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The present study was initiated by a need to establish a rapid,

sensitive, inexpensive and simple bioassay for predicting the effect of

pollutants on the environment. Bacteria were chosen as the indicator

species because they can be cultivated rapidly and inexpensively and

because they possess metabolic activities common to single cells and

higher organisms. The study was carried out as a three part investi-

gation to: (i) establish a preliminary workable and repeatable assay

procedure, (ii) assess the effect of pollutants on a mixed bacterial

populjtion and (iii) increase the sensitivity of the bioassay by modify-

ing the procedure and assessing the effect of pollutants on a pure

culture of Escherichia coli.

The rate of dissolved oxygen (D.O.) depletion was determined, in an

experimental and control cell suspension, utilizing a pair of D.O.

meters. Results were recorded as an activity quotient (AQ). The A.Q.

is the ratio between the 50% reduction times of the control and test

suspensions (control T50/Test T58). An AQ >1.00 indicates that the



pollutant is stimulatory to oxygen uptake. An AQ <1.00 indicates that

the pollutant is inhibitory to oxygen uptake.

The effect of metal salts, pesticides, organic solvents and an

inorganic acid on the rate of D.O. depletion in a mixed population of

bacteria, cultivated from sewage effluent, was measured. Inhibition of

D.O. uptake by the metals showed a relationship of cadmium > copper >

nickel. Effects were detected in the 1 ppm range. Inhibitory effects

were also caused by Pentachlorophenol (PCP), Duiron and Atrazine at or

below field rates of application. Diazinon stimulated D.O. uptake.

A pure culture of E. coli was utilized as an indicator species.

Pollutants which were used in the mixed population study were reassessed

in the pure culture study. Copper was found to be most inhibitory fol-

lowed by PCP. Both pollutants were inhibitory at concentrations an

order of magnitude less than in the mixed microbial assay. Diuron was

inhibitory at a concentration less than in the previous study. No in-

crease in sensitivity was attained for Atrazine.
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A Simple, Rapid Bioassay for Determining the

Effects of Pollutants on Bacteria

Chapter I

Introduction

The need for rapid methods for screening potentially toxic

chemicals becomes apparent when one considers there are more than 4

million chemical compounds registered with the American Chemical

Society (4). Approximately 43,000 of these chemicals are subject to

control by the Environmental Protection Agency (EPA) under the regu-

lations set forth in the Toxic Substances Control Act (TSCA, 10) and

the Resource Conservation and Reclaimation Act (RCRA, 8). The most

significant feature of the TSCA is the authority it gives the government

to screen chemicals prior to their release for commercial use.

As data accumulates on the toxic effects of chemicals on human

health and the environment the urgency for a set of standardized pro-

cedures for assessment of potentially toxic chemicals becomes obvious.

The EPA has published a compendium of short-term bioassays (5) that are

currently being performed throughout the Office of Health and Ecological

Effects (OHEE) to determine toxic effects on human health and the

environment. Principles, endpoints, developmental status, applications,

degree of complexity and cost are included. Another EPA report (3)

presents recommendations for selecting "substantially predictive"

screening tests in aquatic toxicology with organisms and model eco-

systems included. A handbook of mammalian and aquatic toxicological
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data that includes an appendix of ecological effect bioassays was

written by Sneider (9). The Industrial Environmental Research Labora-

tory (IERL) published procedures (6) for Level I (screening) assessment

of materials discharged into the environment. Included are outlines

for chemical testing, identification as well as outlines for health

effects using the Ames test. Bioassays utilizing freshwater and marine

phytoplankton invertebrates and fish are listed under the heading of

ecological effects tests. In spite of all the information and methods

available the EPA has not proposed a standard set of bioassays to be

used for toxicity assessment.

All of the aforementioned reports deal with health and ecological

effects, and the majority of each is dedicated to predicting mammalian

toxicology. Very few tests exist for predicting environmental toxicity

except the 96 h LD
50

fish bioassay, the LC
50

algal bioassay or the

complex terrestrial microcosm study. A problem common to these assays

is that their cost and length of time for assaying make them prohibitive

for routine assessment of all the chemicals being produced. It should

also be noted that there are no bioassays which utilize bacteria as the

sole indicator species for ecological testing.

The importance of bacteria in the environment cannot be overlooked.

Degradation and transformation in the environment is primarily a result

of bacterial metabolism (2). When degradation results in mineralization

there is no harmful ecological effect. If degradation is incomplete,

does not take place at all or the end-product of metabolism is more

toxic than the parent compound there is often a detrimental environ-
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mental effect. Much of the (toxic) residues today can be blamed on

microbial fallibility and recalcitrance of the compound (1,7).

The present study was initiated because of the importance of

bacteria in environmental biotransformations and the need to establish

a rapid, inexpensive bioassay for use in assessing the impact of

pollutants.

The present study was carried out as a three part investigation:

(i) to establish a workable and repeatable procedure; (ii) to use that

procedure to assess the effect of pollutants on a mixed population

of bacteria; and (iii) to assess the effect of pollutants on a pure

culture of Escherichia coli.
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Chapter II

Literature Review

Methods for monitoring the effects of chemical pollutants in aquatic

environments are numerous. Cairns and Van der Schalie (10) give a

thorough description of current methodologies available for monitoring

the aquatic environment using fish, aquatic insects, aquatic invertebrates

and algae as indicator species. Bacteria as indicator species for

toxicity testing in aquatic environments have received less attention

and it is the bacterial systems that will be reviewed here.

A vast majority of the literature, in which bacteria are used as

the indicator species for detecting toxicity in aquatic environments,

is concerned with the effects of heavy metals and organic compounds on

the bacteria present in sewage effluents. Manometric methods for

determining the bacterial respiration rate are most common. Dawson and

Jenkins (12) were first to describe a manometric technique which used

a Warburg apparatus to determine the toxic effects of inorganic, organic

and metal compounds on the oxygen uptake rate of sewage. The rate of

oxygen uptake in activated sludge, with and without added toxicants, was

observed for 3 h. Results for a vast number of compounds are recorded

and are reported as percent inhibition or stimulation to oxygen uptake.

Zinc at 1 ppm caused a 70% decrease in oxygen uptake. Copper and cadmium

at approximately 1 ppm caused 50% decrease in oxygen uptake. Organic

acids were added at 2500 ppm and all (acetic, propionic, butyric, formic,

lactic, and malic) caused stimulation to the oxygen uptake rate.

Heukelekian and Gellman (13) also used a Warburg apparatus to determine

the effects of heavy metals on the biochemical oxygen demand (B.O.D.)
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over a 5-day period. They used a cotton filtered domestic sewage and

found that at a concentration of 50 ppm, copper and nickel caused a

95% inhibition in the B.O.D. and cadmium at 75 ppm caused a 92 in-

hibition in the B.O.D. after 5 days. Malaney et al. (18) also used a 5-

day B.O.D. test to determine the toxic effect of metal ions on sewage

microorganisms. A Warburg respirometer was used to determine the oxygen

utilization rate in a sewage sample diluted 100-fold with lactose

broth containing the toxicant. The respiration rate was observed over

a period of 144 h and compared to a control. Cadmium was the most toxic

ion studied causing a 50% decrease in oxygen uptake at 0.5 ppm after

96 h incubation. Likewise, copper at 10 ppm and nickel at 4 ppm were

required to cause a 50% decrease in oxygen utilization after 96 h

incubation.

