
Copper injury of Escherichia coli
by Matthew Joseph Domek

A thesis submitted in partial fulfillment of the requirements for the degree of Doctor of Philosophy in
Microbiology
Montana State University
© Copyright by Matthew Joseph Domek (1984)

Abstract:
Low levels of copper in chlorine-free distribution water caused injury of coliform populations.
Monitoring of 44 drinking water samples indicated 64% of the coliform population was injured.
Physical and chemical properties were measured including the concentrations of three heavy metals
(copper, cadmium, and lead). Copper concentrations ranged from 0.007 to 0.54 mg/liter. Statistical
analysis of all factors was used to develop a model to predict coliform injury. The model predicted
almost 90% injury using a copper concentration near the mean observed value (0.158 mg/liter) in
distribution waters. Laboratory studies using copper concentrations of 0.025 and 0.050 mg/liter in a
carbonate buffer under controlled conditions of temperature and pH showed over 90% injury in 6 and 2
days, respectively.

Escherichia coli injured in drinking water or by copper showed decreased oxygen utilization. Oxygraph
measurements of cells injured in drinking water showed 73 to 83% decrease in oxygen utilization when
cells were injured 70 to 99.5%. Copper-injured cells had less than 25% the rate of oxygen utilization of
the control cells. Respirometry experiments measured rates over a longer period of time and showed
similar trends.

13Carbon-Nuclear Magnetic Resonance Spectroscopy (13C-NMR) and gas chromatography were used
to identify differences in metabolism between healthy and injured populations of E. coli. The rate of
glucose utilization by injured cells under anaerobic conditions was 64% of the healthy cells. The rates
of accumulation of lactate and ethanol were 88 and 50% of the control, respectively. 13C-NMR studies
of oxygenated cultures revealed differences in the accumulation of acetate and lactate. A large pool of
glutamine accumulated in healthy but not injured cells. Additional studies revealed injured cells had a
decreased ability to reduce 2-(p-iodopheny1)-5-phenyl tetrazolium chloride (INT) with a variety of
carbohydrate substrates. When NADH was used as a substrate, injured cells reduced greater quantities
of INT than the healthy cells. Copper-injured E. coli appeared to have impaired respiration as indicated
by decreased INT reduction and other respirometric indices. A comparison of metabolic end products
suggested that injured cells also had considerable differences in carbon flow compared with healthy
cells indicating that the injured cells were being repaired. 
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ABSTRACT

Low levels of copper in chlorine-free .distribution 
water caused injury of coliform populations. Monitoring of 
44 drinking water samples indicated 64% of the coliform 
population was injured. Physical and chemical properties 
were measured including the concentrations of three heavy 
metals (copper, cadmium, and lead). Copper concentrations 
ranged from 0.007 to 0.54 mg/liter. Statistical analysis 
of all factors was used to develop a model to predict 
coliform injury. The model predicted, almost 90% injury 
using a copper concentration near the mean observed value 
(0.158 mg/liter) in distribution waters. Laboratory 
studies using copper concentrations of 0.025 and 0.050 
mg/liter in a carbonate buffer under controlled conditions 
of temperature and pH showed over 90% injury in 6 and 2 
days, respectively.

Escherichia col i injured in drinking water or by copper 
showed decreased oxygen utilization. Oxygraph measurements 
of cells injured in drinking water showed 73 to 83% de­
crease in oxygen utilization when cells were injured 70 to 
99.5%. Copper-injured cells had less than 25% the rate of 
oxygen utilization of the control cells. Respirometry 
experiments .measured rates over a longer period of time and 
showed similar trends.

'^Carbon-Nuclear Magnetic Resonance Spectroscopy (^C- 
NMR) and gas chromatography were used to identify 
differences in metabolism between healthy and injured' 
populations of E. coli. The rate of glucose utilization by 
injured cells under anaerobic conditions was 64% of the 
healthy cells. The rates of accumulation of lactate and 
ethanol were 88 and 50% of the control, respectively. '̂ C- 
NMR studies of oxygenated cultures revealed differences in 
the accumulation of acetate and lactate. A large pool of 
glutamine accumulated in healthy but not injured cells. 
Additional studies revealed injured cells had a decreased 
ability to reduce 2-(p-iodophenyI)-5-phenyl tetrazolium 
chloride (INT) with a variety of carbohydrate substrates. 
When NADH was used as a substrate, injured cells reduced 
greater quantities of INT than the healthy cells. Copper- 
injured EL coli appeared to have impaired respiration as 
indicated by decreased INT reduction and other 
respirometric indices. A comparison of metabolic end 
products suggested that injured cells also had considerable 
differences in. carbon flow compared with healthy cells 
indicating that the injured cells were being repaired.



I

INTRODUCTION

Isolation of Coliform Bacteria from Water

The evaluation of potable water supplies for total 

coliform bacteria is important in determining the sanitary 

quantity of drinking water. Elevated levels of coliform 

bacteria indicate a contaminated source, inadequate treat­

ment, or post-treatment deficiencies. The occurrence of 

injured coliform bacteria presents a significant problem in 

accurately estimating the number of indicator organisms in 

drinking water. Previous reports have documented that 

indicator bacteria become injured in drinking water (3) and 

surface water (8) and such injured bacteria are not 

enumerated when currently accepted media are used (37).
In general terms bacterial injury.is defined as the 

inability of bacteria to grow under specified, conditions 

that are satisfactory for uninjured cells (12). This may 

be assessed in different ways such as: measuring

differences in the ability of bacteria to form colonies on 

minimal media versus complex media or loss of capability to 

grow in the presence of a selective agent (12). Sodium 

deoxycholate was used as a selective agent in this study 

since it is used in many different types of media used in
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aquatic bacteriology and is known to prevent the growth of 
injured coliform bacteria (61).

Coliform bacteria may become injured by exposure to a 

variety of stressful factors in aquatic environments 

including: chlorine (11,13,40), heat (15,24,32), freezing

(41,57), acid mine drainage (22), sunlight (25), and heavy 

metals (42, Domek, M.J., M.W. LeChevalIier, and G.A. 

McFeters, Abstr. Annu. Meet. Am, Soc. Microbiol. 1983, Q6, 
p. 261). Injury of coliform bacteria by chlorine has been 

well-described (11,13,40) and is likely the major cause of 

damage to indicator organisms in drinking water. Metals 

can be another important cause of bacterial injury because 

of their common occurrence in drinking water (49,59).

Part A of this study was done to determine the role of 

metals in injury of Escherichia col i under conditions simu­

lating municipal drinking water distribution systems. To 

accomplish this it was necessary to show that injured 

coliform bacteria could be found in drinking waters where 

chlorine was not present. In this part of the study, 

physical and chemical characteristics of water were 

assessed to determine the role of various factors in injury 

caused by distribution water. Laboratory experiments were 

done to test whether metals could cause injury at concen­

trations predicted from the physicochemical analyses of the 

water in which injury was observed. Strains of Ej. coli 

isolated from water were used in the experiments as
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representatives of the coliform bacteria. The findings 

that were reported in part A supported the conclusions that 

metals, in particular copper, contributed to injury and 

caused significantly reduced isolations of coliform 

bacteria.

Metabolism of Injured Bacteria

Differences in bacterial growth on selective and non­

select ive media reveal little specific information about 

the nature of the bacterial injury caused by various 

stresses. However, a considerable amount of literature is 

available on cellular damage in injured bacteria caused by 

treatments related to food processing (12). Freeze-injured 

E. coli cells release amino acids, small molecular weight 

RNA, and peptides (48,58). Ejl coli and Salmonella 

tvphimurium cells that are heat-injured release lipopoly- 

saccharides (24,31). Heat injury to tvphimurium causes 

RNA degradation (38,56) and alters the transport of glucose 

(55). Tomlin's et al. reported that ribosomal regeneration 

(68), and protein (67) and lipid (69) biosynthesis are 
required for the recovery of heat-injured Sjl tvphimurium. 

Despite the information available regarding bacterial 

injury related to food processing little is known about 

water-related injury. Zaske et al. (77) showed that the 

cell envelope of EU. coli is damaged by exposure to water 

that is high in conductivity. During the recovery period



4
aquatlcally injured Ei C2Ii exhibits an extended lag phase
(7 6).

