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The response of a marine bacterium to cupric ion and its use 
to estimate cupric ion activity in seawater 

by William G. Sunda1 and Paul A. Gillespie2 

ABSTRACT 
Experiments were conducted to determine the relationship between the response of a bacterial 

isolate to copper, as measured by cellular incorporation of "C-glucose, and the complexation of 
copper by organic ligands. Inhibition of glucose incorporation was dependent on the cupric 
ion activity and independent of the concentration of organic complexes of copper both in UV-
treated seawater (36%0) containing different concentrations of a model chelator, nitrilotriacetate 
(NTA), and in low salinity media (l.8%0) containing varied amounts of commercially-prepared 
or river-borne humic compounds. The relationship between inhibition of glucose incorporation 
and cupric ion activity at the two salinities fit an equation derived from a molecular binding 
model: 

lllmox = 1 + A'o.K* 

where / is the rate of glucose incorporation in the presence of added copper, l mu is the rate in 
the absence of cupric ion inhibition, and A cu is the cupric ion activity. The value for K*, a 
cellular inhibition site binding constant, was slightly higher at l.8%0 salinity (K* = 101• ·•) than 
at 36%0 salinity (K* = 1018·3). 

An estimate of the relationship between cupric ion activity and total copper concentration in 
35%. estuarine seawater was obtained from a comparison of bacterial response to added copper 
in the natural seawater with the bacterial response-cupric ion activity relationship in Cu-NTA-
seawater media. The data were consistent with the presence of a highly reactive ligand, prob-
ably a chelator, in the natural seawater at an equivalent concentration of 0.05 µM and with a 
conditional stability constant at pH 8.1 of 1010• Based on these values and an ambient cop-
per concentration of 0.014 µM (0.9 ppb), cupric ion activity of the estuarine seawater is esti-
mated to be~ 10-uM. 

1. Introduction 

Copper can be toxic to marine algae and bacteria at concentrations as low as 1 
to 2 ppb (Davey et al., 1973; Gillespie and Vaccaro, 1978), but is also an essential 
trace metal for growth and metabolism. Thus, either an oversupply or undersupply 
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of this element may limit photosynthesis and heterotrophic activity in natural waters. 
For algae, cellular uptake, toxicity, and nutritional availability of copper have 

been shown to be related to cupric ion activity, but not the concentration of chelated 
copper (Manahan and Smith, 1973; Sunda and Guillard, 1976; Anderson and 
Morel, 1978; Sunda and Lewis, 1978; Jackson and Morgan, 1978). Despite its 
importance in determining the bioavailability of copper to algae and other organ-
isms (Andrew et al., 1977; Waiwood and Beamish, 1978; Chakoumakos et al., 
1979), there is considerable uncertainty concerning ambient cupric ion activities in 
seawater. This uncertainty results from variable, and as yet poorly quantified, levels 
of copper complexation to organic ligands. 

There have been some attempts to estimate copper chelation in seawater using 
bioassays. Davey et al. (1973) measured the extent to which added copper inhibited 
the growth of a marine diatom in artificial seawater containing different concentra-
tions of EDTA or histidine and in samples of coastal seawater. By comparing the 
toxicity of dissolved copper in the presence of known chelators with that in natural 
seawater, they obtained semiquantitative estimates of copper chelation capacity (i.e. 
chelator concentration) of natural seawater. Gillespie and Vaccaro (1978) used a 
similar technique with bacteria to estimate the chelation capacity of different 
marine waters. These experiments, although providing useful information concern-
ing relative concentrations of copper binding ligands, did not quantify the extent 
of copper complexation in terms of the fraction of total copper present as free cupric 
ion. Knowledge of binding capacity alone is not sufficient to compute cupric ion 
activity; one also needs to know stability constants of the natural chelators as well 
as the concentration of total dissolved copper. 

We conducted experiments with the isolate used by Gillespie and Vaccaro to in-
vestigate the use of bacterial bioassays to determine the extent of copper complexa-
tion by organic ligands in seawater. As a prerequisite for a quantitative bioassay of 
copper chelation, experiments were conducted to determine if copper toxicity to 
bacteria is indeed quantitatively related to cupric ion activity, and if so, what that 
relationship is. Complexation in these studies was varied by addition of different 
concentrations of synthetic or natural chelators. A comparison of the inhibition re-
sponse of the bacteria to dissolved copper in defined seawater media in which cupric 
ion activity could be calculated with that in natural seawater was used to estimate 
cupric ion activity as a function of total copper concentration in estuarine seawater. 
From this data we estimated the equivalent concentration of organic ligands and a 
conditional stability constant for complex formation with copper. 