Lamb et al. (15) describe a method for evaluating the biological

treatability of industrial wastes. This process is fundamentally similar

to the previously described methods, i.e., the rate at which oxygen is

utilized is determined and the effects of various chemicals on that rate

are observed. However a membrane covered oxygen electrode is used to

determine the oxygen uptake rates directly and the test is complet,fd

in hours not days. A portion of activated sludge was added to a

respiration cell and the oxygen utilization rates were observed for

10-30 min. The material to be studied was added and the oxygen utilization

rate again determined. The addition of 400 mg/1 milk powder increased

the repiration rate 400 percent. Mercuric chloride was added at

concentrations ranging from 25 to 200 ppm. Inhibition was seen at

all concentrations with complete inhibition at 200 ppm. Mowat (19)
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describes a more contemporary application of an old methodology. She

uses the standard 5-day B.O.D. test to measure the toxicity of metal ions

on the B.O.D. of activated sludge. Her methodology is similar to

Heukelekian and Gellman (13) except a dissolved oxygen (D.O.) meter and

Winkler titrations are used to determine oxygen utilization rates. The

percent inhibition to the 5-day B.O.D. for sewage exposed to 5 ppm

copper, nickel and cadmium were 66%, 30% and 50% respectively.

Bacterial respiration is again the basis for a monitoring system

developed by Axt (5,6). Oxygen electrodes are used to measure the

difference in D.O. concentration between influent and effluent liquids

that pass through a chamber. The chamber is continually supplied with

bacterial nutrient and the water to be tested. Toxic materials present

in the test water cause a decrease in bacterial respiration thus

decreasing the difference in D.O. concentration between influent and

effluent liquids. Responses are obtained to several heavy metals at

concentrations at 0.1 ppm but endosulfan (an organic pesticide) failed

to cause a response at levels less than 10 ppm.

Toxigard, a system developed by Solymon et al. (21,22) measures the

oxygen concentrations in water that has passed through a filter im-

pregnated with the toxicant in question. Toxicity is indicated by an

increase in oxygen concentration in the water that has passed through

the filter (effluent) compared to the influent. Oxygen concentrations

are measured with an oxygen electrode. An increase in the effluent

oxygen concentration of 1 mg 1
-1

was caused by 10 ppm copper, 10 ppm

cyanide and at pH values of 3.4 and 11.0. Reeves (20) studied a
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system which uses a commercially available respirometer to record oxygen

uptake rates in an activated sludge unit. Changes in oxygen consumption

rates indicate the presence of a toxic pollutant. The system reportedly

responds quickly to a wide range of toxicants but only at high concen-

trations. "BioMonitor" (11) is an influent monitoring system that was

developed to protect against shock loadings of toxicants present in

industrial wastewaters. By monitoring changes in D.O. concentrations

using an oxygen electrode in an activated sludge unit, early indication

of shock loading can be determined. Tne industrial wastewaters were

tested and all gave rapid responses. The most recently published method

using oxygen uptake as a parameter to determine toxicity is reported by

Brouzles et al. (8). The oxygen uptake rate of a constant set of

microorganisms is determined using an oxygen electrode. The culture of

microorganisms is contained in a large, continuously fed, reaction vessel.

The chemical in question is added to the reaction vessel and the oxygen

uptake rate is observed for 30 min. Various other physical parameters

are monitored (pH and temperature) as well. At the end of the 30 min

experimental period the chamber is flushed, rinsed and refilled. The

entire system is automated and run by a computer. Results are

available in 30 min. Results given indicate that formaldehyde at

3 g/1 caused a 50%-decrease in respiratory activity and mercury at

100 ppm caused a 50% reduction in respiratory activities.

Other methods for detecting toxic effects of chemicals on bacteria

use parameters other than respiration. Albright et al. (1,2) present a

technique for measuring the sublethal effects of metallic salts
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on heterotrophic bacteria indigenous to natural waters. The activity

of the cells is determined by the rate of uptake and mineralization of a

radiolabeled metabolite (glucose) in the presence of the toxicant being

tested and data analysis is by Michallis-Menten enzyme kinetic equations.

Viability was determined by standard plate count methods before and after

exposure to the toxicant. Results are given as the increase in turnover

time for the metabolite and are recorded as a ratio. Silver was the

most toxic ion tested; a 0.0001 ppm concentration nearly doubled the

turnover times for glucose. Copper and nickel at 0.01 ppm caused a

100% increase and a 25% increase in turnover time, respectively.

Cadmium at 0.1 ppm caused a quadrupling of the turnover time for glucose.

Several methods exist which utilize viability as the basis for

indicating toxicity. Lester et al. (16) describe a method for determining

the effect of heavy metals on a mixed population of sewage organisms in

a chemostat. The percentage of the total population surviving exposure

to slug doses of 50 ppm of copper, cadmium and lead is determined by

plate counts on an agar medium. Copper and lead caused a reduction in

the population from 4.5 x 10
8

to 3.5 x 10
5

in 2 h. Cadmium produced

a decrease in the population from 4.5 x 10
8
to 7.2 x 10

6
. Alsop et al.

(3) present a growth inhibition test. The turbidity of a test culture

is measured at 530 nm and the concentration that yields an 0D530 50

percent less than the control is termed the IC50. IC50 values

recorded include: acetone >5000 mgl 1; formaldehyde, 19 mg/1; phenol

760 mg/1 and sodium cyanide, 4 mg/l. A short term static bioassay

using a mixed culture of Citrobacter freundii, Aeromonas spp. and

Klebsiella spp is reported by Anderson and Abdelghani (4). The
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culture of bacteria is grown in the presence of varying concentrations

of toxicant. The concentration of toxicant that yields a 50% decrease in

viability is termed the LC50. Viability is determined by standard plate

count methods. LC
50

values for monosodium methanearsonate, sodium

arsenite and 1300 ;Ig/ml, respectively. Trevors et al. (23) present a

method to determine the effects of PCP, in concentrations ranging from

10 ppm to 75 ppm, on the growth rate of Pseudomonas fluorescens. Included

is a method to detect the effect of exposure time and temperature on

PCP toxicity. Results showed that when cells were grown in the presence

of PCP, the onset of exponential growth was progressively delayed at

increasing concentrations. At 75 ilg/ml, no growth was observed. After

an exposure time of 1 h, a 64% mortality rate occurred at 25 1.1g/ml, an

85% mortality rate occurred at 50 ilg/m1 and a 99.9% mortality rate occur-

red at 75 ilg/ml. Generally, increasing the temperature of incubation

decreased the survival time.

Bringmann and Kuhn (7) compare the toxicity thresholds of water

pollutants on bacteria, algae and protozoa by the cell multiplication

inhibition test. The toxicity threshold value (TT) is that concentration

of pollutant that causes a difference in the extinction value of 3%

or greater at 436 nm when compared to a control dilution. TT values

for Pseudomonas putida and the metal ions nickel, copper and cadmium

are 0.003 ppm, 0.03 ppm and 0.08 ppm respectively.

