
gold K electron x-ray peak at 67 to 69 
kev and the gold K electron x-ray and 
gamma-ray peak at 77 to 80 kev-both 
of which result from the electron- 
capture decay of 64-hour 197Hg. 

Samples of "modern" tuna and 
swordfish, that is, fish caught dur- 
ing 1970-71, were activated and 
counted in the same fashion. The lower 
limit of the sensitivity of our instru- 
mental NAA technique, as used in these 
experiments, was about 0.02 ppm for 
mercury in a 1-g sample. 

A summary of the mercury levels 
observed in these fish samples is given 
in Table 1. After the activation analysis, 
the loss of weight on drying for 16 
hours at 100?C was determined for 
each specimen, so that the mercury 
results could be expressed on a dry- 
weight basis (last column of Table 1). 
The volatile content (such as water or 
alcohol) varies appreciably among such 
samples. In fresh tuna and swordfish 
the mercury content (ppm) on a wet- 
weight basis is typically between 3.3 
and 4.0 times lower than the mercury 
content (ppm) on a dry-weight basis; 
this corresponds to a moisture content 
of 70 to 75 percent. 

The mean mercury concentration 
(dry-weight basis) in the seven museum 
tuna samples listed in Table 1 is 0.95 ? 

0.33 ppm (the values range from 0.53 
to 1.51 ppm). The corresponding mean 
mercury concentration for the five re- 
cent tuna samples is 0.91 ? 0.47 ppm 
(the values range from 0.44 to 1.53 
ppm). It is evident that there is no 
significant difference in mercury con- 
centration between the museum tuna 
samples, caught 62 to 93 years ,ago, 
and the samples of tuna caught re- 
cently. The average mercury value 
(1.36 ? 0.31 ppm on a dry-weight 
basis) for the single specimen of sword- 
fish caught 25 years ago falls within the 
range of values (0.94 to 5.1 ppm) 
found for "modern" swordfish. The 
data for both tuna and swordfish lend 
support to the contention that the 
mercury levels now being found in 
wide-ranging ocean fish are not pri- 
marily the consequence of man-made 
pollution but are of natural origin. 

There is no reason to believe that 
the seven museum specimens of tuna 
were contaminated with any additional 
mercury during the time they were 
preserved in formaldehyde, and then 
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solution were also available. In addi- 
tion, "background" samples were ob- 
tained, consisting of a smaller fish- 
the pipefish (Syngnathus griseolineatus 
leptorhyncus)-caught in 1946 off Baja 
California, and its preservative solution, 
the same brand of 40 percent isopro- 
panol. No mercury was detected in the 
isopropanol used for preserving the 
swordfish or the pipefish, and only a 
minute concentration of mercury, 
about 0.17 ? 0.15 ppm (dry-weight 
basis), was detected in the pipefish 
sample (whole fish). The absence of 
any significant mercury content in 
either the pipefish or its preservative 
solution is evidence that there was no 
mercury contamination from (i) the 
original preservative solution, (ii) sub- 
sequent external contamination during 
storage, or (iii) external contamination 
during our measurement procedures. 
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Tuna and swordfish have a tendency 
to accumulate Hg in excess of 0.5 part 
per million (ppm), the content estab- 
lished by the U.S. Food and Drug Ad- 
ministration as the maximum allowable 
concentration. This fact raises the fol- 
lowing important questions: (i) How 
toxic is a low concentration of Hg, as 
ingested in the form of tuna? and (ii) 
What factors present in tuna might 
cause Hg to accumulate or might mod- 
ify its toxicity? We have been engaged 
in a study of the long-term effects of 
various concentrations of Hg in diets 
containing tuna. We here describe the 
surprising finding that tuna in the diet 
decreases the toxicity produced with 
high concentrations of methylmercury. 
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high concentrations of methylmercury. 

Johnels, M. Olsson, G. Otterlind, T. Wester- 
mark, in Nuclear Techniques in Environmental 
Pollution (International Atomic Energy Agency, 
Vienna, 1971), p. 373. 

2. L. J. Goldwater, Sci. Amer. 224, No. 5, 15 
(1971). 

3. A. L. Hammond, Science 171, 788 (1971). 
4. The estimated mercury production is several 

times 105 metric tons, plus about 105 metric tons 
released by the burning of coal. In the world's 
oceans there are about 1.3 X 1018 metric tons 
of water, with an average concentration of 
mercury of about 0.1 ppb. 

