (0.00 I µM), 

180 



however, as DCMU concentrations increased the acceptance statistic decreased (Table 

6.8). For Ft and Y(NO), test samples showed far fewer similarities with the reference 

standard. Although this was the case, those potencies that were estimated proved not 

to be significantly different from the control samples. It was also noted that potencies 

were generally less than one which is consistent with smaller AUC values than control 

values. 

Table 6.8: Average relative potency estimation and acceptance statistic of PO/+ DCMU 
mixtures dose-response data fitted to a PO/ reference standard (n=3). P-values of paired 

I t t t (df 1) f t f t f PO 3-/DCMU . t d t PO 3
- t I samp es - es = o po ency es 1ma es o 4 mix ures compare 0 4 con ro s. 

Fluorescence DCMU (µM) Acceptance Relative Potency p value 
Parameter Statistic(%) Estimation 

(Mean± 1 S.D.) 
Fm ' 0.001 100.00 0.69 (±0.40) 0.468 

0.005 66.67 0.77 (±0 .68) s/n 
0.01 33.33 4.76 s/n 
0.05 0 n/a s/n 
0.1 33.33 0.01 s/n 

Ft 0.001 66.67 0.80 (±0.38) s/n 
0.005 66.67 1.00 (±0.88) s/n 
0.01 66.67 0. 10 ( ±0. 12) sin 
0.05 0 n/a s/n 
0.1 0 n/a s/n 

NPQ/4 0.001 100 .00 0.94 (±0.47) 0.477 
0.005 66.67 1.16 (±0.93) s/n 
0.01 66.67 0.37 (±0.10) s/n 
0.05 0 n/a s/n 
0.1 33.33 0.01 s/n 

Y(NO) 0.001 0 n/a s/n 
0.005 33.33 4.25 s/n 
0.01 66.67 5.19 (±3.10) s/n 
0.05 0 n/a s/n 
0.1 0 n/a s/n 

Note: n/a = not applicable; s/n = the number of replicates was too small for statistical analysis 

In comparison, the presence of copper was also examined. Figure 6.5 is an example 

of changes in fluorescence to copper (10 µM) on its own (Figure 6.5(a)), P04
3

- (0.1 

µM) on its own (Figure 6.5(b)) and the two combined experimentally (Figure 6.5(c)). 

The response to copper was different from the response of DCMU and considerably 

more similar to the response of P04 
3

- in terms of the polarities of change for each of 

the fluorescence parameters. The two chemicals, combined, had an additive effect on 

the fluorescence changes as can be seen in Figure 6.5( c) which shows that the 
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maximum change in fluorescence was much larger for each of the parameters 

compared to the individual P04
3

- response. 
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Figure 6.5: Representative set of NIFT responses of P-limited D. tertiolecta to (a) Cu2+ (10 µM), 
(b) PO/- (0.1 µM) and (c) PO/- (0.1 µM) + Cu2+ (10 µM) for the fluorescence parameters: Ft, 
Fm', Y(NO) and NPQ/4. 

Table 6.9 shows that these changes caused much smaller shifts in parallelism 

especially for Ft and Fm' . Ft had a 100% acceptance statistic for each of the copper 

concentrations and potencies remained close to 1.00, with no significant differences 

from the controls. Fm' had a smaller number of test samples that were accepted for 

potency estimations and, additionally, the potencies deviated from 1.00 to a greater 

degree than for Ft. However, for only one concentration of copper (1.0 µM) was the 

potency estimate significantly different from the control. In the case ofNPQ/4 and 
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Y(NO), fewer samples, again, were parallel to the control samples and those that did 

have enough replicates, significance testing indicated that test samples were not 

significantly different from control samples. 

Table 6.9: Average relative potency estimation and parallel acceptance statistic of POtlCui+ 
mixtures dose-response data fitted to a Pot reference standard (n=3). P-values of paired 

1 (df 1) f . f PO 3 IC 2+ • PO 3 sam p es t-test = o potency estimates o 4 u mixtures compared to 4 - controls. 
Fluorescence Copper (µM) Acceptance Relative Potency p value 
Parameter Statistic (%) Estimation 

(Mean± 1 S.D.) 
Fm' 0.01 66.7 0.79 (±0.19) sin 

0.1 100.0 0.46 (±0.39) 0.224 
1.0 100.0 0.66 (±0.22) 0.012 
10.0 33.3 1.06 sin 
20.0 66.7 0.67 (±0.22) sin 

Ft 0.01 100 1.03 (±0.03) 0.508 
0.1 100 1.01 (±0.07) 0.653 
1.0 100 1.11 (±0.13) 0.216 
10.0 100 1.02 (±0.18) 0.129 
20.0 100 1.16 (±0.18) 0.100 