2. Materials and methods 

Bacterial isolate. A short, gram (-), euryhaline, motile rod isolated from Saanich 
Inlet, British Columbia was used in these experiments. Procedures and media used 
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for growing, harvesting, and washing of the bacteria are given by Gillespie and 
Vaccaro (1978). 

Experimental media. Two different experiments were conducted: one in full strength 
seawater with and without different concentrations of a synthetic chelator, nitrilotria-
cetic acid (NT A), and a second in dilute (l.8%0 salinity) seawater containing differ-
ent concentrations of natural organic ligands (humic substances). Offshore seawater 
(36%0) was collected from the Gulf Stream off the coast of North Carolina and 
estuarine seawater (35%0) was collected at high tide from the mouth of the Newport 
River estuary off the dock of the National Marine Fisheries Laboratory at Beaufort, 
N.C. Both samples were filtered through glass fiber filters (0.7 µm mean retention 
size, Sheldon, 1972) within several hours after collection. Offshore seawater was 
stored for 1 month and dock seawater for 1 day in polypropylene bottles at 4 cc. 
The offshore seawater was exposed for 4 h to high intensity ultraviolet radiation from 
a 1200 watt mercury lamp (1 week before use) to photooxidize organic matter 
(Armstrong et al., 1966; Williams, 1969). Seawater samples were refiltered (0.4 µm 
Nuclepore) several hours before the start of the experiment. 

Background concentrations of copper in the refiltered dock seawater and UV-
treated seawater were measured by flameless atomic absorption spectrophotometry 
(Perkin Elmer model 403). Samples were analyzed by direct injection using a 
standard additions technique. One-half millimole of NH.NO3 was added per milli-
liter of seawater to reduce matrix interferences caused by sea salt (Ediger et al., 
1974). 

The second experiment was conducted in low salinity media containing 5 % by 
volume UV-treated seawater and different concentrations of natural organic ligands 
and CuSO4 • Cupric ion activities were measured directly with a cupric ion-selective 
electrode. The low salinity of these media was required to avoid chloride inter-
ference of the electrode (Sunda, 1975). Two of these media contained different 
amounts (21.2 and 4.2 mg • 1-1 on an ash free basis) of commercially prepared 
humic acid (ICN Pharma.). Two others contained 95% and 20% by volume of 
Newport River water. The river water contained a high concentration of dissolved 
organic matter (22 mg C • 1-1) that apparently is composed primarily of humic and 
fulvic acids. Organic ligands in this water form stable complexes with copper (Sunda 
and Hanson, 1979). Additional details concerning the chemical composition of the 
river water are given by Sunda and Lewis (1978). The river water was filtered (glass 
fiber) within 1 day after collection and stored in a borosilicate glass carboy at 4 cc 
for 2 months before use. Spectrophotometric measurements of light absorption in 
the wavelength range 700-250 nm indicated little detectable change in the concen-
tration or composition of the organic matter during storage. Also measurements 
with a cupric ion-selective electrode at 1 week and 2 months showed that storage 
caused no demonstrable change in the complexing characteristics of the organic 
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matter. One millimole NaHCO3 was added per liter of dilute seawater media to 
adjust pH to ~ 8. Media were filtered through 0.4 µm Nuclepore filters before use. 

Experimental procedure. Experiment 1. Ten-milliliter portions of UV-treated or 
dock seawater were dispensed in triplicate into 15 ml screw cap vials that had been 
coated with silicone to minimize adsorptive loss of copper (Erickson et al., 1970). 
Different quantities of CuSO4 and NTA were added to the seawater after which the 
test media were equilibrated for 2 h. Washed bacteria suspended in filtered seawater 
(Gillespie and Vaccaro, 1978) were then inoculated into the test media at a con-
centration of ~ 2 X 106 cells • m1- 1 followed by a preincubation period of 2 h. 
After preincubation, 0.2 ml of a 0.5 µCi • ml- 1 solution of glucose (New England 
Nuclear, specific activity ~ 200 Ci • mol-1

) was added to each tube. The bacteria 
were incubated for 0.5 h after which glucose uptake was terminated by adding 0.5 
ml of a 10% formaldehyde solution. The bacteria were then filtered onto 0.45-µm 
Millipore filters and the glucose incorporated by the bacteria was measured using 
standard liquid scintillation counting techniques. Incorporation values were cor-
rected for filter blanks of UV-treated or dock seawater containing no added bac-
teria. All values are reported in counts per minute (cpm ± SD) which are propor-
tional to disintegrations per minute since quench errors were constant. Three repli-
cates were run per treatment. 

