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ABSTRACT

A multiparameter microbial toxicity test using

Spirocha eta aurantia was used in this investigation. The

multiparameter assay procedure consisted of simultaneous

measurements of specific growth rate, intracellular ATP

concentrations and oxygen utilization. After calibrating the

test with compounds of known toxic mechanisms, the assay was

then used to investigate the relative toxicity and inhibitory

mechanisms of a series of chlorinated phenols, chlorinated

ethanes, metals and complex wastewaters. Relative toxicities

were based on bacterial growth on specific growth rate in the

presence of different concentrations of tester chemicals.

Toxicity generally increased with degree of chlorination for

the halogenated- compounds. However, better correlations were

observed between compound toxicity and log octanol/water

partition coefficients, suggesting that a strong relationship

exists between hydrophobicity and chemical toxicity for these

compounds. Toxicity data obtained from other bioassays

including Mictrotox, Daphnia magna and various fish species

correlated well the results of the S. aurantia test.
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CHAPTER 1

INTRODUCTION

An estimated 10 billion kilograms of toxins are

discharged to United States waters and air annually, of which

4.4 billion kilograms are released into streams and other

bodies of water [1]. These discharges are not always

effectively treated or disposed of. As a consequence of

present and past disposal practices, toxic compounds are

frequently found at low levels in our water supplies.

Increasing awareness of the long-term health effects and

other environmental impacts of low-level chemical

contamination has inspired researchers to develop short-term

bioassay procedures with which to measure the general toxic

properties of complex effluents [2].

Traditional bioassay tests involved aquatic species as

tester organisms. Fish bioassays have become the standard

toxicity test for the aquatic environment [3,4]. However,

these assays suffer from a number of impracticalities

[5,6,7], resulting in the development of a number of

alternative bioassay procedures, including microbial toxicity

tests.

Kupillas [8] developed a multiparameter bacterial

bioassay. This assay measures toxicity using a battery of
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biochemical measurements (growth rate, intracellular ATP

production and respiration) on a pure culture. Results from

experiments completed by Kupillas [8] exhibited a lack of

sensitivity of the tester organism compared to other

bioassays. A chemical's toxicity as a function of

hydrophobicity was investigated. Further results showed dark

colored wastewater appeared to inhibit intracellular ATP

production.

The following objectives were pursued in this

investigation:

1) Attempt to improve the sensitivity of Kupillas's

multiparameter assay with the use of a different tester

organism, Spirochaeta aurantia.	 Along with the inhibitors and

chlorinated phenols tested by Kupillas, toxicity of DCCD,

chlorinated ethanes, and metals will be assessed.

2) Determine the importance of a chemical's

hydrophobicity and dissociation in toxic effects exhibited

by the chemical.

3) Determine if decreases in ATP levels in the presence

of dark colored wastewater noted by Kupillas result from

toxic effects produced by the wastewater, or are a function

of the equipment used for ATP measurement.
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CHAPTER 2

BACKGROUND

2.1 Fish Bioassays 

A number of bioassays using fish and other aquatic

organisms from several trophic levels have been used to

establish water quality monitoring, biological monitoring and

toxicity assessment procedures [9]. Presently, the aquatic

toxicity system most commonly used involves exposing a test

population to a water sample for 24 to 96 hours in a static

or continuous-flow test [6]. Test output is designed to

estimate the toxicant concentration which is lethal to 50%

of the population during the exposure period (LC50). The most

common fish species involved in such tests are fathead

minnows and trout [4]. Dutka [6] suggests the acceptance of

fish bioassays as the standard for toxicity assessment is

based on the fact that fish are both indigenous to most

natural waters and sensitive to adverse chemical conditions.

Use of these organisms also permits assessment of

bioaccumulation effects in tests conducted over an extended

exposure period [10].

There are a number of impracticalities associated with

fish bioassays, including: (i) a large volume of the test

water is necessary, usually on the order of gallons; (ii)
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the tests are expensive to run, exceeding $2000 dollars per

assay [11]; (iii) an extensive amount of time is necessary

to complete the assay; and (iv) the tester organism, although

sensitive, performs inconsistently from lab to lab [12] and

sometimes test to test, perhaps because the test population

size is limited by the procedure [10].

One alternative to fish as a tester organism is Daphnia

magna , also known as water fleas. Daphnia are the most

commonly used invertebrates in acute water toxicity tests

[13], and have been used in a number of investigations

[1,14,15,16]. Test procedures are similar to fish bioassays;

commonly exposure periods last 48 hours. These small (1 to

3 mm in size), fresh-water crustaceans provide a much larger

test population, which is the main advantage associated with

using Daphnia as a tester organism.

Several investigators have noted the need for a rapid,

inexpensive assay requiring small volumes of test water

designed to measure the toxicity of complex effluents

[2,5 1 6,7,9,10,12,14].

2.2 Bacterial Bioassays 

To eliminate these short-comings, bacterial bioassays

have been developed. Bacteria are well suited as test

organisms since they posses many of the general biochemical
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pathways of higher organisms and show a high degree of

membrane structural organization. These test are less

expensive to conduct, require small volumes of test water

and quickly provide toxicity data. Five assays have received

attention as new methods for determining acute toxicity

concentrations, (i) the Microtox Test, which monitors light

output of a luminescent bacteria; (ii) the Spirinurnvo/utans test,

based upon motility of these organisms; (iii) the two-

organism assay of Tchan, which uses both a bioluminescent

bacteria and a photosynthetic alga; (iv) a cell

multiplication inhibition test, whch depends upon the growth

rate of a culture; and (v) microcalorimetry, a heat-dependent

assay. Each of these will be discussed in further detail.

2.2.1 Microtox Test 

The Microtox Test (a trademark of Microbics Corp.) has

received the most attention as a substitute for fish

bioassays. Initial work [5] focused on screening a number

of luminescent bacterium for sensitivity to different

toxicants. Based upon this work Photobacterium phosphoreum was

selected as the tester strain for this bioassay. Light

emission from these cells depends on the flow of electrons

in the respiratory chain, and provides an indication of their

metabolic state [20]. In the presence of toxicants, the
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natural light emission of the culture decreases.

Light output of a reconstituted lyophilized P.

phosphoreum culture is measured in a photometer equipped with

a rotary shutter built around a photomultiplier tube. Stable

light output is achieved after 2 to 5 minutes. Toxicant

injection reduces the output, providing a measure of chemical

toxicity (the ratio of the amount of light lost to the amount

remaining). The chemical EC50 is the effective concentration

that provides a 50% light reduction [13]. The Microtox

system has been used to evaluate the toxicity of samples

from a variety of potentially hazardous sources, including

complex effluents [9,14,20,22], leachate from hazardous waste

sites [23], contaminated groundwater [21] and drilling fluids

[24]. Other uses involve assessing interactions of heavy

metals in the presence of organic ligands [25], assessment

of treatability of hazardous organic compounds in marine

sediments [26] and the testing of biomaterials (such as

plastics used in artificial hearts), which at one time was

restricted to tissue culture assays [27].

Compared to standard fish bioassays, Microtox is a rapid

alternative requiring less work (only 5% of work involved of

the standard test) [15] and smaller volumes of test water (on

the order of milliliters) [28].
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2.2.2 Sot- ilium volutans Test

Sprillum volutans is an unusually large, helical, aquatic

bacterium possessing polar fascicle of flagella [29]. These

groups of flagella provide the means for a unique method of

movement, quickly reversing directions during normal

swimming. Investigators [30] discovered that in the presence

of different toxicants, the coordination among flagella is

lost, along with the characteristic movement. Advances in

this assay procedure included more sophisticated cell-

movement monitoring devices and improved methods for

assessing the loss of motility for the cells. Originally

only loss of reversing motility was noted. Presently a three

endpoint method is used, with each endpoint representing a

different method of loss of motility. Outside of loss of

reversal motility, loss of forward movement and total loss

of both cell and flagellar movement are noted. This modified

method increases the sensitivity, since all cells rarely fall

into the same motility inhibition category [31].

Toxicity is evaluated by determining the minimum

effective concentration of a toxicant that reduces the

motility of 90% of the cells in the tester population (MEC90 ).

This reduction is measured at various times after toxicant

addition (0 to 120 minutes). The toxicity of metals, various

organic compounds and complex wastewater has been evaluated



22

using this quick and inexpensive method.

2.2.3 Two-Organism Assay of Tchan

One of the first bacterial bioassays was developed by

Tchan [32]. Originally designed to monitor photosynthesis-

inhibiting herbicide levels in soil and water, this method

uses both a naturally luminescent bacterium and a

photosynthetic alga. The toxicant is added to a vial

containing the algae, which is exposed to a light source.

Oxygen produced photosynthetically is continuously

transferred to the bacterial culture. Luminescence of the

bacteria, which is directly related to the oxygen provided

by the algae, is measured against a control to evaluate the

effect of the toxicant. Light measurements are made in a

photobioluminometer, a specially designed instrument that

alternatively exposes the vials either to a light source or

a photomultiplier tube [33]. Chemical toxicity is commonly

reported as the concentration of toxicant causing a 50%

reduction (EC 50) in light output after one hour of exposure.

Improvements to this assay involve the selection of an

algal species (Dunaliellatertiolecta) that is compatible with the

media of the bacterium (Photobacteriumphosphoreum). This permits

both algae and bacteria to be cultured in the same vial,

eliminating the need for an elaborate oxygen-transfer
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mechanism [34]. Since the biotic components are no longer

separated, both are exposed to the toxicant simultaneously.

As result, toxicants tested are no longer limited only to

herbicides directly affecting photosynthesis. Rapid results

and a more diversified assay (because of the use of two

organisms) are the main advantages of this method.