Several techniques have been recently published which utilize a

sensitive biochemical parameter as an indicator of toxicity. Kennicutt

(14) measures the ATP concentrations in natural samples of pond water
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before (T
o
) and after (T

t
) exposure to various toxicants. The two

concentrations are compared to determine the percent ATP remaining after

exposure to the toxicant. Chloroform at 5 m1/1 caused a 40% reduction in

ATP after a 6 h exposure and mercuric chloride at 1 ppm caused a 100%

loss of ATP in 1 h. Liu (17) describes a method which is based on the

inability of a bacterial culture to reduce resazurin. The effective

concentration of toxicant causing a 50 percent inhibition of the

microbial dehydrogenase activity is termed the IC50. The IC
50

values

are determined for two arsenic compounds. The IC50 values for sodium

arsenite and sodium arsenate are 25 ppm and 100 ppm respectively. These

IC
50

values are an order of magnitude less than those obtained by Anderson

(1) with plate count methods. Bulich and Isenberg (9) developed a

bioassay which is based on changes in the light output of luminescent

bacteria, as measured by a temperature controlled photometric device.

An EC
50

value, that concentration of toxicant which causes a 50%

decrease in light production in 5 min at 15°C, can be determined by

plotting the log of the concentration of toxicant vs percent light

loss. EC
50

values are reported for a variety of compounds and include:

mercury, 0.065 ppm; copper, 8.0 ppm; phenol, 25 ppm; zinc, 2.5 ppm;

pentachlorophenate, 0.5 ppm; and formaldehyde, 3.0 ppm.



Table 1. Bioassays utilizing bacteria as the indicator species.

Functional Parameter

1. Respiration tale

Method of detection

I) 02 3 h

cdiluted sludge

2) 5-day R.O.D.-Warburg
filter sewage

Reference

Concentration of
pollutant observed Effect Remarks

4+
Dawson and Jenkins (12) 7114. 1.0 ppm

Cllic 5.0 pp.

ca 5.0 ppm

neukelekianan and Gellman (13) Cu" 50 0 ppm.

Ni 50.0 ppm
Cd" 0.50 ppm

0141
++

0.50 ppm
Cu 10.0 ppm
01" 4.0 ppm

1) S- -day 15.0.0.- Warburg Malaney et al. (18)

lactose broth dlInted sewage

4) 02 uptake, oxygen electrode Lamb et al. (15)

activated sludge

5) 5-day 14.0.1)., 02 meter howat (19)

b) ioxigard changes In dissolved
oxygen concentrations between
influent/effluent

7) uptake rate; oxygen

electrode. Automated;

computerized

Solymon (21,22)

Skim milk 400 ppm
110:12 200 ppm

Cu .0 ppm
i+

++

N14t 5.0 ppm
Cd 5.0 ppm

Cu
+1

10.0 ppm
Cu" 10.0 ppm

Utonzles et al. (14) Formaldehyde 3 g/1
Mg 100 ppm

a I ,,- Inhibition to respiration
b S - stimulation to respiration

- 1 mg /ml 02 - causes an increase in dissolved
or.ygen concentration

?or 1"
I
lhe first assay of its type.

502 I Fairly rapid but Warburg

502 1 manometer now obsolete

957 1
2
5 days For results. Man-

957 1 ometer obsolete. Not very

922 1 sensitive

502 1
3
5 days for results. Man-

502 I °meter obsolete. More

502 I sensitive than 2

4002 S
b 4

0
2
uptake measured directly

1001 1 In a respiration chamber.
10-30 for results. Not very

sensitive
667 I

5
Innovative application of 02

307 f meter to 5 day 8.0.0. In-

502 1 creased sensitivity compared to
2 and 3. 5 days for results.

+1 mg/1 02c
+ I mg/1 02

507 1 Rapid; moderately sensitive

502 1 expensive



Table 1 (continued)

Functional Parameter

II. neterotrophIc activity

I) uptake of radiolabeled
glucose

III. Viability

I) chemostat, survival alter
exposure to heavy metals;
agar medium

2) growth inhibition
turbidity at 510 um

1) static growth
inhibition, agar

4) growth inhibition
broth culture, turbidity
at 650 nm

5) Toxicity threshold
Pseudomonas Fonda

Reference

Albright et al. (1,2)

tester et al. (16)

Alsop (1)

Anderson and Abdelghant (4)

Trevors et al. (23)

Rringmann and Kohn (7)

it ratio of test culture to control culture. If

ratio greater than 1.0, prolonged turnover time
e 1Cr = concentration resulting in an 00 502

deCro ease in dehydrogenase activity

Concentration of
pollutant observed

4F
Ag14 0.0001 ppm
Cu

4+
0.01 ppm

Ni
4+

0.01 ppm
Ed 0.10 ppm

,0 ppm
Cdlf

CU
44

JU

50 ppm
Ph 50 ppm

phenol 60.0 ppm
t134.11 4.0 ppm
formaldehyde 19.0 ppm

MSMA 27000 ppm
Na arsenite 270 ppm
Na arsenate 1100 ppm

PCI' 25 ppm
I'd' 50 ppm

PCP 15 ppm

Ni
4+

0.001 ppm
Cull 0.01 ppm
Cd 0.08 ppm

Effect

1.88
2.0
2.0
1.8

IC
50
e

1050
IC

50

IC
50

f

IC
50

LC
50

64% mg
852 m
99.92 m

TT h
TT
TT

Remarks

Most sensitive assay
results to 2 h. Requires
a scintillation counter.

Only moderately sensitive. The

tesults are available after a week
or more time.

16 h growth before results available.
Least complicated viability method.
Developed for field use.

Hoch higher concentrations than
those for reazurin reduction.

32 Is growth before results available.
Moderately sensitive.

Fairly sensitive.
Complex media and manipulations
required. Several days of growth
before results available.

f LC50 - concentration that causes 50Z decrease in viability
g m = percent mortality
h toxicity threshold



Table 1 (continued)

Functional Parameter

IV. Miscellaneous biochemical

1) ATP concentration
natural waters

2) resazurin reduction

1) bacterial lumincense

I) R - teduction in ATP concentration
I) IC50 concentration that causes a 50%

deeroase in dehydrogenase activity

Reference

Kennicut

Bullich and Isenberg (9)

Concentration of
pollutant observed

chloroform 5 m1/1
Hg C12 I ppm

Na arsentle 25 ppm
Ni arsenate 100 ppm

Curl R.0 ppm
formaldehyde 1.0 ppm
phenol 25.0 ppm
He 0.065 ppm

Effect

50% R
1

100% R

/

,1

1050

k
EC

50
EC

50
EC

50
FC:5

0

Remarks

Sensitive but reagents expensive.
Results lu hours.

Moderately sensitive inexpensive
reagents and equipment. Results
90 min.

