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ABSTRACT

Experimental procedures were developed to test the

effects of various pure compounds and papermill wastewater

samples on the growth rate, intracellular ATP concentration

and oxygen-utilization rate of the bacterium, Salmonella 

typhimurium TA98. Responses of the bacterium to increasing

concentrations of three specific inhibitors, cyanide,

2,4-dinitrophenol, and chloramphenicol corresponded well

with the predicted results. Comparison of microbial

responses to specific inhibitors and mechanistically

uncharacterized compounds suggested general inhibitory

mechanisms for the latter chemicals. Correlations between

measured relative toxicities of a homologous series of

chlorinated phenols with the log octanol/water partition

coefficients of those compounds indicated a strong

relationship between toxicity and hydrophobicity.

Correlations with published toxicity data for the pure

compounds showed generally good agreement between the S.

typhimurium test and other aquatic toxicity tests.

Intracellular ATP concentration was the most sensitive

indicator of toxicity in tests involving papermill

wastewater samples.
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Chapter 1

INTRODUCTION

1.1 Motivation 

Growing concern over the effects of water pollutants on

aquatic biota and humans has lead to increased efforts to

develop effective biological toxicity monitoring methods

[1]. Over the years, numerous different toxicity test

procedures utilizing fish, invertebrates, and amphibians

have been established [1,2,3,4,5]. Many of these methods,

however, are relatively expensive and time consuming

[6,7,8,9,10], and are not well suited for frequent, routine

monitoring applications. Recent attempts to address the

shortcomings of traditional techniques have resulted in the

development of a number of microbial toxicity tests.

Although microbial tests offer several advantages over

traditional methods, as yet, no single method has proven

sufficiently effective to replace the established

procedures.

1.2 Traditional Bioassays 

Of the many well established bioassays, the ones most

commonly performed involve the use of fish, usually fathead

minnows or fingerling rainbow trout [6,10,11]. These
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methods are based on mortality rates of fish after exposure

to toxicants over a period of 24 or 96 hours in static or

flow-through systems [4.5]. Toxicity is usually determined

as the concentration of the toxicant causing 50 percent

mortality (LC50) over the test period.

Although fish generally exhibit great sensitivity to a

broad	 range of contaminants,	 there are several

disadvantages associated with the fish bioassays. Perhaps

the biggest problem with the fish tests is the great amount

of time required to perform them. Besides the 24- or

96-hour exposure period, considerable time is devoted to

the rearing and maintenance of fish stocks. The need for

rapid assessment of contaminant discharges to minimize

environmental impacts and adverse health affects thus

precludes the use of such long-term tests.

Another problem with fish bioassays is high cost.

Factors contributing to such costs are time (time is

money), large equipment and space requirements, and skilled

labor. The cost of a single fish bioassay has been

variously estimated between $2000 [12] and $10,000 [13].

For an industry or agency charged with monitoring

contaminant discharges, the cumulative costs of frequent

fish bioassays could quickly reach prohibitive proportions.

A third problem associated with fish bioassays is the

requirement of large volumes of test water [14]. The

amounts of test water needed to support a number of fish
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during a flow-through 96-hour test might be measured in

gallons or tens of gallons. However, monitoring situations

which require sampling from remote areas, or from

ground-water wells or lysimeters (to name a few examples),

would restrict sample volumes to liters or even

milliliters. Clearly, the fish bioassay is not well suited

for many situations in which a toxicity test could be

applied.

1.3 Microbial Bioassays

1.3.1 Forward

Recognizing the shortcomings of many traditional

bioassays, investigators have developed, evaluated and

compared a number of microbial toxicity tests that are

relatively quick, inexpensive and use small test water

volumes [6,7,8,9,10,11,12,14,15,16,17,18,19,20].

Among the microbial bioassays recently developed, three

have received particular attention: the Microtox test,

which measures light output from a luminescent bacterium;

the Spirillum volutans test, which evaluates motility

reactions of a bacterium, and the two-organism procedure of

Tchan that utilizes a luminescent bacterium and an alga

cunjunctively. Each of these methods is described in

further detail below.
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1.3.2 The Microtox Test

Perhaps the most notable of the three tests described

herein is the Microtox test developed by Beckman

Instruments, Inc. The method employs a specially designed

apparatus to measure changes in the natural light output of

a luminescent bacterium, Photobacterium phosphoreum, in

response to a toxicant [6,7,8,12,15]. Relative toxicity is

measured as EC50, which is the toxicant concentration

required to cause a 50 percent decrease in light output

after an exposure period of five, or sometimes 15 minutes.

The test is highly standardized, requiring the use of

apparatus and specially prepared reagents supplied by

Beckman Instruments, Inc. The Microtox test is, thus, very

rapid, considerably less expensive than fish bioassays, and

requires small volumes of test water.

1.3.3 The Spirillum volutans Test 

This bacterial assay procedure, originally developed by

Boudre and Krieg [16], and later tested in modified form by

other investigators [8,9,10], utilizes a large helical

aquatic bacterium, Spirillum volutans. The bacterium is

unique in that it possesses a rotating fascicle of flagella

at each cell pole. The two bundles of flagella work in

coordination to control motility. During normal swimming,

the bacteria reverse directions frequently. In response to

low concentrations of various toxicants, flagellar
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coordination is disturbed, resulting in loss of motility.

Cultures of S. volutans which have been exposed to

toxicants are prepared on a slide and viewed under a

darkfield or phase contrast microscope. Toxicity is

measured as MEC90, the minimum effective concentration of a

toxicant that causes a loss of forward or reverse motility

in more than 90 percent of cells after a number of

different exposure periods (0,5,15,30,90, and 120 minutes

incubation). Because this test uses simple procedures and

common laboratory equipment, it is very cost-effective.

The S. volutans test is also relatively quick and requires

small amounts of toxicant sample.

1.3.4 Two-Organism Procedure of Tchan

This procedure, developed by Tchan and others [17],

utilizes a luminescent bacterium in conjunction with an

alga to indirectly determine effects of toxic substances on

oxygen production by photosynthesis. Originally, the

method was developed to detect the effects of herbicides on

photosynthesis [17,18], but was later applied to assess the

acute toxicity of a number of other test chemicals [19].

The procedure is based on the determination of 02 evolution

of the algae by measurement of the 02-dependent

luminescence produced by the bacteria. Oxygen is removed

from a chamber containing the toxicant and algae which are

in close association with the luminescent bacteria. The
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algae are then exposed to light, allowing photosynthesis to

produce oxygen. The oxygen thus produced drives light

production by the luminescent bacteria. Light output is

measured in a specially designed, light-tight box by a

photomultiplier. Relative toxicity is measured as EC50,

the concentration of toxicant that causes a 50 percent

reduction in light output after a one-hour exposure period.

For maximum luminescence, both the photosynthetic

mechanism of the algae and the oxidative metabolism of the

luminescent bacteria must be fully functional. Any

disturbance in the mechanism of either organism by addition

of toxicant will adversely affect the observed light

output. When the procedure was first developed,

incompatability of the algae and bacteria species required

physical separation of the two microorganisms. In this

case, only the algae were exposed to the toxicant. In this

regard, the test was most appropriate for assaying

photosynthesis-affecting herbicides. After further

investigation [18], however, compatable species were found,

and the procedure was greatly simplified by allowing the

two biotic components in the same vessel. Direct

association of both algae and bacteria in contact with

toxicant now gives the test the advantage of biological

diversity (which is lacking in the single-species tests)

and the potential to rapidly screen for toxicity in a wide

range of chemicals and complex effluents.



18

1.4 Analysis of the Microbial Bioassays

1.4.1 Comparisons 

Several investigators have made comparisons between

bioassay results from Microtox and fish tests

[6,7,11,12,14]; Microtox and the Spirillum volutans method

[8,9,10]; and Microtox and the Tchan procedure [19]. Using

the LC50 fish test as the basis for comparison, all of the

investigators agree that there is generally good

correlation between the results from the microbial tests

and the fish tests. Comparisons of LC50 (fathead minnows)

results with Microtox EC50 data by one investigator showed

significant correlations (P<0.05) for tests on alcohols

(R2=0.96, N=8), ketones (R2=0.81, N=7), and ethanes

(R2=0.99, N=4). Correlations for mixed chemicals were

generally not as good (statistics not available) [12].

Other studies have compared Microtox results with mixed

fish LC50 data from the literature. The resulting

correlations range from R2=0.16-0.97 [7,11,14]. These

figures should be viewed with caution, however, because the

results were from tests conducted in different laboratories

using various species of fish.

Of the four methods discussed, the fish bioassays were

usually the most sensitive, followed by the Microtox test,

with the Tchan procedure running a close third. The S.

volutans method was the least sensitive. However, as
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pointed out by McFeters and others [19], the differences in

sensitivities among the microbial assays and the fish

bioassays are often not as great as differences observed

between fish bioasay results from different labs or between

results of tests using different fish species.

A couple of exceptions to these general observations

are worth noting. The Microtox method has proven to be

relatively insensitive to cyanide and metals [11,12,20],

while the S. volutans test is most sensitive to

photosynthesis-affecting herbicides [19].

Reproducibility of the microbial bioassay results seems

to be comparable to that achieved by traditional

procedures. Analyses of replicate Microtox assays showed a

degree of precision equal to or better than that of fish

bioassays [10,12,20]. One investigator determined the

overall deviation from the mean of replicate Microtox EC50

results for eight organic chemicals to be about ten

percent, with a range of one to 23 percent [12]. A similar

analysis of fish tests performed on 16 pure compounds by a

number of independent investigators showed deviations from

the calculated mean LC50 values of 30% to 99% [11]. It

should be noted that these results were from tests

conducted in different labs using a variety of fish

species. In a comparison of reproducibility between the

Microtox test and the Tchan method, McFeters and others

[19] determined mean coefficient of variation values (from
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replicate tests on 32 compounds) of 0.34 and 0.42,

repectively. The difference between the precision of these

two microbial assays was attributed to the higher degree of

formalization of the Microtox procedure. Statistics which

illustrate the precision of the S. volutans test were not

reported, however, one investigator did state that all

results with the S. volutans test were repeatedly

reproduced [16].

1.4.2 Summary

There is general agreement that the inhibitory effects

of various contaminants are dependent upon the organism

tested; no single bioassay can serve for toxicity testing

in all situations. It has often been suggested that a

battery of tests should be performed using organisms from

different trophic levels in order to more closely represent

conditions in the natural environment. Yet, increasing

demands for quick response and frequent monitoring dictate

the use of simple, inexpensive, rapid-screening toxicity

tests.

All three microbial bioassays discussed show potential

as effective rapid-screening techniques. General agreement

between results of the microbial assays and fish assays is

good, and the microbial tests seem to be comparatively

reproducible as well. Still, each procedure has

disadvantages. The Microtox test has demonstrated relative
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insensitivity to metals in solution, and while less

expensive to run than fish bioassays, Microtox could turn

out to be a costly alternative to other microbial toxicity

tests: the analyzing equipment and all the necessary

reagents are available only from one supplier. The

two-organism procedure of Tchan shows great potential, but

could become a costly procedure for the same reasons as the

Microtox assay. The Spirillum volutans test, while being

the most cost effective of the three methods, is the least

sensitive. Additionally, the S. volutans test is prone to

inconsistency because of subjectivity associated with the

determination of effects on motility as observed in the

microscope. Accurate determination of S. volutans MEC90

toxicity could also prove difficult and time consuming: if

complete cessation of motility were observed at one

toxicant concentration, with little effect at the next

lower concentration, it would be impossible to accurately

determine the MEC90 without further iterative testing.

1.5 Content of this Investigation

The objective of this investigation was to develop a

microbial toxicity test that would not only measure the

relative toxicity of small volumes of contaminated water

quickly and inexpensively, but also shed light on the

mechanism(s) of the toxic response(s).
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A battery of tests was developed which employed

measurements of intracellular ATP (adenosine triphosphate,

the reservoir of stored intracellular energy)

concentration, oxygen utilization rate, and growth rate of

the bacterium, Salmonella typhimurium as affected by

increasing concentrations of various toxicants.

Toxicity tests were performed on a set of defined

inhibitors, a homologous series of chlorinated phenols, and

several wastewater samples from a pulp- and paper-mill.

Each of the three specific inhibitors affected ATP

synthesis, 02-utilization, and/or growth rate by different

but predictable mechanisms. Results from the experiments

involving the specific inhibitors provided a basis for

assessment of inhibitory effects attributable to other

compounds and mixed wastes, in terms of both the severity

and probable mechanism of inhibition.