2.2.4 Cell Multiplication Inhibition Test 

Bringman and Kuhn [35] described a microbial bioassay

based on cell multiplication of the bacterium Pseudomonasputida.

A culture is allowed to grow uninhibited for 16 hours

(assuring log phase growth), at which time the toxicant is

added. Growth is monitored turbidimetrically and compared

to that of a control culture without the added toxicant. The

concentration that inhibits cell growth by 3% of the control

rate is considered the toxicity threshold. This procedure

was originally tested for a variety of inorganic and organic

pollutants. Results suggest the assay is sensitive to metals

inhibition [35].

Recently a shorter incubation period (6 hours rather

than 16 hours) has been used along with a different system

for measuring toxicity. ECM and EC50 (effective

concentrations inhibiting 10% or 50% growth) are now

calculated, providing more parametric infoLmation.	 The



24

culture media has been modified to lower its complexing

capacity, in order to render the test more sensitive to

metals toxicity. This bioassay is simple and inexpensive to

complete, providing easily interpreted, reproducible data

[36].

2.2.5 Microcalorimetrv

Biochemical reactions and biological processes occurring

in living microorganisms usually liberate heat; heat is a

universal parameter for monitoring biological activity. As

result, the measurement of the heat flux generated by a

culture, and the changes in this flux in the presence of

inhibitors, provides information pertaining to inhibitory

effects of contaminants [37]. If the compound is a toxicant,

the heat output decreases; if the compound can be

metabolized, the heat flux may increase [38].

Measurement of this heat flux is accomplished by

microcalorimeters, sensitive at the microwatt level. Heat

measurements are obtained using both batch or continuous-flow

calorimeters. The former contains closed cells in which the

reactive mixture is contained, and experiments are carried

out following thermal equilibration of the system. Flow

calorimeters, providing a faster response and higher

sensitivity, function by circulating the reactive mixture
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through a flow cell [39]. Related toxicity parameters

include the concentration of toxicant required to reduce the

heat flux of the culture by 50% (IC 50). If reduction does not

reach this level, a 20% reduction of activity may be used for

the toxicity criterion (IC20 ) [40].

There are many advantages associated with

microcalorimetry. Besides providing a simple, fast response

[39,40], this method measures a property that is related to

the sum of all kinetic processes [37], not just an individual

biochemical function like the other assays. This technique

is nondestructive and can be used to monitor microbial

activity and relative toxicity in soil and water environments

[41].

2.3 Analysis of Microbial Assays 

2.3.1 Comparisons 

Many comparisons have been made among these different

bioassays [6,7,9,14] in terms of their sensitivity and

reproducibility. Fish tests generally set the standards for

sensitivity. Daphnia tests exhibit comparable sensitivity to

fish tests [13], perhaps because of the two organisms'

relatively close trophic relationship.

Studies have compared the results of Microtox and fish

tests [11,14,33]. Although fish bioassays are considered
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the more sensitive, in many instances the Microtox test has

produced comparable results [11,15,17,20]. Lesback [42]

found good correlation between fish bioassays and Microtox

testing of fossil-fuel process waters (r = 0.82). Similar

statistical relationships were found in tests involving

pesticides (r = 0.99) [20], alcohols (r = 0.98), ketones (r

= 0.90) and ethanes (r = 0.99) [11]. DeZewart [15] observed

the Microtox test to be more sensitive than bioassays

involving higher trophic level organisms, such as crustaceans

(3.5 times higher) and molluscs (1.2 times as sensitive) for

a variety of chemicals. One investigator pronounced Microtox

at least as sensitive as fish tests for 13 of 18 pure

compounds tested [17].

Comparisons between the Microtox test and Daphnia have

also been made. In tests using pure compounds, Daphnia was

on the average 2.5 times more sensitive [15]. Qureshi [14]

demonstrated that Daphnia were more sensitive to 7 out of 11

tested chemicals. However, for samples in which fish

exhibited less sensitivity than Microtox, Daphnia also proved

generally less sensitive. Microtox results correlated well

with Daphnia bioassays for untreated wastewater (r=0.90) and

complex wastewater effluents (r=0.96) [13].

With these results has come the acceptance of Microtox

as the main substitute for fish toxicity tests. Consequently,



27

alternative microbial assays are commonly compared with the

Microtox test. Microtox was shown to be generally more

sensitive than the Spirillum volutans procedure in the tests

involving a series of metals [7]. The S. volutans test was more

sensitive to zinc and ammonia, yet was found to be much less

sensitive to arsenate (70 times), chloroform (60 times) and

styrene (250 times) [14]. Dutka [6] found a similar trend

in sensitivity for these two assays while Coleman [9] found

a rather good correlation between the two for complex

effluents, landfill leachates and mine tailing pond waters.

Experiments comparing Microtox and the Tchan method have

also been conducted [33].	 Of 21 tested compounds, the

Microtox test was more sensitive to 10 of them.	 The

remaining compounds were herbicides, the toxicants for which

the two-organism method was designed.

Inhibition of cell growth rate has not been directly

compared with other toxicity tests; data from separate

investigations using the same compounds [6,36] indicate the

cell multiplication test is 8 times more sensitive to Cu2+ ,

Cd2+ and Zn2+ , but less sensitive (up to 10 times) to organic

compounds than the Microtox test.

Publications comparing microcalorimetric techniques with

Microtox are limited. Jolicoeur and Beaubien [35], using a

mixed aerobic culture and industrial effluents, noted that
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toxicity data obtained using the two different tests were

comparable.

2.3.2 Summary

In summary, it appears that the Microtox test is the

most sensitive assay for a wide range of toxicants. The

Tchan method exhibits better results for herbicides, and the

cell multiplication test provides similar sensitivity when

considering metals. Microcalorimetry is in its early stages

of development, but is potentially as sensitive as other

microbial bioassays. The S. volutans assay seems to be least

sensitive method. However, all these assays (including fish

tests) sometimes have problems with consistency.

Reproducibility in fish tests is frequently a problem

and results are somewhat species dependent [16]. Fish

toxicity data from different laboratories for a specific

compound may range two orders of magnitude or greater [33].

Indorato [18] tested three different species of fish which

provided vastly different LC50 values for the same toxicant.

Microtox reproducibility has also been questioned. Some

investigators have suggested that results are typically

reproducible to within approximately 10 percent [11,15]. Yet

Dutka [7] discovered a 65% variation in toxicity values of

sodium pentachlorophenate (0.43 ppm compared to 0.28 ppm).
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A variation of this magnitude is similar to that of published

fish data [6,32,43].

Other problems with the Microtox system include

insensitivity to certain toxicants and cost. The assay is

particularly insensitive to ammonia, cyanide [14] and metal

[7] toxicity. It has also been suggested that marine

bacteria (such as Photobacteriumphosphoreum) are not legitimate

tester strains for measuring toxicity concentrations in

freshwater environments. A specially designed photometer

($15,000) is required for Microtox tests, and necessary

bacterial reagents ($1,500 for the starter kit) are only

available through Microbics Corporation [44]. This increases

the associated costs, making Microtox one of the more

expensive microbial assay alternatives [45].

Despite its advantages (quick results, small test

volume, sensitivity), microcalorimetry also requires

expensive instrumentation and trained technicians. The S.

volutans test is inexpensive to operate, yet not as sensitive

as the other assays. Tchan's method is also inexpensive and

easy to complete but insensitive to compounds other than

herbicides. Similar circumstances surround the cell

multiplication assay, sensitive only to metals. Though these

procedures show much promise, none has proven entirely

satisfactory as a surrogate for fish bioassay data.
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2.4 Procedure Proposed by Kupillas 

Several investigators have noted the advantages of a

battery of tests, involving two or three genera of bacteria,

for assessing toxicity in water [6,7,9,35]. The purpose of

work described here is to extend or refine Kupillas's

multiparameter toxicity test.

In Kupillas's test battery, simultaneous biochemical

measurements (growth and respiration rates, intracellular

ATP levels) provide information pertaining to relative

chemical toxicity and a broad indication of the general

metabolic function most severely affected by the toxicant.

Salmonella typhimurium was the test organism in the original

studies. The Kupillas test battery provides quick results,

requires a small volume of test water and uses standard lab

equipment and materials [8].

Three model inhibitors (chloramphenicol, cyanide and

2,4-Dinitrophenol) were used to calibrate the assay, and

confirm the utility of the test battery as an indicator of

toxic mechanism. The toxicity of chlorinated phenols with

varying degrees of halogenation (2-chlorophenol, 2,4-

dichlorophenol, 2,4,6-trichlorophenol and pentachorophenol)

was also determined. Kupillas's ECk 50 (effective

concentration reduction of the specific growth rate by 50%)

were used to compare test response and fish test toxicity
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data for the same compounds. Excellent correlation was

apparent between ECk50 and log octanol/water partition

coefficients for the homologous series of chlorinated

toxicants.

The chief short-coming of Kupillas test battery is its

characteristic lack of sensitivity. In some instances, it

is an order of magnitude less sensitive than the Microtox

test. Furthermore, ATP measurements may have been affected

by sample color, in addition to toxicity when Kupillas's test

was applied to complex chemical wastes.

2.5 Bacteriology

2.5.1 Introduction

To understand the toxic response of bacteria, it is

necessary to understand basic bacterial metabolism. The

basic framework (Figure 2.1) within which bacteria break down

a substrate for energy is described here. Energy generation

in Escherichiacoli has been extensively studied [46] and best

resembles the metabolic pathway of Spirochaetaaurantia, the tester

bacterium for this investigation. Kupillas [8] provided a

thorough description of cell structure and ultrastructure.

This discussion will focus on metabolism and energy

generation.