NPQl4 0.01 0 n/a sin 
0.1 33.3 0.93 sin 
1.0 33.3 0.72 sin 
10.0 33.3 0.88 sin 
20.0 66.7 0.79 (±0.41) sin 

Y(NO) 0.01 33 .3 0.92 sin 
0.1 0 n/a sin 
1.0 100.0 0.65 (±0.22) 0.164 
10.0 0 n/a sin 
20.0 33.3 0.60 sin 

Note: n/a = not applicable; sin = the number of replicates is too small for statistical analysis 
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6.4 Discussion 

Nutrient pollution of aquatic ecosystems is a global problem (Carpenter et al. 1998a) 

causing economic losses due to deterioration of ecological services and costs for 

remediation (Carpenter et al. 1998b ). In Australia alone, it has been one of the most 

significant water pollution issues in terms of the extent of the area affected and the 

potential impacts it may cause (Cosser 1997). Increased N and P influxes cause 

increased biomass of non-toxic and toxic bloom-forming species which have been 

attributed to changes in ecosystem species compositions, impacts on coral reefs, 

impacts on fisheries and changes in physico-chemical water quality indices including 

water clarity, taste, odour, dissolved oxygen depletion and elevated pH levels 

(Carpenter et al. 1998b; Smith, Tilman & Nekola 1999). Monitoring of N and P 

influxes into both freshwater and marine systems is vital to manage eutrophication. 

The NIFT response to bioavailable nutrients has been shown to be a valuable tool for 

assessing nutrient concentrations from field samples. The response was fast and 

easily acquired, it was dose-dependent, selective and sensitive to field concentrations 

(2:0.1 µM P04
3

- = ~ 1 OµgL-1
; ANZECC (2000) trigger value for marine systems = 

30µgL-1
). Furthermore, there is potential for it to be used in the field with portable 

fluorometers which would cut down storage time of samples. The results presented 

here demonstrate characteristics of an effective bioassay as well as demonstrating the 

high precision in determining relative potency estimates. 

The physiological changes that occur to produce the NIFT phenomenon are based, 

firstly, on the effects of phosphate limitation on the cells and, secondly, the changes in 

energy used to quickly absorb the available nutrient. The response is a naturally 

occurring process that is common to phytoplankton living in low nutrient 

environments (Wood & Oliver 1995). Thus, the physiological changes due to nutrient 

limitation makes an ideal selective trait to develop a biomarker as it is easy to prepare 

phosphate limited cultures and nutrient limitation occurs across a number of different 

species (Holland, Roberts & Beardall 2004). 
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The changes in fluorescence due to phosphate limitation and the corresponding 

response to Pol- additions have previously been observed (Wood & Oliver 1995; 

Holland, Roberts & Beardall 2004). It was found that the maximum fluorescence 

change is seen within the first few days of depletion and that the degree of the cells' 

nutrient limitation is proportional to the magnitude of uptake (Gotham & Rhee 1981; 

Riegman et al. 2000; Beardall et al. 2001 ; Shelly et al. 2005). As depletion starts to 

occur, the EQY of cells begins to decline and the magnitude of change in the NIFT 

starts to increase. After 3 - 4 days EQY continues to decline, however, the magnitude 

in the NIFT response reaches a maximum and then continues to decline in the days 

that follow. The results here indicated that the P-limited cultures were showing 

evidence of P04
3

- depletion (Figure 6.2) through a change in energy use from 

photochemistry (as represented by EQY) and regulated energy dissipation (Y(NPQ)), 

instead being diverted principally to non-regulated energy dissipation (Y(NO)). This 

is consistent with literature that describes physiological changes from Pol-
limitation; i.e. an effect on protein synthesis in the photosynthetic apparatus which in 

turn reduces photochemistry and photoprotective mechanisms (Petrou et al. 2008). 

The recorded P04
3

- NIFT response was compared to results reported in the literature 

(Petrou et al. 2008), confirming the characteristic two-phase response in which Ft and 

Fm' decrease while NPQ/4 and Y(NPQ) increase (Figure 6.3). Changes in Y(NO) 

have not previously been reported. The results indicate that the main route of energy 

dissipation, Y(NO) (Figure 6.2), is transiently diverted towards photoprotective 

mechanisms, Y(NPQ), as phosphate is taken up by the cell (Figure 6.3(d) and (e)). 

The demand for ATP for phosphate uptake induces state transitions to increase ATP 

production (Petrou et al. 2008). These regulated changes are witnessed through a 

decrease in Y(NO) as electron transport is switched to cyclic electron flow and 

Y(NPQ) increases with ATP production (Petrou et al. 2008). 