Results from experiments performed with specific

inhibitors and chlorinated phenols were correlated with

published results from Microtox and fish bioassays to

determine how well the S. typhimurium test battery compared

with other toxicity tests.

Results from the experiments involving the chlorinated

phenols were correlated with the log octanol/water

partition coefficients (Kow) of the compounds to explore

the relationship between the degree of hydrophobicity and

toxicity in a series of similar chemicals. Studies with
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rainbow trout have shown a linear relationship between the

KOW of various organic compounds and their degree of

bioaccumulation [21]. A similar relationship between Kow

and toxicity (assuming toxicity is directly related to the

degree of bioaccumulation) in S. typhimurium could further

elucidate the inhibitory mechanisms of a particular

compound.

Relative toxicity data from experiments on the pulp and

paper mill wastewater samples were correlated with the

total organic halide (TOX) content of those samples to

determine how well the toxicity test compared with other

measures of toxicity. Additionally, wastewater toxicity

results were compared with results from fish bioassays that

were run on a limited number of those samples.

1.6 Applicable Bacteriology

1.6.1 Forward

To understand the mechanisms of bacterial toxicity,

some knowledge of bacterial structure and function is in

order. The following discussion is intended to provide

background which is appropriate for the particular aspects

of this study.
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1.6.2 Gram-positive versus Gram-negative Bacteria

Because results of the gram-stain procedure are

correlated to fundamental differences in the prokaryotic

cell envelope, the test has become a primary tool for

bacterial classification. The gram-stain test involves the

following steps: A bacterial film is fixed on a microscope

slide and treated with a basic dye, typically crystal

violet. The film is then exposed to iodine, which fixes

the dye to any stainable material. Any unfixed dye is

removed by a subsequent rinse in alcohol. The bacterial

film is then exposed to a red counterstain (such as

safranin), blotted and examined in the microscope. Cells

retaining the crystal violet stain remain blue and are

gram-positive. Cells which were destained by the alcohol

treatment retain the red color of the counterstain and are

gram-negative. The differences in staining characteristics

correspond to fundamental differences in the structure of

the cell envelope (Figure 1.1) [22]. The bacterial strain

used as a tester organism in this study is gram-negative.

The following discussion will, therefore, be confined to

the structure and function of gram-negative bacteria.

1.6.3 Bacterial Structure 

General:	 Although different species of gram-negative

bacteria come in various shapes and sizes, they share the

same basic structure; cell cytoplasm is surrounded by a
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Figure 1.1	 Diagram of idealized typical bacterial cells.
Gram-positive (Gm+) cell on left and gram-negative (Gm-) on
right. CM, cytoplasmic membrane; LP, Lipoprotein [23].
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cell envelope consisting of a cytoplasmic membrane,

peptidoglycan layer, periplasmic space and outer membrane

(Figures 1.1 and 1.2).

The Cytoplasm: The intracellular aqueous solution of a

bacterium is known as the cytoplasm. It consists of a

multitude of complex proteins and metabolites. This

solution contains the bacterial DNA and the major internal

organelles--the ribosomes--which are responsible for

protein synthesis [22].

The Cytoplasmic Membrane: The cytoplasmic membrane

surrounds the cytoplasm and serves as the primary barrier

to exchange of material between the cell and its

surroundings. Its composition is similar to animal cell

membranes in that it is comprised mainly of phospholipids

and proteins. The cytoplasmic membrane is practically

impermeable to charged compounds, including protons, and is

only permeable to hydrophobic compounds or small

(<glycerol) uncharged substances. The membrane thus

prevents the escape of important metabolites and preserves

important ionic differences between the cell cytoplasm and

the surrounding environment. Other important functions

such as energy production, transport of metabolites into

the cytoplasm, and biosynthesis of cell envelope components

are carried out by proteins within the cytoplasmic membrane

[22,25].

The Peptidoglycan Layer: A macropolymer mesh known as
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the peptidoglycan layer surrounds the cell just outside the

cytoplasmic membrane. This chitin-like layer has

considerable tensile strength and is primarily responsible

for maintenance of cell shape and rigidity [26]. Embedded

within the peptidoglycan layer are Braun's lipoprotein

molecules which anchor the outer membrane to the

peptidoglycan layer [25,27].

The Periplasmic Space: Between the cytoplasmic

membrane and the outer membrane of a gram-negative cell is

an aqueous zone known as the periplasmic space (Figure

1.2). This zone is occupied by the peptidoglycan layer and

a complex framework of structural components which can bind

enzymes, smaller molecules, and ions, thereby providing a

conditioned and enriched environment at the outer bounds of

the cytoplasmic membrane [24].

Outer Membrane: The outer membrane of the

gram-negative cell envelope is composed primarily of

phospholipids and proteins [24,27,28,29], and in that

regard is similar to the cytoplasmic membrane. In contrast

with the cytoplasmic membrane, however, the outer membrane

almost completely lacks enzymatic activity [27,29].

Hydrophylic solutions can permeate the outer membrane

through proteinaceous aqueous pores. In this way, the

outer membrane of a gram-negative cell acts as a passive

diffusion barrier [27] which serves as a "molecular sieve"

[30], selectively blocking or allowing passage of various
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molecules, depending on their sizes. Studies of E. Coli

have shown that the molecule tetrasyline can pass through

the outer layer, but pentasyline cannot, indicating a

hydrodynamic radius (Kd) of 0.190 for outer membrane pores

[31].

On the extreme outer boundary of the gram-negative cell

is a layer of lipopolysaccharides. The polysaccharide coat

acts as a hydrophobic barrier [24] and seems to play a role

in virulence [22,24].

1.6.4 Bacterial Nutrition and Metabolism

General Growth Requirements: The growth requirements of

bacteria vary widely from one species to another. Many

common bacteria such as Escherichia coil can grow on a

simple media containing the usual inorganic ions NH4 + ,

HPO4 2- , SO4 2- , K+ , Mg2+ , Fe2+ , and a few trace elements.

Heterotrophs require at least one organic compound to

provide a source of carbon for growth. Autotrophs are

capable of growth on inorganic carbon. Some bacteria may

require a great many additional growth factors, and may not

grow at all in the absence of just one of these components

[22,25]. Generally, the minimal requirements of an

organism reflect its biosynthetic abilities. In other

words, the components required by an organism for growth

are the ones it needs but cannot synthesize itself.

Transport of Nutrients into Cells: The mechanisms by
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which essential nutrients are transported into prokaryotic

cells (bacteria) can be grouped in four categories: passive

diffusion, facilitated diffusion, active transport, and

group translocation [22,32].

Both passive and facilitated diffusion are physical

processes resulting from the tendency to equilibrate

concentration gradients across a membrane. Facilitated

diffusion, however, differs from passive diffusion in that

it must utilize a specific membrane carrier. Transport by

this mechanism is, therefore, substrate-specific

[22,25,32]. Mechanisms of passive and facilitated

diffusion are active primarily in the outer membrane of

gram-negative bacteria, and serve to transport small

nutrients into the periplasmic space [29,33].

Active transport mechanisms use specific carriers,

often integral membrane proteins, to move materials against

concentration gradients into and out of interior cell

spaces at the expense of metabolic energy. E. cou i has

been shown to concentrate galactose in the cytoplasm by

active transport to amounts 10 5 times external

concentrations and K-1- by 10 6 [32]. Mechanisms of active

transport also serve to move large, charged molecules

through the outer membrane of gram-negative bacteria [33].

Group translocation also requires metabolic energy to

move substrates against concentration gradients. This

mechanism differs from active transport, however, in that
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it uses a specific carrier which modifies the substrate

chemically during transport and then releases the product

into the cytoplasm. The metabolic energy required for this

process is expended in the modification step [22,25].

1.6.5 Energy Production

Background: Most of the energy that drives metabolic

processes in living cells is derived from the high-energy

phosphate bonds in adenosine-5'-triphosphate (ATP). ATP is

considered the "energy currency" of metabolism. Energy is

stored when adenosine-5 1 -diphosphate (ADP) is covalently

joined to inorganic phosphate to form ATP:

1-11" + ADP3- + HPO4 2- 7=ATP4- + H20

The amount of free energy required for the reaction

G°'---31.0 kJ/mole) is subsequently released during the

enzymatic hydrolysis of ATP, and may be coupled to

energy-demanding metabolic functions [34,35]. Three

general types of reactions provide the energy to form ATP:

substrate-level phosphorylation, which is the sole source

of ATP during fermentation of organic substrates; oxidative

phosphorylation, a mechanism for additional ATP production

by aerobically growing cells; and photosynthetic

phosphorylation, the process by which chloroplasts make ATP

from light energy [34,36]. This study will be concerned
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only with the first two of these methods.

Substrate-level Phosphorylation: 	 Only	 a	 few

substrate-level phosphorylation reactions have been

identified. One of the most familiar occurs during

glycolysis, a complex reaction sequence in which glucose is

converted to two molecules of pyruvate. In the absence of

oxygen, a redox balance is achieved via reoxidation of

nicotinamide adenine dinucleotide (NADH or NADred) as

pyruvate is converted to another product, such as lactate.

The overall reaction for glycolysis under anaerobic

conditions is described by the equation:

glucose + 2Pi + 2 ADP- 2 lactate + 2 ATP + 2 H20

The sequential reactions of glycolysis, including that

which results in ATP production, are shown in Figure 1.3.

The sequence illustrates how an organic substrate is broken

down to produce stored energy in the form of ATP through a

combined process of oxidation-reduction reactions and

enzyme-catalyzed transformations. This reaction

illustrates how fermentatively growing cells can produce

ATP. Substrates other than glucose may be utilized, and

(depending on the organism) the redox balance may be

achieved by mechanisms other than transformation of

pyruvate to lactate.

Oxidative Phosphorylation:	 Biochemical processes
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leading to oxidative phosphorylation can be divided into

four sequential groups: substrate-level phosphorylation

(aerobic), conversion of pyruvate to acetyl coenzyme A

(Acetyl-CoA), oxidation of acetyl carbons to CO2 in the

tricarboxylic acid cycle, and electron transport coupled to

phosphorylation of ADP (respiration) [25].

In cells,	 such as E. Coli, which are growing

aerobically, glycolysis proceeds as described above, but

ends with conversion to pyruvate. Pyruvate then undergoes

oxidative decarboxylation to acetyl-CoA according to the

net reaction:

Pyruvate + CoA + NAD+ --*acetyl-CoA + CO2 + NADH

This reaction is catalyzed by a group of enzymes known as

the pyruvate dehydrogenase complex.

Acetyl-CoA is enzymatically condensed with oxaloacetate

to form citrate, which subsequently undergoes a number of

redox reactions and enzymed-catalyzed transformations to

ultimately yield oxaloacetate, thereby completing an

enzymatic cycle known as the tricarboxylic acid (TCA)

cycle, the Krebs cycle (after one of its discoverers), or

the citric acid cycle. With oxidation of two molecules of

acetly-CoA in the TCA cycle, one molecule of glucose is

completely oxidized to CO2, and enough reducing equivalents

are transfered to NAD+ (among other nucleotides) to yield
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the equivalent of eight NADH molecules (Figure 1.4) [25].

Respiration: Bacterial respiration is performed by a

system of membrane-bound proteins that work together to

transport electrons coupled to translocation of protons

across the cytoplasmic membrane. This system, known as the

electron transport chain, is the final step leading to ATP

synthesis by oxidative phosphorylation [25,34,36]. The

currently accepted mehanism for ATP synthesis via membrane

electron transport was first proposed by Mitchell in 1961,

and has become known as the chemiosmotic hypothesis [37].

Mitchell suggested that the passage of electrons along the

transport chain, coupled with the translocation of protons

from the cytoplasm to the periplasmic space, sets up a

transmembrane, electrochemical proton gradient. This

gradient has two components: a difference in hydrogen ion

(proton) concentration, and a difference in electric

potential, the sum of which comprises the so-called proton

motive force. Protons pushed down-gradient

(retranslocated) into the cytoplasm under the influence of

the proton motive force drive a number of

membrane-associated functions, including phosphorylation of

ADP [22,34,36].