The major objective of part B was to develop an under­

standing of the physiological processes involved when 

coliform bacteria were injured in aquatic environments 

containing metals. Physiological alterations of Ei coli 

injured by exposure to chlorine have been reported (13,75)„ 
There is however a paucity of physiological information 

describing coliform bacteria that have been injured in the 

aquatic environment where chlorine is either not present or 
negligible.

Toxic Effects of Metals on Microorganisms

There are reports about toxic effects of metals on 

microorganisms (for a review see Babich and Stotzky, 5). 
Singleton (62) observed a decrease in the diversity in a 
naturally occurring population of bacteria from fresh water 

when either mercury or copper was added to the system. A 

copper concentration of 0.05 mg/liter slows the growth rate 

of the alga, ,Selenastrum capricornutumr and 0.09 mg/liter 
of copper inhibits growth completely (6). Structural 

changes are observed when the alga, Ankistrodesmus brauniiT 

and the blue green bacterium, Anabaena 7120, are grown in 

the presence of copper (45). Tyler reported that copper 

limits the rate of mineralization of nitrogen in acid 

forest soils (71) and decreases respiration rates of soil



5
microorganisms (41). A study by Albright et al. (I) 

showed that a copper concentration of 0.01 mg/liter doubles 
the rate of glucose turnover in a population of heterotrophic 

bacteria, and that copper and zinc toxicity is additive 

(2). Higher concentrations of copper are needed to cause 

toxic effects when the cell density or amount of organic 

matter in the system is increased. Lamb and Tollefson (36) 

showed that copper at a concentration of 5.0 mg/liter 
reduces by 90% the conversion of glucose to carbon dioxide 
in activated sludge from a sewage plant. An exposure of 

microorganisms in activated sludge to a concentration of 

5.0 mg/liter of copper for one day causes nearly a 90% 
reduction in oxygen utilization (30). Malaney et al. (43) 

observed similar reductions in oxygen utilization when 

bacteria are exposed to copper concentrations in the range 

of 5.0 to 20.0 mg/liter.

Approach to Studying Injured Bacteria

A variety of techniques was used in part B to assess 

physiological differences between the injured and non­

in jured populations'. Respirometry experiments were done on 

cells injured by exposure to drinking water to investigate 

possible differences in energy conserving physiology 

between injured and non-in jured Eju coli (Dockins, W. S.,

M.J. Domek, and G.A. McFeters, Abstr.. Annu. Meet. Am. Soc. 

Microbiol. 1980, p. 179, N93). These preliminary
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experiments revealed that E1. coll injured in potable water 
had impaired respiratory activity. Subsequent experiments 

used E. coli cells injured by copper under carefully 

controlled conditions. Injured E. coli were relatively 

fragile compared to non-injured cells and did not withstand 

many ordinary laboratory manipulations such as 

centrifugation. Therefore techniques involving minimal 

manipulation were employed whenever possible.
An active bacterial electron transport system (ETS) 

reduces 2-(p-iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetra- 

zolium chloride (INT) to INT- formazan (53) which was 

measured spectrophotometricalIy (48). Injured Et coli 

cells were tested for their ability to reduce this dye.

Metabolic differences between injured and healthy 

organisms were obtained by using nuclear magnetic resonance 

spectroscopy (NMR) to follow the fate of ^C-enriched 

glucose. This technique allowed monitoring of in. vivo 

metabolism under aerobic and anaerobic conditions (47). 

Well-resolved spectra were obtained with 20 minute accumu­

lations of data. This method proved to be a powerful tool 

in providing information about metabolic rates and pathways 

without the need for analysis by extraction of the metabo­

lites or other destructive procedures. Also, gas chromato­

graphy was used to determine production of carbon dioxide 

(CO2) and hydrogen (H2) gases.during recovery from injury.
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In addition to the basic physiological contribution of 

this study, the information gained was used as part of a 
larger concurrent study conducted in the laboratory to 

develop a new medium (37) for the isolation and enumeration 

of injured coliform bateria. Ultimately it is hoped that a 

better understanding of aquatic injury is attained through 

this work and other projects (9?13,45,68,69).

Statement of Objectives

Initial observations revealed that an Ea. coli 

suspension in a membrane diffusion chamber became injured • 

in drinking water having less than a 0.1 mg/liter 
concentration of chlorine. This prompted our efforts to 

determine what type of physicochemical factors, other than 

chlorine, might cause injury in a drinking water 

distribution system. Additionally I sought to show that 

naturally occurring coliform bacteria could be isolated 

from distribution water thus establishing that the survival 

of injured coliform bacteria was not an in vitro artifact.

After determining that copper injured Ea. coli in 

drinking water, I was interested in the physiology of the 

injured organism. We attempted several approaches in part 

B. Respirometry experiments measured oxygen utilization. 

^Carbon-NMR and gas chromatography were used to study the 

fate of glucose. These methods were used to investigate 

alterations in metabolism during the recovery of Ea. coli



injured by copper. INT was used to analyze electron 
transport activity. The physiological data were also used 

to delineate the metabolic Iesion(s) caused by copper.

8
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Materials and Methods 

Organisms

The EL coli strains used in these studies were isolated 

by membrane filtration from the East Gallatin River near 

Bozeman, Montana. The isolates were identified and 

maintained as previously described (77).

Preparation and Laboratory Injury of Bacteria

Cultures were grown and prepared as before (45).

Injury was assessed by differential counts of colony 

forming units (CFU) on the non-selective TLY (Trypticase 

Soy Broth without dextrose, Difco, 27.5 g; Lactose, 10.0 g; 

Yeast Extract, Difco, 3.0 g in 1.0 liter Milli Q water, 

Milli Q Reagent Grade Water Systems, Millipore) agar (15 

g/liter, W/V), and selective TLY-D agar (TLY with 0.1 % 

[W/V] sodium deoxycho.late) (45). The percent of injury was 

calculated as follows:

ICFU on TLYl - ICFU on TLY-Dl x 100 = % Injury 
CFU on TLY J y

Injured populations were obtained for some experiments 

by placing washed cells into membrane diffusion chambers 

(46) immersed in water drawn from a lightly used portion of 

the Bozeman, MT, drinking water distribution system (45).
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All glassware needed for preparation of cells injured by 

copper was washed with nitric acid. Copper-injured popula­

tions were obtained by placing washed cells (approximately 
1.0 X I0S CFU/ml) in CaCOg buffer and adding to the buffer 

various amounts of copper from a stock (CuSOy) solution. 
CaCOg buffer was prepared by adding 0.168 g CaCOg to I 

liter Milli Q water, undissolved. After autoclaving and 

cooling to room temperature, CaCOg was dissolved by 

lowering the pH by adding IN sulfuric acid (4.0 ml/liter) 

and then raising it by adding IN sodium hydroxide to pH 

7.0. The buffer solution was added to 125 ml glass- 

stoppered bottles. The bottles were sealed with silicone 

stopcock grease to maintain the pH after adding the copper 
solution and bacterial suspension.

Since physiological experiments were run over a rela­

tively short time interval, high cell concentrations were 

used. Al I copper-injured cells used for physiology experi­

ments were prepared using a copper concentration of 1.875 
mg/liter and a cell concentration of approximately I X 1 

CFU.

Physicochemical Analysis of Water

Water samples collected in sterile bottles were placed 

on ice, transported to the laboratory within I hour, and 

analyzed within 5 hours of collection. A complete descrip­

tion of sampling locations and coliform enumeration methods

I



has been previously published (37). Chemical and physical 

analyses were done using published methods (28).

Copper Analysis

Water samples were acidified by adding 0.1 % nitric acid 

(v/v) and sodium nitrate was added as an electrolyte to 

final concentration of 0.1 M. An average of 3 replicates 

was used to determine copper concentrations by the 

differential pulse polarographic method using a model 374 

Polarographic Analyzer (Princeton Applied Research, 

Priceton, New Jersey) (62,63).

Cadmium and Lead Analysis

The concentrations of these metals were analyzed in a 

Woodriff Furnace Atomic Adsorption Spectrometer (33). The 

average of 4 peak area measurements from replicate samples 

were integrated to calculate each concentration.

Statistical Analysis

Statistical analyses including Pearson correlation 

coefficients and multiple linear regressions were done on a 

Honeywell CP-6 computer equipped with a Statistical Program 
for the Social Sciences (SPSS). The regression model was 

developed according to published techniques (50) with the 
help of statistical consultant, Georgia Ziemba. Injury was 

calculated for statistical analysis as the difference
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between verified coliform counts on m-T7 agar and verified ■ 

coliform counts on m-EndO agar (21).