Moderately sensitive in comparison
to all others. Results in 70 min.
Requires patented equipment.

k) F.Cill - concentration which causes a 50% decrease in light Ions
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Abstract

A simple in vitro bioassay for assessing the effects of pollutants

on bacteria has been developed. The assay requires a pair of oxygen

meters to measure the effect of pollutants on D.O. uptake by bacteria

cultivated from sewage effluent. The data are expressed as the activity

quotient (A.Q.); a ratio of the time for control and experimental

cell suspensions to consume 50% of the oxygen. An A.Q. >1.00 indicates

that the pollutant stimulates oxygen uptake. An A.Q. <1.00 indicates

inhibition to oxygen uptake. The bacterial bioassay presented here is

superior to most presently used since results are available in approxi-

mately 40 min for the brief exposure and 22 h for the extended exposure.

The assay requires minimal equipment investment and minimal technical

expertise. Inhibitory effects were detected in the 1 ppm range for

heavy metals. Inhibitory effects from pesticides Pentachlorophenol,

Duiron and Atrazine were demonstrated at concentrations below field

application rates.
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Introduction

Soil and water have long been repositories for organic, inorganic

and metal compounds disposed of by industries and home dwellers. It

is estimated that between 10 and 15% of the 344 million metric tons of

waste generated annually in this country are hazardous material (8).

Approximately 90% of those wastes are disposed of into nonsecure ponds,

lagoons and landfills. The Toxic Substances Control Act (25) and the

Resource Conservation and Reclaimation Act (22) were enacted to provide

monitoring, proper release, and disposal of these hazardous materials.

It is estimated that 43,000 compounds will be subject to regulation by

these acts (8). Both acts call for establishment of a criterion for

identifying hazardous materials and determining levels of toxicity.

Approximately 90% of the hazardous wastes reach soil and water for

permanent disposal. It is only logical that when developing methods

to assess the impact of these hazardous materials, one should consider

using the microflora from these environments as the indicator species.

The microorganisms are especially important ecologically since bio-

degradation and activation of many compounds are primarily a result of

their metabolism (3).

Bacteria from aquatic environments are suitable as indicator

species in a first stage biological assay for predicting environmental

toxicity. They make useful bioassay tools because they are inexpensive

to cultivate, growth occurs rapidly and they contain a multitude of

functional processes present in higher organisms.
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An assay used for screening potentially hazardous materials needs

to be inexpensive, rapid, universally applicable and sensitive. The

bioassay described in this study meets the aforementioned criteria

and utilizes bacteria cultivated from sewage effluent as the indicator.

The results of this study can be obtained in as little as 40 min after

the exposure of the bacteria to the pollutant.
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Materials and Methods

APPARATUS: YSI model 54 and model 51B oxygen meters, each fitted with

a model 5720A self-stirring B.O.D. bottle probe, were used to determine

the rate of dissolved oxygen (D.O.) depletion. Meters were calibrated

in moist air according to the manufacturer's instructions prior to each

daily experimental run. At calibration, the D.O. concentration was

consistently 8.8 ppm and varied by no more than 0.3 ppm between meters.

D.O. depletion studies were done in 300 ml B.O.D. bottles immersed in a

waterbath at 25°C.

ORGANISMS AND GROWTH: A sample of activated sludge or trickle filter

effluent was collected from a municipal wastewater treatment plant

for each experiment. A 0.1% volume/volume inoculum of sewage effluent

was made into each of two 100 ml portions of nutrient broth (Difco).

Cultures were incubated on a gyrotory shaker at 200 rpm for 24 h at

25°C.

EXPERIMENTAL PROTOCOL: The experimental protocol is diagrammed in Fig.

1. At the end of the 24 h growth period the nutrient broth cultures

were diluted 10-fold with pH 7.2 buffer. The control buffer was prepared

by adding to 1 1 of distilled water, 5 ml of MgSO4.7H20 (50 gm/1

stock) and 1.25 ml of KH
2
PO

4
(34 g/1 stock, pH 7.2). This buffer is

hereafter referred to as control Standard Methods Buffer (c-SMB, 4).

In the case of the experimental cell suspension the pollutant to

be tested was added to SMB several hours before the addition of

the bacteria. This SMB is referred to as test-SMB (t-SMB).



Sample: Trickle filter effluent
or

Activated sludge

0.1% volume/volume inoculum

duplicate 100 ml nutrient broth portions
25°C, 200 rpm, 24 h

100 ml
culture

900 ml c-SMB
(no pollutant)

24

100 m1
culture

900 ml t -SMB

(added pollutant)

300 ml to 300 ml to
nalgene bottle nalgene bottle

shaken vigorously for 1 min to saturate
with oxygen. Poured into B.O.D. bottles

D.O. Depletion - brief exposure

22 h incubation,
Room temperature

Shaken vigorously for 1 min

D.O. Depletion - extended exposure

Figure 1. Outline of experimental protocol for assessing the
effect of pollutants on D.O. depletion by bacteria.
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The t-SMB was then equilibrated to 25°C prior to the addition of the

bacteria. The 10-fold dilution of the cells consistently resulted in an

optical density of 0.18-0.20 at 600 nm. Three hundred ml portions of

the cell suspensions were removed from each flask and poured into a

500 ml nalgene bottle. These were shaken vigorously for 1 min to

saturate with oxygen. These suspensions were then poured into separate

B.O.D. bottles, the probes inserted and initial D.O. levels were

recorded. The B.O.D. bottles were immersed in a 25°C waterbath. D.O.

levels were recorded every two minutes until a 50 percent reduction in

the initial D.O. level occurred. The time corresponding to this 50%

reduction is designated T50. This protocol is designated as the brief

exposure assay.

An extended exposure protocol was achieved by incubating the cell

suspensions at RT for 22 h. After incubation the contents of the

nalgene bottles were reshaken and the D.O. depletion rates were determined.

Results were calculated as control T50 divided by test T50. This ratio

is termed the "Activity Quotient" (A.Q.). When a compound had no

effect the A.Q. = 1.00. If a compound caused stimulation of oxygen

uptake the A.Q. >1.00. When a compound was inhibitory to oxygen up-

take, the A.Q. <1.00. Inhibitory toxicities were classified as slight,

0.80<A.Q.<0.94; moderate, 0.50<A.Q.<0.79; or extreme, 0.49<A.Q.<0.00.

Pollutants tested: Pollutants tested included salts, organic

pesticides and an organic solvent. Reagent grade copper sulfate-

pentahydrate, nickel-sulfate-heptahydrate, sulfuric acid and

dimethylformamide (D.M.F.) were obtained from Baker Chemical Company.
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Reagent grade cadmium chloride-2.5 H2O and trichloroacetic acid (TCA)

were obtained from Mallinckrodt Chemical Company. Analytical grade

pentachlorophenol (PCP) was obtained from Aldrich Chemical Company.

Technical grade duiron was obtained from Sigma Chemical Company.

Analytical grade diazinon and technical grade atrazine were obtained

from CIBA-Geigy, Greensboro, N.C.

Statistical treatment: The D.O. depletion studies were run

simultaneously in a test and control flask. This constitutes a paired

comparison as defined by Snedecor and Cochran (24). Differences between

members of a pair were attributed to the treatment applied, in this case

the pollutant tested. A confidence level of 95% (a = .95) and a

probability (P') of 0.80 of obtaining a significant result when the

difference between the test and control T
50

values is 5% requires a

sample size of 5 pair (n = 5).
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Results

In the developmental stages of the assay a suitable cell density

was sought which would provide D.O. depletion kinetics such that

measurements could be made in a brief and efficient manner. A ten-

fold dilution of an overnight broth culture provided a mixed microbial

population with sufficient respiratory activity in the control suspension

to yield a T50 between 20-30 min (Fig. 2). The observed D.O. depletion

kinetics are linear over the ranges recorded and rates of uptake

generally exhibit a graded effect dependent upon the concentration and

the duration of exposure to the pollutant (brief or extended).

