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Abstract
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High specificity to certain class of chemical and biological agents makes

biosensors unreliable for the detection of unknown agents. Also, the analytical

techniques are subject to systematic errors based on the mechanism of detection

leading to false negative and false positive results. Therefore, the results of these

analyses must be corroborated with independent data and information from other

orthogonal methods of detection.

This work aims to improve the reliability of detecting potential harmful agents by

using two different cell based sensing systems, fish (Betta splendens)

chromatophores and algal (MesotaenIum. caidarioruin) cells. The algal sensor

readout is based on well-known principles of fluorescence of living photosynthetic

cell whereas the response from fish chromatophores was quantified using optical
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density. The cells were challenged with paraquat, mercuric chloride, sodium

arsenite and clonidine. An increase in fluorescence was observed for the algal cells

when dosed with paraquat due to inhibition of photosynthesis. Clonidine did not

elicit substantial response from the algal cells and reduction of fluorescence was

observed for the remaining two toxins owing to disruption of the chlorophyll

pigment. Fish chromatophores were effective in detecting nanomolar

concentrations of clonidine and micro molar concentrations of mercuric chloride

and sodium arsenite.

The response curves were fit using simple exponential models of the form, F(x) =

a exp(-b x)+c, where a is the intercept, b refers to the decay constant ,c denotes the

steady state response and x refers to the time. The parameters a, b, c were

employed in the subsequent statistical analyses. The two systems were

independently investigated for classification of the toxin set by performing

discriminant analyses. The fish chromatophore system was able to classify 91%

the toxins into their actual group whereas the algal system classification efficiency

was only 72%. The combination of parameters for the two systems yielded a 100%

correct toxin classification. Therefore the statistical analyses prove the hypothesis

that a combination of two orthogonal sensing systems facilitates better

classification of the toxins.
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CLASSIFICATION OF TOXINS USING ORTHOGONAL SENSING

TECHNIQUES

1 Introduction

The term sensor is derived from the word "sentire", meaning to perceive. A sensor

is a device that detects a change in a physical or chemical stimulus and turns it into

a signal, which can be measured and recorded. Sensors are a means of detection

and provide an alarm for action. In the old days, miners used canaries to warn

them of the presence of deadly gases. Since then, sensors have evolved in

sophistication, accuracy and stability with the collaboration of engineering and

biological sciences. Biosensors are sensors that are based on the use of biological

material for its sensing function. The bio-component specifically reacts or interacts

with the analyte of interest resulting in a detectable chemical or physical change.

Biosensor technology can enable investigators to detect extremely small amounts

of chemical or biochemical agents in a biological medium.

1.1 Why do we need biosensors?

The list of biological and chemical components is growing and poses a serious

threat to humans and their environment, These potential threats have to be detected

to facilitate necessary safety measures. Moreover, each nation has to equip itself

with technical know-how to combat a new enemy in the form of "Bioterrorism".
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The world's first glimpse of the concept of the modern biosensor came in 1962

during an address in New York by Professor Leland C. Clark, where he described

work on oxygen electrodes and his work undertaken to expand the range of

analytes that could be measured. He placed platinum electrodes in very close

proximity to an enzyme, which reacted with oxygen. He did this by enclosing the

electrode and enzyme in a membrane. We must also develop cost-efficient and

accurate biosensors to detect dangerous pathogens before they infect the populace.

With the growing ability to genetically engineer designer viruses and chemically

produce new poisons, conventional biosensors are becoming more and more

unreliable since detection methods are very specific to the agents detected.

1.2 Applications of biosensors

Biosensor technology finds a boundless scope of application in today's world. Its

contribution is far-reaching in the biomedical and environmental fields.

There is a huge potential for environmental applications of biosensors in the

measurement and monitoring of the toxicity of wastewaters. When wastewater

from chemical manufacturing processes is discharged for treatment through a

water treatment plant, it is important to ensure that the levels of potentially toxic

chemicals are sufficiently low so as not to effect the performance of the

microorganisms in the activated sludge of the treatment plant.

Biosensors have tremendous potential in speeding up drug discovery. Biosensors

can detect the interaction between a particular target and a possible drug without

using markers, or the detection of color changes, or fluorescence. Biosensors can
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quickly measure how well a potential drug binds to a target and, by eliminating

markers, biosensors eliminate potential causes of interference. Sensor Solutions is

applying biosensors to the wine industry. These sensors are being developed to

analyze the sugar to alcohol ratio in grapes and in wine. Biosensors can effectively

be used to monitor the glucose levels in diabetic patients.

The following table might give a rough idea of the applications of Biosensors:

Table 1 Biosensor applications

Application area Example of use

Health Care-Invitro Diagnostics Blood glucose monitoring

Health Care-Invivo Diagnostics Renal function monitoring

Defence

Agriculture

Environmental Monitoring

Process Monitoring

Food Industry

1.3 Tissue based biosensors

Biological and Chemical warfare applications

Pesticide levels

Biochemical Oxygen Demand

Fermentation monitoring

Sucrose levels, fish freshness testing

Living cells can react functionally to the presence of both biological and chemical

agents to indicate a potential threat. The cells used in the bio sensors ideally act like

the human tissue, thereby responding to agents affecting human performance. The

sensor's use extends beyond the initial detection of the harmful agent. They are

used again to determine whether decontamination is complete. Tissue-based

biosensors provide reliable alerts and assessments of human health risks in

counteracting bioterrorism and biowarfare. Comprised of multicellular assemblies,



and wide-ranging antibody templates, such sensors detect and predict

physiological consequences arising from biological agents that have not been

fingerprinted nor identified at the molecular level. Alerts and assessments are

made through the use of reporting molecules that express themselves through the

phenomena of luminescence, fluorescence, etc.

There are several sensors available for the detection of harmful chemical and

biological agents. The three main characteristics that are important are:

Specificity (ability to detect a biological agent or chemical toxin of interest)

Reliability of detection (lacking systematic errors due to the kind of

process or equipment used)

Ease of detection (rapid identification, portability, simplicity of use)

1.4 Orthogonality in detection systems

Sensing methods using a wide variety of tissues and cells are available

commercially. Many of these methods are used for identifying only a specific

toxin or a class of chemical toxins. Also, some of the methods are subject to

systematic errors based on the mechanism of detection, for example: fluorescence,

DNA probing etc. Since these detection systems have a high specificity towards a

class of toxins, they may be unreliable in detecting unknown agents. So, any result

from one method of detection has to be corroborated using data from another

orthogonal method. Two sensing systems are said to be orthogonal if they mediate

the response through entirely independent mechanisms. Orthogonal methods have

the following advantages
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They effectively capture the true mechanism of action of a toxin.

A positive or negative result from more than one method has more

meaning, as it is less likely for the same kinds of systematic errors to be

present.

1.4.1 Specificity and sensitivity in biosensors

Specificity and sensitivity are useful in identifying the capabilities and limitations

of a detection method. A detection method for a particular toxin or microorganism

is said to be specific if it usually identifies only that species. If an analysis has

accurately identified the species in question, the result is said to be a true positive.

If an analysis has falsely identified the species i.e., indicated the species is present

when it was not--the result is said to be a false positive. If the analysis fails to

identify the species when it is not present, the result is said to be a true negative. If

the analysis fails to identify the species when it is indeed present, the result is said

to be a false negative.

Sensitivity is a relative concept. For our purposes, high sensitivity is defined as the

capability of an analytical method to detect levels of toxin as low as is necessary

for the purpose at hand. If the analytical method is incapable of detecting

sufficiently low concentrations, it is described as having low sensitivity.

There is also a flip side of the detection methods that are specific and sensitive.

Since false positives and false negatives are possible outcomes, one consequence

in detection is that a single or a few positive results from a single analytical

method must be treated with caution, since they could be false positives. That is, a
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positive result in an analysis for the presence of a chemical toxin or organism

should be corroborated with data and information from other orthogonal detection

methods.

Some modern analytical methods, such as DNA probes employing PCR or other

amplification procedures, have such high sensitivity that they are capable in theory

of detecting a single microorganism. In a compliance regime, such sensitive

analyses could inadvertently lead to false positives by identifying trace amounts of

chemical toxin or microorganisms that are naturally or accidentally present at the

site. On the other hand, methods of low sensitivity might fail to detect traces of

these hazards.

1.4.2 Targets and methods

Microscopy allows the visualization of whole viruses, cells and cell features, but is

often incapable of making positive identifications at the species level--that is, it

has low specificity. Light microscopy, however, which is simple and rapid, could

eliminate certain microorganisms from suspicion; for that reason, it would likely

be utilized on-site.

DNA probes and i?nn2unoassays are the leading candidates for use in sampling and

analysis for detection. DNA probes are capable of high specificity and high

sensitivity when the DNA in the sample is amplified by PCR. They also can utilize

dead microorganisms, which is one way to protect proprietary conimercial

microorganisms. Furthermore, residues from dead microorganisms might be

detected after sterilization procedures used in a cleanup. New versions of DNA
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probe methods are rapid (less than one hour to complete an identification) and are

portable, both important features for on-site analyses.

linmunoassays that employ monoclonal antibodies to detect the surface

characteristics (shapes) of proteins and non-protein molecules are capable of high

specificity and sufficient sensitivity. In addition, they can recognize dead

microorganisms, can be performed rapidly, and are portable.

Standard chemical analysis methods which also include optical methods like

spectrophotometry and fluorometry are also widely used for rapid detection. These

compact instruments are easily portable. Since fluorescence is an inherent physical

attribute of a few organisms, it provides a non-intrusive tool for toxin detection.

Gas-liquid capillary chromatography (GLC) is another well-known chemical

analysis technique, which profiles long-chain fatty acids from cell membranes,

used successfully in clinical microbiology laboratories. Species and even strains

can be differentiated and identified by their fatty-acid GLC profiles. The number

of cells required for an analysis is larger than required for immunoassays, so GLC

may not be useful for analysis of environmental samples, but would be useful in

analyzing cultures such as bacterial stocks or samples from fermenters.

1.5 Thesis objectives

The overall and long-term goal of the study is to develop a sensing system based

on multiple orthogonal tissue based bio sensors for detecting a varied set of

environmental and pathogenic toxins. Extensive work has been carried at Oregon

State University towards developing a cytosensor based on fish chromatophores



This system is well proven to detect environmental toxins as well as biologically

active agents. The response pattern in fish chromatophores is triggered by a chain

of events that are initiated by 0-protein activation. My study focused on

developing another sensing system that is orthogonal to the fish chromatophore

system. Therefore, the new system should respond to the external stimuli through a

mechanism that is entirely independent of the G-protein coupled receptor pathway.

My key objective was to classify a set of toxins using the two orthogonal detection

methods independently as well as in combination.