5. This broadbill swordfish (Xiphias gladius) 
specimen was not a typical specimen, although 
its abnormality presumably is not related to 
its mercury content. It was caught in August 
1946 off the west coast of Baja California, 
and was found to have its bill bent around 
and embedded in its head. It weighed between 

' 160 and 165 pounds (73 to 75 kg). The samples 
analyzed for mercury were flesh samples taken 
from regions near the head. 

6. All tuna samples were homogenized portions 
of the light muscle taken from the center of 
the right dorsal side. 

7. Loss of mercury from samples sealed in poly- 
ethylene vials has been reported by L. C. 
Bate [Radiochem. Radioanal. Lett. 6, 139 
(1971)] for much more intense neutron-irradia- 
tion conditions than ours. We have also ob- 
served a small loss of mercury from aqueous 
standard solutions in polyethylene vials, but 
not from fish samples, under our irradiation 
conditions. 

8. We are indebted to M. E. Stansby, director of 
the Pioneer Research Laboratory, Seattle, and 
to the Smithsonian Institution for the old tuna 
samples. We are also indebted to C. Hubbs, of 
the Scripps Institution of Oceanography, and 
to W. N. Eschmeyer, of the California Acad- 
emy of Sciences, for the swordfish samples, 
and to C. Hubbs for the samples of pipefish 
and isopropanol. This work was supported by 
the University of California at Irvine, with 
some assistance from AEC contract AT-(04-3)- 
34, agreement No. 126. 
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Evidence is presented that Se present 
in tuna may be responsible for this 
effect. 

Approximately 2000 pounds (906 kg) 
of canned tuna having an Hg content 
of 0.7 to 1.0 ppm (total contents of the 
can, fresh basis) was obtained from the 
processors. The cans were opened and 
drained, and the solids were lyophilized 
at ambient temperature to a moisture 
content of approximately 2 percent (by 
weight) and then packed in 5-gallon 
(18.9-liter) cans under nitrogen ("high- 
Hg tuna"). A smaller quantity of tuna 
with an Hg content of 0.09 to 0.14 
ppm was obtained from the same 
sources and dried in the same way 
("low-Hg tuna"). Preliminary experi- 
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Selenium: Relation to Decreased Toxicity of 

Methylmercury Added to Diets Containing Tuna 

Abstract. Japanese quail given 20 parts per million of mercury as methyl- 
mercury in diets containing 17 percent (by weight) tuna survived longer than quail 
given this concentration of methylmercury in a corn-soya diet. Tuna has a 
relatively high content of selenium and tends to accumulate additional selenium 
when mercury is present. A content of selenium in the diet comparable to that 
supplied by tuna decreased methylmercury toxicity in rats. Selenium in tuna, far 
from being a hazard in itself, may lessen the danger to man of mercury in tuna. 
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ments had shown that lyophilization 
produced a form of tuna suitable for 
incorporation into diets, without sig- 
nificant loss of Hg. The tuna was ana- 
lyzed for Hg by the flameless atomic 
absorption method (1). A small portion 
of the high-Hg tuna was sprayed with 
an aqueous solution of methylmercury 
hydroxide (Alfa Inorganics, Beverly, 
Mass.), aired in a hood for 2 days, and 
then mixed thoroughly to give a "pre- 
mix" with an Hg content of 850 ppm. 