Copper was the first pollutant tested in the assay because of its

known toxic effects on biological systems. Four concentrations of

copper ranging from 50 ppm to 0.25 ppm were tested to observe their

inhibitory effect. Fig. 2 illustrates the kinetics of D.O. depletion

by cell suspensions exposed to copper ion for 22 h (extended exposure

assay). The responses varied according to the concentration of copper.

A decrease in the concentration of copper resulted in decreased inhibition

in D.O. depletion rates. At 50 ppm and 5 ppm an extreme inhibitory

response was ellicited at both brief and extended exposures. The ad-

dition of 0.5 ppm gave no response at the brief exposure stage but

induced a moderately inhibitory effect after 22 h of incubation (ex-

tended exposure). A 0.25 ppm concentration caused stimulation in D.O.

depletion in both the brief and extended exposure assay, although

after 22 h of exposure the stimulation was decreased.



Figure 2.
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Time (min)

Kinetics of D.O. depletion by cell suspensions

exposed to copper ion for 22 h (extended exposure

assay).
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Figure 3 illustrates the A.Q. responses over a 200-fold concentration

range of copper. An A.Q.0.5 represents the concentration of pollutant

which causes a 50% decrease in the rate of D.O. depletion in a test

suspension. The A.Q.0.5 for copper at the brief exposure is about 4 ppm

and about 0.4 ppm for the extended exposure assay. Table 1 lists the

A.Q. response for two additional metal salts, cadmium and nickel. The

data indicate that at equal concentrations, cadmium is more inhibitory

than copper. Nickel was also inhibitory in its effect on D.O. depletion

but not as severe as cadmium or copper. Copper and nickel were added

to the cell suspensions as the sulfate salts therefore a control of SO4

at 50 ppm (H
2
SO

4
) was assayed to confirm inhibitory effects were attribu-

table to metal ions. There was no effect from the sulfate at either

exposure.

Data on pentachlorophenol (PCP) which is used as a wood preservative

and pesticide is illustrated in Fig. 4. Inhibition was maximum at 14

ppm, the highest concentration tested and the level of maximum solu-

bility in water. The concentration of PCP was then decreased until at

3.5 ppm, no inhibition was detected with the brief assay. With the

extended exposure assay, all inhibitions had significantly increased.

The A.Q..5 with PCP is about 8 ppm in the brief exposure assay and, by

extrapolation, is about 75 ppm in the extended assay.

Table 2 includes data on the effect of several organic compounds

on D.O. depletion. Data is recorded as the A.Q. Diuron, a substituted

urea which is used extensively as a pre-emergence herbicide, was tested
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Table 2. Quantitative effect of pollutants on D.O. depletion.

Pollutant Concentration A.Q.a Effect
b

ppm brief extended brief extended

Cadmium 5.0 .27 .11 extreme extreme

Copper 5.0 .43 .24 extreme extreme

Nickel 5.0 .51 .54 moderate moderate

Sulfate (H2SO4) 50.0 1.00 1.00 none none

Diuron 40.0 .83 .56 slight moderate

Pentachlorophenol 14.0 .86 .36 slight extreme

Atrazine 33.0 1.00 .76 none moderate

Trichloroacetic 50.0 .96 .88 none slight

Acid
Dimethylformamide 50.0 .95 .85 none slight

Diazinon 40.0 1.01 1.03 none none

a
Control T

50

b
1.00 = no effect; >1.05 = stimulatory
0.9-0.80 = slight; 0.79-0.50 = moderate;

Test T
50 <0.49 = extreme.
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at a concentration of 40 ppm. A slight inhibitory effect was detected

in the brief assay and this inhibitory effect increased to a moderate

effect after the extended exposure.

Atrazine, an herbicide; trichloroacetic acid; a weak organic acid

used as an insecticide; and dimethylformamide; an organic solvent, all

had little or no inhibitory effect after the brief exposure but signifi-

cantly increased levels of inhibition were recorded after the extended

exposure.

There was no significant effect with the insecticide Diazinon with

either assay.

PCP has been shown to act as an uncoupler of oxidative phosphoryla-

tion in mitochondria and bacteria (20,30). PCP has also been shown to

inhibit bacterial growth at concentrations in the range of 5 to 25

ppm (7). Both observations are consistent with the moderate degree of
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Discussion

Several bioassays have been described that utilize manometric

methods and bacteria as indicators of toxicity (9,11,12,16,17,18).

The primary goal of the aforementioned assays was to furnish information

regarding toxicity of metal ions on the biological activities which

occur at municipal wastewater treatment plants. Several other techniques

have geen developed to assess the effects of heavy metals on the micro-

flora indigenous to natural waters (1,2,19). Such assays have involved

complex and often expensive techniques including isotopic tracers to

measure heterotrophic activity or the enzymatic bioluminescence assay to

measure cellular ATP levels. It was the goal of the present study to

design and test a bioassay utilizing a near universal biological activity

and to devise a useful format for data presentation and interpretation.

The bioassay is intended to function as a first stage or preliminary

indicator of possible pollutant toxicity using a heterogeneous microbial

population as the target species and D.O. depletion rates as the probe

for quantitating toxicity.

The quantitative expression of the data is necessarily different

in format but not in concept to the classical 50% lethal dose concept

(LC50). In the D.O. depletion assay, the control system exhibits an

activity which is directly compared to that given by the experimental

system. The quotient (AQ) of the reactions give a relative measure

of rate differences in the two cell suspensions. The AQ, (coupling

the control and experimental paired comparisons), modulates day-to-day
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variations in control rates which can vary up to 25%. By running five

paired comparisons with each pollutant, a 5% change in the A.Q. is

significant at the 95% confidence limit.

The metals as a class of compounds caused the greatest level of

inhibition in the kinetics of D.O. depletion. Copper sulfate gave

inhibitory effects at all concentration except 0.25 ppm. This concen-

tration, im most experiments, slightly stimulated 02-depletion in both

assay systems. This stimulation was attributed to an Ardnt-Schultz

phenomenon (i.e. the accumulation of sublethal concentrations of

copper at the cell surface which may have induced permeability changes

across the cell membrane and thereby increased cellular metabolic

activity) (15). Copper at all other concentrations inhibited D.O.

depletion with increasing magnitude as the concentration and exposure

time increased. Similar results were reported by others where oxygen

depletion from activated sludge was measured in a Warburg respirometer

or by measuring the B.O.D. of activated sludge over a period of 5

days (9,12,18). In all methods, copper was shown to significantly

decrease microbial respiration or B.O.D. activity at concentrations

between 1 and 5 ppm and to completely inhibit both activities at a

concentration of 50 ppm.