Quantification of the NIFT response 

The transitory changes in the fluorescence response to Pol- signified the need for an 

investigation to determine the most appropriate method to quantify the response. The 

curvature of the NIFT response varies in shape and magnitude as a result of the 

nutrient status of the cells and the nutrient concentration available for uptake (Turpin 

& Weger 1988; Holmes, Weger & Turpin 1989; Roberts 1998; Young & Beardall 
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2003). Previous assessment of phytoplankton nutrient status using the NIFT 

phenomena has typically reported results similar to that depicted in Figure 6.1. In 

order to be able to use the NIFT response as a predictor for nutrient levels in water 

samples, quantifying the curve was vital. Furthermore, it was critical to quantify the 

correct part of the curve that holds the predictive power. 

Based on curve variables used by Roberts (1998), performance characteristics such as 

dose-dependency, parallelism and precision were examined to determine the best 

curve variable to use for the determination of Pol- concentrations in a water sample. 

For both the reference data and the test data, AUC showed the highest precision and 

lowest variability (Table 6.2 - Table 6.6) out of the four variables. It was also found 

that EQY and Y(NPQ) were not good fluorescence parameters to use; EQY did not fit 

the 4-parameter sigmoid model and thus testing could not continue for that parameter, 

and Y(NPQ) showed very high variability and low precision (Table 6.5 and 6.6). 

Precision for AUC was remarkably accurate, particularly, for the reference data with 

small coefficients of variation, indicating very small error margins (Table 6.2 and 

6.3). Although the potency estimations were not quite as accurate for the test 

samples, except Y(NPQ), the greatest deviation was only 0.1 potency units (or 10%) 

(Table 6.5) and the coefficient of variations were even smaller than the reference 

samples (Table 6.6). Based on these results, the AUC end-point demonstrated great 

promise for continuing the validation process of the bioassay. 

Selectivity 

P-limited cultures proved to be statistically selective for only P04
3

- uptake (Table 

6.7). In the presence of other nutrients, NH/ and NO/-, P-limited cells did not 

respond. Furthermore, P-replete cultures also did not respond to P04
3

- additions, thus, 

demonstrating that when a culture is suddenly exposed to phosphate, regulated 

processes for ATP production are only activated when P04
3

- is needed. This indicates 

that the method shows good potential for determining concentrations of P04
3

-, and 

only P- nutrients, from a water sample. 

While specificity to P04
3

- is true in the case of nutrients, the specificity of the P-

limited cultures is not consistent for other pollutants that do not rely on regulated 

186 



processes for absorption. It was found that the presence of DCMU caused great 

changes in the NIFT response to P04
3

-. This change in the NIFT response from 

DCMU inhibition caused a reduction in parallelism with the reference standard as 

DCMU concentrations increased (Table 6.8), as well as an increase in variation 

between samples. In those samples that could be tested for potency, estimates still 

proved to be non-significant. This is where the use of a number of fluorescence 

parameters comes into favour; the response to DCMU principally causes changes to 

Ft and Y(NO), whereas, Fm' and NPQ/4 remain relatively unchanged (Figure 6.4). 

Table 6.8 shows that Fm' and NPQ/4 had the greatest number of samples that 

remained parallel to the reference standard, particularly at the lowest DCMU 

concentration. Therefore, if this data were to be used for estimating Pol- in the 

presence ofDCMU, the data from NPQ/4 and Fm' would be used over Ft and Y(NO). 

Furthermore, changes due to the presence of another pollutant would be easily 

recognized by testing the sample with a P-replete culture which would only show the 

response to the other pollutants and not to Poi -. 

A common pollutant in waterways is copper, therefore, it was of value to see how the 

metal may influence the results and to also examine how a pollutant with a different 

mode of action to DCMU may affect the results. Copper is much slower acting and 

the fluorescence response was not as sensitive to copper as it was to DCMU. 

Furthermore, copper has quite a number of different impact sites on the 

photosynthetic apparatus (Frankart, Eullaffroy & Vernet 2002). Due to copper' s 

slower fluorescence response rate, concentrations ranged from relatively low (0.01 

µM) to very high (20 µM) in order to see a response within the 15 minute exposure 

period. Small changes in each of the four fluorescence parameters at the highest 

concentrations of copper are presented in Figure 6.5. The presence of copper induced 

a departure in parallelism for NPQ/4 and Y(NO) for most copper concentrations, but 

no changes for Ft and only a few changes for Fm' (Table 6.9). Ft had the most 

accurate potencies and, again, all potencies were non-significant from control P04
3

-

dose-response curves except for Fm' at 1.0 µM Cu2
+ (Table 6.9). This indicates that 

in the presence of copper, accurate P04
3

- concentrations would still be readily attained 

when using Ft to determine potency. 
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In conclusion, this study has confirmed that the immediate fluorescence changes of P-

limited D. tertiolecta brought on by the sudden presence of P04
3

-, are dose-dependent, 

are replicable and have low variability; prompting the application of relative potency 

estimates which were highly accurate. Furthermore, the response was selective only 

for P04
3

- compared to other common nutrients and the presence of other pollutants, 

which may hinder the results, could be easily detected. 
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7.0 Discussion 