A total of 360 1-day-old Japanese 
quail (Coturnix coturnix japonica) were 
divided into eight groups of 45 each. 
Two groups received a corn-soya diet 
(2) containing either 0 or 20 ppm of 
Hg added as the methylmercury pre- 
mix. This premix added only 2.4 per- 
cent of tuna to the diet. The other groups 
were fed diets containing 17 percent 
tuna, from the low-Hg tuna, high-Hg 
tuna, or mixtures to achieve Hg con- 
centrations of approximately 0.075, 
0.25, and 0.5 ppm. Mercury concentra- 
tions of 1, 10, and 20 ppm were ob- 
tained by adding the Hg premix to 
high-Hg tuna. The contents of soybean 
meal and corn in the tuna diets were 
decreased and the content of oats was 
increased to keep crude protein con- 
tent and energy level approximately 
equal to those of the corn-soya diet; 
adjustments were also made for calci- 
um-phosphorus balance and salt intake. 
All diets were prepared weekly and re- 
placed daily to minimize deterioration. 
At the end of week 4 approximately 25 
birds from each group were retained 
for breeding, and the remaining birds 
were killed so that their tissues could 
be analyzed for Hg. The rate of growth 
and feed intake (Table 1) for all diets 
were comparable through week 4, 
thereafter declining somewhat in groups 
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7 and 8 which were receiving 2 
of Hg. At approximately 4 we( 
coordination and other signs of I 
soning began to appear in g: 
receiving the corn-soya diet; this 
had a high mortality rate, rea( 
maximum on day 42. Between 
and week 6, 52 percent of the < 
this group died. In contrast, th 
in group 7, receiving the same 
of Hg in a tuna diet, were free < 
of poisoning for a longer time a] 
7 percent died between week 
week 6. By week 7, however, de 
this group were frequent as well, 
ing a maximum rate on day 4 
apparent that something in th 
diet prolonged survival in quai 
high concentrations of Hg. 

Fish meals and marine foods 

o ~ Fig. 1. Effect of the dietary content of Se 
5 s on the toxicity of methylmercury added 

to the drinking water of rats. Fifty wean- 
0 a ling male Holtzman rats weighing 40 to 

60 g each were divided into ten groups of 

E|C-Se five each and housed in individual wire 
y +Se cages. All rats were depleted of vitamin 

E on a basal purified diet containing (in 
percentages): vitamin-free casein, 20; glu- 
cose monohydrate, 66.9; stripped lard, 6; 
cod liver oil, 2; salts (6), 4.8; vitamins 
(6), 0.25; and choline chloride, 0.05. After 
a 2-week depletion, five groups were given 
the basal diet supplemented with 0.5 ppm 
of Se as Na2SeOs, and five groups con- 
tinued to receive the unsupplemented basal 
diet. Simultaneously, Hg was administered 
for 6 weeks in the drinking water in the 
form of methylmercury hydroxide at 0, 1, 
5, 10, and 25 ppm of Hg. Growth during 
weeks 1 through 4 after Hg administration 
is shown by the bar for each group 
(mean ? standard deviation). The average 
weight gain at week 2 for the group re- 
ceiving 25 ppm of Hg but no Se (four out 

25 of five surviving) was 24 ? 5 g, as com- 
pared to 37 ? 10 g for the group re- 
ceiving Se plus 25 ppm of Hg. 

20 ppm eral have a higher content of Se than 
eks, in- products from animals of terrestrial 

Hg poi- origin (3). The Se content of tuna is 

roup 8 comparable to that of fish meals and 
s group always exceeds the content of Hg. We 
ching a analyzed several multicase lots of either 
week 4 low-Hg or high-Hg tuna for Hg and Se 

quail in (4) after lyophilization. Surprisingly, we 
ie quail found that the low-Hg tuna (0.32 ppm 
amount of Hg on the average) contained less Se 
of signs (1.71 to 2.16 ppm; average, 1.91 ppm) 
nd only than the high-Hg tuna (2.87 ppm of 

4 and Hg, 2.43 to 3.40 ppm of Se average, 
-aths in 2.91 ppm). On a molar basis, the Hg/ 
, reach- Se -ratio approached 0.5 in the case of 
8. It is the high-Hg tuna. Moreover, the incre- 
ie tuna ment in Hg content between low- and 
il given high-Hg tuna was in an approximate 

1: 1 molar ratio with the increment, in 
in gen- Se. It thus appears that Hg and Se tend 

Table 1. Comparison of methylmercury toxicity in Japanese quail fed tuna or corn-soya diets. The total number of birds in each group 
was 45; data for the period between week 4 and week 6 are for approximately 15 females (F) and 10 males (M) retained for breeding. 