Nickel was reported to cause decreased respiration at

concentrations similar to copper (9,12,18). Nickel is only

slightly less toxic than copper and, in one study, was required at a

concentration of 100 ppm before total inhibition occurred (9).
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Cadmium has received recent attention as a significant environmental

pollutant (5,13). Babich and Stozky (5) reported cadmium to be an

element of no known biological function and was inhibitory to the

growth of E. coli and various other bacteria at concentrations of 5

to 500 ppm. Generally, it was most inhibitory to gram positive bacteria,

with gram negative organisms slightly less sensitive and actinomycetes

least sensitive. In studies to determine the effect of cadmium on oxygen

uptake by bacteria in activated sludge, Dawson and Jenkins (9) and

Heukelekian and Gellman (12) reported cadmium depressed respiration and

B.O.D. activity at 5 ppm and totally eliminated both at 75 ppm. This

makes cadmium slightly less toxic than copper and nickel in their

studies. Malaney et al. (18) are more consistent with the results of

the present study, where cadmium was more inhibitory than either nickel

or copper at equal concentrations. The fact that cadmium interferes

with respiration (6) is consistent with the extreme inhibition observed

in this study by the mixed microbial community. Diuron was reported (10)

to cause stimulation of CO
2

production after 1-10 weeks of incubation in

soil which was followed by an inhibition at the 11 week incubation

period. In the D.O. depletion assay, inhibitory effects were detectable

after the 40 min brief exposure.

Atrazine was unable to significantly affect the growth rate of any

of several bacteria exposed to 25 ppm and 50 ppm (7). In this study

33 ppm Atrazine exerted a moderate effect on D.O. depletion but only

after the extended exposure.

Diazinon was reported to cause an increase in the 02 consumption

rate when added to soil (27). It was later reported to be a compound
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which is cometabolized in nature (26). The very slight stimulation to

the D.O. depletion after extended exposure to diazinon is consistent

with the reported data.

The mixed microbial bioassay described in the present report appears

suitable as a rapid estimation of toxic effects from organic and in-

organic pollutants. The results are obtained in a much shorter time

than reported for soil studies (14,21,23) and responses were obtained

at concentrations of pesticides at or below the level of field application

rates. Current studies are underway to increase the sensitivity of the

D.O. depletion kinetics assay through alterations in both the microflora

and exposure conditions.
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Abstract

The effects of the pollutants atrazine, copper sulfate, diuron

and pentachlorophenol (PCP) on the Dissolved Oxygen (D.0.) depletion

kinetics of a culture of Escherichia coli, were assessed. The rates

of D.O. depletion were determined simultaneously in test and control

populations using a pair of oxygen meters. Activity quotient (A.Q.)

values obtained for each pollutant in the present study were compared

to A.Q. values obtained in a study using a mixed microbial population

as the indicator. A.Q. values for the E. coli culture were significantly

lower than those obtained in the mixed microbial population assay. An

increase in sensitivity occurred for copper sulfate, Diuron and PCP.

No increase in sensitivity occurred for atrazine.

4t
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Introduction

A large number of chemicals are required by law (15,22,25) to be

screened for their potential environmental impact. Because the number

of chemicals is large and increases by an estimated 1000 compounds annual-

ly (12), it would be desirable to have rapid, inexpensive methods

available for these prescreening tests.

Numerous bioassay procedures exist which employ fish (23), in-

vertebrates (26), algae (27) and protozoa (18) as indicator species.

These bioassays are expensive and, in many cases, lengthy in duration

(14).

Bacteria are suitable indicator species in a bioassay due to their

rapid growth, ubiquitous distribution and their possession of metabolic

targets similar to those of higher organisms. Bioassays using bacteria

as the indicator species have been virtually nonexistent until recently.

Several methods have been introduced which compare viable cell numbers

in a mixed population of bacteria exposed to a toxicant to the viable

cell numbers in a control population (4,25).

Two biochemical test methods have been recently introduced.

Bullich and Isenburg (9) developed an assay which measures the effect

of potential inhibitors under defined conditions on the light production

of luminescent bacteria. Liu (19) reported the development of a rapid

test based on the inability of a mixed bacterial population to reduce

resazurin in the presence of a pollutant. These assays offer the

advantage of being more sensitive than viable count methods but require

expensive reagents and equipment.
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In a previous study (6) a bioassay was developed to detect the

effect of pollutants on a mixed population of bacteria cultivated from

activated sludge. An attempt to increase the sensitivity of that bioassay

and make it more repeatable and universally applicable led to the present

study. A convenient bioassay which utilizes a washed cell suspension of

Escherichia coli as the indicator species is presented. The test culture

is exposed to the pollutant in question for either the 30-40 min brief

exposure or for the 22 h extended exposure. The rate of the oxygen

depletion in the test culture is compared to that in the control. The

results of this study are compared to the results from the mixed

population study (6).
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Materials and Methods

Apparatus

Y.S.I. model 54 and model 51B oxygen meters, each fitted with a

model 5720A self-stirring B.O.D. bottle probe, were used to determine

the rate of dissolved oxygen (D.0.) uptake. Meters were calibrated in

moist air according to manufacturer's instructions prior to each daily

experimental run. At calibration the D.O. concentration was consistently

8.8 ppm and varied by no more than 0.3 ppm between meters. D.O. uptake

studies were done in 300 ml B.O.D. bottles immersed in a waterbath at

25°C.

Organisms and growth

Escherichia coli ATCC 25922 was obtained from the American Type

Culture Collection, Rockville, Md. E. coli was grown and stored on

nutrient agar plates (Difco) at 25°C. Cells cultured for D.O. depletion

studies were grown in nutrient broth (Difco) at 25°C. A loopful of

cells was inoculated into 50 ml of nutrient broth. The culture was

grown aerobically at 25°C, 200 rpm for 8 h. A 10 ml portion of this seed

was used to inoculate 1-1 portions of nutrient broth in 2.8 1 Fernbach

flasks. Cells were grown until 0.D.
600

obtained; typically 10 h.

0.8-0.9 (late log phase) was

Buffers

The buffer used for washing the cells is designated as Standard

Methods Buffer (SMB, 3) and contain s per 1 distilled water: 5 ml
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MgS0
4
.7H

2
0 (50 g/1 stock solution) and 1.25 ml KH

2
PO

4
(34 g/1 stock

solution), pH 7.2. SMB with 0.5% added glucose (10 m1/1 of a 50% filter

sterilized stock solution) was used to resuspend control cells. This is

designated control-SMB (c-SMB). Cells used as test-cell suspensions were

resuspended in sterile SMB plus 0.5% glucose plus added pollutant. This

buffer is designated as test-SMB (t-SMB). To facilitate dissolution, the

pollutant to be tested was added to 30°C SMB several hours before the

addition of the bacteria. The t-SMB was then equilibrated to 25°C

prior to the addition of the bacteria.

Experimental protocol

The experimental protocol is outlined in Figure 5. Four hundred

ml portions of cells were poured from the late-log cell culture into

centrifuge bottles. The cells were centrifuged at 9000 x g, 15 min in

a Beckman J2-21 centrifuge, and finally resuspended to an
0.D.600 of

0.2

using either c-SMB or t-SMB. A 300 ml portion was removed from each

flask, shaken vigorously 1 min to sature with oxygen, and poured into the

B.O.D. bottles. Probes were immediately inserted and activated. B.O.D.

bottles were then placed in a 25°C waterbath. Initial D.O. concentrations

were recorded as soon as meters stabilized and were recorded every 2 min

until a 50% reduction of the initial D.O. concentration had occurred.