In this thesis it was proposed that through the analysis of three de-excitation 

pathways, information about the impact of toxic substances upon any one of a large 

number of partial reactions that control steady-state photosynthesis could be 

quantified. Combining this information, along with measurements of reaction-rates 

and dose-response data, it was theorized that a unique fluorescence fingerprint could 

be recorded and used to identify individual toxicants. This thesis aimed to prove this 

theory while also assessing its performance against the criteria of a defined pre-

validation stage for the development of a new analytical method (according to 

Tavemiers et al, 2004). In this chapter, those validation criteria (as reported in Figure 

1.2), are discussed in terms of how the thesis and experimental work addressed each 

criterion and ultimately proved the technique to be a valid bioanalytical tool. 

7.1 Purpose of the Method 

The purpose of the toxin-identification method was to produce a bioanalytical system 

that could identify pollutants, both herbicides and nutrients, in a water sample. It was 

intended to use chlorophyll a fluorescence toxicology, not in its traditional use as a 

bioassay to evaluate the toxicity of substances to organisms, but rather as a 

bioanalytical tool to identify individual pollutants that would complement and support 

current water quality assessment practices. It was also proposed that this method 

would be less complex and therefore less expensive to run than previously published 

methods using chlorophyll a fluorescence for toxicant identification (Podola, Nowack 

& Melkonian 2004; Podola & Melkonian 2005). 

Additionally, the chlorophyll a toxin-identification method was to provide a solution 

to assist topical issues of water quality monitoring. Such issues were presented in 

Chapter 1 and included; high costs of current analytical methods, unrepresentative 

data from inadequate sampling regimes due to a lack of resources, and questionable 

precision of water quality assessments that may lead to Type I or II errors in decision 

making. By providing the chlorophyll a toxin-identification method as a cost-

effective analytical tool to support or partially replace expensive chemical analysis, 
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conserved resources could be allocated to enhance the scope of a monitoring program. 

Enhancing the capacity to collect more samples would increase the quantity of 

analytical data, provide a good representation of water quality and thus, improve the 

precision of the assessment and reduce the level of risk. 

The purpose of developing the chlorophyll a toxin-identification method would be to 

provide a tool that could first screen a sample for the presence of pollutants to reduce 

the number of clean samples that would otherwise be chemically analysed. The 

method would also identify the type of pollutant that was present which would 

provide an a priori knowledge of which chemicals needed to be tested with chemical 

analysis. Overall, the cost of analysis per sample would be reduced substantially. 

7.2 The Developed Method 

The principle aim of this thesis was to develop a chlorophyll a fluorescence method 

capable of identifying pollutants in a water sample. In order to achieve this, it was 

necessary to take classical methods of chlorophyll a fluorescence toxicity testing and 

develop, or enhance, particular aspects of this methodology to incorporate the 

requirements of pollutant identification. It was aimed to generate a chlorophyll a 

fluorescence fingerprint for each chemical tested. In doing so, the fingerprint of a test 

chemical could be identified with the correct reference toxicant and distinguished 

from all other reference toxicants. The methods presented here were developed for 

two different uses : (1) as a non-specific biosensor able to identify herbicides (and 

their potency) in a water sample of unknown constituents; and, (2) a method specific 

to the identification and potency of phosphate in a water sample. It was expected that 

the test methods for toxicant identification using chlorophyll a fluorescence would 

have a low detection limit, i.e. sensitive to low levels of pollutants, have high 

precision and be specific. 

The unique and novel part of this method was the combining of three elements of 

chlorophyll a fluorescence to generate one endpoint. The temporal changes in 

fluorescence, the dose-response nature and the different fluorescence parameters have 

been used in one way or another for physiological , biochemical, and toxicological 
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investigations (Ralph et al. 2007). Incorporating the three together though, to measure 

a holistic response to toxicant impacts, has not been done before. By combining these 

three elements of fluorescence , this thesis demonstrated that a unique fluorescence 

fingerprint could be generated for individual chemicals. 

The development of the method consisted of a number of stages. Firstly, a general 

methodology was employed for culturing Dunaliella tertiolecta and recording the 

fluorescence measurements using the Imaging-PAM fluorometer (Chapter 2). The 

second stage involved an investigation that was carried out to determine more specific 

requirements of the biomarker method. The central aim of the second stage (Chapter 

3) was to identify test materials and instrument specifications to produce a chlorophyll 

a fluorescence response that was sensitive in its response to low levels of toxicants 

while maintaining a low level of test error. The investigation determined that the 

middle 36 wells of a white microtiter microfluor 96 well-plate coupled with a neutral 

density light filter gave the best results in regard to high sensitivity and low 

variability. Based on the application of the white microfluor plate ( + light filter) , the 

optimum cell density and Imaging-PAM settings were also determined (Table 3.6). 