Oxygen Uptake Analyses

Oxygen uptake measurements of EX_ coli injured in 

drinking water were done using a Gilson model KM Oxygraph ' 

equipped with a model Y.S.I. 4004 Clark-type electrode.

The chamber of the instrument was maintained at 30°C. A 

cell suspension (1.8 ml of 5.0 X 10®' CFU/ml) in drinking 

water was added to the chamber and allowed to equilibrate 

for 2 minutes followed by the addition of 0.2 ml of 
phosphate-buffered (pH 7.0) substrate (glucose or lactose;

I %, w/v). The oxygen uptake rates were determined graphi­

cally from the slope of the lines as compared with controls 

without cells (13) as explained in Appendix A.

Oxygen uptake measurements of copper-injured EU. coli 

were done similarly using a Gilson model 5/6H Oxygraph 

equipped with a model Y.S.I. 5331 Clark-type electrode. 

Substrate solutions were phosphate-buffered (pH 7.0) 10 mM 

(final concentration) glucose or lactose.

Manometric Methods

Additional oxygen uptake experiments were done using a 

Gilson Differential Respirometer model IGP-14. The center 

well of each flask contained a wick with 0.5 ml of 40% KOH 

solution (w/v). The sidearm contained 1.0 ml of TY broth



(the same as TLY broth without the lactose) and 0.5 ml of 

100 mM glucose solution. Flasks contained 1.0 ml 

suspension of approximately 5.0 X 10® CFU/ml JL. coli. 2.0 

ml Milli Q water, and 0.5 ml of mineral salts (MS) solution 

(pH 7.0) containing: K2HPO4 , 7.0 g ; K^HgPO4 , 3.0 g ; Na 
citrate,2 H2O, 0.1 g; MgSO4 , 7 H2O, 0.1 g; (NH4)2SO4 , 1.0 

g in 500 ml Milli Q water (53). After 20 minutes of 

temperature equilibration the contents of the sidearms were 

tipped into each flask. Replicate flasks (3 or 4) were 
shaken (100 rpm) at BO0C and oxygen utilization.was 

measured at intervals of 10 minutes (19).

NMR Methods

A 1.8 ml suspension of Ei. coli cells (adjusted to 

approximately 5 X 10® CFU/ml) was added to a I 0 mm NMR tube 

containing 7.2 mg of [1-^®C] glucose (MSD isotopes) (20 mM 

final concentration) or 4.7 mg of [2^C] succinate (Stohler 

Isotope Chemicals) (20 mM final concentration). Volumes of 

0.1 ml MS solution and 0.1 ml TY4 broth (same as TLY broth 

but 4 times the concentration) were added to 1.8 ml of a 

cell suspension as buffer and additional nutrients. Oxygen 

(or nitrogen for anaerobic conditions) was bubbled through 

two coaxial tubes. The inner tube near the bottom of the 

NMR tube bubbled at a rate of 5 ml of gas per minute 

(Figure I). The outer tube was placed just beneath the 

surface of the 2.0 ml sample and bubbled at rate of 20 ml

13
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Figure I.

20 ml/min 
(outer tube)

10 mm 
NMR tube

5 ml/min 
(inner tube)

coaxial tubes

1IP
2.0 ml sample

Apparatus for bubbling gas into a 10 mm NMR 
tube containing a suspension of E. coli cells.



15
of gas per minute (73). The ^C-NMR spectra of 62.83 MHz 

were obtained in Fourier transform mode on a Bruker WM-250 

spectrometer (72). Chemical shifts of ^C-containing 

compounds were compared relative to tetramethylsilane used 

as a zero ppm standard. The alpha C-I resonance of glucose 

at 92.4 ppm was used as an internal reference. A 

repetition time of 1.01 seconds and 45 degree pulse width 

were used. Data (1200 scans) were collected every 20 

minutes (Appendix B).

Gaseous End Products of Metabolism

A suspension of EU. coli cells (3.6 ml, 5 X 10® CFU/ml)

was added to 25 ml Erlynmeyer flasks that were fitted withI
No. 1.0 butyl rubber stoppers and gassed with nitrogen to 

purge the oxygen for anaerobic experiments. MS solution 

(0.2 ml) and TY4 broth (0.2 ml) were added. These flasks 

were incubated on a rotary shaker (100 rpm) at 35°C. 

Experiments were stopped at various time points by adding 

1.0 ml of Zap solution (51) which consisted of 50% 

formaldehyde and 50% phosphoric acid (v/v).
Hydrogen was measured by removing part of the 

head space with a gas tight syringe (Becton, Dickinson) 

fitted with a Minvert valve (Supelco) and injecting the 

sample into a Carle model 8500 gas chromatograph (GO 

having a thermal conductivity detector. The GC was 

equipped with a stainless steel column (2.3 meters by 3.18
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mm O.D.) packed with Poroak N 80-100 mesh (Supelco). The 

flow rate of helium was 21 ml of gas per minute. Area unit 

responses were converted to umole concentrations with a 

Spectra Physics model 4100 integrating computer 

standardized against known concentrations of hydrogen (66). 
Afterward carbon dioxide was analyzed similarly using 

helium as a carrier gas at a flow rate of 21 ml per minute.

Respiration Measurements with 2-(p-iodophenyl)-3- 
(p-nitrophenyI)-5-phenyl tetrazolium chloride

A 0.2 ml volume of cell suspension, (approximately 5 X 

IO^ CFU/ml) was added to 1.3 ml MS solution, 0.5 ml 0.2% 

(w/v) 2-(p-iodophenyl)-3-(p-nitrophenyI)-5-phenyl 

tetrazolium chloride (INT) solution, and 1.0 ml of 

substrate solution (4,51). Al I substrates were 0.28 M and 

dissolved in Triton X-100 solution. The Triton X-100 

solution was made by adding 1.8 ml of a 10% solution (w/v) 
of Triton X-100 to 98.2 ml of Milli Q water. NADH solution 

was made by adding 10 mg NADH to 10 ml of Triton X-100 

solution. The mixtures were incubated in triplicate at 35°C 

on a rotary shaker (100 rpm) for 45 minutes and killed with 
1.0 ml of Zap solution. The amount of INT-formazan 

produced was estimated spectrophotometrical Iy at 490 nm 

(53) against a standard curve made with INT-formazan 

dissolved in 95% ethanol and diluted in MS.
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The glucose preincubation experiments were done by- 

adding 0.2 ml cell suspension, 1.3 ml MS solution, 0.25 ml 

80 mM glucose solution, and 0.25 ml of TY broth and the 

mixture was incubated for 45 minutes on a rotary shaker at 

100 rpm. Then, 0.5 ml of INT solution and 0.5 ml of double 

strength Triton X— 100 solution were added and the mixture 

was incubated for an additional 45 minutes. The cells were 
killed and analyzed as above.
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Results

Part A - Injury in Relation to Water Chemistry

Preliminary experiments exposing E. coli in membrane 

diffusion chambers (46) to distribution water with 

negligible chlorine concentrations demonstrated greater 

than 90% injury over a 5 day period (Figure 2). This level 

increased to 99% with 7 days of exposure. At the same time 
bacterial viability (CFU on the non-selective TLY medium) 

within the test suspension remained high 090%) oyer the 
entire 7 day period. These inital observations prompted 

further studies to determine the cause of bacterial injury 

seen in distribution water where levels of chlorine were 

either' low '(<0.1 mg/liter) or non-existent.

A survey was done using 44 drinking water samples 

collected from two drinking water systems where chlorine 

residuals were low in order to look for relationships 

between injury and various physicochemical and 

microbiological properties. The data for these properties 

were the result of a collaboration among several, 

individuals within the laboratory. The data obtained were 

presented in Table I with my contribution being the deter­

mination of the copper, lead, and cadmium concentrations.

Of particular interest were the low free and total chlorine
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Figure 2. Differential plate count of Ei coli cells exposed to drinking 
water containing less than 0.1 mg/liter of chlorine. Cells 
were plated on media that were nonseIective, TLY (■), and 
selective,TLY-D ( •).
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Table I. Physicochemical and microbiological properties of 

drinking water samples taken from several 
localities in southwestern Montana. .