The electron transport chain in Escherichia cou, shown

schematically in Figure 1.5, further illustrates the

mechanisms of ATP production by oxidative phosphorylation:

In the cytoplasm, electrons are carried by NADH to the
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initiation point of the electron transport chain on the

inner surface of the cytoplasmic membrane. Two electrons

are donated to a flavin group called flavin adenine

dinucleotide (FAD), which is associated with a

membrane-bound protein (NADH dehydrogenase) that spans the

membrane from inner to outer surface. Two protons from

NADH pass through NADH dehydrogenase and are released at

the outer surface of the membrane. At the same time, the

two electrons are passed on to iron-sulfur proteins (FeS)

which, in turn, transport the electrons one at a time back

across the membrane to the inner surface, where they pick

up two additional protons from the cell interior. The two

electrons and two protons are then passed on to a single

quinone molecule, called ubiquinone (Q) which is reduced to

hydroquinone (QH2). The mobile hydroquinone migrates

across the membrane and releases the two protons to the

outer surface. The release of protons is coupled with a

transfer of the electrons to two cytochrome b molecules.

(Cytochromes are proteins which contain an integral heme

group consisting of a ring structure with a central iron

that readily accepts or donates an electron.) The electrons

are then transported back across the membrane toward the

inner surface to a cytochrome oxidase (o) which is then

oxidized by molecular oxygen, the ultimate electron sink

[36]. The end result is the passage of two electrons along

the electron transport chain, coupled with translocation of
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four protons. The continual transport of protons across

the membrane to the outer surface sets up an

electrochemical proton gradient, or proton motive force.

ATP is produced when protons are driven back across the

membrane into the cell through a unique set of proteins

known as the F1-F0 complex or ATPase. For every two

protons passing through the ATPase, one molecule of ATP is

produced. (This stoichiometry is a variable among

bacateria.) The mechanisms of ATP synthesis in the F1-F0

complex are the subject of rigorous research. Evidence

indicates that phosphorylation of ADP to produce ATP occurs

at an active site in the Fl-component; the Fo-component, on

the other hand, serves simply as a conduit for

down-gradient trans-membrane proton transport [34,36].

Energy Efficiency: Energetically, bacteria possessing

electron transport chains are much more efficient than

those that rely solely on substrate-level phosphorylation

for ATP production. This is illustrated by the

stoichiometry of the reactions involving glucose

fermentation versus (aerobic) oxidation. For a bacterium

growing fermentatively (without respiration), production of

ATP by glycolysis is illustrated by the following equation:

glucose + 2 Pi + 2 ADP—+2 lactate + 2 ATP + 2 H20

Among aerobically respiring bacteria, the glycolytic phase
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is slightly abbreviated, but produces the same amount of

ATP:

glucose + 2 NAD+ + 2 ADP + 2 Pi

2 Pyruvate + 2 NADH + 2 H20 + 2 ATP

This reaction, combined with the conversion of pyruvate to

acetyl-CoA and the reactions involved in the TCA cycle and

respiration phase, yields the overall reaction for

oxidation of glucose [35]:

glucose + 36 Pi + 36 ADP + 6 02----*

6 CO2 + 42 H 0 + 36 ATP

This stoichiometry applies to mitochondrial respiration.

It is clear, however, that when respiration is involved, a

considerably greater amount of ATP is produced--in fact 18

times more--than by fermentative catabolism alone.

1.6.6 Growth Characteristics of Bacterial Cultures

Bacteria multiply asexually by division. Batch

cultures go through three growth phases: the lag phase,

the exponential phase, and the stationary phase (Figure

1.6).

Growth during the lag phase starts slowly and increases

at an increasing rate. This phase represents a period when
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the bacteria may be "getting up to speed", and can vary in

length depending on the condition of the bacteria in the

inoculum, size of the inoculum, and other factors [38].

During the exponential phase, the bacteria multiply at

a constant rate. On a plot of log of bacterial number or

mass versus time, the exponential phase is represented by a

straight line (Figure 1.6). Growth during this phase can

be represented by a simple exponential equation. For

number of cells, N:

N = Noexp(kt)

Bacterial growth rate is commonly expressed as a doubling

time, that is, the time for the cell number to double.

For N = 2N0 , and letting doubling time equal td:

2N0 = Noexp(ktd)

2 = exp(ktd)

in 2 = ktd

td = (ln 2)/k

The constant, k, is the first order growth-rate constant

and can be easily determined from doubling time, td:

k = 0.69/td

The exponential phase represents a period of virtual steady

conditions in a growing culture and is, therefore, the

optimal time during which experiments can be conducted.

The stationary phase marks the period when the specific

bacterial growth rate is decreasing or has ceased

completely. It begins when the culture becomes
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nutrient-starved or encounters otherwise unfavorable

conditions which result when the growth-supporting capacity

of the media is exceeded [22].

1.7 Inhibitors

1.7.1 Background

Central to the development of a toxicity test is an

understanding of the mechanisms by which the toxicants in

question affect the tester organism. One way to achieve

this insight is to develop a set of ordinate responses to

various known inhibitors which act on specific sites in the

organism by mechanisms which are understood and

predictable. Toxic responses to other substances can then

be categorized according to comparative responses to one of

the known inhibitors. Three such specific inhibitors were

selected for this study: cyanide, chloramphenicol, and

2,4-dinitrophenol (DNP). The mechanisms by which these

compounds act on bacterial cells are described below and

outlined in Table 1.1.

1.7.2 Cyanide 

Cyanide blocks electron transport by binding to the

cytochrome oxidase of many bacteria, including the

cytochrome o of E. cou, and prevents electron transfer
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from cytochrome o to molecular oxygen [35,40].	 The

blockage of electron transport prevents proton

translocation, resulting in a reduction of proton motive

force and corresponding loss of ATP production. The

reduction in the ATP pool may, in turn, represent a loss of

available energy for biosynthesis. The overall effect,

therefore, would be a reduction in oxygen utilization rate,

ATP level, and growth rate.

1.7.3 2 4-DNP

The mechanisms of inhibition by 2,4-DNP are not

entirely understood, but it is generally accepted that the

compound acts as an uncoupler of electron transport and

oxidative phosphorylation by increasing the conductance of

the cytoplasmic membrane to protons [36,40,41]. The free

flow of protons across the membrane serves to reduce the

proton motive force and inhibits ATP synthesis. Since the

electron transport chain is unaffected, respiration can

continue. Oxygen uptake may actually increase as the

organism steps up respiration in an attempt to make up for

ATP deficiencies. Ultimately, loss of ATP production will

inhibit biosynthesis, resulting in decreased growth rate.

The predicted physiological response to 2,4-DNP would,

therefore, be inhibition of growth rate and ATP synthesis,

and (perhaps) increased oxygen utilization or respiration

rate.
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1.7.4 Cloramphenicol 

A broad spectrum antibiotic, chloramphenicol blocks

protein synthesis, resulting in interference of

biosynthesis and consequent inhibition of growth [22,42].

A reduction in biosynthesis may create less of a drain on

the ATP pool, while, at the same time, respiration and ATP

synthesis can continue (albeit at a reduced rate) to

satisfy cell maintenance requirements. Consequently,

excess ATP may be produced, causing a slow-down in

respiration through a mechanism of feedback inhibition.

The overall response of bacteria subjected to

chloramphenicol may be reflected in decreased growth rates

and oxygen consumption and increased ATP levels.

1.8 Pulp- and Paper-mill Effluents 

1.8.1 Pulping

The main objective of pulping processes is the removal

of lignin from wood fibers in order to facilitate their

separation. Two different processes are employed for

producing bleached chemical wood pulp: the Kraft (sulfate

process) and the sulfite process [43].

The Kraft process, the more important of the two,

involves treatment of wood chips at 1600 to 1800 C with a

sodium sulfide/sodium hydroxide (other bases may be used)
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liquor which cleaves chemical bonds in the lignin. From 90

to 95 percent of the lignin in the wood fiber is removed by

this process. The spent pulping liquor containing the

degradation products of the process is ultimately separated

from the fiber, concentrated by evaporation, and burned to

recover energy and inorganic chemicals.

The sulfite process, on the other hand, degrades lignin

by sulfonation at high temperatures.

Neither of the two processes removes all the lignin.

The 5 to 10 percent of lignin remaining must be removed in

a multistage bleaching process.

1.8.2 Bleaching

The bleaching process begins with a chlorine treatment,

followed by successive stages of alkali and chlorine

dioxide treatments [43]. Most of the remaining lignin is

dissolved during the chlorination stage, which involves

treatment of a pulp slurry with elemental chlorine. The

amount of chlorine added to the slurry (about 3%

consistency) varies from 60 to 70 kg/metric ton. The

resulting spent bleaching process liquor contains an

extremely complex mixture of chlorinated organic chemicals.

Disposal of the waste is usually by discharge into rivers,

lakes and oceans.
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1.8.3 Spent Bleaching Liquor Composition

High-Molecular-Mass Materials: Recent investigations

have shown that the proportions of organically-bound

chlorine present as high-relative-molecular-mass material

(Mr>1000) in spent liquors from chlorination and alkali

extraction are about 70% and 95%, respectively. The

structures of these high-relative-molecular-mass materials

have not yet been well defined, but representative

elemental compositions have been determined, indicating

substances with high chlorine-to-carbon ratios [44).

The high-relative-molecular-mass compounds in spent

bleach liquor are probably not biologically active because

they are too large to penetrate cell membranes. However,

biological and chemical breakdown of such compounds to

low-relative-molecular-mass materials could render them

harmful to biota.

Low-Molecular-Mass Materials: The remaining fraction

of organically-bound chlorine in spent bleaching liquors

(about 30% in chlorination liquor and 5% in alkali

extraction liquor) is in the form of low-relative-

molecular-mass (Mr<1000) substances which can be divided

into three different types of compounds: acidic, phenolic,

and neutral [44).

The acidic compounds include fatty, hydroxy, dibasic,

aromatic and resin acids. Formic and acetic acids are the

most important of the fatty acids; glyceric acid
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predominates in the hydroxyl acid group; oxalic, malonic,

succinic and malic acids are the most common dibasic acids;

and phenolic, catecholic, and guaiacholic acids comprise

the aromatic acids. Resin acids have been identified only

in the spent liquor from the alkali extraction stage.

The phenolic compounds most commonly identified in

spent bleaching liquors are chlorinated phenols, guaiacols,

vanillins, catechols, syringols and syringaldehydes [45].

Among the neutral compounds identified, those that

occur in greatest abundance are chloroform,

dichloromethane, 1,1-dichloromethylsulfone and various

chlorinated acetones.

It should be noted that all the low-relative-molecular-

mass compounds identified thus far in spent bleaching

liquors account for only a very small part of total

organically-bound chlorine (about 10% in chlorination

liquor and about 35% in alkali extraction liquor).

Toxic Compounds: Bioassays have shown that spent pulp

bleaching liquors are mildly toxic to fish, as well as

other aquatic organisms [46]. The primary toxicants

identified in spent liquors from alkali extractions include

3,4,5-trichloroguaiacol, tetrachloroguaiacol, and mono- and

dichlorodehydroabietic acid. The most toxic of these

compounds is the tetrachloroguaiacol.

Toxic compounds in spent chlorination liquors have not

been well characterized. 	 Evidence indicates that the
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compounds most likely contributing to toxicity in these

liquors are chlorinated catechols, with the degree of

toxicity increasing with the number of chlorine

substituents [47]. Spent chlorination liquors are

generally less toxic than the spent liquors from alkali

extractions. However, the spent chlorination liquors are

produced in much greater quantities, and they may,

therefore, contribute more total toxicity than the spent

liquors of the alkali extractions.
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Chapter 2

MATERIALS AND METHODS

2.1 The Toxicants

2.1.1 Inhibitors and Known-Compound Series 

Experiments were performed to assess the effects of

three specific inhibitors and a homologous series of

chlorinated phenolic compounds on ATP concentration,

oxygen-utilization rate, and growth rate of the tester

strain. The inhibitors were chosen for their respective,

unique inhibitory mechanisms. The phenolic compounds

represent a set of environmentally important chemicals

(priority pollutants) with similar, but progessively

varying properties. A list of the compounds including

relevant physical properties, manufacturers, and ranges of

concentrations used is presented in Table 2.1

2.1.2 Pulp- and Paper-mill Wastewaters 

The wastewater used in this investigation was a

combined effluent from a Kraft mill. Spent liquors from

various stages of the bleaching process were merged into

one channel and discharged into an aerated stabilization

basin (ASB), shown schematically in Figure 2.1. Wastewater

samples were taken from the ASB at points along the course
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Figure 2.1 Schematic representation of ASB [49].
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of fluid movement (designated Inf, R1, R2, R3, and Eff)

which represented successive stages of wastewater

treatment. Additional samples were taken from tributary

streams carrying liquors from the acid and alkali

extraction processes (designated as acid and caustic

sewers, respectively) before they merged into one channel.