The procedure for experiment 2 was the same as that in experiment 1 except 
for a change in the order in which the media were dispensed and copper was 
added. In experiment 2 dilute seawater media were divided into 100-ml portions 
and placed in silicone-coated 125-ml borosilicate flasks. After additions of CuSO,, 
10-ml portions were dispensed in triplicate into silicone-coated vials and the remain-
ing 70 ml was retained for measurements of cupric ion and pH. Both experiments 
were conducted at 20°C. 

Determination of pCu. Cupric ion activities in UV-treated seawater media contain-
ing 0, 1.0, or 10 µM NTA and 0.02 to 9 µM dissolved copper were determined 
from thermodynamic calculations similar to those described by Sunda (1975) and 
Sunda et al. (1978). The equation used in these calculations was: 

A AcuNTAr 1012
·
96 

Cur = + ---,---:--:::-,--::--:-:----,---c-cc-,--,---,---,--c--- (1) 
R Acu 101 2

·
96 + Aca 106

·
41 + AMg 105-n 

where Cur and NTAr are the total dissolved copper and NTA concentrations. Acu, 
A ca, and A Mg are the activities of the subscripted metal ions. The two terms on the 
right-hand side of Eq. (1) represent the total concentration of inorganic species of 
copper (primarily Cu2+ and carbonato and hydroxo complexes) and the concentra-
tion of Cu-NTA complex. The symbol R is the ratio of cupric ion activity to the 
concentration of dissolved inorganic copper species and is independent of the total 
dissolved copper concentration. The value for R O0-1.so) for the UV-treated sea-
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Figure 1. Bacterial incorporation of "C-glucose in seawater media containing different concen-
trations of dissolved copper (CuT) and NTA. Dissolved copper is the sum of the background 
copper plus added CuSO,. Horizontal error bars arise from the 95% confidence limits for 
the analysis of background copper concentrations. Vertical error bars represent ± SD for 3 
replicates. 

water at pH 8.10 was estimated from complexation data given by Sund a (197 5) 
and from ion-selective electrode measurements of copper complexation in a synthetic 
seawater medium in which chloride was replaced by nitrate or perchlorate ion 
(Sunda, unpublished data). 

The values 101 2·00, 106·41, and 105·41 are stability constants for NTA complex 
formation with Cu2+, Ca2+, and Mg2+ respectively (Sillen and Martell, 1964). The 
activities of calcium and mangesium ions in seawater are 0.0021 and 0.014 M 
(Sunda, 1975). 

Cupric ion activities in dilute seawater media were measured directly with a 
cupric ion-selective electrode (Orion model 92-29) using procedures outlined by 
Sunda and Lewis (1978). Measurements of cupric ion activity and pH were made 
3-6 h after addition of CuSO4 • 

All glassware and plasticware used in these experiments were pre-rinsed with 
2 N HCl to minimize trace metal contamination. 

3. Results and discussion 

Relationships between glucose incorporation and cupric ion activity. Bacterial in-
corporation of glucose at a given concentration of dissolved copper varied markedly 
among the different seawater-NTA media (Fig. 1). Dissolved copper in UV-treated 
seawater was least toxic in the presence of 1Q-5M NTA and most toxic in the ab-
sence of NT A. Copper was less toxic in the dock seawater than in the UV-treated 
seawater without NT A. 
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Figure 2. Bacterial incorporation of " C-glucose as a function of pCu (-log cupric ion activity) 
in uv-treated seawater containing 0, IO_,,, 10--oM NTA. Vertical and horizontal error barn 
are the same as defined in Figure 1. Solid curve is a semi-log plot of the equation 

25800 
cmp = 1+Aou2 101"·3 • 

The incorporation of glucose was depressed (14,400 cpm) in the UV-treated sea-
water containing no added NTA or copper (background copper= 0.018 µM), but 
at NTA concentrations of 1.0 and 10 µ,M, incorporation increased to values of 
24,700 and 22,300 cpm (Fig. 1). Labeled glucose incorporation also was depressed 
(16,600 cpm) in the dock seawater containing no added copper (background copper 
= 0.014 µ,M). Increasing the total dissolved copper concentration in this medium to 
0.065 µ,M increased the incorporation of labeled glucose to 23,400 cpm, which is 
not significantly different from maximum values observed in the seawater-NTA 
media. 