Once the details of the bioassay test materials and specifications were resolved, the 

theory of quantifying a unique fluorescence fingerprint for individual herbicides was 

examined. This stage focused principally on the quantification of the fluorescence 

responses in order to find a combination of the three fluorescence elements that would 

show the greatest scrutiny between each of the tested herbicides. The analysis 

involved incorporating an assessment of three fluorescence parameters (EQY, 

Y(NPQ) and Y(NO)) collectively at two time points (30 minutes and 2 h). The nature 

of the changes in each of the fluorescence parameters at the two time points was 

arranged based on the concentration of the chemical, i.e. dose-response curves. The 

six dose-response curves of a chemical (3 fluorescence parameters x 2 time points) 

produced the fluorescence fingerprint of the chemical. Reference fingerprints of 

known chemicals could then be used to identify fluorescence fingerprints of a test 

sample to identify the unknown toxicant. 

The unknown or test sample was compared to reference toxicants using a mean-

square fit (MSF) software program. The MSF program informs the user how well the 
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fingerprint of the test sample fits to each of the reference chemicals ' fingerprints. By 

calculating an acceptance range of MSF values for each of the reference toxicants, a 

test sample could then be deemed as a positive identification if the test fingerprint 

fitted within the acceptance range of a reference fingerprint. 

Another facet of the developed toxin-identification method was shown in Chapter 6; 

to specifically identify and determine the concentration of P04
3

-. In Chapter 6 it was 

also shown that the MSF software program was also capable of determining potency 

estimates. Phosphate uptake causes changes in chlorophyll a fluorescence when P-

limited algae are suddenly exposed to PO/ -. The method to identify and determine 

P04
3

- concentrations departed slightly from the method used to identify herbicides. 

Firstly, algal cultures were grown in P04
3

- limited media to allow cultures to become 

P04
3

- limited, without this first step, a fluorescence response to PO/ - would not be 

seen. The fluorescence response to P04
3

- uptake was also unlike the recorded 

responses to herbicides. The fluorescence response to P04
3

- uptake was temporary 

and occurred within an approximate 15 minute period directly after exposure to P04
3

-. 

This meant that the exposure period and fluorescence measurements had to be 

adjusted to record the response. The response was also transitory as demonstrated in 

Figure 6.1 . Therefore, quantification of the response was different from the methods 

used to quantify the changes in fluorescence due to herbicide impact. It was found 

that instead of calculating the% change in fluorescence, AUC (area under the curve) 

needed to be calculated. The responses were found to be dose-dependent and fitted 

the 4-parameter sigmoid regression model; therefore the responses could be applied to 

the MSF software program. The results indicated high precision between replicates 

for the reference data with very small error margins. Comparing test samples to the 

reference data allowed for the calculation of potency estimates with the greatest 

deviation being only 10%. It should also be noted that the toxin-identification method 

for testing P04
3

- should be conducted with both P-limited cultures and P-replete 

cultures; the P-replete cultures acting as a control for determining the presence of 

other toxins (see Section 7.3). 
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7.3 Applying the Method: Types of Chemicals and Matrices 

It is widely recognised that one biomarker method could not screen for every pollutant 

in a water body, rather, a suite of biomarkers should be employed for screening (Lam 

& Wu 2003). Similarly, this thesis is not implying that the chlorophyll a toxin-

identification method could screen for every chemical. In fact it was shown that the 

method used in this thesis could not account for impacts of the herbicide Paraquat 

(Chapter 4). While small changes in the method might be able to detect the impact of 

Paraquat (see section 7.4), ultimately, there will be a range of chemicals that will not 

be detected at all using this method. Therefore, it should be stated that the purpose of 

the chlorophyll a toxin-identification method is to detect/identify only chemicals that 

impact on the light reactions of the PSII photosynthetic apparatus. Although, indirect 

effects of a chemical ' s impact on the photosynthetic apparatus may also be detected 

and examining these should not be dismissed in future research. 

The chlorophyll a toxin-identification method was trialed with 7 different herbicides, 

and was successful in identifying 6 out of the 7 herbicides (the ih being Paraquat) . 

The herbicides tested included PSII inhibitors and uncouplers of phosphorylation. 

Although, it was initially anticipated that toxicants with the same MoA would have 

indistinguishable fluorescence fingerprints from each other, the toxin-identification 

method proved successful in differentiating between the fluorescence responses of 

both similarly, and dissimilarly, acting toxicants. This serendipitous result, 

distinguishing between similarly acting toxicants, was likely due to the inclusion of 

the assessment ofresponse rates along with dose-response curves (see Chapter 4). 