Sampling (24-hr composites) in the ASH was conducted during

a single week beginning at the basin influx (Inf) and

progressing, approximately on a daily basis, from one

sampling point to the next so that, to the extent

practicable, the same parcel of wastewater was sampled

throughout the treatment process. Samples from two such

week-long sampling periods (designated week 1 and week 2)

were used for this investigation, as well as samples from

the acid and caustic sewers. (Henceforth, samples from

week 1 will be designated with the suffix (I), and samples

from week 2 with the suffix (II). For example, R1(II),

refers to a sample from the sampling point R1 from the

second week.)

2.1.3 Wastewater Residuals from Ether Extractions 

Wastewater residuals from ether extracts of Inf(II),

Eff(II),	 caustic sewer, and acid sewer samples were

included in the experimental program.	 The extractions,

conducted by Neill [50], involved addition of diethyl ether

to wastewater samples, 	 followed by extraction of
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hydrophobic compounds using a separatory funnel procedure.

The process effectively decreased total organic halide

(TOX) concentrations of the samples. Experiments were

conducted with the residual samples to explore the effects

that removal of TOX may have on relative toxicity.

2.2 Instrumentation/Chemical Analysis

2.2.1 Growth Measurements 

Growth of bacterial cultures was measured in terms of

culture optical density, or absorbance. All growth

measurements of S. typhimurium were carried out at a

wavelength of 600 nia on a Perkin Elmer UV-Vis Model 200

spectrophotometer and corrected for the solution baseline

absorbance.

2.2.2 ATP Analysis 

Analysis of ATP concentration involved measurement of

the flourescent light produced by the reaction of the ATP

in the sample with the enzyme, Luciferin/Luciferase. The

amount of light produced by the reaction during a specified

initial period following introduction of the sample to a

solution containing reconstituted enzyme is a function of

the amount of ATP present. The integrated light output is

measured in a luminometer. The particular instrument used
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for this investigation was a Turner Designs Model TD-20e

luminometer, which featured a light-tight sample injector

system and full intregration capability. The apparatus was

operated and maintained according to the instructions

supplied from the manufacturer.

2.2.3 Oxygen-utilization measurements 

Two different systems were employed in this

investigation to measure the rate of oxygen uptake by

growing S. tvphimurium cultures.

2.2.3 (a) Measurements involving wastewater samples:

Initial experiments involving wastewaters were conducted

using a Virtis bench scale reactor in conjunction with a

Virtis dissolved oxygen probe and New Brunswick D. O.

analyzer, which was connected to a Perkin Elmer Model 200

chart recorder. A magnetic stirrer was employed to provide

agitation in the sample during measurement of 02-uptake.

All of the equipment was operated and maintained per

manufacturer's instructions. There were several

disadvantages associated with this system. Most

importantly, the apparatus required the use of relatively

large volumes of wastewater samples. Additionally, there

was no temperature control in samples during 02-uptake

measurements. The procedures for the experiments employing

this system are described below.

2.2.3 (b) Measurements involving known compounds:



57

Oxygen-uptake experiments performed on the known compounds

employed an apparatus which included a YSI model 5300

Biological Oxygen monitor and stir-bath assembly. The

equipment featured a flow-through stir-bath which held four

individually stirred 02-analysis chambers, each with a

sample capacity of 3 to 8 ml. The D.O. monitor was

connected to a Perkin-Elmer model 200 chart recorder.

Constant temperature was maintained in the 02-analysis

chambers by circulating water from a shaker bath through

the stir-bath assembly. A siphon was established from the

shaker bath to the influent port on the stir-bath assembly.

The water that subsequently drained the stir-bath flowed

into a bucket and was then lifted back up into the shaker

bath by a small sump-pump. Figure 2.2 illustrates the

apparatus set-up. Operation and calibration procedures for

the dissolved oxygen monitor and stir bath assembly were

carried out according to the manual supplied with the

equipment.

2.3 The Tester Organism

2.3.1 Salmonella tvphimurium: The Species 

The bacterial species Salmonella typhimurium was used

as the tester organism for the toxicity tests performed in

this study. S. typhimurium is an enteric bacterium which
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Figure 2.2 Apparatus for oxygen-utilization rate experiments.
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has been widely found in the intestines of animals,

including man, and is known to cause diarrhea and vomiting.

It is described as motile, gram-negative, and rod-shaped

with dimensions of approximately 0.5 microns by 1.0 to 1.5

microns [51].

2.3.2 The Tester Strain

The particular strain used in this study, S.

typhimurium TA98, is one of several mutants developed by

Ames for his mutagenicity test. All of the Ames tester

strains bear a mutation (his -) that renders them incapable

of histidine biosynthesis. In the absence of exogenous

histidine, these strains are unable to synthesize proteins.

The Ames test is based on the frequency of back-mutations

of S. tvphimurium cultures on histidine-deficient agar

plates. Only the cells which revert to the original (his)

wild type will grow on histidine-deficient media. A small

number of spontaneous revertants occur normally. Ames has

shown that back-mutation is significantly enhanced when the

mutant strains are exposed to chemical carcinogens

[52,53,54].

The strain S. typhimurium TA98 has three mutations in

addition to the his defect. In its wild type form, S.

typhimurium posesses an outer membrane of low permeability

that prevents passage of many chemicals into the cell. In

the TA98 strain, this permeability barrier has essentially
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disappeared due to a mutation (rfa) which causes lesions in

the lipopolysaccharide coating of the outer membrane [55].

Another mutation (uvrb) results from deletion of a gene

which plays a role in an important DNA repair system. This

mutation results in greatly increased sensitivity of the

strain to many mutagens [55]. A third mutation arises from

the addition of a foreign genetic segment, called the

R-factor plasmid, to the DNA of the strain. This mutation

renders DNA replication more error-prone, and increases

sensitivity to some mutagens [56].

Of the mutations described, the outer membrane (rfa)

mutation is of primary interest in the context of this

study. S. typhimurium TA98 was selected as the tester

organism chiefly on the assumption that it would be more

sensitive to toxicants, particularly high molecular weight

compounds such as might be present in pulp- and paper-mill

wastewaters. Access of such compounds to the cytoplasmic

membrane is facilitated by the defects in the

outer-cell-envelope structure. Other factors contributing

to the selection of this strain as a tester organism are

rapid growth and robust constitution. Under ideal

conditions S. tvphimurium grows with a doubling time of

about 23 minutes. This allows for experiments of short

duration and reduces the rigor with which sterile

techniques must be applied once the culture has reached

sufficient density (a high-density, fast-growing culture



61

overwhelms potential contaminants, rendering effects of

their presence negligible). The strain is easy to

cultivate in the laboratory, and maintains its integrity

satisfactorily (i.e., does not readily mutate under the

conditions maintained for this investigation).

2.4 Growth and Maintenance of The Tester Strain

2.4.1 General Lab Procedures 

In the lab, bacterial cultures were grown either in

liquid media or on solid media. The media were sterilized

by heating in a steam autoclave (148° F, 15 PSI).

Undefined nutrient broth media (8 g/1 Difco-Bacto nutrient

broth, 5 g/1 NaCl, pH=6.6) were used in this investigation.

Liquid media were prepared by dissolving powdered nutrients

in distilled water prior to autoclaving. Solid media were

prepared by adding a small amount of powdered agar (2%

wt/vol) to the liquid media. The agar dissolved completely

during autoclaving and solidified upon cooling. Solid

media "plates" were prepared by pouring hot liquid

agar-media into petri dishes.

Bacteria were aseptically introduced to solid or liquid

media by a number of methods. Plates were streaked with a

wire loop that had been either scraped across a colony

growing on another plate, dipped in a dense culture in
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liquid media, or dipped in a partially-thawed frozen

permanent culture (described below).	 Liquid media were

inoculated by similar methods.	 Sterile conditions were

maintained by working close to a bunsen burner flame.

It was often necessary to add more inoculum than could

be contained in a wire loop. For example, an experiment

may have required growth of a culture in 200 ml of liquid

media. To achieve measureable growth in this volume of

media within a reasonable time frame, media were inoculated

with 0.2 percent (vol/vol) inoculum. This relatively large

amount of inoculum was taken from an overnight culture. The

overnight culture consisted of 10 ml of nutrient broth

media in a test tube that had been inoculated from a frozen

permanent by the wire loop method and allowed to grow

overnight.

Cultures grown aerobically in liquid media were

agitated to facilitate gas exchange and prevent oxygen

deprivation. Salmonella typhimurium cultures were grown at

an optimal temperature of 370 C. Vessels containing

growing cultures were capped so as to prevent entry of

contaminant microorganisms, but still allow sufficient air

exchange. This was accomplished with the use of cotton

plugs which were wrapped in gauze to form reuseable,

autoclaveable, snug-fitting and breathable corks.

Streaked solid-media plates were incubated at 37° C.

When necessary, plates containing grown colonies could be
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maintained in a viable condition by wrapping in plastic or

aluminum foil and storing in a 4 0 C refrigerator.

2.4.2 Preservation of the Tester Strain 

Background: It was important to maintain the genetic

integrity of the tester strain throughout the experimental

program. Qualities of this strain considered important

included the rfa mutation discussed in section 2.3.2, as

well as the bacteria's high growth rate and characteristic

growth curve. Certain procedures, therefore, were followed

to preserve the strain phenotype and to periodically check

specific phenotypic characteristics.

Maintenance Procedures:	 The bacterial strain was

maintained in frozen media in 1.5 ml microfuge tubes with

snap caps. Sterile nutrient broth medium was inoculated

from a frozen culture permanent and allowed to grow

overnight on a shaker at 37°C. Growth of the culture was

monitored spectrophotometrically to an optical density of

A600= 0.8 cm-1. Dimethyl sulfoxide (DMSO, Sigma) was then

added to nine percent (vol/vol) and the culture was

pipetted into the vials or tubes, sealed and frozen.

Sterile procedures were maintained throughout. The small

containers of frozen culture thus produced were used as

frozen permanents. The above procedure is essentially that

of Maron and Ames (54] with the exception of the freezing

temperature. Ames recomends -800C; temperatures just below



64

the medium freezing point proved adequate.

Maintenance Check: The Crystal Violet Test: The

integrity of the rfa mutation of the tester strain was

periodically checked by performing the crystal violet test

[54]. Culture from a partially thawed frozen permanent was

streaked on a nutrient agar plate using a sterile

cotton-tipped applicator or wire loop. A 10 mm diameter

cellulose filter disk which had been soaked in crystal

violet solution was then placed in the center of the plate.

Results of the test were visible after incubating the plate

overnight. Maintenance of the rfa mutation was confirmed

by the presence of a zone of inhibition (i.e., no growth)

around the filter disk.

Maintenance Check: Growth Curve: The typical growth

curve for S. tvphimurium under the experimental conditions

was determined during initial tests. Any significant

deviation from the typical curve, such as a low doubling

time, or early onset of the stationary growth phase, would

indicate possible changes in strain character. Growth data

collected over the course of an experiment were, therefore,

always plotted immediately, and served as a valuable check

on the culture's integrity.
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2.5 Preparation of Samples

2.5.1 Known Compounds 

Standard solutions of the known compounds used in this

investigation were prepared in concentrations near the

limits of their solubilities in order to minimize solvent

additions to the growing culture. This was important

because some of the compounds used had relatively low

solubilities in water, but were soluble in ethanol or

acetone. At high enough levels, ethanol and acetone were

found to be toxic to the tester strain. Therefore, the

compound/solvent solutions were formulated to avoid solvent

toxicity.

2.5.2 Wastewater Samples 

ATP experiments run with pulp and paper mill effluents

required that the wastewater be relatively free of any

indigenous microorganisms. These contaminants may have

adapted to the toxicants in the samples and could, if

present in great enough numbers, bias the test towards a

lower apparent toxicity [57]. Three methods of eliminating

contaminant microorganisms were considered: Autoclaving,

centrifugation and/or filtration. However, the extreme

heat of autoclaving (248° F) could change the character of

the wastewater significantly. Although centrifugation and

filtration have been shown to reduce the toxicity of
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industrial wastes [57], these methods have less impact on

the character of the wastewater and were employed in this

investigation.