Microbiological, 
Physical or 
Chemical parameter

§ of 
samples

unit of 
measure Mean Minimum Maximum

Standard plate 
count bacteria 41 CFU1 s/ml 110.8 K O 1270.0

Temperature 44 °C 10.5 4.0 26.0

Turbidity 44
nephlometer 
turbidity units 0.20 0.01 4.5

Conductivity 44 y mho 403.1 32.0 650.0

pH 44 pH units 7-7 7.2 8.4

Free chlorine 44 mg/L 0.15 0.00 1.50

Total chlorine 44 mg/L 0.18 0.00 1.60

Phosphate 44 mg/L • 257 0.00 2.20

Nitrite 44 mg/L .002 0.00 0.10

Nitrate 44 mg/L 1.21 0.05 1.76

Alkalinitya 43 mg/L 208.9 171.0 23K0

.Hardness3 43 mg/L 222-7 88.0 278.0

Total organic carbon 37 ■ mg/1 18.4 0.0 66.8

Copper 36 mg/L 0.117 0.007 0.540

Lead 40 ■ mg/L 0.008 0.001 0.088

Cadmi urn 40 mg/L O1.. 001 . 0.000 0.011

a Measured as Ca COg in mg/L.
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residuals (mean 0.15 and 0.18 mg/liter respectively), and 

the high copper levels (median 0.117 mg/liter). Data from 
this collaborative survey were analyzed for correlations 

between properties measured and injury observed in 

waterborne bacteria within those samples. Significant (p 

<0.05) correlations are found between bacterial injury in 

drinking water and temperature, pH, copper, total organic 

carbon (TOC) as well as the sum of all metals tested (Table

2) . None of the other properties listed in Table I show a 

significant simple correlation with injury in drinking 

water.

Injury is probably a result of complex interactions 

between the bacteria and the various physicochemical pro­

perties of drinking water. Simple correlations give some 

although limited insight into these problems. A statisti­

cal model was developed, using multiple linear regression 

to make a more comprehensive approach to determine the 

cause of bacterial injury in drinking water. All of the 

properties listed in Table I were used'in building the 

model. Injury, however, was found to be influenced pri­

marily by copper, temperature, pH, and alkalinity (Table

3) . Among these four factors, copper is the most signifi­

cant variable while the other properties probably influ­

enced the availability and toxicity of copper ions in 

water. The coefficient of multiple determination, Rg, 

expressed as a percent, indicates that 50.8% of the
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Table 2. Significant3 correlation coefficients for injury 

in drinking water.

Parameter
Correlation

Injuryb 
No. of Signifiescoefficient Cr) samples (p)

Temperature 0.257 44 .044
pH 0.479 44 <.001
Copper 0.312 36 .032
Total organic carbon 0.301 37 .035
Metals0 0.537 44 <.001

3 Only values significant at the 95 percent level Cp <0.05) are 
presented.

b' Injury is calculated as the difference between verified coliform 
counts on m-T7 agar minus the verified coliform count on m-Endo 
agar.

c The metals parameter represents the sum of copper, lead and cad­
mium values observed.



Table 3. Statistical model derived to predict coliform injury.

Model Coefficient of Multiple Number of Total Squared F
Determination (r2) Observations (N) Error (C) Values

Injurya= -261.7 0.508 30 5.7 -
+150.0 (Copper) . 4.82
+ 2.04 (Temperature) 3.48
+ 21.69 (pH) 2.02

• + 0.314 (Alkalinity) I .19

Injury is calculated as the difference between verified coliform counts on m-T7 minus the ro
verified col i form count on m-Endo a'gar. uj
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variation in injury was explained by the variables in the 

model. The total squared error for injury is 5.7. Other 

factors were also shown by statistical analysis to affect 

coliform injury. These factors included TOC, species of 
coliform, as well as free and total chlorine, but these 

properties either rarely occurred or were infrequently 

measured. Therefore, they could not be developed into an 

adequate model. Other factors that could not be measured, 

such as duration of aquatic exposure and the physiological 

state of the. organism (7,14) as it entered the. aquatic 

environment were also thought to be important.

The survey results were verified by laboratory experi­

ments testing the capacity of copper, lead, and cadmium to 

cause measurable injury in a strain of EU. coli isolated 

from water. Based on preliminary chemical analysis of 

water, metal levels for our first experiments were: 

copper, 0.25 mg/liter; cadmium, 0.017 mg/liter; and lead,

0.07 mg/liter. Initial experiments showed coliform injury 

occurred at these metal levels in reagent grade water, a 

phosphate-buffered system (pH 7.0), and in a carbonate-: 

buffered system (pH 7.0). The carbonate-buffered system 

was preferred since this buffer is the dominant buffering 

system of most distribution waters (54) and metals were 

able to react without interference from phosphate or 

magnesium. The potential of these metals to cause injury 

was tested individually, and it was determined that copper
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alone caused as much injury as a mixture of all the metals 
examined.

The progressive injury of Ee. coli caused by copper 

(0.05 mg/liter and 0.025 mg/liter) in a carbonate buffer is 

shown in Figure 3. Greater than 90% injury occurred in 
this system within 2 days (4°C) at 0.05 mg/liter copper. 

After 5 days exposure to 0.05 mg/liter copper, cells 

demonstrated greater than 99.5% injury. Injured cells 

started to die with longer contact times at this copper 

concentration resulting in the slight apparent decrease in 

injury seen on day 7. At lower copper concentrations 

(0.025 mg/liter), injury progressed more slowly taking 6 

days to reach the 90% level (Figure 3).

This experiment was repeated with 6 other strains of E, 

coli isolated from water. Table 4 shows the typical 

pattern of progressive injury and loss of viability upon 

exposure to copper concentrations of 0.025 mg/liter and 

0.050 mg/liter with one of the seven isolates. In compari­

sons among isolates, 6 out of 7 isolates showed less than 

90% loss in viability in 5 days upon exposure to 0.025 

mg/liter of copper, whereas 4 out of 7 isolates had greater 

than 90% loss in viability at 0.050 mg of copper per liter. 

At 0.025 mg/liter of copper 6 out of 7 isolates reached 95% 

injury in 3 days. Increasing the concentration to 0.050 

mg/liter increased.the degree and rate of injury observed. 

Only one isolate had greater than 63% injury in 5 days in
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Figure 3. Injury of E. coli cells exposed to copper in 
carbonate buffer. JL. (1.1 x 1
CFU/ml) was exposed to 0.050 mg of Cu/liter 
(• ), 0.025 mg of Cu/liter (A ), and carbonate 
buffer (pH 7.0) ( ■ ).



Table 4. Effect of copper on viability and injury of Ea. coli, 
isolate No. 10.

Controla 0.025 mg/1iter 
of copper6 0.050

of
mg/1iter 
copper

Percent Percent Percent

Days
Loss in '
viability Injury

Loss in
viability Injury Loss in' 

viability Injury

0 0 ■ 2.07 0 9.20 0 • 13.78
I 0.56 n.d. 12.27 90.48 27.04 n.d.
2 -10.56 49.66 23.93 93.44 77.55 99.89
3 8.47 47.33 41.72 95.70 n.d. n.d.
4 3.95 n.d. 54.42 98.15 96.22 99.78
5 6.78 57.09 54.79 98.89 98.6 7 99.64

a. E.• co11" cells (I x IO5 CFU/ml )■ suspended 'in a carbonate buffer
b. E, 

a
coli cells (I x IO5 CFU/ml) 

copper concentration of 0.025 suspended in a carbonate buffer mg/1iter. wi th

c. Loss in viability calculated as : X x 100 - «.

d. Injury calculated as: TLY CFU - TLY-D CFU
' TLY CFU x 100 = %.
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the control populations without copper and none had greater 
than 28% loss in viability.

Raising the temperature above 4°C accelerated the rate 

of copper injury. This conclusion is based on a limited 

number of experiments. The time necessary to cause 90% 

injury at 0.05 mg/liter copper was only T day at 22°C. In 

additon, higher metal concentrations caused injury at a; 

faster rate (90% in less than I day at 4°C), but large 

decreases in cell viability were also observed.

Part B - Physiology Studies

E. coli cells placed in membrane diffusion chambers and 

exposed to distribution water from a quiescent portion 

(i.e., no chlorine detected) of the Bozeman drinking water 

distribution network were.examined to determine the 

physiological implications of aquatic injury. Initial 

experiments revealed a trend of decreased oxygen use with 

increased injury. Oxygen utilization (during metabolism of 

lactose) measured on a Gilson Oxygraph over a short time 

period (approximately 5 minutes) decreased 73 to 83% when 

cells were injured 70 to 99.5%, respectively (Figure 4). 