Under aerobic conditions, glucose (the substrate
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utilized by S. aurantia), is oxidized to produce CO 2 and H20.

Oxygen serves as terminal electron acceptor for respiration.

Energy liberated in the overall reaction is used to produce

adenosine-5'-triphosphate (ATP) by the following reaction:

11 4. + ADP3- + HPO42- ATP4- + H20 e = 7.3 kcal/mole

Energy stored as ATP is subsequently released during

enzymatic hydrolysis of ATP; eventually used to drive

energetic processes including the biosynthesis of cellular

constituents [47].

2.5.2 Metabolic Pathway

Cell metabolism starts with glucose passing through the

cell membrane into the cytoplasm. Figure 2.2 is a schematic

diagram of the transport system specifically designed to

recognize glucose. Listed enzymes transform (by

phosphorylation) the glucose molecule into glucose-6-

phosphate.

Eventually the molecule is broken down to a 3-carbon

molecule by additional enzymatic activity (Figure 2.3).

Acetyl CoA formation is the next major step proceeding the

Tricarboxylic Acid (TCA) cycle. A series of enzymatically

controlled reactions (Figure 2.4) provide necessary reducing

power for continuation of this pathway.
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2.5.3 Formation of ATP

Three of the dehydrogenation steps in the TCA cycle

involve electron transfer to nicotinamide adenine

dinucleotide (NAD(P) +) to produce three molecules of NAD(P)H

per turn of the citric acid cycle. A fourth electron

transfer reaction produces a molecule of flavin adenine

dinucleotide (FADH 2) from FAD. Reducing power, temporarily

stored in these carriers, is subsequently transferred to

enzymes which comprise the bacterial electron transport chain

(ETC). The terminal electron acceptor is oxygen. Redox

potentials of NAD (-0.32v) and oxygen (+0.82v) create a

gradient in electron motive force across the ETC [46,47,48].

Proteins bearing prosthetic groups with redox potentials

ranging between NAD and oxygen are the major components of

the respiratory chain. Electrons moving along this chain of

proteins release free energy, a portion of which is conserved

by oxidative phosphorylation (production of ATP). Typical

components of branched bacterial electron transport chains

are shown in Figure 2.5.

2.5.4 Oxidative Phosphorylation

Mitchell's chemiosmotic hypothesis [49] is the accepted

explanation for physically coupling electron transport to

oxidative phosphorylation. Understanding this theory
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requires a detailed description of the electron transport

chain and cytoplasmic membrane.

Cell membranes are composed of a series of respiratory

proteins, which are responsible for electron and proton

movement along the chain. Electrons move through cytochrome

b to cytochrome o, ultimately oxidized by oxygen. Protons

are transported outward through the membrane (Figure 2.6)

[50].

Accumulation of protons in the periplasmic space (or

cell surroundings) represent a form of stored chemical

energy, analogous to water pumped up a hill. Energy is

recovered by proton movement (protonmotive force) back across

the membrane to the cytoplasm via ATP synthase, another

membrane bound protein [50].

Protons pass into the cell through the Fo subunit,

embedded in the membrane. The F 1 subunit is considered to

be the active site for ATP synthesis.

2.5.5 Summary of the Metabolic Pathway

Overall stoichiometry of the pathway is as follows:

glucose + 36Pi + 36ADP + 60 2 	6CO2 + 42H20 + 36ATP [46]

where Pi represents phosphate. ATP production is regulated

by ADP formation at various points along the pathway. This

regulation is necessary for energy efficiency.
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2.6 Compounds Investigated

2.6.1 Inhibitors 

Inhibitors examined in this investigation are

Chloramphenicol, Cyanide, Dicyclohexylcarbodiimide (DCCD)

and 2,4-Dinitrophenol (2,4-DNP). Each is a classic

inhibitor; corresponding mechanisms for interrupting cellular

metabolism are reasonably well understood.

2.6.2 Chloramphenicol 

Chloramphenicol is a broad-spectrum antibiotic

inhibiting prokaryotic protein biosynthesis (Figure 2.7)

[51,52]. Following exposure to chloramphenicol, energy

production, including ATP synthesis, should not be

immediately affected. At the same time, cellular demands

for energy which arise from biosynthetic activity should be

significantly reduced. Consequently, steady state

intracellular ATP concentrations are expected to increase.

The build-up of intracellular ATP should trigger the

regulation of cellular catabolic activity, perhaps with an

associated reduction in respiration rate or rate of dissolved

oxygen use. When protein synthesis is constrained by

chloramphenicol addition, cell growth should be reduced to

a similar degree.
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2.6.3 Cyanide 

Cyanide impairs cellular energy generation by

interfering in electron transfer. Specifically, cyanide

binds to cytochrome oxidase [53] and prevents the flow of

electrons to molecular oxygen (Figure 2.7). Since the flow

of reductant via electron transport is impaired, proton

translocation is restricted and the transmembrane

protonmotive force (necessary for oxidative phosphorylation)

cannot be maintained. Reduced catabolic activity (low rate

of oxygen demand and relatively low intracellular ATP

concentration) should also be reflected in a loss of

biosynthetic activity.

2.6.4 Dicyclohexylcarbodiimide (DCCD) 

By binding to the F o subunit of the F i Fo complex, DCCD

inhibits ATP synthesis (Figure 2.7). Proton permeability is

drastically reduced through the Fo subunit by this attachment

[54]. ATP production by oxidative phosphorylation is

impaired and will not support the uninhibited rates of

biosynthesis and growth. The associated rate of dissolved

oxygen utilization should decrease (time-scale of response

unknown) because the transmembrane protonmotive force can no

longer be dissipated by proton (re)translocation and

respiration cannot continue indefinitely in the presence of
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increasing PMF.

2.6.5 2,4-Dinitrophenol (2,4-DNP) 

2,4-DNP is a member of a class of inhibitors which tend

to disrupt the coupling of NADH oxidation and phosphorylation

of ADP (Figure 1.7) by rendering the cytoplasmic membrane

permeable to protons. As result, it becomes impossible to

maintain a proton gradient or PMF in the presence of this

uncoupler [53]. The respiratory chain remains unaffected.

ATP production is decreased while respiration is maintained

or perhaps even stimulated in an attempt to renew dwindling

levels of intracellular ATP [46,53,55]. Lack of ATP for

biosynthesis reduces the growth rate.

2.6.6 Summary of Inhibitors

Studying the effects of these compounds on growth and

oxygen utilization rate plus ATP production act as a

calibration for the assay. This information is useful when

defining active sites of inhibition for compounds in which

the mechanism of toxicity is not yet defined.

2.6.7 Chlorinated Phenols, Ethanes and Metals 

Toxicities of a series of chlorinated phenols,

chlorinated ethanes, metals and wastewater samples from a
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pulp and paper mill were evaluated in the course of this

investigation.

Many chlorinated phenols (2-chlorophenol, 2,4-

dicholrophenol and pentachlorophenol) are EPA priority

pollutants [56]. They are widespread in the environment as

result of their use in manufacturing herbicides, pesticides

and wood-treating agents [57]. These same compounds were

tested using Salmonella typhimurium as the tester strain in

previous investigations [8].

Of the chlorinated ethanes tested, 1,2-dichloroethane,

1,1,1-trichloroethane and 1,1,2,2-tetrachloroethane are

priority pollutants [56]. These chemicals are extensively

used as solvents [58]. Their mishandling and improper

disposal has produced a number of serious groundwater

contamination problems in communities which utilize

groundwaters for potable water supplies.

Both Chromium (VI) and Mercury (II) are also EPA

priority pollutants [56]. Chromium (VI) enters the water

supply unnaturally due to their extensive use in metal

finishing and wood preservation. In the hexavalent form,

chromium is a known carcinogen [59]. Mercury is used in a

wide variety of commercial applications [60]. As a

consequence, its release into the environment is commonplace.

Bioaccumulation of mercury, which is very toxic in low
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concentrations, in aquatic organisms represents a health

hazard to humans.

2.7 Wastewater

2.7.1 Pulp- and Paper-mill Effluents 

Pulping attempts to remove lignin from wood fibers with

a high-temperature chemical treatment. Lignin removal is

necessary to convert wood to pulp, which is eventually used

for paper production. Pulping removes 90-95 % of the lignin;

the remainder is dissolved during the bleaching process.

Bleaching utilizes a variety of chlorinated organic compounds

[61]. Waste from this process is normally discharged into

water bodies (usually streams) without treatment.

Compounds comprising this complex mixture include both

high-molecular-mass and low-molecular-mass materials. High-

molecular-mass compounds (Mr>1000) are considered not

considered to be biologically active (non-toxic). Cell

membrane penetrability is reduced because of their large

size. It is the low-molecular-mass materials responsible

for toxicity. These compounds include chlorinated phenols,

catechols and syringols [8]. Fish bioassays have shown these

effluents to be mildly toxic [62].
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CHAPTER 3

MATERIALS AND METHODS

3.1 Tester Organism

Spirochaetaaurantia was used as the tester strain in these

experiments.	 The original culture was purchased from

American Type Culture Collection (ATCC No.25082).	 These

organisms are Gram negative, helically shaped, 0.3 um in

diameter and 5 - 50 um in length. The species grows

optimally at about 30 °C in the neutral pH range. In the
natural environment, they are found in water and mud from

fresh water ponds and swamps [63].