Samples which contained much visible solid material

were first centrifuged in 50 ml stainless-steel tubes at

7000 rpm for 20 minutes (Sorvall SS-3 Automatic Superspeed

Centrifuge). The centrate was then decanted and filtered

through a 47 mm diameter Millipore membrane filter using a

vacuum filtering apparatus. Generally, filtration through

a five micron filter preceded the final filtration through

a 0.45 micron membrane filter. Wastewater samples which

contained little solid material usually did not require the

centrifugation step.

To check the effects of the various sample preparation

methods on apparent toxicity, an ATP experiment was

performed on three different preparations of a wastewater

sample. One preparation was simply an untreated sample,

one was only filtered, and a third was centrifuged and

filtered. The results shown in Table 2.2 indicate little

difference in toxicity of the variously treated samples.

Untreated samples may, however, vary greatly in microbe

content. In the interest of uniformity, therefore, all

wastewater samples were centrifuged and/or filtered.

After the wastewater sample had been prepared,

appropriate volumes (15, 25, and 35 ml) were transfered to

three 125-ml Erlenmeyer flasks. Volumes were selected to



Tt. 

67   

c

E
—• E
• (t5
0) In

X

▪

 ?-1
G) CI)

>1 RS
4-1 3

G)
U 4-) $-1

cn
• ftl
O 3 -

4.)
(GO

O

• 

4-1 CD
w 0.0

4.4	 4-)

u 0 0
04-'

r•-1 • v./

• 4-1

th MS CI)
• 1-14J
?-1 113

CI.n 3
4-1 G)
0

O
CL Ci)

ft,
O 4J 3
(n

•,1 (1) L4_4
1-l .4 0
• (1)
a, 4-4 c

4-1 0
0
• 10 4-1

la)

oo	 co
CN

(Ni

(Ni



68

produce wastewater concentrations in a 50-ml final volume

of 30%, 50%, and 70%, respectively. The three flasks were

then covered with parafilm and placed in a 4° C

refrigerator to prevent growth of any remaining contaminant

microbes while further preparations were made.

2.5.3 Samples for Distilled Water Control Experiments 

The use of relatively large proportions of wastewater

in the experiments involving pulp- and paper-mill effluents

brought forth the question of possible dilution effects on

bacterial metabolism: How, if at all, are ATP levels

affected by simply diluting the culture using 30%, 50%, and

70% diluent? Were there dilution effects, experimental

results should be adjusted to reflect the effects of the

toxicants alone.

In order to determine dilution effects, experiments

were conducted using a nontoxic diluent in place of the

wastewater. Distilled water was chosen as the diluent

because it represented the state of the wastewater in the

absence of toxicity.

Bacteria are sensitive to the ionic strength of their

environment. In order to eliminate any changes in osmotic

conditions resulting from the substitution of the diluent

for wastewater, the conductivity of the distilled water was

adjusted to that of the wastewater using NaCl. The average

conductivity of three wastewater samples (Infl, RI, and Eff
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from week 1 samples) was determined from measurements with

a YSI Model 33 S-C-T conductivity meter to be about 1200

micromhos.

Further preparation of the distilled water for the ATP

experiments followed the procedures described for the

preparation of wastewater samples (section 2.5.2).

2.6 Sampling and Measurement Procedures

2.6.1 Growth Measurements 

Growth measurements were carried out concurrently with

both the ATP experiments and oxygen-uptake measurements.

The data from the growth measurements not only demonstrated

the growth inhibitory effects of the toxicants, but were

utilized to normalize measurements of both intracellular

ATP and culture 02-utilization rates to permit

intercomparison of results.

Growth of Culture to Log Phase: All the experiments

were initiated while the S. typhimurium culture was in

exponential growth. A Pure culture was grown to the target

optical density in a 250 ml Erlenmeyer flask containing an

appropriate volume (200 mis for experiments with known

compounds, 150 mis for experiments with wastewater) of

sterile nutrient broth media following inoculation with a

0.2 percent (vol/vol) inoculum from the overnight. The
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flask, referred to henceforth as the master flask, was then

placed in a 37° C shaker-bath (Labline Orbit Shaker bath)

and agitated at 200 rpm. Growth of the culture was

monitored spectrophotometrically at a wavelength of 600 nm.

Previous growth experiments involving S. typhimurium TA98

indicated that the culture reached the target optical

density (early log-growth) at an absorbance of about 0.05

-1cm.

Introduction of toxicants: Preparation of the various

culture/toxicant mixtures, refered	 to	 hereafter	 as	 the

split,	 was carried out after the culture in the master

flask	 had reached the target optical	 density.	 The

procedures involved in the	 split differed for the known

compounds and wastewaters.

To initiate the split for an experiment involving a

known compound, four clean, appropriately labeled 125 ml

Erlenmeyer flasks were placed in the 37° C shaker-bath.

One of the flasks served as the control; the remaining

three flasks would contain different toxicant

concentrations. 50 ml of pure culture from the master

flask were transferred into each of the 125 ml flasks using

a 50 ml volumetric pipet. Toxicant was added to

appropriate final concentrations and the time of addition

noted. The time of toxicant introduction was referred to

as the split time.

Conditions leading to the split for experiments



71

involving wastewater samples were the same as for the

experiments with the known compounds. The three flasks

containing the previously prepared wastewater aliquots (15,

25, and 35 ml) were removed from the refrigerator and

placed in the shaker bath along with an empty 125-ml flask

that would serve as the control. After allowing a few

minutes for the wastewater in the flasks to reach 370 C,

each of the flasks was filled to a final volume of 50 ml

with S. typhimurium culture from the master flask. The

procedure was performed as quickly as possible so that

exposure of the culture to the wastewater was initiated at

essentially the same time in all the flasks. The split

time was taken as the time, to the nearest minute, that the

50% wastewater flask was filled. Directly following the

split, the control flask was filled with 50 ml from the

remaining culture in the master flask.

Growth measurements following the split: Throughout

the period following the split time, the growth of the

bacterial cultures in the control flask and in each of the

culture/toxicant mixtures was monitored on the

spectrophotometer. Samples for growth measurements were

taken at approximately fifteen-minute intervals. Timing

was not critical, but was dictated somewhat by the

concurrently run ATP or oxygen-utilization experiments.

Analysis of results from ATP or 02-uptake experiments

required continuous growth curves which spanned the
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duration of those experiments.

During a sampling interval, the four flasks were

sampled one at a time, one minute apart, starting with the

control flask and progressing through the flasks in order

of increasing toxicant concentration. Sample volumes of

2.5 ml were withdrawn from the flasks using a 5000

microliter Pipetman (Rainen) automatic pipeter and

transferred to a cuvette for analysis in the

spectrophotometer. Growth data were plotted immediately to

provide a visual check on the experiment's progress.

Preparation of Blanks for Monitoring Growth: Each

culture/toxicant mixture had a baseline absorbance value

reflecting the optical properties of the solution in the

absence of bacteria. A culture/toxicant blank was prepared

for each mixture and blank absorbance values subtracted

from growth measurements.

The baseline absorbance of the various

wastewater/culture (and distilled water/culture) mixtures

varied according to the wastewater color and

wastewater/culture ratio. To determine the baseline

absorbance value for each wastewater/culture (or distilled

water/culture) mixture, small blanks were prepared by

mixing sterile nutrient broth with the "sterilized" sample

of wastewater (or distilled water) under investigation in

the prescribed proportions (0, 30, 50, and 70 percent

wastewater). Absorbances of these blanks were then
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measured on the spectrophotometer and recorded as baseline

readings.

For the experiments conducted on known compounds, the

blanks consisted of pure sterile nutrient broth. Solvent

volumes added in these experiments produced a negligible

change in medium optical density.

2.6.2 ATP Sampling Procedure 

Preparation of Tris Buffer: Samples from the growing

culture/toxicant mixtures were pipeted (within 1-2 seconds

of removal) into test tubes containing a hot hydroxymethyl

aminomethane buffer (Tris buffer, J.T. Baker Chemicals)

solution. Quenching in the hot Tris buffer was designed to

lyse the cells, thereby releasing their contents, including

ATP, into solution. This solution was subsequently

analyzed for ATP content (in a procedure described below).

The Tris buffer consisted of 0.025 M Tris buffer with 0.002

M disodium ethylenediamine tetraacetate (EDTA, Allied

Chemical) mixed in distilled water. The solution was

adjusted to pH 7.75 by addition of concentrated HC1, and

then sterilized in an autoclave (148° F, 15 PSI). Before

an ATP experiment, each of 17 test tubes (four

culture/toxicant mixtures, four sampling intervals, one

Tris blank) was filled with approximately 24 ml of Tris

buffer solution, arranged appropriately in a rack and

placed in a 4 ° C refrigerator. Before sampling for ATP
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began, the rack of Tris-filled test tubes was removed from

the refrigerator and placed in a small tank of boiling

water. The temperature of the Tris buffer in the test

tubes was to be at least 800 C before sampling to insure

complete lysis of the cells upon quenching in the solution.

Sampling for ATP: Sampling for ATP was performed four

times at 15-minute intervals, starting 15 minutes after the

split time (i.e., at 15, 30, 45, and 60 minutes following

the split). The sampling procedure involved rapid

withdrawal of a one-ml aliquot from a culture/toxicant

flask using a 5000 microliter Pipetman (Rainen) automatic

pipeter, and injection into the hot Tris buffer solution.

Samples were introduced to the hot Tris within two seconds

of their removal. Flasks were sampled in the order of

increasing toxicant concentration, control first.

2.6.3 Measurement of Oxygen Utilization Rate

Wastewater Samples: A limited number of 02-utilization

experiments were conducted with wastewater samples using

the apparatus described in section 2.2.3 (a). The

procedure involved transfer of a growing S. tylphimurium

culture from the Virtis bench-scale reactor into a 50 ml

Erlenmeyer flask which contained an aliquot of prepared

wastewater. The wastewater volumes in the flasks (5, 15,

25, 35 ml) were selected to produce wastewater

concentrations in a 50-ml final volume of 10%, 30%, 50%,
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and 70%, respectively. Immediately after addition of

culture, a stir bar was introduced in the flask and the

flask was placed on a magnetic stirrer. The D. O. probe

was inserted into the top of the flask, the chart recorder

switched on and the time noted. Dissolved oxygen

concentration (percent saturation at 370 C) was recorded

over a period of several minutes on the chart recorder.

The rate of 02 consumption by the culture was calculated

using the slope of the time-dependent 02 concentration

record. The procedure was carried out twice for each

culture/wastewater mixture (Control, and 10%, 30%, 50%, 70%

wastewater), starting with the control and proceeding in

order of increasing wastewater concentration. Because of

the apparatus involved, is was neither necessary nor

possible to carry out continuous growth measurements in the

various culture/toxicant mixtures as described above. Only

the growth of the culture in the reactor was monitored.

Known Compounds: The YSI biological oxygen monitor and

stir-bath assembly were connected to the chart recorder and

water circulation system as shown in Figure 2.2 and

described in section 2.2.3 (b). The operation and

calibration procedures for the dissolved oxygen monitor

were carried out according to the manual supplied with the

equipment.

These oxygen-uptake experiments were conducted

concurrently with growth experiments (section 2.6.1).
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Measurements were initiated within 5 minutes after the

split time. Sampling began with the control culture, and

continued in order of increasing toxicant concentration.

Using a 5000 microliter Pipetman automatic pipeter, a 3-ml

sample was withdrawn from a culture/toxicant flask and

injected into one of the oxygen monitoring chambers. A

stir bar was placed in the bottom of the chamber and the

oxygen probe was inserted, taking care that no air bubbles

remained in the solution. Stirring was initiated in the

oxygen monitoring chamber, the recorder was started and the

time noted on the chart. The decline in dissolved oxygen

was measured long enough to give a stable recording on the

chart from which a slope could be determined. The recorder

was then switched off, and a 3-ml sample from the next

culture/toxicant sample was injected into another of the

oxygen monitoring chambers. After samples from all four of

the flasks had been measured, the four oxygen monitoring

chambers were removed from the stir-bath assembly, emptied,

and rinsed with distilled water. The chambers were

replaced in the stir-bath assembly, and the 02-uptake

measurements were repeated once more starting again with

the control flask.
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2.7 ATP Analysis

2.7.1 Reconstitution of Firefly extract

Analysis for ATP in the luminometer depends upon an

enzyme which utilizes ATP to produce bioluminescence which

is then measured by the instrument. The enzyme,

luciferase/luciferin, (Sigma, FLE 50), is an extract of

firefly lanterns. Commercially obtained, freeze-dried

enzyme was reconstituted with 5 mis of filtered, deionized

(milli-Q) water the night before the experiment. After the

water was added, the enzyme vial was capped, vigorously

shaken and stored temporarily in a 4 0 C referigerator.