Feed consumed Mortalityl 
Mercury (ppm) ee co med Average weight gain (g) Mo 

(g per chick per day) (%) 
Group * --iet 

No. Added 0-4 weeks 0-6 weeks 
as methyl- Totalt 2-4 4-6 0--4 4-6 
mercury weeks weeks M F M F weeks weeks 

1 Corn-soya 0 10.4 14.3 83 87 101 116 0 0 
2 Tuna 0 0.048-0.075 9.4 13.5 82 82 102 113 2 0 
3 Tuna 0 0.22 -0.26 9.2 12.4 78 80 100 106 2 0 
4 Tuna 0 0.46 -0.51 9.6 13.4 84 82 106 108 13 0 
5 Tuna 0.5 0.83 -1.01 9.2 12.6 79 80 107 105 7 0 
6 Tuna 9.5 10 9.1 13.1 78 83 104 104 4 0 

7 Tuna 19.5 20 9.0 12.8 78 83 97 102 7 7 
8 Corn-soya 20.0 20 9.9 ? 82 85 95 94 9 52 

* See (2) for composition of diets. The total Se content (in parts per million) of the analyzed diets was as follows: group 1, 0.23; group 7, 0.67; and group 
8, 0.35. t Calculated from the Hg content of tuna (various lots) plus the Hg added as methylmercury. The Hg content of the com-soya diet (group 1) 
was that of the reagent blank. $ Excluding accidental deaths. ? Not calculated because of high mortality during this period. 
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to be accumulated together in tuna. 
Since tuna has a substantial content 

of Se, the question arises of whether 
this amount of Se is in itself a hazard, 
or whether its presence might reduce 
the toxicity of Hg. The content of tuna 
added to the diet in these experiments 
supplied approximately 0.3 to 0.6 ppm 
of Se. This is a desirable nutritional 
content and is roughly an order of mag- 
nitude less than the content at which 
signs of toxicity appear (5). Since the 
growth of quail on the tuna diets was 
comparable to that on corn-soya diets 
(Table 1), no evidence exists that this 
content of Se was harmful. 

Direct evidence that dietary Se can 
decrease the toxicity of methylmercury 
was obtained in a study in which rats 
received a purified basal diet containing 
20 percent casein or the same diet sup- 
plemented with 0.5 ppm of Se, with 
various concentrations of methylmer- 
cury added to the drinking water (Fig. 
1). The basal diet was quite low in Se 
content (approximately 0.02 ppm) and 
also lacked vitamin E, since the experi- 
ment was designed to test whether Hg 
might induce signs of Se-vitamin E 
deficiency in a manner similar to that 
observed with Ag (6). Although Se pro- 
duced a slight growth response when 
added to the basal diet, no signs of Se 
or vitamin E deficiency were observed 
in any of the groups tested. Mercury 
depressed growth at all concentrations, 
and Se improved growth at all concen- 
trations of Hg, the effect being most 
evident at the higher concentrations of 
Hg. The most interesting finding, how- 
ever, was that all the rats fed 10 ppm 
of Hg without Se had died, but those 
fed the same diet with Se were 
still alive at the end of week 6. In the 
groups receiving 25 ppm of Hg, all 
animals were dead by week 6, but the 
addition of Se increased the survival 
at week 4. 

The suggestion that Se in tuna may 
reduce the toxicity of Hg is supported 
by studies from Parizek's laboratory 
showing that Se reduces the acute tox- 
icity of HgCl, injected into rats, and 
may complex with Hg in the blood to 
decrease the availability of each ele- 
ment (7). The biological availability of 
Se in tuna is only 50 percent of that 
'found for other sources of Se, even 
though comparable concentrations of 
Se in the blood are attained regardless 
of the source (8); it may be no coinci- 
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be associated with S in proteins. It is 
thus reasonable to expect that Se and 
Hg might occur together, as a result of 
their affinity for each other or their 
common affinity for S. The content of 
Se in the oceans is about 0.09 part per 
billion (9), approximately the same as 
that of Hg (9, 10); thus both elements 
are strongly accumulated by tuna. In 
addition to Se, other substances in tuna 
might also affect Hg accumulation or 
toxicity. The observation (10) that indi- 
viduals can have elevated concentra- 
tions of Hg in the blood and yet be 
free of symptoms of Hg poisoning sug- 
gests, as one possibility, that agents 
modifying toxicity may indeed be op- 
erative. 