Growth was established both in liquid media and on

plates or slants. The growth medium consisted of 2 g/L yeast

extract (Difco, #0127-01), 2 g/L glucose (Sigma, #G-5000) and

5 g/L trypticase (BBL, #11921) in distilled water with the

pH adjusted to 7.5 using 1 N NaOH. The mixture was then

autoclaved (15 psi, 248 °C) for 40 minutes. After cooling to
room temperature, 1 M phosphate buffer was added (1 ml buffer

per 100 mis media) to maintain the near neutral pH. This

buffer was made by mixing 13.6 g/L KH2PO4 (Baker, #3246-01)

in distilled water, with the pH adjusted to 7.0 using 1 N

NaOH. This solution was autoclaved before being added to

the media (same conditions as above). The medium was
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solidified with 1 percent (w/v) bacto-agar (Difco, #0140-01)

to produce plates or slants [64]. When mixing solid media,

the buffer was added immediately before pouring.

Poor growth on plates and slants made it necessary to

maintain S.aurantia via successive transfers between liquid

media. Following growth in liquid media, cells survived

storage at 4 °C up to 3 weeks. Overnight cultures were
initiated from "stored" cultures.

3.2 General Procedure 

3.2.1 Pure Compounds 

Figure 3.1 is a flow chart showing the general procedure

followed in these experiments. Each experiment was initiated

by inoculating a 250 ml "master" flask containing 200 mls of

sterilized media (point "A" on the figure). This inoculum

consisted of 15-20 mls (depending on culture density) from

a culture grown overnight.	 Growth was monitored

spectrophotometrically (Shimadzu, UV-160A).	 Measurements

were made at A= 600 nm in cm -1 pathlength cuvettes. Data were

immediately recorded on semi-log paper to confirm that the

culture was in the exponential growth phase.

S.aurantia are facultative anaerobes [64].	 To prevent

anaerobic growth, cultures were open to the atmosphere and

agitated continuously (150 revs/min) in a Lab-Line shaker
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bath at 30 °C. The nature of the growth medium, slow doubling
time of the tester organism and poor growth of S. aurantia on

solid media increased the difficulty associated with

maintenance of a sterile culture. The stability of the

culture was monitored visually and by checking the doubling

time of the control for every experiment.

When it reached an optical density of 0.050 (cm -1 ), the

culture was split into 4 sterilized 125 ml flasks. Using a

glass 50 ml pipet, aliquots were transferred into the three

flasks that were to receive the chemical inhibitor. The

remainder was poured into the fourth flask. To the 3 flasks

containing exactly 50 mis, the toxicant of interest was added

in different, pre-determined amounts, designed to produce the

desired range of concentrations. The fourth flask served as

the experimental control.

When necessitated by compound volatility, flasks were

sealed with air-tight stoppers following compound addition.

To facilitate sampling, a 10 ml disposable screw-top test

tube was cut (lower half cut off) and tightly inserted into

rubber stoppers. The plastic cap was drilled to produce a

0.50 cm opening, and sealed with Alltech (#6518) septum

(Figure 3.2). Samples were withdrawn using a 3 ml disposable

syringe (B-D,3cc22G11/2). Direct measurements confirmed that

molecular oxygen was present in excess, despite the use of
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Figure 3.2 Air-resistant stoppers used to seal flasks when
testing volatile compounds.
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sealed flasks, throughout the course of chemical-inhibition

experiments (approximately 2 hours).

After this culture split and toxicant addition, ATP

production can be monitored. Samples (1 ml) of each of the

four splits are transferred into a Tris buffer (used as a

lysing agent), which liberates ATP produced by the culture.

Four sampling periods are made throughout the course of one

experiment at 30 minute intervals, with the initial sample

transferred 30 minutes after the split. Growth measurements

are taken on the 4 splits as well, 30 minutes apart, the

initial set of readings taken 15 minutes after the spilt.

When desired, oxygen utilization measurements can be

taken at this time in the procedure rather than monitoring

the intracellular ATP levels. For these portion of the

experiment, 3 mls of the control is transferred to a sampling

chamber of the dissolved oxygen monitor 10 minutes after the

culture is split. Readings are taken for approximately 10

minutes, then the next split sample is transferred for

similar monitoring. Once oxygen utilization readings are

completed for all four splits, growth readings are taken for

the same four samples. This process is repeated 2 more times

before the experiment is completed.
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2.2.2 Wastewater

Experiments involving wastewater differ from the

previous procedure description for pure compounds. Due to

the nature of these experiments, a blank was necessary for

each concentration tested. Wastewater additions of 50% and

70% were tested for each sample.

A culture was grown to an optical density of 0.08 cm -1 ,

at which point it was split into two controls and the two

concentrations. Controls were diluted into pre-sterili

media, previously added to the flask and warmed to 30 0C (to

avoid any temperature effect on growth). The remaining two

flasks contained proper volumes of pre-filtered (0.22um)

wastewater and media "booster", a solution consisting of ten

times the normal amount of media constituents. Small

additions (according to the concentration of wastewater) were

necessary to ensure no substrate-limiting inhibition occurred

during the experiment. Growth, ATP concentrations and oxygen

utilization rates were completed as previously described for

experiments using pure compounds.

3.2.3 Toxicants 

The toxic effects of four different groups of chemicals

were tested in these experiments: (i) model inhibitors

(chloramphenicol, cyanide, DCCD and 2,4-DNP) were chosen
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because their mechanisms of interference with cellular

activity are well known and associated metabolic effects

could be anticipated (Table 3.1); (ii) a series of

chlorinated phenols (2-chlorophenol, 2,4-dichlorophenol,

2,4,6-trichlorophenol and pentachlorophenol) was tested to

facilitate comparisons of S. aurantia and Salmonella typhimurium, the

tester organism in previous similar tests [8]; (iii) a series

of volatile organic compounds (1,2-dichloroethane, 1,1,1-

trichl oroethane , 1, 1, 2 , 2 -tetrachl oroethane and

pentachloroethane) was subjected to the experiments; and (iv)

metals (Cr(VI) and Hg(II)) also served as toxicants in a

series of experiments. A list of individual compounds and

associated chemical properties is provided as Table 3.2.

Sources of wastewater used in this investigation

included a caustic sewer sample and a Kraft mill effluent.

The caustic sewer sample represents waste as result of an

alkali extraction process. Spent liquors collected after

various stages of the bleaching process comprise the combined

effluent sample.

3.3 Preparation of Samples 

3.3.1 Pure Compounds 

When solubility limits permitted, chemicals were

dissolved in Milli-Q (distilled and filtered) water before
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Table 3.1

List of inhibitors used in this investigation.	 Different
solvents were necessary for insoluble chemicals. Cellular
sites of activity for each inhibitor are also listed.
Predicted response to the three tested parameters are below.

INHIBITOR SOLVENT ACTIVE SITE REFERENCES

Chloramphenicol Ethanol Protein Synthesis (51,52]

Sodium Cyanide H20 Cytochrome oxidase [53]

DCCD Acetone Fo Subunit - ATPase [54]

2,4-DNP Acetone Cytoplasmic membrane [46,53,55]

INHIBITOR

Chloramphenicol

Sodium Cyanide

DCCD

2,4-DNP

Growth rate 

RESPONSE

ATP conc. 02 Utilization

01•1.    



O
• o o

C.)

4 .4 4 4 4 4 4 4
as	 0	 ca	 (a	 c.)	 C.)	 U	 C.)	 U	 U

gn • gn	
-f-i	 -r4

$-1	 $-1	 $.4	 $-1	 $.4
4-4	 •f-1	 '0	 1:1	 r0	 1:1	 MS	 10

CI) 	r-i	 r-1	 r-i	 0-1
4 4 4 4 4 4 4 Pr4

56

4.)	 u)
a) 4-) H a)

4 o ).4 4
4-) W 4 a) o
(n • ri › al 4-1 -iJ

H 4 iTs a)
0 CO O 4-) 3 0
C-) Cf) r4 4

1-4	 0	 at	 e-I	 %a	 0	 111

• tO
CV	 CV	 0	 CO	 CV	 ‘.0
Cr)	 r-i	 rri	 I-1

0

U3

r-,
0

N

0

CNI
0 e-I 0

I •
0 0 0

Cn 0 V' el CV Lfl

%.0 0% N CV NI" t-1
%0 ON el %ID 0 01
CV r-i CN1 (N1



57

being added to the culture. When required for hydrophobic

solutes, alterative solvents included methyl alcohol and

acetone (Table 3.2). In no case did solvent addition exceed

0.1 percent of the final culture volume. Control experiments

were carried out to assess the metabolic impacts of solvent

additions at that level.

Volatile compounds (the ethane series) were mixed with

air-tight vials covered with septa prior to injection into

sealed reaction vessels during inhibition experiments. Due

to their volatility, calculating final additive

concentrations required the use of the Henry's constant for

each chlorinated ethane studied (Table 3.2). The Henry's

constant (H) can be defined as follows:

Cv / C L = H (3.1)

where Cv is the molar concentration of the compound in the

vapor phase and C L is the concentration in the liquid phase.

A mass balance in the flask is:

Mr = C LVL CvVv (3.2)

where MT is the total number of moles, VL and Vv are the

volume of the liquid phase and vapor phase, respectively.

Substituting equation 3.1 into equation 3.2, the total number

of moles necessary to add to the system to get a C L avlue is:

MT = C L (VL -I- H Vv )	 (3.3)
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3.3.2 Wastewater

Wastewater samples were vacuum filtered (0.22u) twice

prior to being mixed with the culture. This was necessary

in order to reduce contamination of the culture form

bacterial growth in the wastewater. pH of these samples

ranged from 7.0 to 8.5, and were adjusted to near 7.0 to

avoid osmotic effects.

3.4 Procedure for ATP Experiments 

Figure 3.3 illustrates the procedure for analysis of

intracellular ATP concentration. Prior to the beginning of

each experiment, Tris buffer was mixed. This solution

consisted of 0.075 M Tris buffer (J.T. Baker Chemical Co.,

7-X167) with 0.002m disodium ethylenediamine tetraacetate

(EDTA, Allied Chemical Co., 1679) mixed in distilled water.