2, Background

2.1 Fish chromatophores

Many fish, amphibian, reptile species and some invertebrates are capable of

changing their color in response to a wide variety of environmental stimuli and this

adaptation is useful for purposes like camouflage, intra-species communication,

thermoregulation etc. This ability of fish to change their color makes them a

natural biosensor. The macroscopically perceived color of the fish is due to its

chromatophores. They are usually isolated from the scales and fins of these fishes.

The scales contain chromatophores, capillaries and sympathetic neurons, providing

a scope for internal signal processing through interference with nervous elements

in the system and cell-cell interactions.

Fins contain large numbers of chromatophores at a higher density than in scales.

Also, these chromatophores are easier to isolate as they are not embedded in the

calcium phosphate matrix of the scale. Chromatophores contain pigment granules

that are translocated bi-directionally due to the phosphorylation and

dephosphorylation of certain cellular proteins. These reactions result form a

cascade of events that are triggered by the activation of specific G-proteins.

Chromatophores can appear either aggregated or dispersed depending on the

dephosphorylated or phosphorylated form of the protein. Betta fish are robust and

grow quickly, reaching a reasonable working size in a few months.

There are five different types of chromatophores:
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1. Iridophores (light reflecting cells that can be blue, green, yellow, red or any

reflected color)

2. Xanthophores (yellow cells)

3. Leucophores (white cells)

4. Erythrophores (red cells)

5. Melanophores (grey or black cells).

2.2 Fish chromatophore literature

Obika (1986) studied the morphology of the chromatophores and found that it

varies from highly dendritic to discoid shape, depending on the location in the

animal and on animal species. He also suggested that pigment movement in

chromatophores ultimately changes the overall color of the fish. At the extremes,

the pigment granules can be found in the center of the cell (aggregated) or

throughout the cell (dispersed). In the aggregated state the fish is lighted in color

and when the pigment granules are dispersed the fish appears darker. Kumazawa

and Fuji (1984) showed that melanophores can be indirectly manipulated by

stimulating the nerves found within the skin tissues. They observed that the

aggregation response is induced when the skin is exposed to elevated potassium

ion, due to the release of endogenous stores of a neurotransmitter from nerve

endings. The movement of pigments within the chromatophore is controlled by

hormonal mechanisms. Melanin stimulating hormone (MSH), which is released

from the pituitary gland, causes darkening in most fishes. Iga and Takabatake
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(1982) found that melanin concentrating hormone (MCH causes aggregation of

the melanophores and works in antagonistic fashion to MSH. Gem et al (1978) and

Fujii et al (1992) did some pioneering work with melatonin, another hormone

responsible for altering the coloration of fish. Melatonin acts directly on the cells

of the fish by making it darker (low levels of melatonin) during the day and lighter

(high levels of melatonin) at night.

The migration of pigments in the chromatophores offers a considerable scope for

their use as Biosensors. With the use of chromatophores, several bioactive agents

that elicit a response can be detected using microscopy and image analysis. These

cells have also been used to monitor man-made or naturally occurring bioactive

agents.

Karisson et al (1991) used chromatophores to detect catecholamine in the medical

diagnosis of petrussis toxin, which is responsible for whooping cough. Elwing et al

(1990) monitored catecholamine levels in human blood plasma using

chromatophores. Frank Chaplen et al. (2002) developed a portable microscale

device capable of detecting certain environmental toxins and bacterial pathogens

by monitoring changes in pigment granule distribution.

2.3 Algal cell biosensors

Algae and cyanobacteria are present in all surface waters that are exposed to

sunlight. The unattached microorganisms that are found individually or in small

clumps floating in rivers and lakes are composed of phytoplankton and

zooplankton. Most of the phytoplankton is composed of algae. Algae are
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ubiquitous and can grow year-round. The pollution of surface and ground water

due to the byproducts of increasing industrialization often places severe ecological

stress on many aquatic ecosystems. These pollutants such as heavy metals, toxic

organics like some herbicides and pesticides can all cause severe damage to

aquatic habitants.

Many Diatoms and Desmids are known to be sensitive to changes in metal

concentrations, pollution or environmental conditions. The following attributes

make desmids and diatoms an ideal choice for toxin detection:

. Abundance

Ease of isolation

Biological relevance

Sensitivity to changes in environmental conditions

In algae, and cyanobacteria, pigments are the means by which the energy of

sunlight is captured for photosynthesis. However, since each pigment reacts with

only a narrow range of the spectrum, there is usually a need to produce several

kinds of pigments, each of a different color, to capture more of the sun's energy.

Chiorophylls are greenish pigments, which contain a porphyrin ring. This is a

stable ring-shaped molecule around which electrons are free to migrate. Because

the electrons move freely, the ring has the potential to gain or lose electrons easily,

and thus the potential to provide energized electrons to other molecules. This is the

fundamental process by which chlorophyll "captures" the energy of sunlight.
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Chlorophyll "a" is the molecule which makes photosynthesis possible, by passing

its energized electrons on to molecules, which will manufacture sugars. All plants,

algae, and cyanobacteria, which photosynthesize contain chlorophyll "a". In our

study, the algal cell response to toxins has been quantified by fluorescence

measurements. Many herbicides accelerate an increase in the Photosystem II

fluorescence induction, which can be easily quantified using a spectrofluorometer.

Porphyrin ring indicated in Re

i\/\Y,IvIV\)%/

Figure 1 Chlorophyll molecule

U U

2.3.1 Choice of the algal system as an orthogonal detection tool

Algal cells contain chlorophyll pigments that are essential for their energy

metabolism, that is, conversion of light energy into sugars. When these cells are

treated with toxins, it can result in either the disruption of the structural integrity of

chlorophyll (upstream effect) or inhibition of electron transport in photosynthesis
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(downstream effect). Both these effects can be quantified through fluorescence

measurements and it is of interest to note that, while the upstream effect results in

reduction of fluorescence, the downstream effect leads to an increase in

fluorescence, The energy metabolism in algal cells is totally independent of the G-

protein mediated signaling observed in fish chromatophores. Hence, these two

systems are orthogonal to each other.

2.3.2 Mechanism of fluorescence in algae

Fluorescence is the phenomenon in which absorption of light of a given

wavelength by a fluorescent molecule is followed by the emission of light at

longer wavelengths. The distribution of wavelength-dependent intensity that

causes fluorescence is known as the fluorescence excitation spectrum, and the

distribution of wavelength-dependent intensity of emitted energy is known as the

fluorescence emission spectrum. Fluorescence measurements have been widely

used in biological research for estimating chlorophyll concentration in Situ. They

also provide information about competing mechanisms involved in the decay of

excitation energy during photochemical reactions and in recent years have been

used as an adjunct to gas exchange determinations, providing additional

information on mechanisms underlying variations in carbon assimilation.

Fluorescence techniques have an advantage over many conventional procedures in

that they can provide a sensitive non-intrusive probe of the photosynthetic

apparatus of the system under consideration.
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Most part of the photosynthetic pigments in phytoplankton cell reside in peripheral

pigment-protein complexes of the light-harvesting antenna (I, Fig.2). Absorption

of light quantum induces the transition of the pigment molecule into an excited

state. From peripheral antenna complexes, excitation is efficiently transferred to

core antenna complexes near photosynthetic reaction centers (II, Fig.4), where it

can be used in the primary photochemical reaction of photosynthesis. But a small

fraction of excitons is reemitted as fluorescence or thermally dissipated while they

migrate in the core antenna complex to the reaction center (Fig.2).

A: Open Reaction system B: Closed Reaction system

hv

F0

hv

F0 + F

Figure 2 Constant and variable fluorescence origin mechanisms

The fate of exciton is determined by the relative values of the rate constants

of three concurrent deactivation processes in the core complex:

kf+ kd+kphP_ p (1)

where:

P and P the ground and excited states of chlorophyll 'a' molecule;
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kf, 'd and kph the rate constants of the radiative (fluorescence), nonradiative

(thermal dissipation), and photochemical (phothosynthetica deactivation of

excitons.

The quantum yields of the primary photosynthetic reaction and fluorescence

are equal, respectively, to

4z kph/(kf+kd+kph) and Fo=kf/(kf+kd+kph) (2)

The rate constant values are dependent on the molecular organization of the

photosynthetic reaction centers and, probably, do not change with taxonomic

composition of phytoplankton, Under optimal conditions and with active

reaction centers, k is the greatest of these three constants. As a result, the

quantum yield of the excitation energy use (z) is near to unit, and only a

small part of the excitons (about 0.03%) is lost in the form of fluorescence

during exciton migration to the reaction centers.

2.3.3 Variable chlorophyll fluorescence and the photosynthetic activity

The light energy conversion in the reaction center takes some time to be

completed. During turnover time, the reaction center is in the so called closed

state and cannot process any additional exciton. In this state, the rate constant

of the photochemical exciton quenching is equal to zero and the quantum

yield of the chlorophyll fluorescence reaches its maximum level (Fm:

4Z=0,4Fm=kf/(kf+kd) (3)
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The difference between fluorescence intensities in closed and open reaction

centers (Fv=Fm-Fo) is known as the variable chlorophyll fluorescence; it

corresponds to that part of the absorbed light energy that would be used in

photosynthesis if the reaction centers were in the open state. It follows from

(2) and (3), that the ratio of the variable to maximum fluorescence yield is

equal to the quantum efficiency of the primary charge separation in

photosynthetic reaction centers:

(Fm 4Fo)/Fm kph I (k + kd +kph) =qz (4)

Therefore, measuring the fluorescence intensities F0 and Fm enables to

estimate the efficiency of the photochemical conversion of absorbed light

energy in reaction centers of PS II:

4Z Fv/Fm (5)

The relation F1/FZ can be used as characteristic of photosynthetic activity of

phytoplankton.

2.4 Literature review on algal biosensors

Frense et al. (1998) reported the use of an optical bio sensor that incorporated the

green alga Scenesdesmus subspicatus for detection of herbicides in wastewater.

The filter paperimmobilized algae covered with alginate did not lose significant

fluorescence properties after 6 months of storage at 4°C. Rizzuto et al. (2000)

tested a biosensor consisting of PSII particles of the cyanobacterium

Svnechococcus elongatus for detection of herbicides in three river samples. By

washing the sensor, they were able to reuse it for several assays after removal of
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the toxic agent. Recently, fiber-optic biosensors with entrapped algae in

membranes have been developed to monitor the effects of herbicides. Fiber optics

provides a fast method to transmit a reproducible signal. The membranes are

inexpensive to prepare and easy to handle, Naessens et al. (2000) detected a

response to atrazine, simazine, and diuron using a ('hioreila vuigaris biosensor.

There is an increased awareness of the possibility of attacks on metropolitan areas

using chemical and biological warfare agents. Depending on the specific agent

used, the low water solubilities of these agents may allow contaminants to persist

for a long period of time, constituting in effect a time-release system that moves

from insoluble agent to the aqueous environment. A large volume of the released

agent may stay effective for years if the water is still or moving slowly. Factors

that can accelerate hydrolysis of nerve agents are dilution, turbulence, high pH,

and heat. Higher temperatures can enhance degradation of nerve agents by

increasing their solubility in water. Application of entrapped cyanobacteria and

algae for the detection of airborne chemical warfare agents has been reported

(Sanders et al., 2001).