The implications of this study are 
that the danger for man of Hg in tuna 
may be somewhat less than anticipated, 
and that the total Hg contents in the 
diet or even in the blood may not be 
valid criteria because of the presence 
of modifying factors. Clearly, further 
research on these matters is needed. 
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Thiobacillus ferrooxidans, a chem- 
olithoautotrophic bacterium, obtains 
energy for CO., fixation and growth by 
oxidizing certain reduced forms of sul- 
fur or Fe'+ (1). Furthermore, the oxi- 
dation of certain sulfide-containing 
minerals yields energy for CO., fixation 
(1) and usually produces S042- accom- 
panied by a lowering of the pH of the 

Thiobacillus ferrooxidans, a chem- 
olithoautotrophic bacterium, obtains 
energy for CO., fixation and growth by 
oxidizing certain reduced forms of sul- 
fur or Fe'+ (1). Furthermore, the oxi- 
dation of certain sulfide-containing 
minerals yields energy for CO., fixation 
(1) and usually produces S042- accom- 
panied by a lowering of the pH of the 

References and Notes 

1. R. K. Munns and D. C. Holland, J. Ass. 
Offic. Anal. Chem. 54, 202 (1971). 

2. The composition of the corn-soya diet (in 
percentages) is as follows: ground corn, 48; 
soybean meal (49 percent protein), 40; al- 
falfa meal, 3; ground oats, 2.5; powdered 
skim milk, 2; Dynaphos (20.5 percent Ca and 
18.5 percent P as calcium phosphates), 1.7; 
CaCO3, 1.0; dried brewers' yeast, 1; iodized 
NaCl, 0.3; and vitamin and mineral premix, 
0.5. This premix supplied, per kilogram of 
diet: 4444 international units (I.U.) of vita- 
min A, 1370 I.U. of vitamin D13, 22 I.U. of 
vitamin E, and (in milligrams per kilogram) 
riboflavin, 4.44; calcium pantothenate, 44.4; 
niacin, 55.5; pyridoxine hydrochloride, 2; 
folic acid, 0.8; biotin, 0.3; vitamin B 2,, 0.006; 
choline chloride, 555; methionine hydroxy 
analog, 1110; MnO, 155; ZnCOQ, 111; and 
Na.SeOa, 0.219; in addition, 10 mg/kg of 
procaine penicillin G was included during 
the first 4 weeks. For the tuna diets, changes 
from the above ration (in percentages) were 
made as follows: ground corn, 24; soybean 
meal, 10; tuna, 17; ground oats, 40; Dy- 
naphos, 1.45; CaCO3, 1.3; and no iodized 
NaCl. 

3. G. Lunde, J. Sci. Food Agr. 21, 242 (1970); 
V. C. Morris and 0. A. Levander, J. Nutr. 
100, 1383 (1970); D. Arthur, Can. J. Anim. 
Sci. 51, 71 (1971). 

4. I. Hoffman, R. J. Westerby, M. Hidiroglou, 
J. Ass. Offic. Anal. Chem. 51, 1039 (1968). 

5. E. J. Underwood, Trace Elements in Human 
and Animal Nutrition (Academic Press, New 
York, 1971), pp. 356-357. 

6. A. T. Diplock, J. Green, J. Bunyan, D. 
McHale, I. R. Muthy, Brit. J. Nutr. 21, 115 
(1967). 

7. J. Parizek and I. Ostadalova, Experientia 23, 
142 (1967); J. Parizek, I. Benes, I. Ostada- 
lova, A. Babicky, J. Benes, J. Lener, Physiol. 
Bohemoslov. 18, 95 (1969); J. Parizek, I. 
Ostadalova, J. Kalouskova, A. Babicky, L. 
Pavlik, B. Bibr, J. Reprod. Fert. 25, 157 
(1971). 

8. M. L. Scott and A. H. Cantor, Fed. Proc. 
30, 237 (1971). 

9. H. J. M. Bowen, Trace Elements in Bio- 
chemistry (Academic Press, New York, 1966), 
p. 19. 

10. A. L. Hammond, Science 171, 788 (1971). 
11. Research supported by the College of Agri- 

cultural and Life Sciences, University of Wis- 
consin, Madison, and by grants from the 
Food Research Institute, University of Wis- 
consin, the U.S. Public Health Service (AM- 
14189), and funds supplied by the research 
committee of the graduate school of the Uni- 
versity of Wisconsin. 