Bacterial incorporation in the UV-treated seawater containing different concentra-
tions of NTA and CuSO4 was directly related to the calculated cupric ion activity 
(Fig. 2). Thus, essentially all of the variability in glucose uptake with changing dis-
solved copper and NTA concentrations was accounted for by a single parameter: 
cupric ion activity. The relationship betwen inhibition of glucose incorporation and 
cupric ion activity was independent of the total copper concentration in the range 
0.02 to 9 µ,Mand the concentration of NTA . Reductions in ambient ionic activities 
of zinc, cobalt, and nickel resulting from chelation by NT A also had no effect on 
the sensitivity of the bacteria to cupric ion activity. 

Glucose incorporation was maximal at pCu values above ~10. (pCu is defined 
as the negative log of cupric ion activity). Fifty percent inhibition of glucose in-
corporation occurred at a pCu of 9.1 with total inhibition at values below 8.3. 

In experiments with natural organic matter at l.8%0 salinity, complexation of 
copper by organic ligands also decreased the toxicity of added CuSO4 (Fig. 3). The 
ratio of cupric ion activity to total copper concentration in these media varied 
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Figure 3. Incorporation of 14C-glucose by bacteria as a function of pCu in 1.8%. salinity media 
containing different concentrations of natural organic matter at 20°C and pH 7.8 to 8.1. 
Total dissolved copper (CuT) is assumed to equal the concentration of added CuSO,. Control 
cultures contain no CuSO,. Vertical error bars give ± SD for 3 replicates. 
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Figure 4. Relations between measured pCu (- log cupric ion activity) and -log CuT for l.8%0 
salinity media containing different concentrations of dissolved organic matter. Total dissolved 
copper (CuT) is assumed to equal the added concentration of CuSO,. Increases in pCu at 
constant CuT indicate increased complexation of copper. Complexation increases with in-
creased concentration of dissolved organic carbon (DOC). Symbols: 95% river water (21 
mg DOC • 1 1) at pH 7.80 ± 0.05 (± SD); • 20% river water (4.4 mg DOC • 1-1) at pH 
7.89 ± 0.03; A 21 mg • 1- 1 hurnic acid (10 mg • 1 1 DOC) at pH 8.04 ± 0.01; 4.2 mg • 
1 1 hurnic acid (2.0 mg • 1 1 DOC) at pH 8.08 + 0.04. 
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Figure 5. The relationship between the incorporation of "C-glucose by bacteria and measured 
pCu in l.8%0 salinity media at 20°c. Symbols and error bars have been defined in Figure 4. 
Solid curve is a semi-log plot of the equation: 

4600 
cmp = 1 + A oe2 101• ·• 

from 10-1.4 to 10-u, a 2.7 order of magnitude change in copper complexation 
(Fig. 4). Complexation increased with increasing concentration of river water or-
ganic matter or humic acid and decreasing concentrations of total dissolved copper. 
As with the previous experiment with NT A, the deleterious effect of dissolved cop-
per was related exclusively to cupric ion activity, but not to the concentration of 
organic complexes of copper (Fig. 5). Our results demonstrate that sensitivity to 
cupric ion activity is invariant with the source of the natural organic ligands; i.e. 
commercially prepared humic compounds isolated from soils or organic ligands 
present in river water. Also the relationship between cupric ion activity and copper 
toxicity holds true over a wide range of copper complexation. 

In the l.8%0 salinity media copper inhibited glucose incorporation below pCu 

values of 10.1 with total suppression at values below 8.5 (Fig. 5). The bacteria 
were only slightly more sensitive to cupric ion at l .8%0 salinity than at 36%0 as 
fifty percent inhibition at the lower salinity occurred at pCu ~ 9.4 and that in 
undiluted seawater at ~ 9.1. Maximum incorporation of glucose in the diluted 
seawater (~ 4,600 cpm) was considerably less than that in full strength seawater 
(~ 25,000 cpm), presumably because of a direct adverse effect of reduced salinity. 

Reduced incorporation of glucose (~ 2,600 cpm) was observed in the two control 
media with the highest (95% Newport River water) and lowest (4.2 mg• 1-1 humic 
acid) level of copper complexation (Figs. 3, 4). The addition of CuS04 at concen-
trations of 0.5 and 1.0 µ,M had opposite effects in these two media. For the medium 
containing 95% river water, the addition of copper at these levels caused an in-
crease in glucose incorporation (from 2,600 to 4,500 cpm) whereas the addition of 
the same concentrations of copper caused almost a complete blockage of incorpora-
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tion in the 4.2 mg• l-1 humic acid medium. The high level of copper complexation 
in the medium containing 95% river water and no added copper may have resulted 
in too low a cupric ion activity rendering copper nutritionally deficient. By contrast, 
background levels of copper or some other toxic trace metal may have been in-
hibitory in the medium containing 4.2 mg • l-1 humic acid due to too low a level 
of complexation. 