Algal growth, photosynthesis and chlorophyll-a synthesis were stimulated by the

presence of low concentrations (0.02 or 2 mg/i, respectively) of 2,4-D and

glyphosate (Wong PK, 2000).
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3 Materials and methods

The same set of toxins in comparable concentrations were used for the two tissue

based sensing systems. This facilitated comparison of the responses of the two

systems. Additionally, the systems were tested for dose response patterns.

3.1 Algal Strain and Culture medium

A green micro alga, Mesotaeniuin caidariorurn UTEX 41, obtained from the

Culture Collection of Algae at the University of Texas (Austin, Texas, USA) was

used as a model micro algal culture. H.C. Bold's modification of Bristol's recipe

(Bold 1949) was used as the medium to cultivate the algal cells. 250 mL Flasks

with lOOmL of medium were used for the cultivation at 27 °C on a shaker rotated

at 150 rpm. The average length of the cells is about 10 microns. Continuous

illumination (24 hr) was supplied using a cool white fluorescent light (50-100

jimol m2 s1, Sylvania, USA). The cells were sub cultured regularly by replacing

50% of the culture volume with fresh medium. These cells were chosen because of

their robust nature and ability to survive temperatures up to 30 °C without

significant loss of fluorescence activity. The culture flasks were constantly mixed

in an orbital shaker to avoid clumping of the cells.

Bristol's medium is readily prepared in the laboratory under sterile conditions

using the following ingredients:

To 940 mL of glass-distilled water, add:
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Table 2 Bristol's medium ingredients

mL stock solution g/400 niL H20
10 NaNO3 10

10 CaC12.2H20 I

10 MgSO4.7H20 3

10 K2HPO4 3

10 KH2PO4 7

10 NaC1 1

Figure 3 Mesotaenium caldariorum cells

3.2 Fish chromatophore cell culture

All chemicals used for cell culture were of reagent grade unless otherwise

indicated. Phosphate buffered saline (PBS; pH 7.3), Skinning solution (PBS with

EDTA; pH 7.3), Digestion solution (30mg collagenase and 3mg hyaluronidase

dissolved in 7m1 PBS), Culture media (L-15 from GIBCO BRL with penicillin,

streptomycin antifungal factor and lOnM HEPES), Fetal Bovine Serum (PBS).
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3.3 Chemicals

The toxin set was chosen so as to span a wide range of influence on the response

of the cells. They are

3.3.1 Mercuric chloride

Mercuric chloride is a heavy metal toxin which has a wide of uses ranging from

preserving wood, embalming, browning and etching steel and iron, reagent,

chemical intermediate, insecticide, fungicide, mordant for furs, veterinary

disinfectant and antiseptic.

Mercury is an environmental contaminant that strongly inhibits photosynthetic

electron transport, photosystem II being the most sensitive target. Chloride, an

inorganic cofactor known to be essential for the optimal function of photo system

II, significantly reverses the inhibitory effect of mercury. Previous studies using

mercuric chloride have demonstrated that chlorophyll fluorescence analysis can be

used as a useful physiological tool to assess early stages of change in

photosynthetic performance of algae in response to heavy metal pollution.

Fish, invertebrates, mammals and aquatic plants accumulate mercury and its

concentration tends to increase with increasing trophic level. In general, toxic

effects occur because mercury binds to proteins and alters protein production or

synthesis. Toxicological effects include reproductive impairment, growth

inhibition, developmental abnormalities, and altered behavioral responses. Few

studies report both tissue residues and effects in long-term exposure to low
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concentrations of mercury. The mechanism of action of mercuric chloride on fish

chromatophores is not entirely understood, but results indicate that there is an

aggregation response.

3.3.2 Clonidine

r CL1
H
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}I L

Figure: 4 Clonidine molecule

Clonidine is a commonly used antihypertensive agent. Reported clinical uses

include treatment of opiate and alcohol withdrawal and control of atrial fibrillation

with a rapid ventricular rate. It is also used as a pediatric preanesthetic, for

pediatric postoperative pain management, treatment of migraine headaches,

nicotine addiction, menopausal flushing, attention deficit disorder, Tourette

syndrome, and pediatric panic and anxiety disorders.

Clonidine is a classic agent used for response detection in fish chromatophores. It

binds to the a2-adrenergic receptor and this ligand-receptor binding induces the

activation of Gi proteins. This triggers a cascade of events in which adenyl cyclase

is inhibited causing a decrease in cAMP levels. This, in turn deactivates PKA,

which leads to dephosphorylation and aggregation of chromatophores.
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In primitive cells like algae, the signaling pathway may be different and therefore

does not yield an overwhelming response.

3.3.3 Sodium arsenite

Sodium arsenite is a confirmed human carcinogen, and is used in herbicides,

pesticides and insecticides. Other common applications of arsenic are in ceramic

manufacture, computer chips, embalming etc.

In fishes, common effects are seen in accumulation, avoidance, behavior,

biochemistry, growth, histology, morphology, mortality, physiology. Literature (1)

shows that the most common effect of this toxin on both algal and fish species is

mortality. It is also known to affect protein metabolism.

3.3.4 Paraquat

[CH3 N+K_ CH3

2+

2 Cl

Figure: 5 Paraquat dichioride molecule

Paraquat dichloride is an herbicide used on a variety of crops. The largest amount

is used on corn, soybeans, and cotton. Significant amounts are used on tree fruit

and nut crops, especially apples. Paraquat kills the foliage on which it lands. It is

very effective against small annual weeds less than 6 inches tall. It can be used on

perennial plants, in which it will affect the sprayed leaves, which will inhibit
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growth; but it does not exert good control. As a result, it has advantages in

controlling annual weeds in orchards where it is unlikely to affect the crop unless

the tree foliage is directly sprayed. Because of its high human toxicity, which also

applies to wildlife prior to the sprayed paraquat drying, it is a restricted use

pesticide.

Paraquat penetrates into the cytoplasm, causes the formation of peroxides and free

electrons (light is required), which destroy the cell membranes almost immediately.

It inhibits photosynthesis in algae by accepting an electron from photo system I

and passing it to 02. forming super oxide (02-). Therefore an increase in

fluorescence is observed.

Paraquat dichioride is slightly toxic to fish on an acute basis, with LC5O values

ranging from 13 ppm on a 24% formulated product to 156 ppm on material that

was 29.1% cationic paraquat. It adsorbs so tightly to soil particulate matter as to be

considered as essentially irreversibly bound. The indirect effect of paraquat on fish

populations is due to the reduction in the plants they feed upon in the aquatic

environment.

3.3.5 Preparation of dilutions

Starting with a stock solution of the compound or the environmental sample, three

dilutions and one negative control (culture medium) were prepared. The

concentrations used were 1mM, 500 uM and 100 uM for sodium arsenite and

mercuric chloride. Since paraquat and clonidine saturate the response at high
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concentrations, lower concentrations in the micromolar (200,100,50) and

nanomolar (500,100,10) ranges were used respectively. I prepared three replicates

per concentration for a total of three concentrations and one control. I covered the

containers with transparent plastic wrap to avoid contamination with dust or any

other material. The experiment was conducted under controlled conditions at

around 23-24°C. It should be noted that the concentrations used for the dose

response experiments refer to the dose administered and not the concentration of

the chemical at the site of activity. In other words, the concentrations refer to the

total dose administered to the cells.

3.4 Measurement of Fluorescence

The cultivated algal cells were centrifuged at 3000 g for 5 mm at room

temperature followed by washing with fresh medium. After two rounds of

centriftigation and washing, the suspension was thoroughly mixed with fresh

medium to prepare samples of uniform concentration to be used for measurement

of fluorescence with a spectrofluorometer

(SPECTRAmax GEMINI XS Microplate Spectrofluorometer). A rectangular 24-

well plate (Costar) with a path length of 4 mm was used for fluorescence

measurements. Triplicates of imL of cell solution were used for each

concentration of the different toxins analyzed. It was also very important that the

cells did not aggregate and become clumped during the course of an experiment.

So, care was taken to keep the well-plate stirred in between reads.
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3.5 Background of optical density measurements for fish chromatophores

The amount of light that is blocked by biomass in liquid culture is proportional to

the number of cells present. This is sometimes called the turbidity, absorbance, or

most properly optical density (OD). It is the easiest, most convenient to measure

growth and cumulative size of cells present in liquid medium. At low cell density

the error in measurement is large relative to the sensitivity of the device and at

high cell density, the cells begin to "shade" one another resulting in an

underestimation.

A BioRad Ultramark Microplate Systems plate reader can be used to measure the

optical density of the plated fish chromatophores. The more dispersed the cells, the

higher will be the optical density value. Optical density measurements were taken

before and after addition of agents/effectors at regular time intervals at a

wavelength of 595 nm. The first 100 set of readings were measured every 10

seconds because we have observed from prior experience that the cells respond

quickly to most bioactive compounds. The subsequent readings were taken every

20 or 30 seconds up to a total of 45 minutes. Percentage OD change was calculated

by normalizing with respect to the OD measurement at time zero and the OD

change was plotted versus time. All the agents of our toxicity kit caused

aggregation of the pigment cells. Therefore the dilution curves showed a

decreasing trend.



27

3.6 Wavelength optimization for fluorescence of M. caidariorum

Preliminary experiments were performed using an SLM AMINCO fluorescence

speetrophotometer. It provides sensitive fluorescence information for a variety of

applications. Both excitation and emission data can be obtained over a range of

200 to 900 nm with a selectable band pass of 0.5 to 16 mm The sample chamber is

thermally controlled for temperature-sensitive experiments. User-friendly software

allows for full instrument control, spectral averaging, data manipulation, and

macro programming for special applications. A uniform density cell preparation

was obtained by repeated centrifugation and mixing using a vortex shaker. The

cells suspended in medium were added to a quartz cuvette for fluorescence

measurements. The cells tend to settle at the bottom of the cuvette, therefore, a

magnetic stir bar was also placed inside the cuvette to keep the cells suspended in

solution for accurate measurements during the course of the experiment.
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Figure: 6 Emission spectrum ofMesotaenium caldariorum

An emission scan was performed within the wavelength range of 660-690 nm to

detect the maximum fluorescence peak. The gain was adjusted in such a way that

the starting fluorescence value was around 40,000 FLUs. The emission scan shows

that the fluorescence peak occurs at a wavelength of 685 nm. The scan takes only

3 minutes and this experiment was repeated every 5 minutes fr total duration of

30 minutes. The peak fluorescence always occurred at 685 nm, which was the

chosen as the emission fluorescence wavelength for experiments done using the

plate reader for speed and ease of detection.
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4. Results and Discussion

4.1 Algal Response curves to the toxin set.

The following graph shows the dose response of the Mesotaenium caldariorum

cells to paraquat. It should be remembered that the cells were exposed to light for

10 minutes after toxin addition at a light intensity of 400 lux. After measurement

of the prefluorescence readings, paraquat was added at the third minute of the

experiment. Subsequent readings were taken at 3-minute intervals after the light

exposure period. We observe an increase in fluorescence for all three

concentrations, indicating the inhibition of photosynthesis due to paraquat. The

slight increase in fluorescence of the control sample is attributed to the light

exposure. The data presented in the following graph represents the average of

triplicate measurements. The fluorescence peaks are also proportional to the

concentration of paraquat. After reaching the peak fluorescence value the

sensitivity of the cells deteriorate due to continuous exposure to light. This phase

is characterized by an exponential decay of fluorescence levels.