When cells were grown on glucose, oxygen utilization, 

decreased 47% for 70% injured cells (Figure 4). Similar 

results were obtained with long term (2 hours) respirometry 

experiments (Figure 5). Bacteria incubated in an enriched 

medium containing either glucose or lactose required
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Figure 4. Short term uptake of oxygen by Ej. coll cells 
injured in drinking water. Substrates used 
were 1.0$ glucose (bars) and 1.0$ lactose 
(stippled).
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Figure 5. Oxygen uptake of injured EL coli measured
during recovery in Tryptic Soy Broth. Ei coli 
was injured in drinking water. The medium was 
supplemented with 0.5% glucose or 0.5% lactose. 
The numbers following the data curves indicate 
percent injury.



approximately 30 minutes (14% injured cells), 55 minutes 

(55% injured cells), or 100 minutes (95% injured cells) to
Q

utilize 10 ul oxygen per 10 . viable cells. This oxygen 

utilization level was never achieved by cells that were 

99.5% injured regardless if they were grown on glucose or 

lactose (Figure 5). Similar results were found when a 

mineral salts medium containing either glucose or lactose 

was used (Figure 6).
Isolation of injured cells grown under aerobic and 

anaerobic conditions also !ended support to the above 

experiments. Table 5 shows that injured E5. coll cells were 

isolated in approximately equal numbers under both aerobic 

and anaerobic conditions. These results indicated that the 

presence of oxygen was not required by injured cells during 

recovery.
The oxygen uptake experiments were repeated using. E5. 

coli injured by copper in a carbonate buffer thus isolating 

the effect of copper injury from the variables that cannot 

be controlled in drinking water. In these and subsequent 

experiments the major comparisons were made between cells 

exposed to copper in a carbonate buffer and cells starved 

for the same amount of time (3 to 5 days) in the carbonate 

buffer alone. Oxygen uptake measured by using a Gilson 

Oxygraph showed that copper-injured cells had less than 25% 

the rate of oxygen utilization of the control cells in 

carbonate buffer using either glucose or lactose as a

31
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.Figure 6. Oxygen uptake of injured Ei. col i measured ' 
during recovery in mineral salts medium.
E. coli was injured in drinking water. 
Substrates were 0.5% glucose or 0.5% 
lactose. The numbers following the data 
curves indicate percent injury.
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Table 5. Aerobic and anaerobic plate count data with injured coli.

Aerobic Anaerobic

No. Days TLYa TLYDb %c TLYa ' TLYDb . %cStress Count Count Injury Count Count Injury
0 I.ISxlO9 9.97x1O8 11 ,8
2 9.SSxlO8 3.96x1O8 57.5
4 8.1 7x1O8 . I.81xlO8 77.9 7.30x108 2.30xl08 68.2
6 2.IOxlO8 .7.43x1O6 96.5 I.SOxlO8 7.70xl08 ' 96.17

0 I . 21 x I 0 9 I.02x1O9 16.4 I.OSxlO9 I .OlxlOa 7.3
2 8.SOxlO8 6.70x1O8 23.9 8.46x1O8 5.7 3x1O8 32.3
4 5.IOxlO8 I .40x1O8 72.6 6.SOxlO8 I . 83x1O8 73.0
6 I.87x1O8 I.51XlO7 92.0 2.20x1O8 1.1 7x1O7 94.6
7 9 . SOxlO7 3.1 6x1O5 99.7 I . 97x1O8 5.OOxlO5 - 99.8

a. TLY is Tryptic soy broth w/o dextrose + 0.3% yeast extract + 1.0% I actose +1.5% agar
b. TLYD is TLY + 0.15% desoxycholate
c. % injury = TLY count - TLYD count „ lnn

: TLY count X IUU
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substrate (Figure 7). Ejl col i cells that were depleted of 
their energy stores by incubation in a mineral salts medium 

at 35°C and identical controls not depleted were also 

tested. Both of these populations showed 33 to 44% greater 

oxygen uptake than the cell suspensions exposed to 

carbonate buffer indicating some damage had occurred to the 

cells in a carbonate buffer (Figure 7). Endogenous oxygen 

uptake (i.e., no exogenous carbon energy substrate provided 

for metabolism) was measured for each population. The 

injured population apparently had substantially less oxygen 

uptake than the other 3 populations, although it was 

difficult to be confident about these results since the 

signal to noise ratio was low.

Long term respirometry experiments measured oxygen 

uptake during the recovery period (several hours). In 

these experiments an enriched medium provided nutrients 

needed in recovery. The results of these experiments 

(Figure 8) showed that the cells injured by copper had 

46.8% of the rate of oxygen uptake of the control popula­

tion. Interestingly, this pattern was similar to Figure 5 

where the 14% injured population (injured in drinking 

water) was similar to the control population and the 95% 

injured population (also Figure 5) was similar to cells 

injured by copper.





Figure 7. Short term oxygen uptake by JL. coli 
injured by exposure to copper. Uptake 
measurements were made at BO0C using 
phosphate-buffered substrates of TO mM 
glucose (striped bars) and 10 mM lactose 
(open bars). The stippled portion of the 
bars represents the endogenous rate. Ejl 
coli populations are labelled as follows: 
(A) washed uninjured cells, (B) cells 
after 3 hours depletion in a mineral salts 
medium without a carbon energy source at 
35°C, (C) cells (control) after standing 
for 5 days in a carbonate buffer at 4°C, 
and (D) cells injured by copper after § 
days in a carbonate buffer at 4°C.
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Figure 8. Manometrie measurement of oxygen utiliza­
tion by copper-injured Ei. col i. Control 
cells (•) and injured cells (o) were 
incubated at SO0C in a medium consisting 
of phosphate-buffered TSB and Yeast 
Extract. Only 3 data points had a S.D. 
greater than 2.65. The dotted lines are 
the linear regressions of the data from 80 
to 120 minutes. Oxygen was used by con­
trol cells at 1.28 ul/min and by injured 
cells at 0.60 ul/min.
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Metabolism Studies of E. coli Injured by Copper

Since JL coli injured by copper displayed impaired 

aerobic respiration other evidence was sought to determine 

what type of metabolism Et coli used during repair. NMR 

was used to study the metabolism of glucose and revealed 
major differences of end product accumulations. The 

experiments were run under both aerobic and anaerobic 

conditions. The fate of glucose, labelled in the C-1 

position, was followed. Since E. coli is a mixed acid 

fermenter, 3 products of the Embden-Meyerhoff-Parnass (EMP) 

pathway of glycolysis were measured, namely acetate, 

ethanol, and lactate. These spectra were accumulated 

anaerobically at 20 minute intervals (only 4 time points 

are shown) for control cells (Figure 9) and the injured 

cells (Figure 10). Integrals of the peak areas increased 

as concentrations of metabolic end products increased but 

different carbon resonances could not be quantitatively 

compared because of the Nuclear Overhauser Effect and lack 

of total relaxation. The spectral peaks observed were the 

alpha and beta peaks of the glucose C-I position at 92.4 

and 96.2 ppm, respectively. The C-2 through C-6 resonances 

of glucose were the natural abundance peaks of ^carbon 

located between 60 and 80 ppm. The natural abundance of ■ 

^carbon is approximately 1.1% and because there was a 

large quantity of glucose the C-2 through C-6 resonances
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Figure 9. NMR spectra of ^C-Iabelled products of 
anaerobic glucose metabolism made by E. 
coli control cells. Acetate (A), lactate 
(L), ethanol (E), and succinate (S) were 
measured at 20 minute intervals but only 4 
time points are shown. The two large 
peaks at 92.4 and 96.2 ppm are the alpha 
and beta peaks of glucose.
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Figure 10. NMR Spectra of ^C-Iabelled products of 
anaerobic glucose metabolism made by 
copper-injured Ejl coli. Peaks 
are labelled as in Figure 9.



P P M



45
were approximately 1.1% the size of the enriched alpha and 

beta C-I peaks of glucose.

In addition to the EMP pathway end products, succinate 

is known to accumulate in mixed acid fermentations. 

Succinate was visible at a chemical shift of approximately 

33ppm but not clearly distinguishable in the injured cells. 