Excess and insufficient chelation also may explain variations in bacterial glucose 
incorporation in seawater media containing no added copper or NTA (Fig. 1). Thus, 
glucose incorporation apparently was depressed in the UV-treated seawater because 
of a lack of chelators resulting in a toxic cupric ion activity (Fig. 2), whereas in-
corporation in the dock seawater may have been depressed because of excess chela-
tion resulting in copper deficiency. Alternatively, it is possible that overchelation 
caused a deficiency of some other trace metal and that a portion of this metal was 
displaced from organic complexes with addition of copper. 

We also examined the Cu-bacterial inhibition data of Gillespie and Vaccaro (1978) 
in UV-treated Nantucket seawater (32.5 %0) containing 0, 0.2, 0.4, 1, 2 and 4 µM 
EDTA and 0.03 to 5 µ,Madded copper using procedures analogous to those described 
in this paper. Cupric ion activity in their media was computed from an equation similar 
to Eq. (1) using stability constants of 1018· 79, 101 0·59, and 108·69 respectively for the for-
mation of copper, calcium and magnesium complexes of EDTA (Sillen and Martell, 
1964). As with results in our Cu-NTA-seawater media, the incorporation of glucose by 
bacteria in their Cu-EDT A media was related to the calculated pCu. Half inhibition 
occurred at a pCu of~ 9.1, the same value we obtained in NTA-seawater media. 
These results strengthen our earlier conclusion that the relationship between copper 
toxicity and pCu is invariant with the types or concentrations of chelators or with 
reductions in the activities of other trace metals that form stable complexes with 
NTA or EDTA. In addition, Albright et al. (1972) report that copper inhibition 
of glucose incorporation by mixed populations of bacteria is noncompetitive which 
means that the relative extent of copper inhibition is independent of glucose con-

centration. 
Although there were significant regressions in both cases, the plot of 14C-glucose 

incorporation vs pCu for the Cu-EDTA media of Gillespie and Vaccaro showed 
more scatter about a single curve (R 2 = 0.48; n = 15) than that for our Cu-NTA 
media (R 2 = 0.88; n = 12). These linear regressions were conducted in the pCu 
range 8.6 to 9.6 in which 14C-glucose incorporation is an approximate linear func-
tion of pCu (Fig. 2). The increased scatter of the data for the EDTA media relative 
to that with NT A appears to result at least in part from differences in the complexing 
affinities of the two chelators, EDT A being a much stronger chelator. The follow-
ing illustrates this point. In Cu-NTA media, inhibition of glucose incorporation 
varied from 95% to 5% in the pCu range 8.5 to 9.8 (Fig. 2). If we had a 1 µ,M 
concentration of chelator in seawater, then the range in total copper concentration 
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necessary to achieve this pCu range would be 0.15 to 0.96 p,M for NTA and 0.93 
to 1.19 p,M for EDTA. Thus, for the Cu-EDTA system small errors in the addition 
of copper or EDTA to experimental media would result in relatively large errors in 
computed pCu and, as a consequence, sizable errors in quantifying the relationship 
between inhibition and pCu. This is because the end point of a copper titration of 
EDTA falls within the pCu range of biological interest. Because of such considera-
tions we chose NT A rather than EDT A to control pCu in the present experiments. 

Molecular models for cupric ion inhibition. Data relating the inhibition of glucose 
incorporation to the measured or calculated cupric ion activity fit a second order 
molecular inhibition model (Figs. 2, 5). The mathematical expression for this model 
is: 

cpm 1 
cpmmax = l/lmax = l~+-A~c-u2~K~*- (2) 

where K* is a constant and I and lmax are rates of glucose incorporation in the 
presence and absence of cupric ion inhibition. cpm and cpmmax are defined similarly. 
Equation 2 was derived from the following chemical relationships and assumptions: 

Assume that the rate of glucose incorporation by bacteria is directly related to 
the biological activity of a critical biomolecule, E, perhaps an enzyme. Assume that 
some number of cupric ions (n) react chemically with this molecule; 

nCu + E µ Cu,,E (3) 

resulting in a biochemical deactivation. If reaction 6 is reversible, then at equilib-
rium the relationship among the concentrations of free molecule and copper molecu-
lar complex, and the activity of cupric ion will be described by a mass action equa-
tion: 

(4) 

where K* is a conditional stability constant. The rate of glucose uptake will be 
proportional to the fraction of molecule E in its active uncomplexed form: 