The mixture was adjusted to pH 7.75 using concentrated HC1,

autoclaved and stored at 4 °C. Approximately one hour before

the split time (Figure 3.1), the buffer was divided into

seventeen 30 ml test tubes, each containing 23 mls of the

solution. The tubes were the capped and placed into a hot

water bath at 100 °C.

Following the establishment of splits and toxicant

additions, one ml was periodically withdrawn from each of

the four cultures and rapidly transferred (within 3 seconds)
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to 100 °C Tris buffer. After sample addition, the tubes were

cooled to room temperature, topped off with one ml of buffer

(for a total volume of 25 mis) and mixed.

As the tubes were cooled, firefly extract (Sigma, FLE-

50), (prepared the night before by mixing with 5 ml of Milli-

Q water, well shaken and stored at 4 °C overnight) was warmed

to room temperature. At this point, samples were analyzed

using the luminometer (Turner Designs, Model TD-20e). When

the firefly extract comes in contact with liberated ATP,

natural bioluminescence is produced. Intensity of this ATP-

dependent bioluminescence is measured by the luminometer.

Each sample was analyzed twice, and the average value was

recorded. Sample values which differed by more than 5% were

repeated. For additional details, see Kupillas [8].

3.5 Procedure for Respiration Experiments 

Figure (3.4) is a summary for the oxygen-utilization

experiments. Three ml samples were periodically removed from

culture splits following addition of toxicants and

transferred to a sample chamber of the YSI model 5300

biological oxygen monitor with stir-bath assembly. The first

such sample was taken approximately 20 minutes following

toxicant addition. Molecular oxygen concentrations were

monitored continuously until a constant rate of 02
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utilization was evident (usually within 6 to 9 minutes).

Splits were analyzed sequentially in this manner, from the

lowest to the highest contaminant concentrations. Culture

optical densities were measured, and the chambers were rinsed

out. The entire procedure was repeated twice (total of three

sampling periods) before the experiment was completed. For

additional procedural details, see Kupillas [8].

3.6 Luminometer Calibration

In order to convert values provided by the luminometer

to actual ATP concentrations, the instrument and test

procedure were calibrated using powdered ATP (Sigma, #A-2383)

dissolved in Tris buffer, the solvent for the actual ATP

tests. Solutions of 9 different concentrations (3, 5, 10,

15, 20, 25, 30, 40 and 50 ppb) were mixed to produce the

calibration curve after 6 different trails.

Prior work by Kupillas [8] involving ATP analyses in

dark colored wastewater suggested that ATP measurements

decrease incrementally in the presence of increasing

wastewater concentrations (or color intensity). Since

luminometer readings depend on light transmission, it was

suspected that the decrease in ATP was a function of light

absorbance, as opposed to microbiological, or biochemical

effects. To investigate further, a series of five colored
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wastewaters of significantly different color intensities were

obtained from a pulp and paper-mill. Based on

spectrophotometric scans through the visible range,

absorbance at 500 nm was selected to represent color

intensity in the samples. Two different samples, ranging

from 0.234 to 1.477 in absorbance ( A = 500 nm, cm-1

pathlength) were then tested as follows.

Vacuum filtered samples (0.22 um) were diluted with hot

Tris buffer to 0%, 30%, 50%, 70% and 100% (no dilution)

concentrations (vol/vol, as wastewater). After cooling, the

dilutions were spiked with ATP at concentrations of 0, 5, 15

and 30 ppb (as ATP). One ml samples were removed from each

of the spiked mixtures and analyzed for ATP concentration

using the luminescence procedure described previously.
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CHAPTER 3

RESULTS

4.1 Preliminary Work

4.1.1 Luminometer Calibration - Pure Compounds 

Figure 4.1 illustrates the results from the luminometer

calibration experiments. A line of best fit using a power

curve through data from six different trials produced the

following regression line:

	[ATP] = (Luminometer Reading)"57*0.07	 (4.1)

A power curve was used since it best fit the data at the

lower concentrations.

4.1.2 Luminometer Calibration - Wastewater

Results from luminometer calibrations using wastewater

of different undiluted optical densities (Abs = 0.234 and

1.477, A= 500 nm, cm -1 ) are represented in Figures 4.2 and

4.3, respectively. An absorbance of 0.234 had little to no

effect on luminometer readings (Figure 4.2). Table 4.1

contains the results of regression analysis designed to

illustrate the dependence of sample luminescence on ATP

concentration and wastewater color from Figure 4.3. Compared

to the Tris buffer alone, the more highly colored wastewaters
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Figure 4.1	 Luminometer ATP Calibration Curve.	 Stars
represent data points from the 6 calibration trials.
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Figure 4.2 Wastewater-ATP Calibration Curve, Abs = 0.234
( A= 500 run, cm-1).
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Figure 4.3 Wastewater-ATP Calibration Curve, Abs = 1.477
(A= 500 nm,



Table 4.1 Regression equations for various wastewater
dilutions. Absorbance is measured at A= 500 nm.
(LUMIN) represents the luminometer reading.

Absorbance Regression equation

0.0 [ATP] = (LUMIN) mn*0.07

0.433 [ATP] = (LUMIN)"50*0.04

0.739 [ATP] = (LUMIN)"53*0.04

1.034 [ATP] = (LUMIN)""*O. 04

1.477 (ATP] = (LUMIN)"38*0.06

68
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produced significantly lower luminometer readings for a given

ATP addition. Percent reduction in measured luminescence was

independent of ATP present.

4.2 ExIDeriments Involving Pure Compounds 

Results of experiments monitoring the effects of four

model inhibitors (Chloramphenicol, Cyanide, DCCD and 2,4-DNP)

on growth rate are presented in Figure 4.4. Each plot

contains four curves representing each of the four "splits"

(three test contaminant concentrations plus the control).

Control data represent a continuation of growth in the master

flask, prior to culture division and addition of inhibitors.

All the model compounds were effective inhibitors of growth

by S. auranaa except cyanide. Curves representing the highest

concentrations may tend to decrease drastically after

addition of the compound. This is the result of the cells

"balling up" once dead, with the spectrophotometer measuring

the culture as less dense.

Tests to determine the effect of the same inhibitors on

intracellular ATP concentration are summarized in Figure 4.5.

Data, originally in the form of luminometer output, were

converted to ATP concentrations (in ppb) using the regression

equation (Equation 4.1). This value was then multiplied by

25 (to correct for the experimental dilution) and normalized
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Figure 4.4 Specific inhibitor effect on the growth of S.
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for cell density using the respective growth data. The

control in all of these ATP tests as well as other associated

ATP production tests tends to increase over time. This may

be a function of the tester organisms structure. After

division, the cells tend to elongate, with an associated

increase in ATP levels.

As indicated by Figure 4.6, oxygen utilization rates in

the splits also depended on inhibitor concentration. • Data

shown in the figure represent the slopes of oxygen

concentration verses time curves (not shown). Oxygen-

utilization rates were normalized using culture optical

density measurements corresponding to the midpoint of the

oxygen verses time curve. These percentages can be converted

to mg/1 by the following equation:

mg/1 dissolved 02 = ([% 0 2 ] * 7.6 mg/1)/100 (4.2)

Moles/1 can also be determined by dividing values obtained

using Equation 3.2 by 32,000. 7.6 mg/1 is the assumed

dissolved oxygen solubility (at saturation) at 30 °C [65].
Results of similar experiments involving phenolic

compounds, chlorinated ethanes and metals are summarized in

Appendix A.

A
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4.3 Experiments Involving Wastewater

Graphs showing wastewater data differ slightly from the

previously shown plots. Only two concentrations are

represented (50% and 70%) along the respective controls

(Appendix A).

4.4 Mechanism of Toxicity - Inhibitors 

4.4.1 Introduction 

Growth rate, intracellular ATP concentration and oxygen

utilization in cultures of S. aurantia are presented in Figures

4.7 through 4.10. Independent variables in these plots

include time and inhibitor concentrations. Data represent the

bacterial response after a 60-minute exposure time to chemical

inhibitors (provided by previously discussed time-dependent

plots). An exposure period of 60 minutes best represents

steady cellular effects attributable to individual inhibitors.

Justification for this statement is provided by analyses

summarized in Appendix B. Basically the analysis shows S.

aurantia metabolic response measured by ATP and 02 utilization

to six randomly chosen compounds at various time periods.

Sixty minutes best parallels the average response, considered

to be the most consistent metabolic response indicator.
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Figure 4.9 S. aurantia response to DCCD as measured by specific
growth rate (top) , intracellular ATP concentration (middle)
and 02 utilization (bottom) . Numbers above data points
represent relative percent change compared to the control.
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Specific growth rates (k) were calculated (using eq. 4.2)

from measurements of culture doubling times. Culture

turbidity was used as a measure of cell density.

k = ln 2 / doubling time	 (4.2)

4.4.2 Chloramphenicol 

As predicted, growth and 02 utilization rates decreased

with increasing concentrations of chloramphenicol, while the

corresponding intracellular ATP levels increased (Figure 4.7).

Maximum effects of chloramphenicol addition in the range

tested were 90% reduction in specific growth rate and 26.5%

loss of 02 utilization rate. Since chloramphenicol does not

affect 02 utilization directly, this might have been expected.

Results also suggest that toxic effects leveled off at the

higher concentrations, indicating the organism reached a

saturation point where further additions produced little, if

any, increment in metabolic effects.

4.4.3 Cyanide 

Addition of cyanide (Figure 4.8) beyond 6X10 -5 M, up to

millimolar concentrations, had relatively little incremental

effects. The effects of cyanide addition were, however,

unexpectedly low. These data suggests that the mechanism of

cyanide inhibition to S.aurantia does not involve interference
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with electron transport chain activity. Cyanide binding to

cytochrome oxidase may be weak in this species.