2.7.2 Preparation of ATP Samples for Analysis 

After the final sampling for ATP was completed and the

last growth measurements were taken, the ATP sample test

tubes were removed from the boiling water, arranged

appropriately in a rack and placed in a cool water bath.

After cooling to room temperature, each test tube was

filled to the 25 ml mark with additional Tris buffer and

agitated to insure complete mixing of the solution. The

sample test tubes were then left out for another ten

minutes to bring them to room temperature. This was an

important concern, because ATP measurements are temperature

sensitive. For this reason also, the reconstituted enzyme

was removed from the refrigerator and brought to room
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temperature before ATP analysis began.

2.7.3 ATP Analysis on the Luminometer

To measure for ATP concentration, 	 an 8X50 mm

polypropylene cuvette containing 50 microliters of the

enzyme was first placed in its port in the luminometer.

The sample-injecting apparatus was then rotated over the

cuvette and slid down into place. Then, using the

specially designed automatic pipeter with a disposable tip,

100 microliters of sample were withdrawn from a sample test

tube. The pipeter was mounted in its proper position on

the injector apparatus, and the plunger was depressed,

thereby injecting the sample into the enzyme and

automatically starting the integrator. The digital readout

on the instrument showed the maximum light output at

intervals over the given integration period (15 sec.), as

well as the final 15-second integration value. To analyze

the sixteen samples plus the Tris blank, 17 of the cuvettes

were lined up on a rack, and each was alloted enzyme using

the automatic pipeter. Then the procedure described above

was performed for each sample, and the 15-second integral

values recorded. The whole procedure was duplicated for

each sample. Duplicate measurements differing by more than

five percent were repeated.
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CHAPTER 3

RESULTS

3.1 Preliminary Work

3.1.1 Previous Experiments 

Initial growth and ATP concentration experiments

involving the responses of S. typhimurium to variously

treated papermill waste were performed by Sima for Sierka

and Bryant prior to this investigation [58]. In many

respects, Sima's experiments were similar to those

described here. The results from his work are shown in

Table 3.1, and Figures 3.1 and 3.2.

3.1.2 Luminometer Calibration

Results from the luminometer calibration experiments

are shown in Figure 3.3. A linear regression analysis of

the data from eight separate trials gave the following

regression line:

[ATP] = 0.0546(Lum. reading) + 1.977

R2 = 0.98
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Table 3.1 Preliminary growth experiments. Doubling time
(in minutes) of Salmonella typhimurium exposed to
variously treated Kraft mill wastewater samples.
Treatments included ozonation, ultraviolet (UV)
radiation, and/or powdered activated carbon (PAC)
[581

Wastewater Dilution

Treatment 0% 30% 50% 70%

Control 30.3
Ozone 33.5 38.5 58.0

Ozone-UV 38.0 44.0 62.0
Untreated 50.0 61.0 70.0

Wastewater Dilution

Treatment 0% 30% 50% 70%

Control 31.5
PAC 44.5 46.5 49.0

Wastewater Dilution

Treatment 0% 30% 50% 70%

Control 29.0
Ozone-PAC 33.5 33.5 37.0
Ozone-PAC-UV 33.8 36.0 37.8
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Figure 3.1	 Results of preliminary experiments. Time-
dependent ATP concentrations normalized for growth of
typhimurium in 50% dilutions of variously treated papermill
wastes: control (no wastewater); untreated; ozonation and
ultraviolet radiation (UV); and ozonation alone [581.
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Figure 3.2	 Results of preliminary experiments. Time-
dependent ATP concentrations normalized for growth of a,
typhimurium in various dilutions of PAC-treated (powdered
activated carbon) papermill wastewater: control (no
wastewater); 30% wastewater fraction;	 50%	 wastewater
fraction; 70% wastewater fraction; and untreated [58].
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Figure 3.3	 Relationship between ATP concentration and
luminometer readout.	 Stars represent the data points from
eight calibration trials. The linear regression is shown by
the solid line (IATP)=0.0546(Lum. reading)+1.977; R2=0.98).
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3.2 Experiments Involving Pure Compounds

3.2.1 Specific Inhibitors 

Growth curves from the experiments conducted on the

specific inhibitors (cyanide, 2,4-DNP, and chloramphenicol)

are presented in Figure 3.4. Plots of optical density

(absorbance measured at X=600 nm, 1 cm pathlength) versus

time for each compound include four curves representing

growth in the control culture and at the three test

concentrations. The time scale is referenced to the time

of inoculation of the control culture.

The original data from the ATP experiments were in the

form of luminometer readings. Each experiment yielded 16

sets of duplicate ATP measurements (the control culture and

three test concentrations for four sampling periods). The

duplicate measurements were averaged and adjusted for

background ATP by subtracting the average Tris blank

reading. The adjusted luminometer readings were converted

to ATP concentration using the regression formula

determined from the luminometer calibration and multiplied

by 25 to account for the 25:1 dilution in the sampling test

tubes. ATP concentrations were then normalized for growth

by dividing by the absorbance of the particular sample at

the time sampled as determined by interpolation from the

growth curve. Table 3.2 represents a sample spreadsheet

used to derive the results from which plots were developed.
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Figure 3.4	 Growth of a, typhimurium as a function of
concentration of specific inhibitors: (a) cyanide;
(b) 2,4-DNP; (c) chloramphenicol. Absorbance was measured
at X=600 nm, 1 cm pathlength.
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The resulting plots are presented in Figure 3.5. Each graph

shows the time-dependent ATP concentration ([ATP]/Abs,

units ppb/cm-1) in the control culture and in each

culture/toxicant mixture for one experiment involving a

particular toxicant.

Oxygen utilization rates (d[02]/dt, %/min) were

determined from the slopes of the curves produced during an

experiment on the chart recorder. These rate values were

normalized for growth by dividing by the optical density of

the sample at the time of the oxygen-uptake measurement.

Table 3.3 illustrates the method used to derive the results

from which plots shown in Figure 3.6 were developed. Graphs

represent the time-dependent, normalized oygen uptake rate

in the control culture and in each culture/toxicant

mixture.

3.2.2 Phenolic Compounds 

Results from the experiments conducted on the series of

chlorinated	 phenolic	 compounds	 (2-chlorophenol,

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

pentachlorophenol) are presented in the same manner as the

results from the specific inhibitor studies. Figures 3.7,

3.8, and 3.9 show the results from the growth, ATP

concentration, and 02-utilization experiments,

respectively.
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Table	 3.3 Development of	 oxygen-utilization rate data	 for
experiments involving specific	 inhibitors

Toxicant Time Since d[02]/dt Absorbance (d1021/dt)/Abs

Dose	 (M) Split	 (min) (%/min) (1/cm) ((%/min)	 cm)

control 13 2.92 0.073 40.0

control 62 8.83 0.274 32.2

1E-05 24 3.16 0.085 37.2

1E-05 70 9.60 0.257 37.4

3E-05 36 1.94 0.091 21.3

3E-05 78 6.43 0.193 33.3

1E-04 48 0.78 0.081 9.6

1E-04 88 1.90 0.129 14.7
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Figure 3.7 Growth of a, typhimurium in the presence of
test concentrations of chlorinated phenols: (a) 2-chloro-
phenol; (b) 2,4-dichlorophenol; (c) 2,4,6-trichlorophenol;
(d) pentachlorophenol. Absorbance was measured at X=600
nia, 1 cm pathlength.
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3.3 Experiments Involving Wastewaters 

3.3.1 Dilution Effects

Growth curves from the dilution control experiments

(distilled water adjusted to the ionic strength of the

wastewater) are shown in Figures 3.10 and 3.11.

Time-dependent normalized ATP concentration plots for

the six dilution experiments are presented in Figures 3.12

and 3.13.

These results were developed in the same manner as

described above for the experiments involving the specific

inhibitors.

3.3.2 Wastewaters and Ether Extraction Residuals 

Representative growth curves from experiments conducted

on wastewater samples are shown in Figure 3.14. Figure

3.14 (c) shows the largest observed effects of papermill

waste on growth. Typically, however, the results from

these experiments show little or no change in growth rate

with increasing wastewater addition (Figure 3.14 (a) and

(b)). To avoid a monotonous presentation of many similar

results, the remaining growth curves from the experiments

conducted on wastewater samples and wastewater ether

extractions are presented in the Appendix (Figures A.1

through A.4). A list summarizing the observed toxic

effects of the papermill wastes on the growth rate and
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Figure 3.14	 Growth of	 typhimurium as a function of
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intracellular ATP concentration of S. typhimurium is

presented in Table 3.4.

Results from the ATP concentration experiments

performed on wastewater samples and ether extraction

residuals (hereafter referred to simply as ether extracts)

were developed in a manner similar to those from

experiments involving the specific inhibitors above.

Normalized ATP concentrations were, however, adjusted to

account for the dilution effects previously determined. The

dilution correction was made by subtracting the correction

factors (13%, 27%, and 74% of the control for 30%, 50%, and

70% dilutions, respectively) from the unadjusted normalized

ATP concentration. Table 3.5 illustrates the method used

to derive results from which the plots were developed. A

few of the resulting time-dependent, normalized, adjusted

ATP concentration plots are presented in Figure 3.15. In

order to avoid presentation of many similar results, the

remaining plots from the experiments involving wastewater

samples and ether extracts are presented in the Appendix,

Figures A.5 through A.8.

The experimental procedures used for the

oxygen-utilization experiments involving wastewater samples

differed from those for the experiments with specific

inhibitors (see section 2.6.3). For this reason,

time-dependent results were not available. Because growth

in the culture/wastewater flasks was not monitored in this
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procedure, measured rates of 02-utilization had to be

corrected for the proportion of wastewater present

(assuming that, all other things being equal,

02-ulilization rate is proportional to cell density), then

normalized for growth as measured in the reactor culture.

Computational means for development of normalized

02-utilization data are summarized in Table 3.6. The

resulting plots are presented in Figure 3.16. Each graph

shows the normalized 02-utilization rate as a function of

wastewater concentration. The two curves on each graph

represent different measurement series (i.e., 02 -use

measurements for each wastewater dilution were taken

twice.)
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CHAPTER 4

DISCUSSION

4.1 Preliminary Work

4.1.1 Previous Experimental Results 

The experiments conducted by Sima [58] prior to this

investigation provided encouraging results. S. typhimurium

showed marked declines in both growth rate (i.e., increased

doubling time) and ATP concentration with increasing doses

of wastewater of a character similar to that used here.

Additionally, toxic responses by the tester strain

indicated that the various wastewater treatment methods

reduced the severity of toxic effects.

Similar responses to wastewaters were not observed in

these experiments performed on different wastewater

samples. Explanations for this remain speculative. The

experimental procedures for Simals work, particularly the

ATP measurements, were not yet well established, leaving

some variables uncontrolled. While there were problems

with the initial ATP experiments, little criticism can be

directed toward the growth measurements. Verification of

these early results through duplication of experiments was

prevented by disposal of the original wastewater samples.
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4.1.2 Luminometer Calibration Results 

Correlation of ATP concentration versus luminometer

readout for the eight calibration trials (R2=0.98) was

significant (P<.001) and demonstrated the consistency of

the luminometer and ATP analytical procedure. The cal-

ibration curve ([ATP]=0.0546(Lum. reading)+1.977) developed

here differed from the exponential curve derived by Devkota

[59] (for the same apparatus) using relatively higher

concentrations of ATP. In the previous investigations by

Sima, the exponential calibration of Devkota was used. ATP

concentrations (uncorrected for cell density) in the range

of luminometer readings encountered in this investigation

were calculated using each calibration equation. 	 The

exponential calibration resulted in a slightly greater

decrease in ATP concentration (81%) than did the linear

calibration (78%), but the difference was small compared to

the overall measured declines in ATP concentration in

Sima's experiments.