In Figure 11 the integrals of the peaks for lactate and 

ethanol were graphed. The rate of accumulation of lactate 

in the injured population was 88% of the control cells and 

ethanol was produced in the injured population at only 50% 

the rate of the control population. Figure 12 shows that 

injured cells produced very little acetate and their rate 

of utilization of glucose was slower (64% of the control).

Formate, carbon dioxide gas (CO2), and hydrogen gas 

(H2) are also end products of mixed acid fermentations but 

could not be measured with the NMR procedure employed.

Under experimental conditions formate would not accumulate 

but CO2 and H2 would be significant end products (20). Gas 

chromatography was used to measure H2 and CO2 accumula­

tions. The injured population produced H2 at 88.9% the 

rate of the control population and CO2 at 88.4% the rate of 

the control (Figure 13).
Since oxygraph and respirometry studies had revealed 

decreased oxygen uptake' by injured cells, it was of 

interest to investigate in more detail aerobic metabolism 

of injured cells. The working hypothesis was that injured
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Figure 11. Accumulator of lactate and ethanol by 
copper-injured EU. coli under anaerobic 

■ conditions. Lactate (circles) and ethanol 
(squares) were measured by NMR in arbi­
trary units (AU) at 4 time intervals. 
Control (closed) and injureA (open) cells 
were incubated using 20 mM -5C-Iabel I ed 
glucose at 35°C and bubbled with nitrogen. 
Linear regressions of all data had r 
values of >0.97.
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Figure 12. Accumulation of acetate by copper-injured' 
E. coli metabolizing ‘̂ C-Iabelled glucose 
under anaerobic conditions. Acetate 
(squares) production and glucose (circles) 
utilization were measured by NMR in arbi­
trary units (AU) at 4 time intervals. 
Control (closed) and injured (open) cells 
were incubated as in Figure 10. Linear 
regressions of all data had r values of 
>0.99 except acetate from injured cells 
which had only 2 data points.
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Figure 13. Production of CO2 and H2 by copper-injured 
E. coli under anaerobic conditions. H2 
(circles) and CO2 (squares) were measured 
periodically as control (closed) and 
injured (open) cells were incubated using 
glucose as a carbon source on a rotary 
shaker at 35°C.
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cells may use fermentation pathways to compensate for loss 
of aerobic respiration.

The NMR spectra of control and copper-injured cell 
suspensions under aerobic growth conditions showed major 

differences. Despite strongly aerobic conditions, Ei coli 

did not completely metabolize carbon skeletons to COg but 

produced some acid end products. Lactate and acetate were 

the two major peaks in both control (bottom, Figure 14) and 

injured cells (top, Figure 14). The control cells produced 

slightly more lactate and two large peaks representing 

acetate; these resonances corresponded to intracellular and 

an extracellular pools. The reason for the different peaks 

was that the number 2-carbon of acetate shifted its reso­

nance downfield at the lower pH of the extracellular 

environment. The internal pH of the cell is approximately

7.6 and the medium had a pH of approximately 4.0 by the end 

of 2 hours. Figure 15 shows the spectra of the control 

cells (bottom) and supernatant fluid (top) of the control 

culture. Additionally, the resonances of acetate were 

measured in buffers at pH 7.6 and 4.0. The acetate in pH

7.6 buffer was put in a coaxial tube inside the NMR tube 

containing acetate in a pH 4.0 buffer. Again, separate 

peaks were distinguishable (data not shown).

The NMR spectra during aerobic metabolism produced one 

unexpected result, the accumulation of the amino acid 

glutamine. A large peak representing the number 4-carbon
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Figure 14. NMR spectra of ^C-Iabelled products of 
glucose metabolism made under aerobic 
conditions by copper-injured EU. coll.
Each spectrum was accumulated for 140 
minutes. The alpha and beta peaks of the 
• C-I labelled glucose appear at 92.4 and 
96.2 ppm. The natural abundance peaks of 
glucose appeared between 60 and 80 ppm. 
Other peaks are labelled as: G, gluta­
mine; Al, acetate (intracellular); Ax, 
acetate (external to the ceil); and L, 
lactate.
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Figure 15. NMR spectra of excreted and intracellular 
products of aerobic metabolism of glucose 
by Ejj. coli control cells. The Ê . col.i. was 
grown with -5C-Iabelled glucose under 
aerobic conditions for 2 hours. The cells 
were separated from the growth medium by 
centrifugation. The supernatant fluid, 
which was external to the cells, and the 
cells, resuspended in carbonate buffer (pH 
7.6), were scanned separately. Peaks are 
labelled as in Figure 14.
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of glutamine was present in the control cells and a clearly 
evident but smaller peak in the injured cells (Figure 14). 

This accumulation was external to the cell as seen in 
Figure 15.

C O 2 was measured by a gas chromatographic method as in 

the anaerobic experiment . Production of CO2 under aerobic 

conditions by control cells was 2.4 times the rate of the 

injured cells (Figure 16). By contrast the difference was 

far greater than the corresponding anaerobic experiment 

(the control had only 1.2 times the rate of the injured 

population as shown in Figure 13).

An experiment showing the utilization of glucose under 

aerobic conditions was done over a longer period oi time (4 

hours) to completely use the added (20 mM) glucose (Figure 

17). This experiment showed that the injured population 

used glucose at 87% the rate of the control cells, and the 

control population consumed 64% of the glucose after 2 

hours.

There was a great difference.in succinate utilization 

between the two populations (Figure 18). The rate of 

utilization seen in control cells increased steadily and 

was linear near the end of the 3 hours. The injured cells 

showed a more gradual increase or "lag" in the rate of 

utilization. Rates were determined along portions of each 

curve. The data points from 60.to 100 minutes in the 

control population and from 140 to 180. minutes in the
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Figure 16. Production of COp by copper-injured E4.
coli under aerobic conditions. Control 
(o) and injured (o) cells were incubated 
with glucose on a rotary, shaker at 35°C 
and periodically fixed and analyzed for 
COp. Linear regressions of the 'data from 
80 to 200 minutes compared rates. Control 
and injured cells had rates of 1.36 (r 
>0.99) and 0.56 (r >0.99) umol/min, 
respectively.
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Figure 17. Complete utilization of 1^c-Iabelled 
glucose by copper-injured Ei coli as 
determined by NMR. Aerobic utilization of 
1^C-Iabelled glucose (20 mM) by control 
(•) and injured (o) cells was measured at 
20 minute intervals as arbitrary units 
(AU) (graph shows only 120 minutes). Con­
trol and injured cells had rates of -0.59 
(r <-0.99) and -0.51 (r <-0.97) AU/min, 
respectively.
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Figure 18. Succinate utilization by conner-injured Et 
col i as determined by NMR. ^C-Iabelled 
succinate (20mM) utilization by control 
(•) and injured (o) cells measured as in 
Figure 16. Dotted lines represent linear 
regressions of data. Injured cells (140 
to I 80 min) compared to control cells (60 
to 100 min) had the same rate of 0.50 
AU/min.
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injured population showed identical rates of utilization. 

The rates of utilization for both populations were 0.502 AU 
per minute and are shown as dotted lines in Figure 18.

The metabolic differences between control cells and 

cells injured by copper were summarized in Tables 6 and 7. 

The metabolic data of the cells injured by copper were 

expressed as a percent of the control.

INT Reduction

E. coli populations were measured for their ability to 

reduce INT to INT-formazan since that activity is 

considered an indication of respiratory activity (4). INT 

reduction was measured after incubation with a variety of 

substrates (Table 8). In.all experiments Triton X-100 was 

used to increase solubility of the enzyme membrane complex 

(34). Tricarboxcyclic acid (TCA) cycle intermediates, . 

succinate and malate, and TCA precursor, pyruvate, caused 

greater reduction of INT by control cells than by the 

injured cells.

In an another experiment, both populations were 

preincubated with glucose to stimulate the TCA cycle and 

subsequent flow of electrons down the electron transport 

chain. The control population produced 2.44 times more 

INT-formazan than the .injured population and also produced 

a greater concentration of INT-formazan than when the other 

3 carbohydrates were used. However, when NADH was used as



Table 6. Anaerobic metabolism during recovery of JL_ coli injured by 
copper.