The time corresponding to this 50% reduction is designated T50. This

is the protocol designated as the brief exposure assay.

An "extended" exposure assay was achieved by incubating the cell

suspensions at room temperature (21°C) for 22 h. After incubation the
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contents of the flasks were reshaken and the D.O. depletion rates were

determined.

Results were calculated as the ratio of control T50 to test T50.

This ratio is termed the "Activity Quotient" (A.Q.). When a compound

had no effect, the A.Q. = 1.0. When a compound caused stimulation in

oxygen depletion the A.Q. >1.00. If a compound was inhibitory, the A.Q.

<1.00. Inhibitory toxicities were classified as slight, 0.80<A.Q.<.94;

moderate, 0.50<A.Q.<.79; and extreme, 0.49<A.Q.<0.00.

Pollutants tested

Four pollutants were chosen for testing. The results obtained in

this study were compared to the results obtained in the study using a

mixed microbial population. Copper-sulfate pentahydrate was obtained

from Baker Chemicals as reagent grade. Pentachlorophenol was obtained

from Aldrich Chemical Company as analytical grade. Technical grade

Diuron was obtained from Sigma Chemicals and technical grade Atrazine

was obtained from CIBA-Giegy, Greensboro, N.C.

Statistical treatment

The D.O. depletion studies were measured as paired comparisons.

As defined by Snedecor and Cochran (24) differences between members of

a pair were attributed to the treatment applied, in this case the

pollutant tested. A confidence level of 95% (a = .95) and a probability

(p
1
) of 0.80 of obtaining a significant result when the difference

between the test and control T
50

values is 5%, requires a sample size of

5 pair (n = 5).
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Organism: E. coli (ATCC 25922)

1 loopful

50 ml nutrient broth
25°C, 200 rpm, 8-10 h

10 ml

Two-1 L portions nutrient broth
in 2.8 1 Fernbach, 200 rpm, 25°C, 10 h

Wash 2X in SMB,
9000 x g, 15 min

Resuspended pellet to 0.D. 0.2
600

using appropriate SMB

300 ml portions shaken 1 min
poured into B.O.D. bottles

"Brief exposure" D.O. depletion assay

22 h incubation, room temperature

"Extended exposure" D.O. depletion assay

Figure 5. An outline of the experimental protocol used for

assessing the effect of pollutants on D.O. depletion

by a pure culture of Escherichia coll.
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Results

The addition of 0.5% glucose to the SMB used for final resuspension

of the pellets was necessary to stimulate enhanced rate of D.O. uptake.

The addition of 0.5% glucose gave sufficient respiratory activity in the

control to yield a T50 of 25-35 min.

Copper sulfate was the first pollutant chosen to test in the present

study because of its known toxic effects to biological systems and because

of the excellent dose-response data obtained in the mixed microbial

population assay (5). Six concentrations of copper ranging from 50

ppm to 0.025 ppm, were tested in the present study. Table 3 illustrates

the A.Q. obtained for each concentration of copper. These data indicate

that copper sulfate at 5 ppm, 0.5 ppm and 0.25 ppm were extremely

inhibitory to D.O. depletion by E. coli in the brief exposure assay.

No extended studies were run at these concentrations. Three other

concentrations of copper, 0.100 ppm, 0.050 ppm and 0.025 ppm caused a

varied response in the D.O. depletion kinetics by E. coif. The A.Q.

responses (Table 3) indicate that as the concentration of copper is

decreased the inhibition of D.O. depletion is also decreased. The

toxicities by the brief exposure assay at 0.100 to 0.025 ppm range from

extreme to no effect. The concentrations of copper increased their

inhibitory effect on the rate of D.O. depletion after the extended

exposure. The toxicities range from very extreme to moderate with 0.100

to 0.025 ppm of copper.



Table 3. Activity quotients for brief and extended exposure to copper sulfate: A comparison
between mixed populations of sewage origin and a pure culture of Escherichia coli.

Pollutant Escherichia coli Mixed Microbial Population

Copper Sulfate
concentration

A.Q.

Brief/Extended
Effect

Brief/Extended

50.0 ppm

5.0 ppm <.001

0.50 ppm <.001

0.250 ppm <.001

0.100 ppm

0.050 ppm

0.025 ppm

.43 .143

.86 .50

.99 ' .64

extreme

extreme

extreme

extreme

moderat

Lone

extreme

extreme

moderate

A.Q.

Brief/Extended

.15 .018

.43 .25

1.04 .36

1.55 1.14

Effect
Brief/Extended

extreme extreme

extreme extreme

none extreme

stim. stim.
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An A.Q. of 0.5 represents the concentration of pollutant which

causes a 50% decrease in the rate of D.O. depletion in a test suspension

compared to the control suspension. The A.Q.0.5 for copper is about

0.100 ppm for the brief exposure assay and about 0.050 ppm for the

extended exposure assay.

The results obtained with copper in the present study can be com-

pared to those obtained in the previous mixed population study (Table

3). Copper is much more toxic to the washed E. coli cell suspension

than it is to the mixed population. At the concentration of copper

(0.250 ppm) that caused stimulation to D.O. depletion in the mixed

microbial populations, complete inhibition in D.O. depletion was recorded

in the E. coli suspension after the brief exposure.

Figure 6 graphically illustrates the A.Q. values for both the mixed

microbial population and the E. coli suspension over a 2000-fold concen-

tration range of copper. The A.Q. values for the E. coli cell suspension

are lower at all concentrations.

Figure 7 compares the kinetics of D.O. depletion in the washed E.

coli cell suspension, after brief exposure to copper, to the kinetics

of D.O. depletion in the mixed microbial population, after extended

exposure to copper. In both instances the observed D.O. depletion

kinetics are linear over the time range recorded and rates of depletion

exhibit graded effects depending upon the concentration and time of

exposure to copper. The qualitative responses are similar but the

concentrations of copper required for inhibition are an order of

magnitude less in the pure culture assay (Fig. 7a and 7b).



0

C
4,

0
0

1.5

I.0

7) 0.5

Brief exposure; mixed
Extended exposure; mixed

o Brief exposure; E. con

Extended exposure; E. tali

0.05 0.5 5.0

Log Concentration (ppm) Copper Ion

50

53

Figure 6. Activity quotients for the mixed microbial population and

the E. coli cell suspension exposed to copper ion. Brief exposures

are represented by open symbols, extended exposures are represented

by closed symbols. The A.Q. values for the E. coli are lower at all

concentrations.
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Figure 7a. D.O. depletion kinetics in a pure culture of Escherichia

coli after brief exposure to copper sulfate.
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The effect of three other pollutants on E. coli were subsequently

studied. Table 4 lists the A.Q. responses for all concentrations of

PCP studied. The data illustrates that all concentrations of PCP

tested had little to no effect in the brief exposure assay. However,

inhibition in D.O. depletion was significantly increased to moderate

and extreme levels after the 22 h exposure period. Very little in-

hibitory effects were also noted in the mixed microbial assay following

only brief exposure to PCP. Figure 8 illustrates the A.Q. values for

both the mixed microbial population and the E. coli suspension over a

10-fold concentration range of PCP. The toxic effects caused by PCP

can be detected at 10-fold lower concentrations compared to the mixed

microbial assay.