The ability to distinguish between similarly acting toxicants and dissimilarly acting 

toxicants indicated that the toxin-identification method was more powerful than 

originally theorised, which indicates that there are great prospects for the method to 

be used to identify a large array of other toxicants. It is likely that other pollutants, 

other than herbicides, will also be able to be identified using this method. Based on 

chlorophyll a fluorescence research, a range of other pollutants have been shown to 

cause a fluorescence response. 
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The method was also shown to be statistically selective for Pol-. That is, in the 

presence of other nutrients, NH/ and NO/-, P-limited cells did not respond. NIFT 

research (Turpin & Weger 1988; Young & Beardall 2003) has proven, also, that NH/ 

and NO/- cause a fluorescence response in a similar manner as to that which was 

recorded in this thesis for P04
3

- additions. It is recommended that future research 

should examine whether a change in fluorescence ofN-limited cultures to additions of 

N-nutrients could also be used to examine the presence and concentrations of NH/ 

and NO/- in a water sample. 

Another aspect of the toxin-identification method that needs further investigation is 

the capability of the method using field water samples. A field water sample will 

differ greatly in its physico-chemical properties from the laboratory derived chemical 

solutions tested in this thesis. Firstly, it is common to have more than one chemical 

present in a field sample. Secondly, the elements that constitute the matrix of a field 

sample will differ from the Milli-Q water of the laboratory solutions (e.g. pH, 

conductivity, salinity, hardness, dissolved oxygen, dissolved organic carbon). Both 

these scenarios could affect the fluorescence fingerprints recorded in the experimental 

work of this thesis. The first scenario, i.e. the presence of a secondary toxicant, was 

examined in Chapters 5 and 6 and is discussed below. The affects of a sample ' s 

matrix was not tested in this thesis but will be discussed later in terms of future 

research. 

Mixture research is complex because of the multiple combinations of chemicals and 

concentrations of each of those chemicals that could be assessed. The complexity was 

further heightened using the chlorophyll a toxin-identification method because, rather 

than assessing one end-point, three fluorescence parameters (or end-points) needed to 

be analysed. In order to reduce the complexity of this first look at the affect of 

chemical mixtures on the fluorescence response, only one exposure period (2 hours) 

was examined. The results indicated that, depending on the joint actions of the 

mixture constituents, the presence of a secondary chemical will alter the fluorescence 

response to the primary chemical. A binary mixture of two similarly acting chemicals 

did show similarities with one of the two chemical constituents which may lead to an 

identification of only one of the two chemicals. A binary mixture of dissimilarly 

acting chemicals showed clear differences in the fluorescence response to both of the 
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constituents. It was concluded that the presence of a mixture in a sample, rather than 

a single toxicant, does not render the toxin-identification method as ineffective. In 

fact, it is quite the reverse. The toxin-identification method has the ability to assign a 

fluorescence fingerprint to unknown mixtures. This ability allows for comparison of 

the unknown fingerprints to be monitored temporally and spatially, i.e. when 

comparing fingerprints from the same site over time, or comparing fingerprints 

upstream and downstream of a known pollution input zone. It has also been 

suggested by Turner et al. (2001) that fingerprints could be helpful in identifying the 

source of recurrent unknown mixtures. 

In the case of identifying nutrients, the presence of other pollutants did not pose as 

much of a problem. While specificity to P04
3

- was true in the case of nutrients, the 

specificity of the P-limited cultures was not consistent for other pollutants that do not 

rely on regulated processes for absorption. It was found that the presence of DCMU 

caused great changes in the NIFT response to Pol-. This is where the use of a 

number of fluorescence parameters comes into favour; the response to DCMU 

principally caused changes to Ft and Y(NO), whereas, Fm' and NPQ/4 remained 

relatively unchanged (Figure 6.4). Furthermore, the presence of other pollutants that 

may hinder the results could easily be detected when tested against P-replete cultures. 

The issue of a field sample ' s matrix on chlorophyll a fluorescence has been 

previously examined. Bengtson-Nash et al. (2005c) indicated that potential problems 

could arise when using chlorophyll a fluorescence to test for the presence of toxicants 

in field samples due to the presence of natural fluorophores (e.g. dissolved organic 

matter), osmotic effects and coloured substances. A solution has been provided to this 

problem and involves combining the chlorophyll a fluorescence bioassay with solid-

phase extraction (SPE) or polar organic passive samplers (Bengtson Nash et al. 2005c; 

Escher et al. 2006). The combination of chlorophyll a fluorescence testing with SPE 

would permit control of the non-toxic components of the field sample while 

simultaneously concentrating the lipophilic organic pollutants. Concentrating the 

toxicants provided an additional advantage, particularly for field sites in which 

toxicant concentrations are below the detectable limit. By concentrating the toxicants 

up to 1 OOOx , a full dose-response curve is more likely to be achievable. A full dose-
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response curve is very important for the toxin-identification method, as without a full 

curve, error in identification is likely to increase (Wong 2008). Therefore, it is 

recommended with future research, particularly during field validation tests, the use of 

SPE is tested as well. 