. I

0,
S

Figure 7 Fish chromatophores before and after addition of clonidine
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Figure 8 Parquat effect on algal cells

Some heavy metals like mercury have the potential to replace magnesium as the

central metal of chlorophyll under low light intensities. Some studies indicate that

intense light prevents the formation of heavy metal chiorophylls (1). Mercury has

a poisonous effect on the photosynthetic pigments, which physically damages their

structure. As a consequence of this effect, we observe a decline in fluorescence

levels of the algal cells. A dose response is observed in this case. Since there was

no illumination of the cells after the toxin addition, the controls do not show any

change in fluorescence levels.
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Figure 9 Mercuric chloride effect on algal cells

The arsonites upset plant metabolism and interfere with normal growth by entering

into reactions in place of phosphate. They not only substitute for essential

phosphate but also are absorbed and translocated similarly to phosphates. This

leads to mortality and in effect a decrease in fluorescence is noticed after treatment.

The effect was rapid and fluorescence dropped three minutes after application.

In this particular case, a dose response was clearly observed.
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Figure 10 Sodium arsenite effect on algal cells

Clonidme, a neuroactive agent is an agonist at central alpha-2 adrenergic receptors.

Primitive eukaryotic cells like M.caldariorum cells may not possess similar

receptors (GPCRs) for signal transduction as in more highly-evolved species like

fishes/humans. This premise was justified by the experimental observations where

the two nanomolar concentrations of clonidine failed to evoke any strong

perceivable response from the algal cells. The details of the experiment are

presented in the following graph. The graph represents the average of triplicates

for each concentration and the control.
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Figure: 11 Effect of clonidine on algal cells

4.2 Fish Chromatophore response to the Toxin set

Application of paraquat on fish chromatophores yielded a threshold response with

all three concentrations responding similarly. The Reregistration Eligibility

Document (RED), published by the Environmental Protection Agency states that

the results of aquatic animal tests indicate that paraquat dichioride is slightly toxic

to fish on an acute basis, with LC50 (Lethality) values ranging from 13 ppm

(50pM) on a 24% formulated product to 156 ppm (600 pM) on material that was

29.1% cationic paraquat. The response curves clearly show that lower

concentrations of 50pM and 100pM inhibited the fluorescence by 20% whereas

200pM concentration suppressed fluorescence by only 15%.
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Figure 12 Effect of Paraquat on fish chromatophores

In the case of sodium arsenite, the chromatophore response pattern was irregular.

The highest concentration evoked a dispersion response whereas consistent

aggregational dose response was observed at lower concentration levels of 500 j.tM

and 100 p.M. Literature (19) shows that sodium arsenite is toxic to fishes at a

concentration of 10-100 ppm. Moreover, sodium arsenite is found to affect protein

metabolism (19).
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Figure 13 Effect of sodium arsenite on fish chromatophores

Clonidine binds to the a2-adrenergic receptor in eukaryotes and this ligand-

receptor binding induces the activation of G1 proteins. Consistent with the

mechanistic aspects of the pathway, we notice a distinct dose response in the case

of clonidine. From literature, it is also seen that nanomolar concentrations are

sufficient to evoke a significant response from the fish chromatophore cells (5).

The chromatophore cells aggregate by the action of clomdine, leading to a

reduction in the optical density of the cells.

500 nM concentration of clonidine decreased the optical density of cells by 53%,

whereas lOOnM and 10 nM concentrations reduced the optical density by 40% and

18% respectively.
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Figurel4 Effect of clonidine on fish chromatophores

Mercuric chloride did not exhibit a dose response with fish chromatophores. The

highest concentration of 1mM failed to evoke a significant response and optical

density decreased by only 11%. In stark contrast, 5OOiM concentration reduced

the optical density by almost 53%. lOO.tM concentration also failed to evoke any

response. This irregular pattern of response indicates that there might be a

concentration range of mercuric chloride within which the fish chromatophores are

sensitive to mercuric chloride.
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Figure 15 Effect of mercuric chloride on fish chromatophores

4.3 Classification of the toxins using the response curves

In order to understand the subtle differences or similarities within the response

curves, it is imperative to mathematically model them.

Based on the nature of the response curves of the two tissue based systems to the

toxin set, a generic exponential fit was chosen for the systems in consideration.

The exponential fit relates to the physical phenomenon of the exponential decay of

fluorescence observed with similar algal systems. Similarly the chromatophore

response curves also demonstrated a healthy goodness of fit for exponential decay.

We have noticed earlier that the responses reach or tend to taper to a steady value

towards the end of the experiment. This steady state value can be attributed to the

highest magnitude of the effect of the toxins on the cell systems.



The MacCurve Fit (version 1.5) software program was used to fit the response

curves to a customized mathematical model. The nonlinear regression method

comprises of the following steps:

1. Start with an initial estimated value for each variable in the equation. We

have four parameters in our model (a, b, c, ti)

a: Intercept, b: Decay Constant, C: steady state value, ti: Lag time for

response to begin

2. Generate the curve defined by the initial values. Calculate the sum-of-

squares (the sum of the squares of the vertical distances of the points from

the curve).

3. Adjust the variables to make the curve come closer to the data points.

There are several algorithms for adjusting the variables. We chose the

"Quasi-Newton" algorithm because it accelerates convergence.

4. Adjust the variables again so that the curve comes even closer to the points.

Repeat many times.

5. Stop the calculations when the adjustments make virtually no difference in

the sum-of-squares.

6. Report the best-fit results. The precise values obtained will depend in part

on the initial values chosen in step 1 and the stopping criteria of step 5.

This means that repeat analyses of the same data will not always give

exactly the same results.
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The results of the curve-fitting program are listed in the following table along with

the errors of the parameters fitted. It should be noted that the lOOj,tM concentration

for HgC12 and 1mM concentration for sodium arsenite did not elicit substantial

response from the fish chromatophores using our generic exponential equation.

Instead an exponential growth model was used to describe the system.

F(x) = a*(lexp (b*x)). Also the algal cells did not respond to the lowest

concentration of clonidine (lOnM) so this was omitted from the subsequent data

analysis.

Table 3 Curve fit results using MacCurve Fit program

Cell Lag
Toxin Type Conc. SSE 142 a Error b Error c Error time
HgCl2 Fish 1000 45.58 0.73 11.07 0.0624 0,02777 0,00528 88.91 0.059 200
FIgCl2 Fish 500 34.05 0.988 53.5 0.54 0.04834 0.00935 46.5 0,05011 200

NaAsO2 Fish 500 17.03 0.998 38.83 0.226 0.003545 0.000032 62.4 0.0604 210
NaAsO2 Fish 100 23.17 0.996 32.12 0.3 0.000916 2.33E-05 67.23 0.374 200
Clonidine Fish 500 73.5 0.982 51.91 0.59 9.12E-03 1.07B-04 48.39 4.72E-02 120
Clonidine Fish 100 72.45 0.977 38.66 0,56 7.20E-03 1.04E-04 61.21 4.85E-02 120
Clonidine Fish 10 21.9 0.994 18.86 0.119 7.36E-04 1.71E-05 81.22 0.1635 0
Paraquat Fish 1000 58.73 0.8 13.12 0.69 4.58E-03 2.40E-04 86.007 0.08767 0
Paraquat Fish 500 75.58 0.84 19.08 0.798 6.10E-03 3.O1E-04 80.44 0.090462 0
Paraquat Fish 100 47.05 0.899 16.64 0,611 4.23E-03 1.53E-04 82.047 0.0811% 0

HgCl2 Akac 1000 184 0.94 50.9 2.8 0,0095 0,00107 47,58 0.6301
HgCl2 AIac 500 429.9 0.89 37,56 2.08 0.90228 0.000278 55.88 1,04
HgC12 A1gat 100 312.7 0.92 53.8 9.06 0,000597 0.000192 43.1 10.15

NaAsO2 AIgat; 1000 58 0.98 53.78 2.96 2.64E-03 3.71E-04 44.368 1.9242
NaAsO2 Aha 500 27.07 0.96 52.03 25.83 0.000448 3.24E-04 49,72 26.73
NaAsO2 \hae 100 16.63 0.88 15.87 7.12 7.5t*.-04 6.30E-04 85.023 7,7
Clonidine 500 290.6 NA 9.743 2.54 0.008378 0.003665 90.91 0.416
Clonidine Ak;ic 100 960 NA -5.56 0.738 11,532 NA 105,56 NA
Paraquat \lgae 1000 374.6 0.826 48,24 11.42 0.003633 0,00227 53.33 8.283
Paraquat Ugat' 500 73.46 0.96 51.56 5.18 0.04)3355 0.000899 40.81 4.013
Paraquat \Iga 100 166.5 0.93 59.05 8.99 0.90261 0.001075 44,18 8.42



4.4 Statistical Analysis

I now focus on methods to classify the toxin set to derive information on specific

signatures for the response of the two sensor systems. Discriminant functions are

created that allow allocation of a toxin to predefined categories, based solely on

numerical measurements. Discriminant analysis is used to classify data into two or

more groups and to find one or more functions of quantitative measurement that

discriminates among the groups. This concept involves forming linear

combinations of independent predictor variables, which becomes the basis for

group classifications.

The objectives of applying linear discriminant analysis include:

Determining if there are statistically significant differences among two or

more groups

Establishing procedures for classifying units into groups

Determining which independent variables account for most of the

differences among two or more groups.

A single discriminant score for each individual in the data set is obtained by

multiplying each independent variable by its corresponding weight and adding the

products together. Averaging the scores provides a group centroid. Therefore, for

two groups there are two centroids and so on. Comparing the centroids shows how

far apart the groups are along the dimension being tested. It is natural to assign an

observation to that group to which it is nearest in some sense. Our case concerns

measurements made on cells from two different systems; Fish chromatophores and

L
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algal cells. The response of these cells was measured for four toxins and the

response curves were explained by a mathematical model, i.e. the parameters of

the model sufficiently explain the response of the sensor systems. The table

preceding this section shows the parameters of the model for the two cell systems

and the different toxins. It would be difficult to distinguish the toxins based on the

values presented in the table to arrive at conclusive results for their classification.