Accumulation
of End Product Utilization of Substrate

Time interval CM
O(_) Glucose Succinate

60 min 54a 91 .5 92.3
120 min 53.5 79.0 59.4
I 80 min 46.3 98.1 n.d.b

Rate of 
accumulation 
or utiliza­
tion

41 . 7C 87 21 44

Time interval 
(min) (80-200) (0-120) (0-120) (120-180)

■a. The quantity' of end products accumulated (or substrate utilized by 
E_. col i injured by copper expressed as a percent of the control .

b. no data

c. The difference in rate of accumulation of end product (or utilization 
of substrate) by Ev coIi injured by copper expressed as a percent of 
the control.



Table 7. Aerobic metabolism during recovery of E. coli injured by 
copper.

Accumulation
of End Product Utilization of Substrate

Time interval O O no

I

Glucose Succinate

60 min 5'4a 91 .5 92.3
I 20 min 53.5 79.0 59.'4 ‘
I 80 min 46.3 98.1 n.d.b

Rate of 
accumulation 
or utiliza­
tion

41 . 7C 87 21 44

Time interval 
(min) (80-200) (0-120) (0-120) (120-180)

a. The quantity of end products accumulated (or substrate utilized by 
E_. coli injured by copper expressed as a percent of the control.

b. no data
c. The difference in rate of accumulation of end product (or utilization 
• of substrate) by Ev coli injured by copper expressed as a percent .of

the control.



Table 8. Reduction of INT by E\_ coll injured by copper.

Pyruvatea Malate Succinate GlucoseC NADH

Control E_. col i population . 14. Ib 20.1 29.3 122.8 62.3

Injured Ev col i population 9.0 0.0 15.4 50.4
-----

367.0

a. All substrates 0.07 m (final concn) with 0,2% INT and 0.18% w/v Triton x-100.
b. ug INT-formazan/ I x IO8 cfu produced.after 45 minutes incubation at 35°C.

Cells were incubated for one hour with glucose as a substrate, then INT was 
added and incubated as above.

o\
- 4
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a substrate, the copper-injured cells reduced INT 5.89 

times more than the control cells (Table 8). Interest­

ingly, the amount of INT reduction in injured populations 

with NADH as a substrate surpassed any other combination of 

cell populations and substrates.

The addition of electron transport blocks such as 
sodium azide (0.2 nM, final concentrations) did not change 
the outcome of any of the INT experiments (data not shown). 

Pretreatment of the 2 Ei coli populations with a mixture of 

toluene and acetone to increase cell membrane permeability 

also did not significantly change the amount of INT- 

formazan produced in either of the 2 populations (data not 

shown).
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DISCUSSION

Part A - The Role of Metals in Causing 
Injury of EL coli

Results of this study showed that JL coli (and, likely, 

other coliform bacteria) was injured by copper in drinking 

water. The levels of metals found in drinking water 

samples in the Bozeman area were (table I) not unusually 

high and were similar to those reported in other localities 

(23,35,49). In a study of selected trace metals in 

household tap-water samples in Dallas, Texas, the copper 

concentrations average 0.037 mg/liter (minimum, 0.004 

mg/liter; maximum. 0.164 mg/liter) (49). A report of 

metals in finished water supplies of the 100 largest cities 

in the United States finds copper levels ranging from 

<0.006 to 0.250 mg/liter (23). Another report of 380 

finished drinking waters in the United States finds copper 

present in 65.2%. of the.samples and average 0.043 mg/liter 

(35).

Data from Figure 3 indicated that coliforms in many of 

the nations potable water supplies would become injured 

within 2 to 3 days because of exposure to metals naturally 

found in drinking water. Sources of metals in distribution 

waters include copper and brags material in pumps, pipes, 

valves, and other appurtenances (49). Copper may also be
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introduced as copper sulfate, used to control algal growth 

in reservoirs (16), and as trace contaminants added with 

flocculation material (49). In addition, copper may. enter 

surface water from geological sources. This probably 
relates to previous investigations (8,46) suggesting that 

differences in water chemistry in mountain streams in the 

Bozeman area affect the level of injury and survival of 

coliform bacteria in membrane diffusion chambers.
Therefore, this process may be especially important in some 

areas (i.e., Montana) where copper is naturally abundant.

Statistical modeling of 30 drinking water samples in 

the Bozeman area indicated the complex interaction of 

ambient chemical and physical factors and injured Jjk coli 

(Table 3). Temperature, pH, and alkalinity were implicated 

as possible causative factors of injury and were properties 

that affect the availability of copper (54). The statisti­

cal model was also used to predict the impact of copper 

concentrations on coliform injury in drinking water. By 

holding the properties of temperature, pH, and alkalinity 

at the mean observed values in drinking water (Table I), 

the role of copper alone was evaluated as a causative 

factor for injury. At the lowest copper concentration 

observed in drinking water (0.007 mg/liter), the model 

predicts no injury. Near the mean copper concentration 

observed (0.158 mg/liter), the statistical model predicts a 

10-fold (I log) increase in injury. At the highest copper



level measured (0.54 mg/liter), the model predicts almost a 

73-fold underestimation (on m-Endo medium) of actual 

coliform concentrations due to injury (Table 3).

Data presented in this report have several important 

implications in the areas of sample collection and coliform 

methodology relative to water analysis. Standard Methods 

for the Examination of Water and Wastewater (3) and the EPA 

Handbook for Evaluating Water Bacteriological Laboratories 

(26) both specify the adddition of ethylenediaminetetra 

acetic acid (EDTA) as a chelating agent to sample bottles 

used to collect water, wastewater, or industrial effluents 

thought to contain "high" concentrations of heavy metals. 

Similar instructions for collecting drinking water samples 

are given in those manuals (listed above) as well as the 

Handbook for Sampling and Sample Preservation of Water and 

Wastewater (74) and Microbiological Methods for Monitoring 

the Environment (10). These instructions specify the 

addition of EDTA (372 mg/liter) to bottles that are used to 

collect samples containing >0.01 mg/liter concentrations of 

heavy metals (10,74). Since the results of various studies 

(23,35,49), including this report, indicate that most 

drinking water contains >0.01 ug/liter concentration of 

copper alone, I recommended that EDTA be added routinely to 

all bottles used to collect water samples, especially if 

these samples will be stored or transported. I found that 

EDTA at a concentration of '25 ug/liter.was sufficient to
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prevent injury caused by copper (0.05 mg/liter) over a 5 
day period (data not shown).

Part B - The Physiology of 
Copper-Injured Ejl coli

Physiological aspects of this type of chlorine indepen­

dent aquatic injury were investigated to determine.the 

resulting metabolic lesion(s). EL coli injured in distri­

bution water showed a decreased use of oxygen. Additional­

ly, copper-injured EL coli showed this same defect. Of 

particular interest was the oxygraph study (Figure 7) which 

compared metabolically depleted and non-depleted EL coli 

cells to control and copper-injured EL coli populations.

The control showed relatively little decrease in oxygen 

utilization compared to both the depleted and non-depleted 

cells indicating that copper, not the hypotonic environ­

ment, was the cause of significantly decreased oxygen 

utilization.
Since coliform bacteria injured by copper recover after 

a lag period (8), it was my intention to study the 

metabolism during the recovery of injured cells. The data 

suggested that the damage was caused by exposure to copper 

but where the damage occurred was difficult to delineate.

If aerobic respiration were the only impairment one might 

expect that under anaerobic conditions injured cells would 

not show any metabolic differences. This was not the case. 

In general the injured cells showed a slower rate of

72
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anaerobic metabolism. I was unable to determine the 

precise location of the damage in the EMP pathway but the 

most likely possibility is the glucose uptake mechanism 

which consists of the phosphotransferase system (18) in the 

cell membrane. Copper attack on this complex may only 

partially decrease its efficiency. Therefore decreased 

uptake would result in the proportional decrease in end 

product accumulation.