7.4 Standard Operating Procedure 

Although a methodology has been defined in this thesis, more research is required 

before a standard operating procedure (SOP) can be defined. This is principally 

because only a small proportion of chemicals were tested and field samples have yet 

to be tested. In section 7.3 , it has been discussed how field samples may cause 

deviations in the fluorescence fingerprints of laboratory derived chemical solutions 

and how incorporating SPE may help reduce these effects. In this section, therefore, 

the issue of having one procedure to account for all toxicants will be considered. 

The experiments involving Paraquat proved that the method developed in this thesis 

does not account for all chemicals that impact on the light reactions of the 

photosynthetic apparatus. It was previously suggested that the method could be 

altered to account for chemicals with different physico-chemical properties and MoAs 

from those chemicals that worked successfully by the methods in this thesis. Figure 

7.1 depicts the complexity of the bioanalytical system at this stage ofresearch and 

development. That is, the responses to seven concentrations of a toxicant are 

measured by three fluorescence parameters at two time points. However, with further 

research, the ability to identify a toxicant from a large range of other toxicants may 

require a more complex system (e.g. Figure 7.l(b)). The advantage of using 

chlorophyll a fluorescence is that there seems to be a number of additional 

characteristics to the unique fluorescence responses that may be useful in eliminating 

false positive errors. Some of these additional characteristics have already been 

suggested: the use of different test light intensities; longer exposure periods; and, even 

the use of multiple microalgal species as was carried out by Podola, Nowack & 

Melkonian (2004). 
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Figure 7.1: Cog graphs representing the levels of measurement of the test procedure that (a) were 
used in this thesis and (b) theoretically could be used to account for a greater range of toxicants. 
Cogs represent (from bottom to top): concentrations of the chemical/sample, fluorescence 
parameters, exposure period, light intensity and test species. 

The incorporation of testing fluorescence fingerprints at different light intensities 

would help to detect the fluorescence response of those chemicals that cause a down 

regulation in Y(NPQ), i.e. those that inhibit regulated energy dissipation or non-

photochemical quenching. The reason why a higher light level is needed is to produce 

a baseline of Y(NPQ) to begin with and then to record the reduction of Y(NPQ) due 

to the presence of the toxins impacting on phosphorylation. Additionally, for 

chemicals such as Paraquat which is an electron donor, higher light intensities will 

override PSII with electrons causing reactive oxygen species to form. Without the 
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higher light intensity, the impact of Paraquat and other like chemicals would not be 

seen. 

A longer exposure period could also be helpful, especially for identifying indirect 

impacts on the photosynthetic apparatus. It is known that metals and hydrocarbons 

can impact on photosynthesis and be measured using chlorophyll a fluorescence 

(Samson & Popovic 1988; Huang et al. 1997; Juneau, El Bertley & Popovic 2002). 

Reported exposure periods using chlorophyll a fluorescence to examine the impact of 

P AHs are, for example, 2 - 4 h (impact of anthracene, Huang et al.1997) and, 1 - 12 h 

for metals (Mallick & Mohn 2003). Incorporating additional measurements after 

longer exposure periods could be useful in including other chemicals that are 

identifiable with the chlorophyll a toxin-identification method - other than just fast-

acting herbicides and nutrients. Furthermore, changes in the fingerprints over longer 

periods ohime may be helpful in identifying particular chemicals (as it was for 

distinguishing PSII herbicides in Chapter 4) and may also help to identify individual 

chemicals in a mixture. 

Podola, Nowack & Melkonian (2004) raised an important point about response 

variations in different species which could add yet another dimension to the capability 

of this system to identify pollutants. The method could be extended to include 

responses from a number of different microalgal species to take advantage of the 

variation in responses and sensitivity of different species to a toxicants impact. Such 

effort may not even require much additional labour due to the capabilities of the 

Imaging-PAM which is able to measure so many individual assessments of one 

sample at one time, i.e. the same sample could be tested with a number of different 

species simultaneously. 