[E] [E] 
l / l max = = [E] + [Cu,,E] (5) 

where ET is the total concentration of E (i.e. "free" plus complexed). By combining 
Eqs. 4 and 5 we obtain the relationship: 

cpm - I / I _ [E] 
CPffimax - max - [E] + A cun [E]K* 

1 
(6) 

Equation 6 was solved for n and K * by regression analysis using a log-linear 
transformation: 
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log (cpmmax/cpm -1) = n log Acu + log K* 
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(7) 

To solve Eq. 7 for n and log K* in UV-treated seawater, we first estimated a value 
for cpmmax (25,000), the maximum observed incorporation in the pCu range 10-11. 
Values for log (25,000/cpm -1) were then regressed against log Acu for each data 
set in the pCu range 8.7 to 9.6 excluding that for UV-treated seawater containing 
no added Cu or NT A because of the large error in the calculated pCu. The slope 
of this regression was 2.1 ± 0.1 (± SD) indicating that a molecular model in which 
2 cupric ions react at the inhibition site would be appropriate. Using a value of n = 
2, Eq. 6 was next rearranged into a second linear form: 

1 
cpm 

1 + A cu2 K* 
cpmmax cpmmax 

(8) 

From the slope and y intercept of the regression of cpm-1 vs Acu2 we obtained 
values of cpmmax (25,800) and K* (1018-8). Data for cupric ion inhibition of glucose 
uptake in l .8%0 seawater were analyzed similarly. In each case the equations de-
rived from the second-order binding model agreed well with the experimental data 
(Figs. 2, 5). 

McBrien and Hassan (1967) have suggested that copper poisoning of Chlorella 
is caused by copper-induced splitting of protein disulfide bonds. A second order 
inhibition reaction would be consistent with this hypothesis in that the overall re-
action would probably involve two copper ions: 

2 Cu2 + + -S-S-+ 2e-= 2 CuS± 

where -S-S- is a disulfide bond and e- is an electron. That copper-induced split-
ting of disulfide bonds is indeed a second order reaction has been demonstrated by 
Klotz and Campbell (1962) for the reaction of copper with the model disulfide com-
pound 2,2-(2-hydroxy-6-sulfonaphthyl-l-azo) diphenyl disulfide. 

The use of biological response to estimate cupric ion activity in seawater. The in-
hibition of glucose incorporation was related to cupric ion activity in all media in 
which this parameter was either calculated or measured. From the quantification of 
this relationship in seawater (Fig. 2), we can estimate the activity of cupric ion in 
the copper amended dock seawater, in which there is an unknown level of natural 
complexation. The solid line in Figure 2 is essentialy a calibration curve relating the 
amount of glucose incorporated by the bacteria in seawater to pCu values in the 
region of cupric ion inhibition. Thus, if we know the amount of glucose incor-
porated, we know the cupric ion activity, and vice versa. We measured glucose in-
corporation at different concentrations of copper in dock seawater (Fig. 1) and 
from Eq. 2 computed the corresponding cupric ion activities. Note that this can only 
be done in the pCu range~ 8.5 to 9.7 because above this range, glucose incorpora-
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Figure 6. Relationship between the pCu obtained from bacterial assay and the negative log of 
the total dissolved copper concentration (Cur) in filtered coastal sea water at pH 8.16 and 
20°C. Cur = background copper plus added CuSO,. Error bars for -log CuT are calculated 
on the basis of the 95% confidence limit for the determination of background copper. Verti-
cal error bars are based on the standard deviation for the measured uptake of "C-glucose in 
filtered natural seawater. Curves in the figure are calculated from the equation: 

_ 1.86 + L ,, A cuK* 
Cur - Aou 10 l + A ouK* 

where Lr is the total concentration (0.05 µM) of an organic complexing ligand L. The first 
term on the right-hand side of the equation equals the concentration of dissolved inorganic 
species of copper. The second represents the concentration of CuL complex where at equi-
librium 

[CuL] 
[Cu'+) [L] = K 

K * = K • 'You-1 where 'Ycu is the activity coefficient of cupric ion in seawater and is equal 
to 0.26. The curves have been calculated for different values of K: 
K = 0 (i.e., only inorganic complexation) ----
K = Hr" -- • --- ; K = 10• ----------- ; K = 1010 - - - - - ; 

K = 1011 • • • • • • • • • The computed curves fit the bacterial assay data for apparent stability 
constants, K )! 1010• 
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Table 1. Computed speciation of copper in filtered estuarine seawater based on assayed values 
of cupric ion activity. 