The first step is to arrive at the F-statistic used for testing the one-way analysis of

variance and is essentially the ratio of between-group variance to within-group

variance. Secondly, a linear combination of variables which maximizes the F-

statistic for the groups is identified. This is achieved by the eigenanalysis of the

ratio of between-group variance to within-group variance matrix. A standard

multiple regression is set up with toxin type as the dependent variable, and

biometric data as the explanatory variables. Adding more biometric variables to

the data set increases the R2 value but does not necessarily increase the success

rate of the classification.

The statistical package Stat Graphics was used to perform the discriminant

analysis for the two cell based systems.

4.4.1 Results of classification runs on the fish chromatophore system

The variables a, b and c are used as explanatory variables to differentiate among or

classify the four toxin groups. The Linear Discriminant Analysis finds the best

linear combinations of the variables for separating the groups.
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The following equation shows the coefficients of the functions used to

discriminate among the different levels of type (fish). Of particular interest are the

standardized coefficients. The first standardized discriminating function is

8.29609*a + 5.51374*b - 2.91895*c

From the relative magnitude of the coefficients in the above equation, we can

determine how the independent variables are being used to discriminate among the

groups. The following table shows that the toxins have been classified with a

success rate of 90.91% based on the discriminating function.

Table 4 Classification efficiency for the fish chromatophore system

Actual Group Predicted type
Type Size HgCT2 NaAsO2 Paraquat Clonidine
HgCJ2 3 3 0 0 0

100.00% 0.00% 0.00% 0.00%
NaAsO2 2 0 2 0 0

0.00% 100.(X)% 0.00% 0.00%
Paraquat 3 0 0 3 0

0.00% 0.00% 100.00% 0.00%
Clonidine 3 0 1 0 2

0.00% 33.33% 0.00% 66.67%

Percent of cases correctly classified: 90.91%
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Table 5 Actual vs. Predicted classification for the fish chromatophore system

Actual Highest Highest 2nd Highest 2nd Highest
Row Label Group Prob.Group Value Prob.Group Value

1 1000 Paraquat Paraquat 3440 Clonidine 3426.63
2 500 Paraquat Paraquat 3493.26 Clonidine 3483.21
3 100 Paraquat Paraquat 3435.84 Clonidine 3426.5
4 500 NaAsO2 NaAsO2 3761.8 Clonidine 3759.88
5 100 NaAsO2 NaAsO2 3603.67 Clonidine 3602.26
6 1000 HgCl2 HgC12 3460.47 Paraquat 3356.8
7 500 HgC12 HgC12 3631.61 Paraquat 3487.41
8 100 HgC12 HgC1 3405.23 Paraquat 3280.36
9 1000 Clonidine *NaAsO2 3739.22 Clonidine 3738.01
10 500 Clonidine Clonidine 3632.71 NaAsO2 3630.29
11 100 Clonidine Clonidine 3564.94 NaAsO2 3561.16

* Incorrectly classified toxins
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Figure 16 Classification plot of the discriminant functions for the fish system
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4.4,2 Algal system classification

The following equation shows the coefficients of the functions used to

discriminate among the different levels of type (Algae).

-1581.32 + 31.2692*a + l.24226*b + 31.6825*c

The following table shows how the toxins have been classified based on the

discriminating function. So, the algal system did not classify all the toxins into

their actual group. The sodium arsenite system has not been correctly classified

since the response curves closely match those of paraquat and mercuric chloride.

Table 6 Classification efficiency for the algal system

Actual Group Predicted type
type Size NaAsO2 HgC12 Clonidine Paraquat

NaAsO2 3 0 1 1

0.00% 33.33% 33.33% 33.33%
HgC12 3 0 3 0 0

0.00% 100.00% 0.00% 0.00%
Clonidine 2 0 0 2 0

0.00% 0.00% 100.00% 0.00%
Paraquat 3 0 0 0 3

0.00% 0.00% 0.00% 100.00%

Percent of cases correctly classified: 72.73%
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Table 7 Actual vs. Predicted classification for the algal system

Actual Highest Prob. Highest 2nd Highest 2nd Highest
Row Label Group Group Value Prob. Group Value

1 1000 para para 1617.04 As 1616.74
2 500 para para 1609.45 As 1609.03
3 100 para para 1666.69 As 1664.86
4 1000 As *Hg 1506.94 As 1506.09
5 500 As *para 1621.51 As 1620.87
6 100 As *clo 1608.89 As 1608.66
7 1000 Hg Hg 1517.96 As 1517.75
8 500 Hg Hg 1369.48 As 1363.57
9 100 Hg Hg 1469.27 As 1466.79
10 500 do do 1604.97 As 1603.6
11 100 do do 1611.93 As 1603.55

* Incorrectly classified toxins
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Figure 17 Classification plot of the discriminant functions for the algal system



4.4.3 Combined system classification

As the final step, the response parameters from both the tissue based systems were

coupled together and classification capacity was computed with discriminant

analysis. Here we have a feature set that is composed of six parameters (a, b and c

from both the systems). Principle Component Analysis shows that the lag time

does not significantly contribute to deriving response weights. Therefore it was

neglected in this analysis. We notice that the classification has improved to give us

a perfect 100%. This sufficiently confirms our hypothesis that employing two

sensing systems of detection improves the classification of the toxin set.

The following equation shows the coefficients of the functions used to

discriminate among the different toxins. The first standardized discriminating

function is

-2.41782E6 + 18475.7*a + 9.19444E6*b + 20297.8*c + 25108.7*al - 989.917*bl

+ 27159.l*cl

Table 8 Classification table of the combined systems

Actual
type

Group
Size NaAsO2

Predicted type
HgC12 Clonidine Paraquat

NaAsO2 2 2 0 0 0
100.00% 0.00% 0.00% 0.00%

HgCl2 3 0 3 0 0

0.00% 100.00% 0.00% 0.00%
Clonidine 2 0 0 2 0

0.00% 0.00% 100.00% 0.00%
Paraquat 3 0 0 0 3

0.00% 0.00% 0.00% 100.00%
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Percent of cases correctly classified: 100.00%

Table 9 Actual vs. Predicted classification for the combined system

Actual Highest Prob. Highest 2nd Highest 2nd Highest
Row Label Group Group Value Prob. Group Value

1 1000 Paraquat Paraquat 2.28E+06 NaAsO, 2.28E+06
2 500 Paraquat Paraquat 2.28E+06 NaAsO, 2.27E+06
3 100 Paraquat Paraquat 2.28+06 NaAsO, 2.28E+06
4 500 NaAsO, NaAsO, 2.26E+06 Clonidine 2.26E+06
5 100 NaAsO, NaAsO, 2.26E+06 Clonidine 2.26E+06
6 1000 HgC12 HgCl2 2.42E+06 Paraquat 2.41E+06
7 500 HgC12 HgCl2 2.42E+06 Paraquat 2.41E+06
8 100 HgC12 HgCJ2 2.42E+06 Paraquat 2.41E+06
9 500 Clonidine Clonidine 2.33E-i-06 NaAsO, 2.33E06
10 100 Clonidme Clonidine 2.33E+06 NaAsO2 2.33E+06

Plot of Discriminant Functions
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Figure 18 Classification plot for the combined systems
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5. Conclusions and Future directions

We infer from the results in the previous chapter that the combined sensing

systems are able to provide a reliable classification of the toxin set considered in

this study. This confirms our hypothesis that a parallel sensing system increases

the classification of chemical and biological agents. The fish chromatophore

system was able to classify 90% of the toxins into their respective groups. The

response pattern of sodium arsenite and clonidine seemed to overlap with each

other resulting in the inappropriate classification of 500nM clonidine. Although

Paraquat did not evoke any significant response form the fish cells at high

concentrations, its response indices did not interfere with any of the other toxins.

On the other hand, the algal system was unable to detect clonidine whereas

paraquat elicited a clear dose response. Also, the algal sensing system could not

classify all the toxins into their actual group due to its low sensitivity to clonidine

and sodium arsenite. Therefore we conclude that the fish chromatophore sensing

technique was a better detection tool to predict the presence of the toxins used in

this study.

Further research in the area of parallel sensing techniques can be extended to a

wide range of chemical toxins and biological agents. Data from several

experiments could bolster our hypothesis and also work towards minimizing the

errors on the statistical estimates. Three or more orthogonal sensing techniques

would always enhance the reliability of detection of an unknown agent. The dose

response curves can be modeled using several auto regressive processes to yield a



bigger parameter set, which might describe the system more effectively. A

fluorescence induction study using a Pulse Amplitude Modulated Fluorometer

would yield deeper insights into photosynthetic inhibition processes, electron

transport rates, and quantum yield, which could ultimately lead to understanding

the toxin's mode and site of action.



50

Bibliography

1. Bernier, M, R Popovic & R Carpentier. 1993. Mercury inhibition at

the donor side of photosystem II is reversed by chloride. FEBS Lett

321:19-23.

2. Danosky, T.R., 1996. Biologically inspired biosensors from fish

chromatophores. Master's thesis, Oregon State University.

3. Elwing, H., et al, 1990. Fish scales as biosensors for catecholamines.

Biosensors and Bioelectronics, 5, 449-459.

4. Erich F.Elstner and W.Osswald, 1980. Chlorophyll photobleaching and

Ethane production in Dichlorophenyldimethylurea-(DCMU) or Paraquat-

treated Euglena gracilis cells. Z.Naturforsch, 35c, 129-135.

5. Frank W. R. Chaplen, Rosalyn H. Upson, Philip N. Mcfadden, and Wojtek

Kolodzeij. Fish chromatophores as cytosensors in a microscale device:

Detection of environmental toxins and bacterial pathogens. Pigment Cell

Res 2002;15: 19-26

6. Gem, W.A., Owens, D.W., and Ralph, C.L., 1978. Persistence of the

nychthermal rhythm of melatonin secretion in pinealectomized or optic

tract-sectioned trout (Salino gardirneri). J. Exp. ZooL, 205,371-376.

7. Iga, T., and Takabatake, I., 1982. Action of melanophore-stimulating

hormone on melanophores of the cyrinid fish Zacco teminincki. Comp.

Biochem. Physiol, 73C, 5 1-55.



51

8. Karisson, J. et al, 1991. The melanophore aggregating response of isolated

fish scales: a very rapid and sensitive diagnosis of whooping cough. FEMS

Microbiology Letters, 82, 169-176.

9. Miyata, S., and Yamada, K., 1985. Pattern of adrenergic innervation to

scale erythrophores of the swordtail, Xiphophorus heileri. Zool. Sci, 2 , 49-

57.

10. Naessens, M., Leclerc, J.C., Tran-minh, C., 2000. Fiber optic biosensor

using chiorella vulgaris for determination of toxic components.

Ecotoxicol.Environ. Saf:46, 181-185.

11. Obika, M, 1986. Intracellular transport of pigment granules in fish

chromatophores. Zool. Sci. 3, 1-11.