An improvement to the methods reported in this thesis would be to reduce the time 

spent on data analysis, especially if additional measurements were to be included (as 

suggested in Figure 7.1 (b )). The main complexity of the toxin-identification method 

was the labour intensive aspect of the data analysis and this was due to the quantity of 

the data produced and the number of stages of analysis required. The development of 

an automated software program capable of computing all mathematical procedures 

would greatly reduce the complexity of the analysis and thus also reduce costs 
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associated with labour and expertise. Another possible method for analyzing the 

fingerprints is to use pattern recognition software. Tyystjarvi et al. (1999) employed 

pattern recognition software to successfully identify plant species using chlorophyll a 

fluorescence. The researchers found that the Kautsky curve acted like a built-in 

"barcode" that could easily be used with pattern recognition software to identify 

different plant species. Horsburgh et al. (2002) identified individual pollutants based 

on 3D profiles of changes in bacterial luminescence. Although pattern recognition 

software was not used in the latter case, it is used in many biological applications 

including identifying proteins and diseases (Zhang et al. 2004). If the temporal and 

concentration data were plotted against changes in fluorescence into a 3D format (see 

Figure 7.2 for examples of a 3D fingerprint) then, in theory, pattern recognition 

software could be used to compare the 3D fingerprints in the database to 3D 

fingerprints from samples. Rather than comparing two 2D fingerprints for each time 

point, this use of software would allow for one analysis/comparison per fluorescence 

parameter as the 3D fingerprint also includes the temporal changes in the dose-

response curves. 
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Figure 7.2: 3D fingerprints of data generated from experiments in Chapter 4. Both fingerprints 
show the% changes in EQY (colour code) over time for a series of seven dilutions. The 
fingerprint for DCMU (left) shows clear differences in the fingerprint for PCP (right). 
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Any reduction in the time required for data analysis will aid the use of this method as 

it will make the method more user-friendly. It will also make it easier for the purpose 

of training personnel which, according to Lam and Wu (2003), is an important 

attribute to have when considering the application of a new biomarker method for 

general use in water quality monitoring. 

7.5 Analytical Requirement: Evaluation of Method Performance 
Characteristics 

Test performance characteristics are necessary for a newly developed method to 

progress from the research stage into validation stages, and finally to be used in water 

quality monitoring. Therefore, the topic of validation is important to discuss here as it 

will guide the continued research of this method in the future. The toxin-identification 

method is still in its preliminary stages of development and higher levels of validation 

are still necessary, including testing field samples, and comparing results from the 

toxin-identification method to results from chemical analysis. 

For a new method to be incorporated into water quality monitoring programs, the 

method needs to meet the data quality requirements for its intended use (Rogers & 

Williams 1995). The environmental management decisions that need to be made 

based on the collected data theoretically dictate the data quality requirements for 

sampling and analysis (Rogers & Williams 1995). For example, the data quality 

requirements of a marine protected zone, or drinking water supply, would be different 

from the water quality requirements of irrigation water supply (ANZECC 2000). The 

performance criteria of a method express how a method meets the data quality 

requirements. Therefore, with the development of a new method, it is important to 

define the performance characteristics of the method so that potential users can 

determine whether the method fits the data requirements of their water quality 

monitoring program (Gonzalez et al. 2007). Performance characteristics for 

quantitative data include; trueness, precision (repeatability, reproducibility), linearity, 

limit of detection (LoD), limit of quantitation (LoQ), ruggedness and selectivity, and 

for qualitative data; specific threshold values, false-negative and false-positive rates, 

and ruggedness (Gonzalez et al. 2007). 
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The toxin-identification method can act as either a qualitative method (i.e. by simply 

identifying whether a pollutant is present or not) or a quantitative method (i.e. by 

determining the presence of a particular pollutant and its concentration). In either 

case, future work needs to answer the following in regard to the performance 

characteristics of the toxin-identification method: 

• What is the range of chemicals that can be identified? 

• What is the limit of detection for each of those chemicals? 

• What is the rate of false-positive and false-negative errors? 

• What is the precision for determining concentrations? 

• How well does the method perform using field samples? 

• What is the reproducibility of the performance characteristics in other laboratories? 

Although it is too early to start defining performance characteristics for the toxin-

identification method, the preliminary validation results presented in this thesis 

indicate the strength of the method in terms of precision and specificity. For example, 

the results from the identification of herbicides showed only 7% of samples recorded 

a false-negative result. Additionally, the data from the phosphate trials indicated that 

potency estimates had a deviation of only 5-10%. The performance of the toxin-

identification method recorded in this thesis provides a solid foundation for the 

continued development and validation of the method. 

7.6 Concluding Remarks 

This thesis has detailed the development of a novel screening tool with the ability to 

successfully identify a number of herbicides and phosphate in a water sample. It is 

envisioned with more research, the number of to xi cants that could be identified using 

the developed method would be much greater. Because of its quick time-to-result and 

cost-effective capabilities, this method shows great promise to be used as a reliable 

and sensitive screening tool for water quality monitoring. 
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