CuT Cu-inorganic* 
(µM) 

0.21 
0.17 
0.11 
0.084 
0.064 

* Calculated from the equation 
[Cu-inorganic] = A cu 10'-"' 

(µM) 

0.16 
0.13 
0.066 
0.028 
0.017 

A cu was determined by bacterial assay 
* * Computed from the equation 

[Cu-organic complex] = CuT - [Cu-inorganic] 

Cu-organic complex** 
(µM) % CuT 

0.05 
0.04 
0.048 
0.056 
0.048 

24 
24 
43 
67 
75 

tion approaches a constant value, cpmmax, and below this range it approaches zero 
(Fig. 2). Also we have assumed that the value of cpmmax (25,800) is the same in 
both UV-treated seawater and dock seawater in computing pCu in the natural sea-
water. This assumption is supported by data shown in Figure 1. 

Figure 6 shows the relationship between cupric ion activity and the dissolved 
copper concentration in dock seawater as determined from the bacterial assay. Using 
a value of 0.26 for the activity coefficient of cupric ion in seawater (Sunda, 1975), 
we converted cupric ion activities to cupric ion concentrations. In the dissolved 
copper range of 0.064 to 0.21 µM, cupric ion concentrations thus obtained ranged 
from 0.0008 to 0.008 µM or 4 to 1.3 % of the total copper. The decrease in the 
fraction of dissolved copper present as cupric ion with decreasing concentration is 
apparently due to complexation by natural organic ligands. Evidence supporting 
this hypothesis is given by Gillespie and Vaccaro (1978), who showed that prior 
photooxidation of organic matter in coastal seawater from different locales apprecia-
bly increased cupric ion inhibition of bacterial incorporation of glucose at a given 
concentration of copper. Similarly, added copper was found to be more toxic to 
phytoplankton in photooxidized coastal seawater than in natural seawater (Sunda 
and Guillard, 1976). 

The solid line in Figure 6 gives the computed relationship between pCu and the 
negative log of the concentration of inorganic copper species for seawater at pH 
8.16 (estimated from calculations and measurements reported by Sunda, 1975). 
This relationship is given by the equation: pCu = - log [Cu-inorganic] + 1.86, 
and was used to calculate the total concentration of inorganic copper species for a 
given activity of cupric ion (Table 1). By subtracting the calculated concentration 
of inorganic copper species from the total concentration of dissolved copper, we 
arrived at estimates of the concentration of organically complexed copper (Table 1). 
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Cvve cannot, however, exclude the possibility that some of the copper is bound by 
colloidal particles). The computed concentration of copper bound by such ligands 
(0.05 ± 0.01 µM) is independent of the total dissolved copper concentration al-

though the fraction of the dissolved copper present as these complexes increases 
from 24% at CuT = 0.2 µ,M to 75% at CuT = 0.06 µ,M. 

Equilibrium calculations (after Stumm and Morgan, 1970) show that the bio-
logically assayed relationship between cupric ion activity and total dissolved copper 
in dock seawater is consistent with the binding of copper with one or more ligands 
(presumably chelators) present at an equivalent concentration of 0.05 µ,M with a 
fairly high stability constant (~ 1010

) for reaction with copper (Fig. 6). The high 
stability constant further supports the hypothesis that these ligands are chelators. 

Previous ion-selective electrode measurements (Sunda and Hanson, 1979) and 
those in this study (Fig. 4) indicate that copper is highly bound by natural organic 
ligands in Newport River water. An analysis of potentiometric titration data (Sunda 
and Hanson, 1979) was consistent with binding of ambient copper in the river pre-
dominantly by ligands present at an equivalent concentration of ~ 1 µ,M with a 
conditional stability constant of 1010

-9 at pH 8. The dock seawater was collected 
near the mouth of the Newport River estuary and thus it is quite possible that or-
ganic ligands in this seawater are of riverine origin. 

Gillespie and Vaccaro (1978) determined relationships between inhibition of 
glucose incorporation and added copper concentration for samples of coastal sea-
water using the same bacterial isolate and experimental methods used in this study. 
We analyzed their data for ligand concentrations and stability constants by the 
methods described in this paper using the quantified relationship between inhibition 
and cupric ion activity (Fig. 2). From this analysis we estimated conditional stability 
constants of 109

·
0 and 109

·
6 and equivalent ligand concentrations of 0.16 and 0.20 

µ,M for filtered (0.4µ,) seawater from Nantucket Sound (salinity 32.5%0, pH 7.9) 
and Saanich Inlet (29%0, pH 8.0) at 20°C. These stability constants along with that 
for Beaufort dock water (~ 1010

) are consistent with constants determined by gel 
chromatography for copper complexation to organic ligands isolated from the Irish 
Sea (108