4.2 Pure Compounds

4.2.1 Specific Inhibitors 

The ATP and 02-utilization data presented in Chapter 3

(Figures 3.5 and 3.6) are summarized in Figures 4.1 through

4.3 as concentration-dependent plots of chemical inhibition
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Figure 4.1	 Concentration-dependent inhibition effects of
cyanide	 on a, tvphimurium as measured by three test
parameters: (a) growth rate constant, k; (b) (ATP)/Abs;
(c) (d(021/dt)/Abs.
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after a 30-minute exposure period. Summary representations

of growth inhibition were developed using doubling times

estimated from the original growth curves 30 minutes after

introduction of the toxicant. Doubling times were then

converted to growth rate constants, k (k=ln 2/td). This

period of exposure was chosen because it seemed to

represent the earliest time at which ATP concentrations in

the control culture had stabilized (Figures 3.5, 3.8, 3.12,

3.13, 3.15, A.5-A.8).

Responses of S. typhimurium to the inhibitors, as shown

by the trends on the concentration-dependent plots (Figures

4.1, 4.2 and 4.3), generally paralleled the predicted

responses previously discussed (section 1.7). Predicted

and measured responses to the model toxicants are

summarized in Table 4.1.

Cyanide: As shown in Figure 4.1, each of the three

test parameters decreased with increasing cyanide

concentration, as predicted. The lowest test

concentration, 1x10 -5 M, had little toxic effect, while the

highest concentration, 1x10-4 M, caused decreases of 51%,

26%, and 81% in growth rate, intracellular ATP

concentration, and 02-utilization rate, respectively.

Relative decreases in the three test parameters in response

to the highest concentration of cyanide are small as

compared with the overall declines produced by the middle

concentration, giving the impression that toxic effects
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leveled off at higher doses. This might indicate that the

organism had reached a point at which metabolism was not

greatly affected by further increases in toxicant

concentration.

2,4-DNP: Predictions that ATP would decline and oxygen

uptake would increase with 2,4-DNP concentration were

confirmed experimentally, at least for the first two

toxicant doses. The middle test concentration, lx10-4 M,

resulted in 20% and 29% decreases in growth rate and

intracellular ATP concentration, respectively, and a 20%

increase in 02-utilization rate. Responses to the highest

concentration, 5x10-4 M, seemed to reverse the trends

(Figure 4.2). Intracellular ATP concentration recovered

slightly to a level 25% less than the control and

02-utilization rate returned to a level just 2% above that

of the control. This reversal of toxic response trends may

result from secondary toxic effects of 2,4-DNP at higher

dosages. Reduced intracellular ATP concentrations may

simply be too low to supply the energy necessary to support

high rates of growth and respiration.

Chloramphenicol: The observed responses to

chloramphenicol followed the predicted trends (Figure 4.3).

Little effect was observed in response to the lowest test

concentration, lx10-6 M. However, the highest

concentration, 3x10-5 M, caused 50% and 84% decreases in

growth rate and 02-utilization rate, respectively, and an



115

80% increase in intracellular ATP concentration. The

tendency for smaller relative changes at the highest

concentration was apparent in the responses in all three

parameters, indicating again a saturation effect.

4.2.2 Phenolic Series 

Concentration-dependent plots of the three test

parameters for the series of chlorinated phenolic compounds

were prepared in the same manner as the results from the

experiments on the specific inhibitors and are presented in

Figures 4.4 through 4.7.

2-Chlorophenol: The responses of S. tvphimurium to the

highest test concentration of 2-chlorophenol (4x10-3 M), as

shown in Figure 4.4, were characterized by overall declines

in growth rate (68%), ATP concentration (17%) and

02-utilization (76%). The pattern of response is similar

to the results from the tests with cyanide, indicating that

2-chlorophenol may affect the organism's energy-generation

capabilities at or ahead of electron transport.

2,4-Dichlorophenol: At low concentrations, responses

to dichlorophenol were similar to those produced by

chlorophenol. The middle test concentration, 4x10 -4 M,

caused decreases of 24%, 26% and 36% in growth rate,

intracellular ATP concentration and 02-utilization rate,

respectively. As shown by Figure 4.5, however, normalized

ATP concentrations increased at the highest toxicant dose,
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Figure 4.4	 Concentration-dependent inhibition effects of
2-chlorophenol on S tvphimurium as measured by three test
parameters: (a) growth rate constant, k; (b) EATN/Abs;
(c) (d(02I/dt)/Abs.
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three test parameters: (a) growth rate constant, k;
(b) IATPI/Abs; (c) (dt021/dt)/Abs.
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(h) [ATP]/Abs; (c) (d(02)/dt)/Abs.
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Figure 4.7	 Concentration-dependent inhibition effects
of pentachlorophenol on S. typhimurium as measured by
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6x10 -4 M, to a level 4% greater than that of the control.

At the same time, the growth rate had gone to zero and the

02-uptake rate was almost nil as well.

The upturn in ATP concentration may be explained by

very low demands on the ATP pool (because biosynthesis had

ceased) coupled with continued (albeit at a low rate)

respiration. Thus, while ATP was synthesized at a much

lower rate, demand for it may have virtually ceased,

resulting in a surplus of ATP which was reflected in an

overall increase in normalized ATP concentration. At high

concentrations, therefore, 2,4-dichlorophenol affected the

tester organism more like chloramphenicol than cyanide,

indicating a secondary inhibitory mechanism which acts on

the organism's biosynthetic capabilities. The fact that

growth did not decline at a gradual rate but, rather,

ceased abruptly over a narrow range of incremental toxicant

additions, suggests the existence of a threshold for toxic

effects (Figure 4.5 (a)).

2,4,6-Trichlorophenol: As shown in Figure 4.6, the

responses to trichlorophenol paralleled the responses to

dichlorophenol. Exposure to the lowest test concentration,

lx10 -4 M, caused decreases of 28% and 20% in growth rate

and normalized ATP concentration, respectively, but little

effect in 02-utilization rate. At the highest test

concentration, 6x10-4 M, growth and 02-uptake rates were

zero, but intracellular ATP concentration had increased by
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35% relative to the control. The upturn of normalized ATP

concentration occurred at a concentration that did not

eliminate growth, i.e., between 1x10 -4 M and 3x10-4 M. At

this toxicant concentration, the growth rate was roughly

half that of the control culture. This low rate of growth,

coupled with a fairly high residual rate of 02-uptake,

apparently increased the normalized ATP concentration per

mechanisms similar to the action of chloramphenicol. Thus,

at low concentrations, these compounds seem to inhibit

energy production, but at high concentrations, the loss of

biosynthetic capacity seems to overshadow impairment of

catabolic functions, as evidenced by the increased ATP

pool.

Pentachlorophenol: As indicated by Figure 4.7 the

responses of S. typhimurium to pentachlorophenol were very

similar to the effects produced by trichlorophenol. The

lowest test concentration produced decreases of 43%, 37%,

and 23% in growth rate, normalized ATP concentration and

02-uptake rate, respectively. The highest concentration,

2x10-5 M, caused declines in growth and 02-utilization

rates of 87% and 50%, respectively, while intracellular ATP

concentration recovered to nearly the level of the control.

Again, normalized ATP concentration decreased at low

toxicant concentrations, but recovered near the toxicant

dose at which the growth rate was reduced to about half of

the control rate. At high concentrations, impairment of
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biosynthetic function again seems to be the predominant

mechanism of inhibition.

4.2.3 Correlations 

For comparisons of these results against other toxicity

data, the toxicity designation ECk50 was adopted. As

defined here, ECk50 is the effective concentration that

causes a 50 percent reduction in the growth rate constant,

k, of S. typhimurium, relative to the control value.

Specific growth rate was chosen because it was the only

parameter that declined steadily with increasing toxicant

concentration for all of the pure compounds studied. ECk50

values were determined directly from the k versus toxicant

concentration curves by interpolation.

S.	 typhimurium ECk50 values for the seven pure

compounds were correlated with the log octanol/water

partition coefficients of the pure chemicals to explore the

relationships between relative toxicity and degree of

hydrophobicity. Additionally, ECk50 values (converted to

units of mg/1) were compared to relative toxicity data from

the literature [60-69] to determine the degree of

correlation between results of the toxicity test under

investigation and those of other tests. Table 4.2 compares

the ECk50 values with log octanol/water partition

coefficient data and the relative toxicities from the

various other toxicity tests. Where ranges of relative
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toxicity values were reported, or a number of different

values from different sources were available, the median

value was selected. Regression results are summarized in

Table 4.3.

Correlation of Log Kow values with Log bioconcentration

factors in trout for a number of organic chemicals showed a

strong linear relationship (R=0.95) [21]. A similar

correlation between the Log Kow values of the four

chlorinated phenolic compounds and their S. typhimurium Log

ECk50 relative toxicity values showed a strong linear

relationship as well (R=-0.99, P<0.015), indicating greater

toxicity with increasing degree of hydrophobicity.

Correlations with Microtox EC50 and miscellaneous fish TLm

(median tolerance limit, the amount of substance producing

a noticeable effect in 50 percent of the tester organisms)

values were also significant (Table 4.3). It should be

noted, however, that the fish toxicity data came from

several different sources and include data from tests on

various different species of fish. Comparison of ECk50

values with a single species (goldfish) LD50 data was less

favorable. The poor correlation with the rat oral LD50

data was not surprising, because rats live at a much higher

trophic level than fish or bacteria, and would not

necessarily be expected to react in the same manner.
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4.3 Wastewaters 

4.3.1 Experiments with Wastewater

Growth data: The effects on growth rates of S.

typhimurium from exposure to the various concentrations of

Kraft mill wastewaters were generally negligible. For most

wastewater samples, the doubling times varied little from

the control to the 70% dilution. In some cases, the

doubling time for the 30% dilution was even shorter than

that of the control, indicating that growth was stimulated

by addition of low concentrations of wastewater. Growth

inhibition effects were generally observed only in 70%

wastewater mixtures. The most extreme example is provided

by Figure 3.14 (c) which summarizes the results from the

experiment on the acid sewer sample. Doubling times of S.

typhimurium during this experiment varied from 22 minutes

in the control to 31 minutes in the 70% wastewater mixture.

This accounts for a difference in growth rate constant (k)

of 29%. Due to lack of sensitivity, therefore, growth rate

of S. typhimurium was generally disregarded as a useful

parameter for measuring the relative toxicity of Kraft mill

wastewaters, and no further analyses of growth data were

performed. It is important to note, however, that

measurement of growth was essential for determinations of

ATP concentrations, and 02-utilization rates because it

provided the necessary data to allow normalization of



127

responses in growing cultures.

ATP results: To provide a single value reflective of

the degree of toxicity in a wastewater, the designation

EC25 was established. As defined here, EC25 is the

effective concentration of wastewater (in percent) causing

a 25% decrease in normalized, adjusted ATP concentration

relative to the control after a 30-minute period of

exposure to the waste. Calculated values of percent change

in ATP concentration (normalized and adjusted) relative to

the control (Table 3.5) were used to derive the EC25 values

for each wastewater sample. Regression analyses were

performed for each sample, correlating percent decrease in

normalized, adjusted ATP concentration against wastewater

fraction (percent). The regressions were "forced" through

the origin to produce a regression line which predicts zero

inhibition in the control (no wastewater addition) culture.

Table 4.4 shows the results from the regression analyses on

each wastewater sample tested. The average correlation

coefficient (R2) for the 22 samples was 0.956 with a

significance level of 14%, indicating generally strong

linear relationships between percent decrease in ATP

concentration and wastewater fraction. The linear

regressions determined for each sample were used to

calculate the EC25 values.

While apparently demonstrating the greatest sensitivity

to wastewater toxicity, the ATP experiments held the
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greatest potential for error. One problem that has not yet

been solved involves the effect of sample color on ATP

analysis. The Kraft mill wastewater samples tested in this

investigation were dark brown. It is reasonable to assume

that the influence of color may have been important (see

section 4.3.2 below) particularly in the 70% mixtures.

Increasing dilution with wastewater darkens the solution

and may, therefore, give erroneously low luminometer

readings. Because of these effects, and the questionable

nature of the 70% dilution correction factor (discussed

further below), the observed responses to the 70%

wastewater mixtures were disregarded in analyses of the ATP

data.

Oxygen-utilization rate results: The results from the

02-uptake experiments on four wastewater samples (Inf(I),

Ri (I ), R2(I) and Eff(I)) showed no appreciable inhibitory

effects attributable to wastewater addition. (in fact, 02

uptake apparently increased with wastewater fraction.)