12. Palmer, C.M., 1959. Algae in water supplies, Public Health Service

Publication No: 657. U.S. Department of Health, Education, and Welfare,

Cincinnati.

13. Pam Moreton, 2000. Biosensors-the modern canary. Lab Asia, 7, 2.

14. Rizzuto, M., Polcaro, C., Desiderio, C., Koblizek, M., Pilloton, R., Giardi,

M.T., 2000, Herbicide monitoring in surface water samples with a

photosystern-Il based biosensor. In: Mazzei, F., Pilloton, R., (Eds.),

Proceedings of the 2' workshop on Chemical Sensors and Biosensors,

E.N.E.A., Rome, pp.346357.



52

15. Rodriguez, M., Jr., Sanders C.A., and Greenbaum, E,, Biosensors for rapid

monitoring of primary-source drinking water using naturally occurring

photosynthesis. Biosensors and Bioelectronics, 17(10), 843-849, 2002.

16. Samuilov, V.D., Bezryadnov, B.D., Gusev, M.V., Kitashov, A.V.,

Fedorenko, T.A., 1999. Hydrogen peroxide Hydrogen Peroxide Inhibits the

Growth of Cyanobacteria Biochemistry (Moscow), 64(1), 47-60

17. Sanders, C.A., Rodriguez, M., Jr., Greenbaum, E., 2001. Stand-off tissue-

based bio sensors for the detection of chemical warfare agents using

photosynthetic fluorescence induction. Biosens. Bioelectron. 16, 439-446.

18. Schreiber, U., Bilger, W., Neubauer, C., 1994. Chlorophyll fluorescence as

a nonintrusive indicator for rapid asesment of in vivo photosynthesis. Ecol.

Stud. 100, 49-70.

19. Shobha Rani.A, R. Sudharsan, T.N. Reddy, P.U.M. Reddy and T.N. Raju,

2001. Effect of arsenite on certain aspects of protein metabolism in fresh

water teleost, Tilapia mossainbjca. J. Environ. Biol,, 22, 2, 101-104.

20. Sime, R.J., 1990. Physical Chemistry: Methods, Techniques, and

Experiments. Saunders College Publishing, Philadelphia, pp.1 36-146

21, Well burn, A.R., Lichtenthaler, H, 1984. Formulae and program to

determine total carotenoids and chiorophylls a and b of leaf extracts in

different solvents. In: Sybesma, C. (Ed), Advances in photosynthesis

Research, 2, 9-12.



53

22. Wong, P.K., 2000. Effects of 2,4-D, glyphosate and paraquat on growth,

photosynthesis and chlorophyll-a synthesis of Scenedesmus quadricauda

Berb 614. Chemosphere, Jul: 41(1-2): 177-82.



54

APPENDICES



Appendix A Experimental procedures and cell culture protocols

A. 1 Fluorescence wavelength optimization protocol

1. Lamp needs to be warmed up for 20-30 mm prior to use.

2. Make sure everything is off including computer and monitor.

3. Flip switch to turn lamp on. Then push ignite button. Note that the light turns

on and the fan is running. Allow time for warm-up.

4. Set slit widths to appropriate values.

5. Pull open red knob door located on the end of the monochrometer near the

lamp.

6. Turn on computer and monitor.

7. While booting up....

8. Turn on Photomultiplier tube cooling water.

9. Turn on water alarm.

10. Turn on cuvette bath.

11. Turn on instrument.

12. Back at computer press any key until the option menu appears. Choose A for

OS/2. Then type y and press enter.

13. Close all windows that open at start.

14. Double click SLM 8100 icon in top left corner of screen. Program loads and

instrument initializes.

15. File Tab: ASCII export setup. Click ASCII extension is txt.



16. Status: Leave this window open while using instrument.

17. Channels : EmL is already loaded, add E.rnL I Ref, and add Ref. OK.

18. Monos : Excitation 660, EmL 690.

19. Shutters : Excitation=Open, Check=Open Shutter for Acquisition, Emission

LeftOpen,

20. Emission Right=Closed, Reference=Open.

21. Sensitivity: Ref click AR at Gain of 1 this will automatically set the reference.

22. Put in a blank sample and click AR this will automatically set the EmL. May

need to change the Gain from 1 to 10 or 100. Record Gains and HV for each.

23. Go to Applications tab: Emission scan: set lower and upper limits 300 and 400.

Set integration, scan rate, # of repetitions. OK.

24. Go to Applications tab: Start Application: Select File name and type.

25. When finished go to File: Open. Choose search and change from *dat to *.txt.

26. Select files and click Copy. Type a: to copy to diskette.

27. Exit SLM 8100 program and double click Dual Boot. Type y and enter.

Computer will begin shutdown process. Meanwhile...

28. Follow fluorometer sheet for shutting things down in reverse order.

29. Then turn off computer and very last turn off the lamp and record the total time

used.
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A. 2 Preparation for the assay and measurements

1. Prepare a fresh sample of M. caidariorum cells for the experiment. The

cells are centrifuged to make a pellet and resuspended in fresh Bristol's

medium. Clumps of cells are avoided by mixing the cells in a vortex mixer

and a pipetter. The assay requires 1 ml of cell solution per well or about 24

ml for an entire 24-well plate.

2. Using serial dilution, prepare three concentrations of each toxin in medium.

The stock solution of the toxins is kept in amber bottles to prevent photo-

degradation.

3. Measure the raw fluorescence of the cells in medium using a Spectra Max

Gemini XS plate reader. The excitation wavelength is set at 660 nm and

emission wavelength at 685 mm (Note: because viability is typically 95%,

we ignore the 5% dead cells in this preparation; this does not interfere

significantly with the standard curve. See also Molecular Probes Live/Dead

Assay product information).

4. Add approximately 2Od of the toxin to each well and mix using the pipette.

Also the well-plates are shaken using the stir feature of the instrument

before the first read and between readings.

5. Measure fluorescence of the cells under the influence of the toxins using

the plate reader at 2-3 minute intervals for about 30 minutes, (Note: while



using paraquat, the cells are subjected to illumination at 300 lux for 10

minutes to accelerate peroxide formation)

A.3 Cell Culture Protocol for fish chromatophores

1. Betta spiendens used for the cell culture is anaesthetized by placing it in an

ice bath till it succumbs. It is then transferred to a Petri dish for dissection

of fins

2. Healthy, dark colored fins are clipped using surgical scissors and

transferred to a bath of 10 ml skinning solution in a 50 ml centrifuge tube.

3. The contents centrifuge tube was mixed thoroughly using an orbital shaker

for 5 minutes and the skinning solution was changed 8 to 10 times

4. The digestion solution is prepared by weighing out 32 mg collaginase and

2 mg hyaluronidase, which are added to a 10 ml beaker containing PBS

and a magnetic stir bar. The beaker is covered and the contents are mixed

on a stir plate.

5. The fins were added to 7m1 of digestion solution in a 50m1 centrifuge tube

and rotated on an orbital shaker until the digestion solution appears cloudy

(10-15 mm)

6. The digestion solution was then carefully removed using a transfer pipette

and added to a 15 ml centrifuge tube. This solution was centrifuged for 2

minutes at 800 rpm and 20 °C. The supernatant is carefully removed

without disturbing the first harvest cell pellet and transferred to the original
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beaker containing the fish fins. Since the first harvest contains mainly

epithelial cells, it is discarded.

7. The 50m1 centrifuge tube containing the fin pieces and the supernatant is

rotated on an orbital shaker and the harvest procedure is repeated 3 - 4

times or until the cell supply is exhausted.

8. After each harvest, the cell pellet was suspended in 7 ml of L-15 solution.

This mixture is later centrifuged for 2 minutes at 800 rpm and 20°C. After

this washing step, the supernatant was discarded and the pellet was

resuspended in 200-500 p1 of L- 15 depending on the pellet size and the

desired density of culture.

9. Since the plate reader is sensitive to the area of the cell plated well, care

was taken to plate the cells in the center of each well. This was done by

dispensing a small drop of the cell solution using a 200 p1 pipetman. The

cells are self-adhering and therefore were left undisturbed for 15 minutes.

L-15 medium was later added to keep the cells alive for subsequent

experiments diiiring the week. After an additional half-an-hour, 80 p1 of 5%

FBS was added to each of the wells.

10. Medium change was done on the following day, prior to the day of

experiments, using 1 ml of fresh medium containing serum.
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A.4 Optical Density Measurement Protocol

1. The plated fish cells are checked for contamination before the start of the

experiment.

2. Measure raw optical density of the cells in medium using the BioRad plate

reader

3. While taking measurements, set the wavelength at 595 nm. Also make sure

that the area of illumination is set at 100% of each well.

4. Remove medium from each well and add equal amount of toxin prepared

in medium

5. Measure optical density using the kinetic protocol every 10 seconds for the

first 15-17 minutes, and then increase the interval to 15 or 30 seconds for

record readings for another 15 minutes.

6. Here medium is used as "Control" in each experiment.



Appendix B: Origins of chlorophyll fluorescence

Under irradiation with light of a wavelength Xex, certain electrons of a

fluorochrome are raised to a higher energy leveL During a very short dwell time,

they lose some of their energy and drop back to their original level while emitting

light of a longer wavelength Xem>Xex. The difference in wavelengths is known as

the Stokes shift. In multiphoton excitation, the energies of several photons with n

times the excitation wavelength add together to raise the electrons to the higher

energy level.

A fluorescent molecule can be irradiated with different wavelengths within its

excitation spectrum and, accordingly, will emit light with a characteristic emission

spectrum. Its amplitude is determined by the intensity of radiation and the

excitation efficiency, which is a function of the excitation wavelength.

Fluorescence detection has three major advantages over other light-based

investigation methods: high sensitivity, high speed, and safety. The point of safety

refers to the fact that samples are not affected or destroyed in the process, and no

hazardous byproducts are generated.

Sensitivity is an important issue because the fluorescence signal is proportional to

the concentration of the substance being investigated. Relatively small changes in

ion concentration in living cells can have significant physiological effects.

Whereas absorbance measurements can reliably determine concentrations only as

low as several tenths of a micro molar, fluorescence techniques can accurately
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measure concentrations one million times smaller pico- and even femtomolar.

Quantities less than an attomole (<1018 mole) may be detected.

Ui

Figure B. 1 Fluorescence excitation and emission energies

Intensity

100

50

0

Waveiength

Figure B.2 Stokes shift during fluorescence
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Appendix: C Material Safety Data Sheet Summary

Paraquat dichloride

Synonyms: 1,1 t-Dimethyl-4,4'-bipyridinium dichioride, Methyl viologen dichloride

Chemical Formula: CH3 (C5H4N)2CH3C12

Molecular mass: 257.2

Boiling point (decomposes): 300°C

Melting point: 175-180°C

Relative density (water = 1): 1.25

Solubility in water, g/100 ml at 20°C: 70

The substance irritates the eyes, the skin and the respiratory tract. Inhalation of this

substance may cause lung oedema

Clonidine hydrochloride

Synonyms: Dixarit

Chemical Formula: C9HIOCbN3

Molecular mass: 266.56

Solubility in water: 50 mg/ml

Acute effects: may be fatal if inhaled, swallowed, or absorbed through skin.