Attempts to check this hypothesis using rotenone as an

indicator of bacterial respiration were foiled by the

insolubility of rotenone in water coupled with modest

sensitivity of S. aurantia to rotenone.

4.4.4 DCCD

The effect of incremental DCCD addition (Figure 4.9) in

the concentration range 4X10 -6 M to 3X10 -5 M was essentially

monotonic; higher concentrations increased the observed

effect. Because of the lack of observed bacterial response

to cyanide and rotenone, DCCD results provide the most

effective indicator of cellular response to respiratory

inhibitors which is available within this study. In

subsequent discussion, DCCD will be considered an inhibitor

of bacterial respiration.

4.4.5 2 4-DNP

As expected, addition of 2,4-DNP to cultures of S. aurantia

produced significant decreases in specific growth rate and

intracellular ATP concentration while resulting in an

increased rate of 02 utilization (Figure 4.10). Accelerated

respiration was most noticeable at the lowest inhibitor
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concentration tested (7X10 -5 M). The reversal in cell

respiration rate observed at high concentrations of 2,4-DNP

may have resulted from less of respiratory capacity or even

cell death. It is also possible that 2,4-DNP affects cellular

metabolism via more than one mechanism. The drug may serve

primarily as an uncoupling agent at low concentrations, but

affect other metabolic functions when added at higher levels.

4.4.6 Summary

To some extent, all inhibitors affected cellular

metabolism as predicted (Table 4.2). Despite the

insensitivity of S.aurantia to cyanide and rotenone, growth rate,

ATP levels and 02 utilization rates generally responded as

expected.

4.5 Mechanism of Toxicity - Chlorinated Phenols 

4.5.1 2-Chlorophenol 

The response of S. aurantia to 2-chlorophenol was

characterized by decreased specific growth rate, intracellular

ATP concentration and 02 utilization rate (Figure 4.11).

Higher chemical doses produced more severe changes in these

parameters. This response suggests that 2-chlorophenol

interferes with energy generation at or ahead of electron

transport, in a manner similar to DCCD inhibition.
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Figure 4.11 S. aurantia response to 2-Chlorophenol as measured
by specific growth rate (top) , intracellular ATP concentration
(middle) and 02 utilization (bottom) . Numbers above data
points represent relative percent change compared to the
control.
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4.5.2 2,4-Dichlorophenol 

The overall response suggests that in contrast to 2-

chlorophenol, 2,4-dichlorophenol interferes with cellular

activity (primarily) by disrupting membrane integrity (Figure

4.12). That is, 2,4-dichlorophenol affects cell metabolism

in the same manner as 2,4-DNP. Chlorinated phenols have been

shown to act as uncouplers in other investigations [71].

4.5.3 2,4,6-Trichlorophenol 

The response of S.aurantia to 2,4,6-trichlolophenol addition

is summarized in Figure 4.13. This parallels the response

produced by DCCD, suggesting that 2,4,6-trichlorophenol

inhibits energy generation at or before electron transport.

4.5.4 Pentachlorophenol (PCP) 

The cellular response and the mechanism of inhibition by

PCP are concentration dependent (Figure 4.14). It appears

pentachlorophenol acts as an uncoupler (much like 2,4-DNP) at

lower concentration, causing the initial increase in

respiration. However, at higher doses a secondary mechanism

seems to prevail, inhibiting energy generation.
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Figure 4.12 S. aurantia response to 2,4-Dichlorophenol as
measured by specific growth rate (top), intracellular ATP
concentration (middle) and 02 utilization (bottom). Numbers
above data points represent relative percent change compared
to the control.
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Figure 4.13 S. aurantia response to 2,4,6-Trichlorophenol as
measured by specific growth rate (top), intracellular ATP
concentration (middle) and 02 utilization (bottom). Numbers
above data points represent relative percent change compared
to the control.
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Figure 4.14 S. aurantia response to Pentachlorophenol as measured
by specific growth rate (top) , intracellular ATP concentration
(middle) and 02 utilization (bottom) . Numbers above data
points represent relative percent change compared to the
control.
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4.5.5 Summary of Phenolic Series 

Salmonella typhimurium responded differently to these

chlorinated phenols in experiments completed by Kupillas [8].

Of the four compounds, only 2-chlorophenol produced

quantitatively similar effects in both tester species. Upon

the addition of the remaining chlorinated phenols, S.4Thillmri=

metabolically responded with decreased rate of growth and 0 2

utilization while the intracellular ATP concentration

increased. This pattern of inhibition is representative of

interference with biosynthetic activity.

The mechanism of cellular inhibition by chlorinated

phenols depends on both concentration and degree of

chlorination. As found by other investigators, highly

chlorinated phenols tend to uncouple oxidative phosphorylation

and electron transport [71,72,73]. However, 2,4,6-

trichlorophenol does not exhibit this trend, but acts in a

manner similar to that of monochlorinated phenol. This

finding may be explained by the "ortho effect" observed by

Kaiser and Ribo [74], which states that both the position and

number of chlorine atoms are important determinants of

toxicity by chlorinated phenols. When chlorine fills both

ortho positions, chemical toxicity is generally lower than

would be predicted based on the number of substituents alone.

The ortho effect may result from a strong shielding effect
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caused by intramolecular hydrogen bonding of the chlorines to

the functional group [74].

4.6 Mechanism of Toxicity - Chlorinated Ethanes 

Figures 4.15 through 4.18 are concentration-dependent

plots which summarize the metabolic response of Spirochaetaaurantia

to various chlorinated ethanes in terms of chemical-induced

changes in specific growth rate, intracellular ATP

concentrations and 0 2 utilization rate.

Unlike the chlorinated phenols, the chlorinated ethanes

studied in this investigation all appear to possess a similar

mechanism of inhibition. As indicated by Figures 4.15 through

4.18, upon addition of these chlorinated ethanes, S.aurantia

metabolically responded with a lower specific growth rate,

intracellular ATP concentration and 02 utilization. Compared

to the model inhibitors, these chlorinated ethanes act like

DCCD, interfering with energy generation at or ahead of

electron transport.

4.7 Mechanism of Toxicity - Metals 

Of the metals tested, only chromium (VI), mercury (II)

and silver (II) inhibited S. aurantia at concentration below

1X10 -2 M. Although silver occasionally proved very toxic,

results were inconsistent. At times 3X10 -6 M Ag(II) would
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Figure 4.16 S. cturantia response to 1,1,1-Trichloroethane as
measured by specific growth rate (top), intracellular ATP
concentration (middle) and 02 utilization (bottom). Numbers
above data points represent relative percent change compared
to the control.
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measured by specific growth rate (top), intracellular ATP
concentration (middle) and 02 utilization (bottom). Numbers
above data points represent relative percent change compared
to the control.
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Figure 4.18 S.aurantia response to Pentachloroethane as measured
by specific growth rate (top), intracellular ATP concentration
(middle) and 0 2 utilization (bottom). Numbers above data
points represent relative percent change compared to the
control.
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completely inhibit growth. At other times, no effect was

observed under conditions which were ostensibly identical.

These inconsistencies have arisen from the metal ions

complexing with the media components. Such reactions would

incorporate the ions into larger molecules, reducing membrane

penetration ability of the ions

Growth rate, ATP levels and 0 2 utilization decreased

monotonically with incremental addition of Cr(VI) (Figure

4.19). Cr(VI) inhibition of S.aurantia seems to result primarily

from interference with bacterial catabolism. It is

interesting, however, that bacterial growth was virtually

halted and ATP levels were severely depressed while

respiration remains at more than half its uninhibited rate.

The pattern suggest that Cr(VI) uncouples respiration and

energy generation perhaps in addition to causing other toxic

effect.

The response of S. aurantia to Hg(II) was essentially the

same as to Cr(VI) although metabolic effects appeared at much

lower concentrations (Figure 4.20). The pattern of inhibition

suggests that Hg(II) acts as an uncoupler at low

concentrations.

4.8 Summary of Pure Compounds

Table 4.3 lists all pure compounds previously discussed
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and their qualitative effects on growth rate, intracellular

ATP and 02 utilization. Apparent sites of inhibitory

activities (determined via comparison of inhibition patterns

to those of model inhibitors) are also listed.

4.9 Mechanism of Toxicity - Wastewater Experiments 

Wastewater from the caustic sewer decreased growth rate

and ATP levels while increasing 0 2 utilization (Figure 4.21)

in tests involving S. aurantia. In order to compensate for the

dark color of this wastewater, calibration curves (with

corresponding equations, Figure 4.13) were used for ATP

analysis. However, effects were modest in the 50 % wastewater

tests and only experiments run at the 70 % wastewater

concentration produced a significant inhibitory response in

the tester organism. The pattern of inhibition suggest that

wastewater components interfere with S.mirwi.a primarily by

uncoupling bacterial respiration and oxidative

phosphorylation.

As shown in Figure 4.22, the 50 % effluent sample had

little effect on growth, ATP levels and respiration rate.

When wastewater comprised 70% of the test mixtures, all three

test parameters (ATP concentration, specific growth rate and

02 utilization rate) decrease. It would appear that lagoon

treatment and/or dilution makes Kraft mill effluent
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considerably less toxic that the influent caustic stream.

Furthermore, the primary mechanism of toxicity of the

wastewater tested to S. aurantia appears to be quite different.

The caustic stream appears to contain uncouplers; the effluent

acts like an inhibitor of bacterial catabolism.

S. aurantia is insensitive to these wastewater samples.

Chlorinated phenols are extensively used in paper

manufacturing and wood preservation. Increased 0 2 utilization

may be the result of highly chlorinated phenolic compounds

commonly associated with pulp- and paper-mill wastewaters.