Therefore, experimentation and data analysis were directed

primarily toward reduction of intracellular ATP

concentration and specific growth rate.

Correlations: Other measures of wastewater toxicity

and/or quality were available for comparison with the

results from this investigation. Total organic halide

(TOX) concentration has been under investigation as a

possible indicator of toxicity [58,70]. Analyses for TOX
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concentrations in the wastewater samples were performed by

another investigator [50], and supplied for use in this

investigation. In addition, a limited body of fish

toxicity data was available for comparison.

EC25 values are compared with total TOX and low

molecular weight TOX (<1000 MW) data in Table 4.5. The

results from correlations of EC25 values with TOX data and

with the fish toxicity data are shown in Tables 4.6 and

4.7, respectively. In theory, the toxicity of a wastewater

increases with increasing TOX concentration. A good

correlation between EC25 results and TOX data would,

therefore, be indicated by a high, negative correlation

coefficient (R). Results of the regression analyses were

mixed, as shown by Table 4.6.

Positive correlations between week 1 EC25 values and

the TOX data are contrary to anticipated results and

support initial impressions that the experiments on the

week 1 samples were not well executed. These experiments

were among the first to be performed, and the procedures

were not yet well established. Specifically, problems were

encountered with temperature control in the growing

cultures.

By the time the experiments on the week 2 samples were

conducted, many of the problems with experimental controls

had been solved. Nevertheless, correlations of week 2 EC25

values with TOX data are also poor. They improve greatly,
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TABLE 4.7 Results of correlations of S. typhimurium EC25
values with relative fish toxicity data for
pulp-mill wastewater samples

Sample Set 

Week 1

Week 2

Correlation
Coefficient (R)

S. typhimurium EC25 vs *
Fish Relative Toxicity 

+0.98 (N=3)

-0.83 (N=3)

Significance 

(P<0.13)

(P<0.38)

* fish relative toxicity =	 100
100% survival concentration

133
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however, when the results from the caustic and acid sewers

are omitted, suggesting inconsistencies in the experiments

involving the caustic and acid sewer samples. In support

of this hypothesis is the fact that EC25 values for the

caustic and acid sewers are higher than the EC25 values for

their respective ether extractions. The ether extractions

may have been, theoretically, less toxic than their

original samples because the ether extraction process

removed a significant portion of the wastewater TOX (Table

4.5). It is possible, however, that the high TOX

concentration in the caustic and acid sewers caused

impairment of biosynthetic function in a manner similar to

the mechanism of chloramphenicol. If this were the case,

the resultant effects would be lower than expected

intracellular ATP concentrations along with decreases in

growth rates; in fact, the results from the experiments

involving the caustic and acid sewers indicated these

effects (Table 3.4).

The significance (P<.05) of the correlation between

week 2 sample EC25 values (without the caustic and acid

sewer data) and low molecular weight TOX supports the

theory, mentioned earlier, that the aquatic toxicity of

Kraft mill effluents may be largely a function of the

concentration of low molecular weight (<1000 MW)

halogenated organic compounds. That theory was further

tested by regression of the EC25 results from the week 2



135

influent, effluent, and their ether extracts against the

TOX data. The correlation with total TOX was significant

(P<0.05) but the correlation with low molecular weight TOX

concentration was not significant at the 95% confidence

level. Inspection of the low molecular weight TOX data

reveals that the value for the effluent ether extraction

(pH 2) is higher than the original TOX value, suggesting

that variation inherent in TOX analyses may be significant.

Although some of the correlations for certain isolated

sets of data are good, the poor correlation for the

combined data suggests that either, (i) refinement and

standardization of toxicity testing procedures is required,

or (ii) TOX is not a good indicator of bacterial toxicity.

Table 4.8 includes the results of correlations between

S. typhimurium EC25 values and the toxicity data from fish

tests performed on six samples by another lab. (These data

may not be reported here.) As for the comparisons with

TOX data, the correlation was positive with the samples of

week 1 and negative with the samples of week 2, again

suggesting erroneous results from the experiments performed

on the week 1 wastewaters. Additional experimentation of

this nature will be necessary to establish stronger

correlations between fish and bacterial toxicity data.

4.3.2 Dilution Effects

Table 4.8 summarizes the results of control experiments
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Table 4.8	 Distilled water dilution
effects on ATP concentrations
in S. tvphimurium

Percent increase in [ATP]/Abs relative
to control

Dilution
Exp.	 No.

30 minutes after dilution

30%	 50%	 70%
Dilution	 Dilution	 Dilution

1 19 37 92
2 11 22 87
3 19 35 78
4 7 17 48
5 6 25 87
6 15 26 53

Total 77 162 445
Ave. 12.8 27 74.2

Std.	Dey. 5.7 7.7 18.9
Coef.	 Var. 0.45 0.29 0.25
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in which the effects of dilution on ATP concentration in

the tester organism were examined. Summarized results for a

30-minute exposure period indicate that, on the average,

effects from 30%, 50% and 70% dilutions alone cause

increases in intracellular ATP concentrations of 13%, 27%

and 74%, respectively. The validity of the correction

factors determined by the dilution experiments remains

questionable. A 74% increase in ATP concentration due to

dilution alone seems unreasonable.

Color may have a large effect on luminometer readings.

Just as colors absorb light and affect measurements in the

spectrophotometer, they may also influence luminometer

readings. Effects of colored samples on the Microtox assay

have been noted, and a correction procedure has been

devised [7,20]. The effects of colored samples on

measurements for this investigation have not been

determined, but a couple of observations suggest they may

be considerable. The nutrient broth is a deep amber color

which lightens substantially with 70% dilution in water.

Although the samples are diluted 25 times in the Tris

buffer prior to measurement in the luminometer, a color

change is visible in the Tris test tubes between the

control and the 70% dilution. In the luminometer, the less

color in the sample, the more light is transmitted to the

photomultiplier. Thus, the decrease in color with

increasing dilution might result in erroneously high
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luminometer readings. The significance of these effects is

unknown, but some results from the ATP experiments suggest

that color may have a large influence on luminometer

readings, particularly at the 70% dilution. As shown in

Figure 3.15 (b), the normalized, adjusted ATP concentration

corresponding to exposure of S. typhimurium to 70%

wastewater dropped to zero, yet growth rate in this sample

remained relatively high (Figure 3.14 (b)). It is

inconceivable that growth could continue in the complete

absence of ATP. It is likely, therefore, that the

correction factor for the 70% dilution is too high, and

those for the 30% and 50% dilutions are suspect.

4.3.3 Reproducibility of ATP Experiments 

The results from the dilution experiments also serve as

indicators of the reproducibility of the ATP experiments.

The statistics shown in Table 4.8 indicate a relatively

high degree of variability between experiments. There are

a number of factors that may contribute to this

inconsistency. Variation in the quality of the firefly

extract used in the ATP determination may account for some

of the problem. ATP measurements were based on light

output integrated over a period of 15 seconds as opposed to

measurement of all light produced by ATP hydrolysis.

Consequently, variation in the enzymatically catalyzed rate

of ATP hydrolysis, or in the amount of enzyme present,
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could produce considerable errors in ATP measurements. The

enzyme used here is a relatively crude extract and may not

contain the same amount of luciferin/lucuferase in each

vial. Generally, one enzyme vial was used per ATP

experiment, so variability in enzyme content would be

reflected in inconsistent results from one experiment to

another.

Temperature may affect the reproducibity of the ATP

experiments at two levels. Observations from this

investigation indicate that temperature changes in a

growing culture of two or three degrees can noticeably

change growth rates, and may, therefore, also affect ATP

synthesis. Failure to maintain strict temperature control

in the growing cultures during the course of an experiment

or from one experiment to the next could, therefore, cause

inconsistent results. Temperatures within the shaker bath

sometimes fluctuated by 2 0 C during the course of an

experiment.

Temperature may also play an important role in ATP

analysis with the luminometer. In studies of the Microtox

test, investigators have determined that bioluminescence is

very sensitive to changes in temperature [6], and for this

reason, the Microtox apparatus is temperature-controlled.

Although the luminescence measured in this investigation is

chemically induced, it would be reasonable to assume that

it is affected by changes in temperature just as the
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natural bioluminescence is.	 The luminometer used here

lacked a self-contained temperature control system.

Analyses were performed with all reagents and samples at

room temperature. Fluctuations in room temperature could,

therefore, represent a source of variability that was not

controlled in this investigation.
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Chapter 5

CONCLUSIONS

The validity of the general procedures used in this

investigation was established by general agreement between

the measured and predicted responses of growth rates,

intracellular ATP concentration and 02-utilzation rates in

S. tvphimurium cultures exposed to specific inhibitors.

Results of experiments involving the homologous series

of chlorinated phenols supported speculation relative to

the inhibitory mechanisms of the compounds tested. Effects

of increasing concentrations of 2-chlorophenol on S.

typhimurium were similar to those produced by cyanide,

suggesting inhibition of electron transport or catabolic

processes preceding the development of NADH. Responses of

the tester organism to high concentrations of

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

pentachlorophenol were similar to those observed in

experiments involving chloramphenicol, suggesting that

these compounds affect the biosynthetic capabilities of S.

typhimurium.

The correlation (P<0.015) between measured relative

toxicities (log ECk50) of the chlorinated phenolic

compounds and their log octanol/water partition

coefficients indicated a strong relationship between

toxicity and degree of hydrophobicity. Generally good
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correlations between S. tviphimurium ECk50s and results from

various other toxicity tests further support the validity

of the procedures developed here.

Results from the distilled water control experiments

showed substantial	 increases in intracellular ATP

concentration with increasing dilution. Whether these

effects are related to bioenergetic changes within the

tester strain, or are simply due to the influence of sample

color on luminometer measurements remains to be determined.

The degree of inconsistency between results of the

distilled water control experiments illustrates the need to

develop a clearer understanding of the effects of

experimental variables introduced by exposure of the tester

strain to large volumes of wastewater. Temperature, as it

affects growth, ATP synthesis and luminometer measurements,

may also be a factor that deserves greater attention.

Additionally, the stability of the firefly extract enzyme,

as well as the consistency of its quality from one vial to

another, are questions warranting further investigation.

The experiments involving papermill wastewaters

produced mixed results. Good correlations between S.

tvphimurium EC2 5 values (the measure of toxic effects to

intracellular ATP concentration) and TOX data for isolated

sets of wastewater samples suggested a strong relationship

between toxicity level and TOX concentration (for both high

and low molecular weight). Taken on the whole, however,
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derived relationships were inconclusive, suggesting a need

for experimental improvements, lack of relationship between

toxicity and TOX concentration, or both.

Results from the ATP experiments involving papermill

wastes showed marked apparent dose responses, but the

degree to which those responses reflected actual toxic

effects remains in question because of the uncertain

validity of the applied correction factors. Actual toxic

responses could be less pronounced. This uncertainty,

along with general lack of responses in growth and

02-utilization rates to large doses of wastewaters,

indicates that S. tvphimurium lacks sensitivity to the

toxic effects of those samples.

Two general conclusions should be drawn from the above

inferences:

1. The procedures developed in this investigation

offer an effective battery of tests which can determine

relative toxicity of contaminated water and provide

information regarding the possible inhibitory mechanisms of

the contaminant(s).

2. The tester strain, S. tvphimurium does not provide

enough sensitivity to effectively monitor toxicity in

dilute mixed wastes.



APPENDIX:

ADDITIONAL ORIGINAL DATA PLOTS

144



(a)

O Control
A 30 56
O 50 56
* 70 sa     

o
QD lc 7 17 c(2) io

ct)

I	 I	 fI
0	 40	 80	 120	 160	 200
Time Since Inoculation (min)

0 -2 10

(D)

O Control
• 30 56
O 50 56
* 70 96

145

I
0	 40	 80	 120	 160	 200

Time Since Inoculation (min)

1 0 -aI	 I	 '1
0	 40	 80	 120 160 200 240

Time Since Inoculation (min)

1'1 1 1'1 1 1'1
80	 120 160 200 240 280 320

Time Since Inoculation (min)

Figure A.1	 Growth of	 typhimurium as a function of
papermill wastewater fraction; controls and three test
concentrations of various samples:	 (a) R1(I); (b) R2(I);
(c) R3(I); (d) Eff(I). Absorbance was measured at X=600
nm, 1 cm pathlength.
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(c) R3(II); (d) Eff(II). Absorbance was measured at X=600
nm, 1 cm pathlength.
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