Mercuric chloride

Synonyms: Mercury bichloride; corrosive sublimate; mercury (II) chloride;

mercury perchioride

Molecular Weight: 271.52

Chemical Formula: HgC12



Solubiity: 7.4g in lOOg of water.

Specific Gravity: 5.4

pH: 3.2 (0,2 M solution)

Boiling Point: 302 C (576F) Sublimes.

Melting Point: 276 C (529F) Sublimes.

Inhalation: Causes irritation to the respiratory tract. Ingestion: Highly Toxic!

Average lethal dose for inorganic mercury salts is about 1 gram.

Sodium arsenite

Molecular Weight: 129.9

Chemical Formula: NaAsO2

Solubility in Water: complete

Appearance and Odor: liquid

Effects of Exposure: Acute-highly toxic. May be fatal if inhaled, swallowed or

absorbed through skin. May cause irritation. Arsenic and its compounds are listed

by NTP and IARC as known carcinogens in humans.
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Appendix: D Statistical Analysis

D. 1 Algal system classification

Discriminant Analysis

Analysis Summary

Classification variable: type
Independent variables:

a

b
C

Number of complete cases: 11
Number of groups: 4

Discriminant Eigenvalue Relative Canonical
Function Percentage Correlation

1 3.57297 63.23 0.88393
2 2.02512 35.84 0.81819
3 0.0524342 0.93 0.22321

Functions Wilks Chi-Square DF P-Value
Derived Lambda

1 0,0686852 17.4084 9 0.0427
2 0.314096 7.5274 4 0.1105
3 0.950178 0.3322 1 0.5644

The StatAdvisor

This procedure is designed to develop a set of discriminating functions which can
help predict type based on the values of other quantitative variables. 11 cases
were used to develop a model to discriminate among the 4 levels of type. 3
predictor variables were entered. The one discriminating function with P-value
less than 0.05 is statistically significant at the 95% confidence level. To plot
the discriminating functions, select Discriminant Functions from the list of
Graphical Options. To predict new observations, select Classification Table from
the list of Tabular Options.
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Figure D. 1 2D variable scatterplot for algal system

Classification Function Coefficients for type

type
o As

Hg
0 do

para

As Hg do para
a 31.2692 30.0227 31.4008 31.8242
b 1.24226 1.26144 1.60594 1.35861
c 31.6825 30.3657 32.0123 32.1708
C0NSTA1T -1581.32 -1455.01 -1611.22 -1633.83

The StatAdvisor

This pane shows the functions used to classify observations. There is a function
for each of the 4 levels of type. For example, the function used for the first
level of type is

-1581.32 + 3l.2692*a + l.24226*b + 3l.6825*c

These functions are used to predict which level of type new observations belong to.
For more detail, select Classification Table from the list of Tabular Options.
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Figure D.2 3D Scatterplot for algal system

Discriminant Function Coefficients for type

Standardized Coefficients

1 2 3
a -3.85857 6.36192 0.219913
b -0.23239 -0.0654214 1.02372
c -4.59118 5.82323 -0.30892

Unstandardized Coefficients

1 2 3
a -0.289382 0.477127 0.0164929
b -0.0754558 -0.021242 0.332396
c -0.349219 0.442933 -0.0234974
CONSTANT 32.5658 -45.4551 0.44036

The StatAdvisor

type

o As
x Hg
O do

para

This pane shows the coefficients of the functions used to discriminate amongst
the different levels of type. Of particular interest are the standardized
coefficients. The first standardized discriminating function is

_3.85857*a - 0.23239*b - 4.59ll8*c

From the relative magnitude of the coefficients in the above equation, you can
determine how the independent variables are being used to discriminate amongst the
groups.
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Figure D.3 Plot of Discriminant functions for the algal system
Classification Table

type
a As

Hg
do
para

4- Centroids

Actual Group Predicted type
type Size As Hg do para

As 3 0 1 1 1
(0.00%) (33.33%) (33.33%) (33.33%)

Hg 3 0 3 0 0
(0.00%) (100.00%) (0.00%) (0.00%)do 2 0 0 2 0
(0.00%) (0.00%) (100.00%) (0.00%)

para 3 0 0 0 3

(0.00%) (0.00%) (0.00%) (100.00%)

Percent of cases correctly classified: 72.73%

Prior
Group Probability

1 0.2500
2 0.2500
3 0.2500
4 0.2500



Actual Highest Highest 2nd Highest 2nd Highest
Row Label Group Prob. Group Value Prob. Group Value

1 1000 para para 1617.04 As 1616.74
2 500 para para 1609.45 As 1609.03
3 100 para pars 1666.69 As 1664.66
4 1000 As *Hg 1506.94 As 1506.09
5 500 As *para 1621.51 As 1620.87
6 100 As *clo 1608.89 As 1608.66
7 1000 Hg Hg 1517.96 As 1517.75
8 500 Hg Hg 1369.48 As 1363.57
9 100 Hg Hg 1469.27 As 1466.79
10 500 do do 1604.97 As 1603.6
11 100 do do 1611.93 As 1603.55

* = incorrectly classified.

The StatAdvjsor

This table shows the results of using the derived discriminant functions to
classify observations. It lists the two highest scores amongst the classification
functions for each of the 11 observations used to fit the model, as well as for any
new observations. For example, row I scored highest for type = para and second
highest for type = As. In fact, the true value of type was para. Amongst the 11
observations used to fit the model, 8 or 72.7273% were correctly classified. You
can predict additional observations by adding new rows to the current data file,
filling in values for each of the independent variables but leaving the cell for
type blank.

Group centroids for type

1 2 3
As -0.0215679 0.342116 -0.293159
Hg 1.78147 -1.18953 0.0759537do -2.78048 -1.06831 0.0845419
para 0.0937521 1.55962 0,160844

The StatAdvisor

This pane shows the average values of each of the 3 discriminant functions for each
of the 4 values of type. The centroids are included in the plot of the
discriminant functions available on the list of Graphical Options.

Summary Statistics by Group

type As Hg do para TOTAL
COUNTS 3 3 2 3 11

MEANS
a 40.56 47.4233 2.0905 52.95 38.8165
b 0.00127933 0.00412667 5.77019 0.0032 1.05147
c 59.7043 48.8533 98.236 49.1067 60.8605
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STD. DEVIATIONS
a 21.4001 8.66493 10.8223 5.53743 21.8466
b 0.00118801 0.00472865 8.14843 0.000528488 3.476

22.0892 6.48445 10.3605 4.61537 22.0335

The StatAdvisor

This pane shows the averages and standard deviations of each independent variable
for each level of type.

Pooled within-Group Statistics for type

Within-Group Covariance Matrix
a b c

a 177.791 -12.5935 -173.698
b -12.5935 9.48528 12.0573
c -173.698 12.0573 172.843

Within-Group Correlation Matrix
a b c

a 1.0 -0.306667 -0.990861
b -0.306667 1.0 0.297783
c -0.990861 0.297783 1.0

The StatAdvisor

This pane shows the estimated correlations between the independent variables within
each group. The within group information from all of the groups has been pooled.

D.2 Fish system classification
Analysis Summary

C1asification variable: type
Independent variables:

a

b
c

Number of complete cases: 11
Number of groups: 4

Discriminant Eigenvalue Relative Canonical
Function Percentage Correlation

1 117.854 99.18 0.99578
2 0.975115 0.82 0.70264
3 0.0000187397 0.00 0.00433

Functions Milks Chi-Square DF P-Value
Derived Lambda

1 0.00425976 35.4805 9 0.0000
2 0.50629 4.4242 4 0.3516
3 0.999981 0.0001 1 0.9912
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The StatAdvisor

This procedure is designed to develop a set of discriminating functions which can
help predict type based on the values of other quantitative variables. 11 cases
were used to develop a model to discriminate among the 4 levels of type. 3

predictor variables were entered. The one discriminating function with P-value
less than 0.05 is statistically significant at the 95% confidence level. To plot
the discriminating functions, select Discriminant Functions from the list of
Graphical Options. To predict new observations, select Classification Table from
the list of Tabular Options.
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Figure D.4 2D Scatterplot for the Fish system

Classification Function Coefficients for type

type

HgCl2

NaAs
Paraquat

A do

HgCl2 NaAs Paraquat do
a 70.6355 78.3568 74.8396 77.6708
b 3606.71 -9194.12 -5603.74 -8125.76
c 68.393 71.1113 69.1029 70.8455
CONSTANT -3501.87 -3685.5 -3459.14 -3647.99

The StatAdvisor

This pane shows the functions used to classify observations. There is a function
for each of the 4 levels of type. For example, the function used for the first
level of type is

-3501.87 + 70.6355*a + 3606.71*b + 68.393*c

These functions are used to predict which level of type new observations belong to.
For more detail, select Classification Table from the list of Tabular Options.
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Figure D.5 Plot of Discrimirant functions of the Fish system
Discriminant Fnctjon Coefficients for type

Standardized Coefficients

1 2 3
a -8.29609 17.9967 10.3894
b 5.51374 0.0238464 0.28831
c -2.91895 17.4855 11.5172

Unstandardized Coefficients

1 2 3
a -0.343343 0.744812 0.429978
b 587.006 2.53874 30.6942
c -0.114745 0.68736 0.452744
CONSTANT 10.1905 -70.3569 -44.6607

The StatAdvisor
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type
HgCl2
NaAs
Paraquat

V do
i- Centroids

This pane shows the coefficients of the functions used to discriminate amongst
the different levels of type. Of particular interest are the standardized
coefficients. The first standardized discriminating function is

_8.29609*a + 5.5l374*b - 2.9l895*c

From the relative magnitude of the coefficients in the above equation, you can
determine how the independent variables are being used to discriminate amongst the
groups.



73

Classification Table

Actual Group Predicted type
type Size HgC12 NaAs Paraqnat cia

I-{gCl2 3 3 0 0 0
(100.00%) (0.00%) (0.00%) (0.00%)

NaAs 2 0 2 0 0
(0.00%) (100.00%) (0.00%) (0.00%)

Paraquat 3 0 0 3 0
(0.00%) (0.00%) (100.00%) (0.00%)do 3 0 1 0 2
(0.00%) (33.33%) (0.00%) (66.67%)

Percent of cases correctly classified: 90.91%

Prior
Group Probability

1 0.2500
2 0.2500
3 0.2500
4 0.2500

Actual Highest Highest 2nd Highest 2nd Highest
Row Label Group P rob. Group Value Prob. Group Value

1 1000 Paraquat Paracuat 3440.0 do 3426.63
2 500 Paraquat Paraquat 3493.26 cia 3483.21
3 100 Paraquat Paraquat 3435.84 do 3426.5
4 500 NaAs NeAs 3761.8 do 3759.88
5 100 NaAs NaAs 3603.67 do 3602.26
6 1000 HgCl2 HgCl2 3460.47 Paraguat 3356.8
7 500 HgCl2 HgCl2 3631.61 Paraquat 3487.41
8 100 HgCl2 HgCl2 3405.23 Paraquat 3280.36
9 1000 do *Nas 3739.22 cia 3738.01
10 500 cia cia 3632.71 NaAs 3630.29
11 100 do cia 3564.94 NaAs 3561.16

* = incorrectly classified.