4.10 Reproducibility

Many problems associated with bioassays center around

control consistency. Controls from experiments using S.aurantia

produced coefficients of variation of 0.08, 0.26 and 0.13 for

specific growth rate, intracellular ATP concentrations and 0 2

utilization rate. Inconsistency associated with ATP levels

in controls may be explained by temperature effects or enzyme

instability, as discussed by Kupillas [8].

The reproducibility of the S.aurantia response to inhibitors

was investigated by running experiments involving PCP

inhibitors in triplicate. In each of these identical

experiments, the growth medium was inoculated from a different

overnight culture. As usual test cultures were split at
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approximately 0.05 Abs units cm -1 (A= 600 nm). Cultures were

then exposed to two different concentrations of PCP (5X10 -6M

and 2X10 -514). Specific growth rate and 02 utilization rate

were monitored. As shown in figure 4.23, results of the

triplicate experiments proved consistent.

Growth data for the control, low concentration and high

concentration had coefficients of variation of 0.02, 0.10 and

1.67, respectively. 02 utilization data were also good;

coefficients of variation for the control, low and high PCP

concentrations were 0.05, 0.05 and 0.06, respectively.
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CHAPTER 6

DISCUSSION

5.1 Toxicity Assessment 

5.1.1 Introduction 

From plots of specific growth rate versus chemical

concentration, it is possible to estimate the concentration

that produces a 50% reduction in the growth rate (ECk„).

Specific growth rate was chosen because it is the only

parameter (among the three monitored) that consistently

declined with increasing toxicant concentration. Furthermore,

light scattering provides a very sensitive, reproducible

measure of chemical toxicity in cultures of S.aurantia. ECk50

(in moles per liter) are useful for comparing toxicity data

from these experiments with those from other bioassays and for

comparing the toxicities of individual chemicals in cultures

of S. aurantia.

5.1.2 Importance of Undissociated Concentration

When dealing with weak acids (such as 2,4-dinitrophenol,

sodium cyanide and chlorinated phenols) ECk" values

interpolated from growth rate constants/concentration plots

do not adequately represent chemical toxicity. For these

acids, toxicity depends on the degree of ionization [76].

Both forms (ionized and nonionized) have been shown to
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contributed to toxicity over extended periods of time (as

shown in 48 hour fish tests) [77]. Non-ionized forms

penetrate biological membranes much easier than their ionized

counterparts. Investigations have found a strong correlation

between toxicity and the dissociation constant (pl‹,) [74].

As expected, toxicity increases with increasing pK,, or

decreasing ionization in a homologous series of compounds

[74,66]. When toxicity depends primarily on the aqueous

concentration of the undissociated form of a weak acid, strong

pH effects may be observed. The concentration of the

protonated form of a weak acid can be calculated as a function

of solution pH and the compounds pK, using the Henderson-

Hasselback formula [78]. ECk50 values can then be based on the

concentration of the protonated form as follows:

where:

	[HA]50 = 1114. ] ECk50_	 (5.1)
[H+ ] +Ka

	

Ka = 111+1 [A - ] 	(5.2)
[HA]

[HA] 50 is the concentration of the undissociated form at a

total concentration of ECk50 . Since the ECk5o may be strongly

pH dependent, [HA] 50 should be a much more significant

parameter.
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5.1.3 Toxicity - Pure Compounds 

Toxicity data for all the compounds used in this

investigation (as well as octanol/water partition coefficients

and pKa values) are listed in Table 5.1. Both ECk50 and [HA] 50

values are listed for the weak acids.

The toxicity of the phenolic series increased with

increasing chlorination, a trend observed in several

investigations [57,66,79,80]. Total concentration (ECk50 )

values were imperfect in this regard since 2,4-dichlorophenol

was more toxic than 2,4,6-trichlolophenol (Table 5.1). Liu

[75] indicated that toxicity is detected by the position(s)

of substituents in addition to the number of and identities

of substituents present on the phenolic nucleus. This theory

is supported by the "ortho effect" discussed previously

(Section 4.5.5) in which para-substituted phenols proved more

toxic than ortho isomers. When both ortho positions are

filled toxicity is reduced (as in 2,4,6-trichlorophenol).

However when only the unionized form of the compound is

considered (i.e. [HA] 50 values) compound toxicity correlates

well with degree of halogenation.

Chlorinated ethane toxicity increased with increasing

chlorination, a trend observed in other experiments [79,58].

As a group, the ethanes were less toxic than the phenolic
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compound as indicated by their respective ECk50 values.

Chlorinated phenols tend to be more hydrophobic than

chlorinated ethanes as indicated by log octanol/water

partition coefficient. Further log octanol/water partition

coefficients consistently increase with degree of chlorination

within hydrogenous series of compounds, suggesting that

toxicity should be highly correlated with hydrophobicity among

these chemicals.

5.1.4 Toxicity - Wastewater

After compensating for wastewater color effects,

intracellular ATP levels were significantly lower in samples

exposed to the caustic sewer wastewater. The pattern of

inhibition in wastewater experiments (i.e. considering 0 2

utilization and specific growth rate in addition to ATP)

suggest that toxicity associates with caustic wastewater

samples is the result of chlorinated phenols. These compounds

are commonly used as wood preservatives and may occur in high

concentrations in pulp- and paper-mill wastewater [61].

5.2 Octanol/Water Partitioning

Several studies have noted the importance of

octanol/water partition coefficients in estimating the

toxicity of chemicals [69,74,75,81,82]. A chemical's
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biological activity (toxicity) depends upon its structural

characteristics. Initially the chemical must diffuse through

the cell membrane, which has a significant lipid component.

Transmembrane diffusional transport may be a function of a

chemical's solubility in the lipid phase or the ratio of its

solubility in the lipid membrane and the aqueous phase outside

the cell. Octanol/water partition coefficients are used to

model chemical partitioning between aqueous and hydrophobic

phases under equilibrium conditions [74]. It has been

suggested that a chemical's octanol/water coefficient also

provides an (inverse) measure of the permeability barrier

associated with biological membranes and specific chemicals

[81]. Since toxicity depends upon a chemical's distribution

within the organism, correlations between toxicity and

octanol/water partitioning in a homologous series of compounds

should be expected [81]. Saarikoski [69] found that

hydrophobicity is the primary determinant of a chemical's

toxicity; Kamler [81] further acknowledged that a chemical's

biological activity increases directly with log octanol/water

partition coefficients in a homologous series. Investigations

have found significant correlations between both fish toxicity

data (r = -0.99, [66]) and bacterial tests (r = -0.99, [83])

with log octanol/water partition coefficients for various

organic compounds. Similar relationships might be expected
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among metals with a common mechanism of cellular inhibition

but metals speciation is much more complex in aqueous media,

and such relationships are more difficult to investigate.

5.3 Correlations 

5.3.1 Kow and Undissociated Concentrations 

Both the total and undissociated concentration of

specific inhibitors (phenolic, weak acids) are plotted against

the respective log octanol/water partition (Table 5.1)

coefficients for these chemicals in Figure 5.1. It is evident

that the toxicity of these chemicals depends upon their

ability to penetrate biological membranes, as reflected in the

octanol/water partition coefficient. This correlation becomes

much stronger when only the undissociated concentrations of

chlorinated phenols are considered. Relevant statistical

information is included within Figure 5.1. These results

provide further indirect evidence that (1) membrane

penetration is essential to chemical toxicity and (2) the

protonated or undissociated form of weak acids is primarily

responsible for chemical toxicity. Similar improvements in

r2 values occur in the examination of other data sets when

protonated forms are considered [74]. That is, measures of

chemical toxicity correlate with the octanol/water partition

coefficient when only the protonated form of the acid/base
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octanol/water partition coefficients of chlorinated phenols;
statistical data included.
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conjugate pair is included. Consequently, data presented

without pH information are of limited value for the comparison

of toxicity data involving weak acids.

5.3.2 Kow vs Toxicity

Both chlorinated phenols (undissociated form) and ethanes

form the basis of the correlation illustrated in Figure 5.2.

A regression summary is included with the figure. The high

correlation coefficient (r = -0.94) indicates that toxicity

and lipophilicity are highly correlated among these compounds.

Because time of exposure was not a strong determinant of

compound toxicity, the kinetics of transmembrane transport

were apparently not an important consideration in these tests.

Consequently, it is probable that the relationship between

compound toxicity and lipophilicity arises from accumulation

of the chemical of interest in bacterial membranes as opposed

to a relationship between lipophilicity and transmembrane

transport kinetics.

5.3.3 Tester Organism Comparison

Figure 5.3 is a plot of Spirochaetaaurantia ECk50 values for

chlorinated phenols using undissociated concentrations and

model inhibitors (except DCCD) versus corresponding values

from tests involving the same compounds in pure batch cultures
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of Salmonella typhimurium [8]. With the exception of cyanide, all

plotted points lie above the 1:1 line, indicating that

Spirochaeta aurantia is more sensitive to these types of inhibitors

than is Salmonella typhimurium. Because a line connecting these

points (excluding CN - ) parallels the 1:1 line, the patterns

and perhaps mechanisms of chemical inhibition in these species

may be quite similar.

5.3.4 Quantitative Structure-Activity Relationships 

(OSARs) 

Experiments in aquatic toxicology have stressed the

importance of quantitative structure-activity relationships

(QSARs). These models permit prediction of chemical toxicity

based upon chemical structure and related physico-chemical

properties [74]. Toxicity estimation based on using these

QSAR applications represent an extension or extrapolation from

bioassay data. Their utility arises from similarities in the

toxic mechanisms of a homologous series of organic compounds.