·
9 and 109

·
7
), Loch Etioc (108

·
9 and 1010

-
2
), and marine sediments (109-9 to 

1011
·
3

) (Mantoura et al., 1978). 
In previous copper chelation bioassays with a marine diatom (Davey et al., 1973) 

and with the present strain of bacteria (Gillespie and Vaccaro, 1978), the authors 
assumed that the chelation capacity was equal to the concentration of copper at the 
steepest portion or inflection of the curve for biological response vs Cu addition. 
This inflection usually occurred in the range of 30 to 50% inhibition. This criterion 
for chelation capacity is not strictly valid and can give erroneous estimates of the 
equivalent concentration of organic complexing ligands. For example, we observed 
maximum slope at copper concentrations of~ 0.4 and 4µ,M in UV-treated seawater 
containing 1.0 and 10µ,M NTA (Fig. 1). Thus, if we had used the maximum slope 
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criterion, we would have underestimated the chelation capacity of these media by 
about 60%. The relationships between glucose incorporation and computed pCu in 
UV-treated seawater with and without NTA are consistent with there being no 
residual chelation of copper in the UV-treated Gulf Stream seawater (Fig. 2): i.e. 
a chelation capacity of zero. Maximum slope for the copper inhibition curve (at 
50% inhibition) in this seawater occurred at a copper concentration of ~ 0.05 µ,M 
and thus, in this case, the use of a maximum slope criterion would result in a sizable 
overestimation of chelation capacity. 

Effect of chelators on the bioavailability of copper in marine waters. The presence 
of chelators, which strongly bind copper, has important implications concerning the 
toxicity of copper to marine organisms. Anderson and Morel (1978) have shown 
that cupric ion is extremely toxic to the red tide dinoflagellate, Gonyaulax tamaren-
sis, causing 50% loss of cell motility at a pCu of 10.4. This pCu corresponds to a 
dissolved copper concentration of about 0.0025 µ,M assuming only inorganic com-
plexation in seawater at pH 8.1. Since copper concentrations in coastal seawater 
are often higher than this (Chester and Stoner, 1974), Anderson and Morel con-
cluded that copper may be toxic to Gonyaulax under natural conditions. For estua-
rine seawater containing a strong chelator (log K ;;, l 0) present at a concentration 
of 0.05 µ,M, however, a pCu of 10.4 corresponds to a dissolved copper concentra-
tion ;:, 0.02 µ,M. Such concentrations are at the upper end of or above the natural 
range (Chester and Stoner, 1974; Boyle et al., 1977), and thus we would conclude 
that natural levels of copper in this seawater would not usually inhibit cell motility 
of Gonyaulax. We measured a copper concentration of 0.014 µ,M in the Beaufort 
dock estuarine seawater which falls within the range of values (0.002 to 0.016 µ,M) 
previously measured for seawater sampled from our dock (Evans, 1977). From ou_r 
measured copper concentration and estimated organic ligand concentration and 
stability constant, we calculated cupric ion activity to be l0-11M in the dock 
seawater, a level that should not be toxic to most phytoplankton, including Gonyau-
lax (Sunda and Guillard, 1976; Anderson and Morel, 1978; Morel et al., 1978). 

4. Conclusions 

Our results demonstrate that the toxicity of copper to a marine bacterial isolate 
is related to cupric ion activity and not total dissolved copper concentration. In this 
respect, experiments with varied copper chelation to synthetic chelators (EDT A and 
NT A) and different natural ligands show consistent results. 

We have shown that the toxicity of copper can be modeled on the basis of a 
reversible chemical reaction in which 2 cupric ions combine with a critical, but 
unidentified, cellular molecule, possibly an enzyme. Such models are of interest be-
cause cellular toxicity ultimately must be based on the reaction of copper with 
molecular components of cells. 
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Since the bioavailability of copper to many aquatic organisms is determined by 
cupric ion activity, this parameter is extremely important in assessing the inter-
action of copper with organisms in the aquatic environment; particularly those 
which do not ingest food and thus, whose sole source of metal is from solution. Our 
results show a direct relationship between toxic response of bacteria to copper and 
the voltage response of a cupric ion-selective electrode, which demonstrates the po-
tential utility of these electrodes in predicting the bioavailability of copper in non-
saline waters. Also we have shown that one can use bacterial response to cupric ion 
to estimate cupric ion activity in marine waters, where direct potentiometric mea-
surements are not possible. Such bioassay techniques, when combined with measure-
ments of total metal concentration, should be useful tools for the investigation of 
the chemical speciation of copper and other toxic trace metals in natural waters. 
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