The above model best fits the data because there was 

roughly a 10 to 15% decrease in the rates of end product 
accumulations. There were 2 exceptions to this decrease in 

rates (Figure 11, 12, and 13).' The exceptions, were acetate 

and ethanol production which were drastically reduced in 

the injured cells. These exceptions can be explained. If 

there were damage to the pyruvic decarboxylase, then 

pyruvate would not be decarboxylated and acetate, ethanol, 

COg, and Hg would not accumulate. Since some of the 

products of the decarboxylation do accumulate (i.e., COg 

and Hg) then the lack of accumulation of ethanol and 

acetate must occur for other reasons. I suggest that the 

carbon skeletons from acetyl CoA are used in the repair 

process. Therefore the 2 carbon skeletons from acetate and 

ethanol (which have acetyl CoA as a precursor) do not 

accumulate. The preceeding effects can be followed in 

Figure 19 which shows the carbon flow from'glucose.



glucose

Y

repair

processes

pyruvate

acety l  CpA formate
lacta te

oxa laceta te

ethanol

a c e ta te
succinate

Figure 19. The major end products of EMP pathway. Underlined products 
accumulated under anaerobic conditions (20) during the NMR 
experiment.
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The metabolic experiments done under aerobic conditions 

revealed similar trends in glucose utilization supporting a 

hypothesis that the glucose uptake mechanism has been 

damaged in injured cells. A greater difference in sub­

strate utilization was seen when succinate was used as an 

energy source (Figure. 18). The utilization curves for 

succinate were similar to growth curves of control and 

injured cells. Injured cells typically showed a lag period 

of several hours before their growth rate parallels the 

growth rate of control cells. The slow utilization of. 

succinate was probably related to damage to the TCA cycle. 

The damage to the TCA cycle is dicussed later.

The accumulation of glutamine in the control cell 

suspension showed that Ej. coli detoxified ammonia present 

in the medium. This process can be viewed as a storage 

mechanism since glutamine is an important source of 

nitrogen in anabolic cellular reactions (27,39). Copper- 

injured cells appeared to be using glutamine since it did 

not asccumulate. Heat-injured cells synthesize greater 

quantites of RNA and protein (67,68) during the repair 

process than the non-injured control cells. Glutamine most 

certainly plays a role (as a nitrogen source) in this 

process.

Since oxygen utilization was significantly depressed in 

cells injured by copper I suggest that the respiratory 

chain was damaged by copper. The respiratory.chain is the
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most likely target because it is membrane associated and 
therefore readily available for. attack by copper. The 
cytochromes contain sulfhydral groups which are susceptable 

to binding by copper (47). This would disrupt electron 

transport. Indirect evidence supports the conclusion that 

the cytochromes were damaged* by copper. INT is believed to 

be reduced at the level of coenzyme Q (51) (Figure 20). 
Apparently there was a copper-induced lesion at this site. 

It is possible that INT could be more easily reduced in 

injured cells since itis not competing for electron's with 

an intact electron transport chain. This is supported by 

the results which showed injured cells reduced greater 

amounts of INT than the controls when NADH was used as a 

substrate. If injured cells reduced greater quantites of 

INT simply because of increased permeability to NADH then 

treating control cells with an acetone-toluene mixture 

would cause increased reduction of INT. This was not the 

case. Greater reductions of INT by injured cells when NADH 

was used as as energy source was not an effect caused by 

greater permeability of the cell membrane. Therefore at 

least one lesion existed in the ETS of copper-injured E. 

coli which prevented the flow of electrons to oxygen and 

allowed for a greater reduction of INT.

According to the above hypothesis, injured cells should 

reduce INT at a rate at least similar to control cells if 

TCA cycle intermediates are used as electron donors. This
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Membrane Cytoplasm

N A D H  + H

Fe/S

succinateFe/S

1/2 Cl + 2H
cyt b558

Figure 20. Electron transport system of Et coli.
Abbreviations ; Fp, Fl avoprotein; Fe/S, iron- 
sulfur protein; Q, ubiquinone; cyt, cytochrome 
from a review by Haddock and Jones (29).
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was not the case and apparently copper must affect the 

generation of NADH at the TCA cycle level. Using glucose 

or any of the TCA intermediates as substrates resulted in 
smaller amounts of INT reduction in the copper-injured 

cells. Since cells injured by copper did not reduce any 

INT when malate was used as a substrate it is possible that 

malate dehydrogenase was inactivated by copper.

Additionally Daubner reported that Ei. coli exposed to water 

with a high mineral content has decreased ability to reduce 

INT when glucose is used as a substrate (17).
INT is used successfully as a means of determining 

numbers of respiring organisms (4). It is also used to 

determine potential respiration of the maximal capacity for 

oxygen utilization. INT is reduced to INT-formazan by one 

pair of electrons from the ETS (34) in the same way oxygen 

is reduced to water, thus it is used as an; equivalent 

measurement of oxygen utilization. This method usually 

employs NADH as a substrate and is used instead of 

respirometry. Cells injured by copper showed a 

contradictory response of higher potential respiration than 

the control yet used less oxygen (as measured by 

respirometry). When using the INT method to measure 

respiration (i.e., quantity of INT reduced), the results 

must be interpreted with caution since INT reduction may 

not be equivalent to respirometry.
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Summary

Microbiological, physical, and chemical properties of 

drinking water including the concentrations of 3 heavy 
metals cadmium, copper, and lead were measured and corre­

lated to injury. These studies revealed that the levels of 

copper present in chlorine-free distribution water corre­

lated to injury of coliform populations. Statistical 

analyses of all factors were used to develop a model to 

predict coliform injury. The model predicted almost 90% 

injury using a copper concentration near the mean observed 

value (0.158 mg/liter) listed on Table I. Laboratory 

studies exposing coll to copper in concentrations and 

under conditions similar to distribution waters supported 

the field data by showing conclusively that copper caused 
injury of JL col i.

EL coli injured by drinking water or by copper showed 

decreased oxygen utilization. Oxygraph measurements of 

cells injured in drinking water showed 73 to 83% decrease 

in oxygen utilization when cells were injured 70 to 99.5%. 

Copper-injured cells had less than 25% the rate of oxygen 

utilization of the control cells. Respirometry experiments 

measured rates over a longer period of time and showed 

similar trends.

^Carbon-NMR and gas chromatography were used to 

identify differences in metabolism between healthy and
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injured populations of Ei. coli. The rate of glucose 

utilization by injured cells under anaerobic conditions was 

64% of the healthy cells. The rates of accumulation of 

fermentation end products were decreased in the injured 

cells. Lactate and ethanol were 88 and 50% of the control, 

respectively. ^Carbon-NMR studies of oxygenated cultures 

revealed differences in the accumulation of acetate and 

lactate. A large pool of glutamine accumulated in healthy 

but not injured cells. A comparison of metabolic end 

products suggested that injured cells had considerable 

differences in carbon flow compared with healthy cells.

The reduced accumulations of ethanol and acetate by injured 

cells suggest that acetyl CoA was used as a precursor in 

the repair of injured cells.

Additional studies revealed injured cells had a 

decreased ability to reduce INT during metabolism of a 

variety of carbohydrate substrates. However, when NADH was 

used as a substrate injured cells reduced greater quanti­

ties of INT than the healthy cells. Copper-injured E. coli 

appeared to have impaired respiration as indicated by 

decreased INT reduction and other respirometric indices.
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APPENDIX A

Based on Henry's law and the Bunsen adsorption 
coeffecient the following equation was used to estimate the 
amount of oxygen dissolved in water (54) under condition of
the experiment.

(a)(b)(c/d)(f) 
(e)

= g/liter (O2 1Sq)

(0.02608H0.21 H680/760H31 .QQ88) = g/liter (0? *aq) 
(22.414)

6.9958 x IO"3 . = (02 ‘aq) "

(a) or 0.02608 = Bunsen adsorption coeffient for 
oxygen at BO0C and 760 mm Hg

(b) or 0.21 = percent of oxygen in atmosphere

(c) or 680 = approximate amount of mm Hg at 
5000 feet elevation

(d) or 760 = mm Hg qt 1.0 atmosphere

(e) or 22.414 = gas constant

(f) or 31.9988 = molecular weight of oxygen .

g/liter (oxygen'aq) = grams of oxygen dissolved in I liter 

Oxygen was measured as follows:

(ratev-ratex) (I x 108/CFU)(ug/ml)
= ug O2 ml"1min"1(I x 108)CFIT1

ratev = rate determined with viable cell 
suspension measured as a slope 
on a oxygraph chart.

r a t e X = rate determined with, a dead cell 
suspension as a measurement 
instrument drift.
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APPENDIX B

Listed below are the additional parameters for the 
ISCarbon-NMR experiments described in the materials and 
methods section.

spectrometer frequency - 62.830 Hz 

sweep width - 10,000 Hz 

total data - 8K 

relaxation delay - 0.6 sec 

aquisition time - 0.41 

repetion time - 0.01 sec

broad band proton decoupler power - 2 watt 

pulse angle - 67 degrees 

line broadening - 1.0 Hz 

number of scans - 1200
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