12 October 1971; revised 14 January 1972 * 

References and Notes 

1. R. K. Munns and D. C. Holland, J. Ass. 
Offic. Anal. Chem. 54, 202 (1971). 

2. The composition of the corn-soya diet (in 
percentages) is as follows: ground corn, 48; 
soybean meal (49 percent protein), 40; al- 
falfa meal, 3; ground oats, 2.5; powdered 
skim milk, 2; Dynaphos (20.5 percent Ca and 
18.5 percent P as calcium phosphates), 1.7; 
CaCO3, 1.0; dried brewers' yeast, 1; iodized 
NaCl, 0.3; and vitamin and mineral premix, 
0.5. This premix supplied, per kilogram of 
diet: 4444 international units (I.U.) of vita- 
min A, 1370 I.U. of vitamin D13, 22 I.U. of 
vitamin E, and (in milligrams per kilogram) 
riboflavin, 4.44; calcium pantothenate, 44.4; 
niacin, 55.5; pyridoxine hydrochloride, 2; 
folic acid, 0.8; biotin, 0.3; vitamin B 2,, 0.006; 
choline chloride, 555; methionine hydroxy 
analog, 1110; MnO, 155; ZnCOQ, 111; and 
Na.SeOa, 0.219; in addition, 10 mg/kg of 
procaine penicillin G was included during 
the first 4 weeks. For the tuna diets, changes 
from the above ration (in percentages) were 
made as follows: ground corn, 24; soybean 
meal, 10; tuna, 17; ground oats, 40; Dy- 
naphos, 1.45; CaCO3, 1.3; and no iodized 
NaCl. 

3. G. Lunde, J. Sci. Food Agr. 21, 242 (1970); 
V. C. Morris and 0. A. Levander, J. Nutr. 
100, 1383 (1970); D. Arthur, Can. J. Anim. 
Sci. 51, 71 (1971). 

4. I. Hoffman, R. J. Westerby, M. Hidiroglou, 
J. Ass. Offic. Anal. Chem. 51, 1039 (1968). 

5. E. J. Underwood, Trace Elements in Human 
and Animal Nutrition (Academic Press, New 
York, 1971), pp. 356-357. 

6. A. T. Diplock, J. Green, J. Bunyan, D. 
McHale, I. R. Muthy, Brit. J. Nutr. 21, 115 
(1967). 

7. J. Parizek and I. Ostadalova, Experientia 23, 
142 (1967); J. Parizek, I. Benes, I. Ostada- 
lova, A. Babicky, J. Benes, J. Lener, Physiol. 
Bohemoslov. 18, 95 (1969); J. Parizek, I. 
Ostadalova, J. Kalouskova, A. Babicky, L. 
Pavlik, B. Bibr, J. Reprod. Fert. 25, 157 
(1971). 

8. M. L. Scott and A. H. Cantor, Fed. Proc. 
30, 237 (1971). 

9. H. J. M. Bowen, Trace Elements in Bio- 
chemistry (Academic Press, New York, 1966), 
p. 19. 

10. A. L. Hammond, Science 171, 788 (1971). 
11. Research supported by the College of Agri- 

cultural and Life Sciences, University of Wis- 
consin, Madison, and by grants from the 
Food Research Institute, University of Wis- 
consin, the U.S. Public Health Service (AM- 
14189), and funds supplied by the research 
committee of the graduate school of the Uni- 
versity of Wisconsin. 

12 October 1971; revised 14 January 1972 * 

reaction mixture. Fox (2) noted an in- 
creased pH when growing Ferrobacillus 
(Thiobacillus) ferrooxidans on chal- 
cocite (Cu2S) and speculated therefore 
that S042- was not a product of chal- 
cocite oxidation and that the small 
amount of growth observed resulted 
from the energy made available by the 
oxidation of Cu+ to Cu2+. We pre- 
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Chalcocite Oxidation and Coupled Carbon Dioxide 
Fixation by Thiobacillus ferrooxidans 

Abstract. The reaction of cell suspensions of Thiobacillus ferrooxidans with 
pulverized chalcocite (Cu2S) in a Warburg manometric apparatus resulted in oxygen 
uptake accompanied by increased solubilization of copper and fixation of carbon 
dioxide. Since the only detectable oxidized products were cupric ions and the 
more oxidized form of the sulfide mineral, that is, digenite or covellite, the 
apparent source of energy for the carbon dioxide fixation was provided by the 
oxidation of the cuprous copper of the chalcocite. 
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