QSARs also provide a means for organizing data related to the

environmental toxicity of organic compounds [69].

Many researchers have proposed models estimating

effective or lethal concentrations of toxicants to a specific

tester organism using a number of different parameters as

independent variables. Log octanol/water partition
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coefficients are often the dominant parameter in these models

[66]. Other chemical parameters including predictions of

toxicity using pH [77], dissociation constants (for weak

acids) [78], distribution coefficients [73], Van der Waals

volume, and parameters which represent hydrophobicity [74],

have been used in hopes of improving the correlation between

toxicity and (physicochemical) independent variables. Not

surprisingly, acid dissociation constants are a statistically

important variable in regression formulae when chemical data

are not corrected to represent the protonated form of the

acid-base conjugate pair [76]. When such corrections are

made, however, the statistical importance of the dissociation

constant tends to disappear.

QSARs have been developed using various bioassay data,

including guppy (Eq. 5.3) [78] and Microtox test results (Eq.

5.4) [74]. Equation 5.5 is based upon data acquired from

experiments using S.aurantia (chlorinated ethane and phenol

data).

log (1/LC50 ) = 1.12 Kow + 0.35pKa - 7.43, r2 = .96
	

(5.3)

p(EC50) = -3.97 + 1.02 K ow + 0.29pKa , r2 = .88, n=20	 (5.4)

pECk50 = -0.512 Kow + 1.055, r2 = 0.87, n = 8, P<.0005 (5.5)

Equation 5.5 permits prediction of chemical toxicity for
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chlorinated, hydrophobic compounds (aromatic and aliphatic)

on the basis of the octanol/water partition coefficient alone.

When the toxicant is a weak acid, ECk50 is based on the

protonated chemical form. Adding the acid dissociation

constants into the model (Eq. 5.6) has little effect on the

r2 value as expected, since it is already compensated for:

pECk50 = 11.63 + 0.15 K ow - 1•07pK a , r2 = 0.90	 (5.6)

n=4, P<0.05

5.3.5 S. aurantia Toxicity Data vs. Other Bioassay

Toxicity Data 

Tables 5.2 through 5.5 lists toxicity data collected from

other investigations using similar compounds for the

inhibitors, chlorinated phenols, chlorinated ethanes and

metals. Correlations between the specific growth rate of S.

aurantia tests and results of Microtox, Daphnia, Guppy and Fathead

Minnow tests are listed in Table 5.6. S. aurantia toxicity data

correlates extremely well with Daphnia, guppy and fathead

minnow tests. Figures 5.4 and 5.5 illustrate the relative

sensitivities of these tests and test organism compared to S.

auranaa in test involving chlorinated phenols and chlorinated

ethanes, respectively. With the exception of the Daphnia test

for pentachlorophenol, all points lie above the 1:1 line,
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indicating that S. aurantia is a somewhat less sensitive tester

organism than species used in alternative bioassays. When

regression lines lie parallel to the 1:1 line, the responses

of S. auranaa and other bioassay organisms to the chemicals in

question are in some sense proportional. That is, the

relative toxicities of these chemicals are equal in the two

tester organisms or bioassay procedures, although organism

sensitivities may be unequal. According to Figure 5.4 S.

meanaa responds to chlorinated ethanes much like Daphnia and

fathead minnow. Chlorinated phenol data (Figure 5.5) suggests

S.auranaa responds similarly to the Microtox tester organism and

guppies. Despite these similarities, other tester organisms

respond to concentration of toxicants which are considerably

lower than S.aurantia (in some cases an order of magnitude

lower).
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CHAPTER 6

CONCLUSIONS

6.1 Bioassay Procedure 

Compared to the previous multiparameter investigation,

only modest improvement in sensitivity was achieved using a

new tester organism (Spirochaeta aurantia) . Comparing relative

toxicities for similar compounds, S. aurantia proved to be about

six times more sensitive to chemical inhibitors and

chlorinated phenols than Salmonella typhimurium . This increased

sensitivity does not justify selection of Spirochaeta aurantia as a

tester organism in further toxicity tests of this nature.

Qualitative results of the multiparameter test were

essentially independent of the tester organism chosen; the

test battery works as hypothesized for S. aurantia as well as

Salmonella typhimurium [8]. Responses to specific, model inhibitors

parallel predicted responses, with the exception of cyanide,

to which Spirochaeta aurantia proved to be insensitive. This

insensitivity may be explained by the weak bonding of cyanide

ion to cytochrome oxidase in this species.

6.2 Toxicants 

The metabolic response of S. aurantia to chlorinated phenols

differed from that of Salmonella typhimurium [8] suggesting that the
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primary mechanism of toxicity due to these compounds was

different in the species. Experiments using Spirochaeta aurantia

showed 2-chlorophenol and 2,4,6-trichlorophenol acted as

inhibitors of energy generation, while 2,4-dichlorophenol and

pentachlorophenol acted primarily as uncouplers of electron

transport and oxidative phosphorylation. Tests using Salmonella

typhimurium found 2-chlorophenol to inhibit catabolic processes

while the remaining phenolic compounds affected the

biosynthetic capabilities of the organism. When chlorine

atoms occupy both ortho positions on the phenolic nucleus,

toxicity is somewhat lower than expected based on degree of

halogenation alone.

S. aurantia responded to 1, 2-dichloroethane , 1, 1, 1-

trichloroethane, 1,1,2,2-tetrachloroethane and

pentachloroethane in the same manner. These four compounds

inhibited energy generation at or before the electron

transport chain. Toxicity increased with degree of

chlorination.

Responses to metals by S. aurantia were inconsistent,

possibly due to liquid-phase metal-ligand interactions. It

was not possible to investigate metal speciation in these

experiments because of the complexity of the test medium.

S. aurantia proved to be insensitive to Kraft-mill effluent.

A slight increase of the oxygen utilization rate suggests the
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possible presence of chlorinated phenols, which are common

constituents of pulp- and paper-mill discharges. Improvements

in sensitivity include adding the culture directly to the

sample (without media) or using chemical extraction techniques

to concentrate the inhibitory sample contaminants.

6.3 Toxicity Assessment

Specific growth rate (k) was the only metabolic parameter

measured which decreased consistently with increasing

additions of all the toxicants used in this study. Therefore

ECk50 values were used for comparison with the results of other

bioassay procedures. Intracellular ATP concentrations and

oxygen utilization rate did not follow this trend, with ATP

levels increasing in the presence of biosynthetic inhibitors

and respiration increasing when a chemical disrupts membrane

integrity. For this reason, these two metabolic parameters

are inappropriate for toxicity assessment.

ECk50 values for chlorinated phenols and ethanes

correlated well with their respective octanol/water partition

coefficients, suggesting that the primary active sites for

associated toxicity lie within the bacterial membrane. This

correlation improved significantly when ECk 50 values were based

on the undissociated concentrations of weak acids rather than

total concentrations. Uncharged (or unionized) molecules
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enter membranes much easier than charged molecules. The

investigation suggests that protonated (uncharged) molecules

are primarily responsible for observed toxic effects. Because

toxicity was essentially independent of time over the 2 to 3-

hour course of these experiments, the kinetics of

transmembrane transport was apparently not important

determinant of chemical toxicity. The lack of time dependence

suggests that compound toxicity is thermodynamically rather

than kinetically controlled. Furthermore, sites for chemical

interference with cellular activity are probably found in cell

membranes.

Although sensitivity remains an issue, toxicity data

obtained from these experiments correlated well with data from

other bioassays. That is, even though estimated arising from

other tests were sometimes more than an order of magnitude

lower than ECk 50 values. Patterns of chemical inhibition in

S.aurantia and other test organisms were similar. One is tempted

to suggest that the mechanisms of chemical inhibition among

the chemicals tested are, at some level, also similar.
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Figure A.8 Chromium and mercury effect on ATP production
of S.aurantia in time-dependent plots.
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aurantia in time-dependent plots.
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Exposure Period Comparison
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Figure B.1 Effect on intracellular ATP over time after
addition of Chloramphenicol (top), 2,4-DNP (middle) and 2-
Chlorophenol (bottom). Average response calculated over the
length of the experiment is represented by the dashed line.



30 MIN.
4-*4-44 60 MIN.
0434343.e 90 MIN.
00o0o AVERAGE

a.
< 500

2000

1600
0

a-
< 12001200

800

2000	 PENTACHLOROPHENOL

1500

CL
CL

1000
.0

a
a 500

5	 10	 15	 20	 25
m0ukR CONCENTRATION (x 1E-06)

1500

co
a.
o.

1000

144

Figure B
addition
(middle)
over the
line.

.2	 Effect on intracellular ATP over time after

of Pentachlorophenol (top), 1,1,1-Trichlorophenol

and Mercury (bottom). Average response calculated

length of the experiment is represented by the dashed



400	 10	 20	 30
MOLAR CONCENTRATION (x 1E-06)

2-CHLOROPHENOL

10

255	 10	 15	 20
MOLAR CONCENTRATION (x 1E-05)

•=f- 26

24

•-•-•-•-• 30 MIN.
c4 22	 4-4-44-1 60 MIN.

mee.e€1 90 MIN.-0
00,000 AVERAGE

20
0

�,t10
-0	 •-•-•-•-• 30 MIN.
cs,	 444-4-1 60 MIN.
0	

0084313 90 MIN.-o
oo.000 AVERAGE

0

145

1	 2	 3	 4
MOLAR CONCENTRATION (x 1E-03)

Figure B.3	 Effect on oxygen utilization over time after
addition of Chloramphenicol (top), 2,4-DNP (middle) and 2-
Chlorophenol (bottom). Average response calculated over the
length of the experiment is represented by the dashed line.
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