The StatAdvisor

This table shows the results of using the derived discriminant functions to
classify observations. It lists the two highest scores amongst the classification
functions f or each of the 11 observations used to fit the model, as well as for any
new observations, For example, row 1 scored highest f or type = Paraquat and second
highest f or type = do. In fact, the true value of type was Paraquat. Amongst the
11 observations used to fit the model, 10 or 90.9091% were correctly classified.
You can predict additional observations by adding new rows to the current data
file, filling in values f or each of the independent variables but leaving the cell
f or type blank.

Group Centroids f or type

1 2 3
HgCl2 13.6938 0.311968 0.000336762
NaAs -8.11484 0.622223 0.00597933
Paraquat -1.98991 -1.27326 0.000122521
cia -6.29396 0.546479 -0.0044455
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The StatAdvisor

This pane shows the average values of each of the 3 discriminant functions for
each of the 4 valiles of type. The centroids are included in the plot of the
discriminant functions available on the list of Graphical Options.

Summary Statistics by Group

type HgCl2 NaAs Paraquat do TOTAL
COUNTS 3 2 3 3 11

MEANS
a 53.0733 35.475 16.28 36.4767 35.3127
b 0.0458333 0.002235 0.00496667 0.00568667 0.0158118
c 45.1333 64.815 82.8467 63.6067 64.0355

STD, DEVIATIONS
a 41.7916 4.74469 2.99626 16.6328 24.7468
b 0.0169353 0.00185969 0.000996109 0.00439019 0.0208579
c 44.4658 3.41533 2.85421 16.5457 25.8169

The StatAdvisor

This pane shows the averages and standard deviations of each independent variable
for each level of type.

Pooled Within-Group Statistics for type

Within-Group Covariance Matrix
a b c

a 583.836 0.223163 -613.971
b 0.223163 0.0000882282 -0.234463
c -613.971 -0.234463 647.126

Within-Group Correlation Matrix
a b c

a 1.0 0.983273 -0.998868
b 0.983273 1.0 -0.981242
c -0.998868 -0.981242 1.0

The StatAdvisor

This pane shows the estimated correlations between the independent variables within
each group. The within group information from all of the groups has been pooled.
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D.3 Combined system classification
JnalySis Summary

Classification variable: type
Independent variables:

a
b
c

al
bl
cl

Number of complete cases: 10
Number of groups: 4

Discritsinant Eigenvalue Relative Canonical
Function Percentage Correlation

1 4155.02 92.86 0.99988
2 319.322 7.14 0.99844
3 0.397096 0.01 0.53313

Functions Wilks Chi-Square DF P-Value
Derived Lambda

1 5.37661E-7 57.7441 18 0.0000
2 0.00223453 24.4149 10 0.0066
3 0.71577 1.3376 4 0.8550

The StatAdvisor

This procedure is designed to develop a set of discriminating functions which
can help predict type based on the values of other quantitative variables. 10
cases were used to develop a model to discriminate among the 4 levels of type. 6
predictor variables were entered. The 2 discriminating functions with P-values
less than 0.05 are statistically significant at the 95% confidence level. To plot
the discriminating functions, select Discriminant Functions from the list of
Graphical Options. To predict new observations, select Classification Table from
the list of Tabular Options.
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Figure D.6 2D Scatterplot of the combined systems
Classification Function Coefficients for type
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type
HgCl2

V NaAs
Paraquat
do

HgCl2 NaAs Paraquat do
a 18475.7 18132.6 18102.8 18390.8
b 9.l9444E6 8.60924E6 8.73928E6 8.72316E6
c 20297.8 19773.9 19792.5 20052.3
al 25108.7 24170.7 24296.1 24504.8
bl -989.917 -877.092 -908.439 -887.289
cl 27159.1 26162.0 26291.4 26524.3
CONSTANT -2.41782E6 -2.26366E6 -2.2777lE6 -2.32731E6

The StatAdvisor

This pane shows the functions used to classify observations. There is a
function for each of the 4 levels of type. For example, the function used for the
first level of type is

-2.4l782E6 + l8475.7*a + 9.19444E6*b + 20297.8*c + 25l08.7*al -
989.917*bl + 27l59.l*dl

These functions are used to predict which level of type new observations belong to.
For more detail, select Classification Table from the list of Tabular Options.
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Figure D.7 Plot of Discriminant Functions of the combined system

Discriminant Function Coefficients for type

Standardized Coefficients

1 2 3
a 58.0267 208.469 -4.16362
b 45.5183 19.0354 1.09002
c 99.3957 221.474 -3.0094
al 91.3122 113.854 7.19722
bi -3.04011 0.242193 0.360912
ci 90.5115 116.288 7.1094

Unstandardized Coefficients

1 2 3
a 2.36194 8.48561 -0.169478
b 4626.09 1934.6 110.78
c 3.81889 8.50926 -0.115624
al 7.13615 8.89786 0.562471
bi -0.913882 0.0728053 0.108493
ci 7.57252 9.72907 0.594799
CONSTAiT -1144.01 -1817.7 -46.7472

The StatAdvisor
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type
HgCl2
NaAs
Paraquat

£ do
i- Centroids

This pane shows the coefficients of the functions used to discriminate amongst
the different levels of type. of particular interest are the standardized
coefficients. The first standardized discriminating function is

58.0267*a + 45.5183*b + 99.3957*c + 91.3122*ai - 3.04011*bl +
90. 5115*c].



From the relative magnitude of the coefficients in the above equation, you can
determine how the independent variables are being used to discriminate amongst the
groups.

Classification Table

Actual Group Predicted type
type Size HgC12 NaAs Paraquat do

HgCl2 3 3 0 0 0

(100.00%) (0.00%) (0.00%) (0.00%)
NeAs 2 0 2 0 0

(0.00%) (100.00%) (0.00%) (0.00%)
Paraquat 3 0 0 3 0

(0.00%) (0.00%) (100.00%) (0.00%)
do 2 0 0 0 2

(0.00%) (0.00%) (0.00%) (100.00%)

Percent of cases correctly classified: 100.00%

Prior
Group Probability

1 0.2500
2 0.2500
3 0.2500
4 0.2500

Actual Highest Highest 2nd Highest 2nd Highest
Row Label Group Prob. Group Value Prob. Group Value

1 1000 Paraquat Paraquat 2.27605E6 NaRs 2.27535E6
2 500 Paraquat Paraquat 2.27539E6 NaAs 2.2748lE6
3 100 Paraquat Paraquat 2.28l69E6 NaAs 2.28l04E6
4 500 NaAs NaAS 2.26326E6 do 2.26281E6
5 100 NaAs NaAs 2.26405E6 do 2.2636lE6
6 1000 HgCl2 HgC12 2.4l704E6 Paraquat 2.4128E6
7 500 HgC12 HgCl2 24l93E6 Paraquat 2.4l497E6
8 100 HgCl2 HgCl2 2.4l7lE6 Paraquat 2.4l284E6
9 500 do do 2.32731E6 NaAS 2.32686E6
10 100 do do 2.3273lE6 NaAS 2.32686E6

* = incorrectly classified.

The StatAdvisor

This table shows the results of using the derived discriminant functions to
classify observations. It lists the two highest scores amongst the classification
functions for each of the 10 observations used to fit the model, as well as for any
new observations. For example, row 1 scored highest for type = Paraquat and second
highest for type = NaAs. In fact, the true value of type was Paraquat. amongst the
10 observations used to fit the model, 10 or 100.0% were correctly classified. You
can predict additional observations by adding new rows to the current data file,
filling in values for each of the independent variables but leaving the cell for
type blank.
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Group Centroids for type

1 2 3
HgC12 74.0903 2.64337 -0.150414
NaAs -49.9188 -3.27757 -0.837569
Paraquat -16.4847 -16.0784 0.456601
cia -36.4896 23.4301 0.378289

The StatAdvisor

This pane shows the average values of each of the 3 discriminant functions for each
of the 4 values of type. The centroids are included in the plot of the
discriminant functions available on the list of Graphical Options.

Summary Statistics by Group

type HgCl2 NaAs Paraquat do TOTAL
COUNTS 3 2 3 2 10

MEANS
a 53.0733 35.475 16.28 45.285 36.958
b 0.0458333 0.002235 0.00496667 0.00816 0.017319
c 45.1333 64.815 82.8467 54.8 62.317
al 47.4233 33.95 52.95 2.0905 37.3201
bl 0.00412567 0.000599 0.00319933 5.77019 1.15636
ci 48.8533 67.3715 49.1067 98.236 62.5095

STD. DEVIATIONS
a 41.7916 4.74469 2.99626 9.36916 25.4433
b 0.0169353 0,00185969 0.000996109 0.00135765 0.0213455
c 44.4658 3.41533 2.85421 9.06511 26.5419
al 8.66493 25.569 5.53743 10.8223 22.4263
hi 0.00472977 0.000213546 0.000528967 8.14843 3.64563
ci 6.48445 24.963 4.61537 10.3605 22.4984

The StatAdvisor

This pane shows the averages and standard deviations of each independent variable
for each level of type.
Pooled Within-Group Statistics for type

Within-Group Covariance Matrix
a b c al hi ci

a 603.555 0.238571 -638.728 58.5327 -12.7866 -68.5639
b 0.238571 0.0000968155 -0.251758 0.0117394 0.00186984 -0.0178339
c -638.728 -0.251758 677.423 -58.5104 12.3768 68.0034
al 58.5327 0.0117394 -58.5104 163.73 -14.6969 -151.967
hi -12.7866 -0.00186984 12.3768 -14.6969 11.0662 14.0721
cl -68.5639 -0.0178339 68.0034 -151.967 14.0721 142.865

Within-Group Correlation Matrix
a b c al bi ci

a 1.0 0.986933 -0.998912 0.186198 -0.156458 -0.233493
b 0.986933 1.0 -0.983063 0.0932411 -0.0571259 -0.151639
c -0.9989i2 -0.983063 1.0 -0.175686 0.142948 0.218593
al 0.186198 0.0932411 -0.175686 1.0 -0.345273 -0.993623
hi -0.156458 -0.0571259 0.142948 -0.345273 1.0 0.353914
ci -0.233493 -0.151639 0.218593 -0.993623 0.353914 1.0