Table 5 summarizes by A.Q. responses the results obtained with

Diuron and Atrazine. Data indicate that Diuron at 40 ppm is extremely

inhibitory to E. coli in both the brief and extended exposure assays.

Decreasing the Diuron concentration to 4 ppm significantly decreases this

inhibitory effect. In fact, at 4 ppm the Diuron was stimulatory to E.

coli in the brief exposure and moderately inhibitory in the extended

exposure assay. Diuron was only moderately inhibitory to the mixed

microbial population after brief exposure and only slightly more inhibi-

tory (still moderately) after extended exposure. Atrazine was the least

toxic pollutant assayed. A slight inhibition to D.O. depletion in E.

coli occurred after brief exposure to both 10 ppm and 30 ppm. This

inhibition increased to moderate levels after extended exposure at both
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concentrations. Atrazine at 30 ppm had no effect and a moderately in-

hibitory effect on the mixed microbial population after brief and

extended exposures, respectively.



Table 4. Activity quotients for brief and extended exposures to Pentachlorophenol: A comparison between
the mixed population of sewage origin and Escherichia cola.

Pollutant Escherichia coli Mixed Population

Pentachlorophenol A.Q.

concentration Brief/Extended
Effect

Brief/Extended
A.Q.

Brief/Extended
Effect

Brief/Extended

14.0 ppm - - .86 .36 slight extreme

7.0 ppm .98 .08 none I extreme .94 .50 slight extreme

3.5 ppm .97 .15 none extreme 1.00 .65 none moderate

0.70 ppm .97 .43 none extreme - - - -

0.35 ppm 1.06 .73 stim. moderate - - - -
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Figure 8. Activity quotients for the mixed microbial population and the

E. coli cell suspension exposed to Pentachlorophenol. Brief exposures

are represented by open symbols and extended exposures are represented

by closed symbols. The A.Q. values for the E. coli are lower at all

concentrations.



Table 5. Activity quotients for brief and extended exposure to Diuron and Atrazine; a comparison
between mixed population of sewage origin and Escherichia cola.

Pollutant Escherichia cola Mixed Population

f

Diuron
concentration

A.Q.

Brief/Extended
Effect

Brief/Extended
A.Q.

Brief/Extended
Effect

Brief/Extended

40 ppm <.001 <.001 extreme extreme .83 .56 moderate moderate

4 ppm 1.27 .63 stim. moderate

Atrazine

30 ppm .92 .81 slight moderate 1.00 .76 none moderate

10 ppm .96 .78 slight moderate - -
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Discussion

An increase in sensitivity for the pollutants copper, PCP and

Diuron was achieved in the present study. No increase in sensitivity

occurred for Atrazine. The most profound increases occurred for copper

and PCP where moderate to extreme levels of inhibition were noted with

10-fold lower pollutant concentrations than those required in the mixed

microbial population assay. A.Q.0.5 values for copper dropped from 4

ppm (brief exposure) and 0.4 ppm (extended exposure) for the mixed

microbial population to 0.100 ppm (brief exposure) and 0.05 ppm (extended

exposure) for the E. coli cell suspension. The A.Q.0.5 for PCP was

approximately 75 ppm (brief exposure) and 8.0 ppm (extended exposure) in

the mixed microbial population and remained unchanged for the brief

exposure (75 ppm) but dropped to 0.70 ppm for the extended exposure in

the E. coli assay. No A.Q.0.5 was determined for the Diuron or Atrazine

originally, but it can be seen from the data in Table 5 that Diuron

had a greater inhibitory effect in the E. coli assay than the mixed

population at equal concentrations.

The increased sensitivity of the present assay over that of the

previous study may be attributable to either the washing of the cells,

the use of a more sensitive pure culture, or a combination of the two.

Washing the cells to remove the nutrient broth residue was necessary

to decrease the binding of divalent cations such as copper by

organic chelators in the medium. Nutrient broth is a complex of organic

ligands which are known for their affinity for binding metal ions (18).
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By removing this potential for non-biological complexing, the copper would

be more available to induce toxic effects. The increase in sensitivity

was not attributed to damaged cells as a result of the washings. Several

experiments comparing the viability and D.O. depletion rates in unwashed

and washed control cells showed no difference between the two cell

suspensions (data not reported here).

Increased sensitivity may be attributable to the use of a single

species. A single species may be more selective in its sensitivities.

The E. coli strain selected was not an environmental isolate. The chances

of its being resistant to environmental pollutants caused by selection

are minimal and that could account for the increase in sensitivity.

Heavy metals and pesticides are common constituents of sewage influent

(5,21) and therefore a resistant population of bacteria could develop

in a treatment plant. Any bioassay utilizing resistant organisms would

tend to necessitate higher concentrations of pollutants to exert detectable

effects.

A single species bioassay was also developed to enhance repeat-

ability. Sewage influent is not a constant population and changes with

precipitation, temperature, pH, industrial effluents, organic and in-

organic constiuents. It was felt that a given strain of bacteria, uni-

versally available, was a means to decrease variation in the results (i.e.

increase repeatability). A bioassay needs to be highly repeatable to

be sound; using an ATCC culture of bacteria provides this repeatability.
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Copper caused the greatest inhibition in oxygen depletion at the lowest

concentrations. This is consistent with data presented previously (6).

The concentrations of copper exerting a significant effect (0.05 ppm)

are much lower than any value previously reported for a manometric bio-

assay utilizing copper (5,13,16,20). Albright (1,2) reported a value

of 0.01 ppm Cum as causing a 90% reduction in the viability of hetero-

trophic bacteria in natural water.

PCP is an uncoupler of oxidative-phosphorylation (11). As such

it is not surprising that it is a potent inhibitor of oxygen depletion

in E. coli. It has also been shown to inhibit bacteria growth at

concentrations ranging from 0.5 to 2.5 ppm, depending on the species

tested (8,26).

Diuron is an herbicide that was designed specifically to inhibit

photosynthesis, probably by inhibiting the Hill reaction. It is only

known to affect non-photosynthetic processes at concentrations not

approached by usual herbicidal practices (11). An impurity of technical

Diuron has been shown to inhibit the growth of E. coli and uncouple

oxidative phosphorylation. Technical Diuron was used in this study and

the toxic effects recorded may indeed be due to the formulating agents or

impurities.

Atrazine did not increase its toxic effects in the present study.

Atrazine is a triazine herbicide and is reported to act in a manner

similar to Diuron, i.e., inhibition of the Hill reaction in phyto-

synthetic organisms. It is reported as having no effect on non-

photosynthetic processes (11). Even at 30 ppm there was only a moderate

inhibitory effect after extended exposure. These results are consistent
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with the mode of action of Atrazine. Cole (11) reported that Atrazine

had little effect upon soil microbes or biochemical processes after 9

continued years of exposure to 3.4 kg/ha application.
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