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The rate of oxygen uptake in an extreme thermophile at 70 C was three
times greater than at 50 C. Cytochromes a, b, and c were present in cells grown
at 50, 60, and 70 C. The content of these electron transport system elements
remained relatively constant as the growth temperature was raised.

The extreme thermophile investigated is a
gram-negative, nonsporeforming, rod-shaped
bacterium resembling Thermus aquaticus (1)
in many of its characteristics. The bacterium
was isolated from a hot spring in Yellowstone
National Park and grew optimally at 72 C but
repeatedly failed to grow in an anaerobic envi-
ronment. This finding prompted questions re-
lating to the nature of the respiratory appa-
ratus of this obligately aerobic bacterium since
the oxygen solubility is low in the natural en-
vironment of this organism.
Respiration was measured at different tem-

peratures by using a Gilson differential respi-
rometer. The culture was grown to mid-expo-
nential phase in complete medium (0.2% tryp-
tone plus 0.2% yeast extract) at the tempera-
tures that were used for the oxygen uptake
experiments (50, 60, and 70 C). The cells were
washed in potassium phosphate buffer con-
taining basal salts, a mixture of 0.3 ,ug of each
of the following growth factors per ml: biotin,
Bl,, lipoic acid, and paraaminobenzoic acid,
and 150 gg of each of the following amino
acids per ml: cystine, isoleucine, glutamate,
aspartate, proline, and serine. This suspension
was added to respirometer flasks in 3.0-ml
volumes. Figure 1 shows that the rate of ox-
ygen uptake of this thermophilic bacterium is
four times greater at 70 C than at 50 C. This
finding is noteworthy because the concentra-
tion of dissolved oxygen decreases from 2.2
mg/100 ml at 50 C to 1.4 mg/100 ml at 70 C.
The addition of 0.2% glutamate and glucose
effected a slight increase in the rate of oxygen
uptake at 50, 60, and 70 C when compared
with the control.
The increased respiratory activity observed

at 70 C indicates that the electron transport
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system in this thermophile is unlike that of the
mesophile with respect to temperature. In this
connection, Smith (6) has reviewed examples
of bacteria in which the cytochrome content is
altered in cells grown under low oxygen ten-
sion. To test whether that phenomenon was
occurring in this thermophile as a result of the
depleted oxygen concentration in the environ-
ment that it finds optimal, cells were grown to
late-exponential phase at 50, 60, and 70 C in
the complete medium, and their cytochrome
content was determined. The difference
spectra at ambient temperature (2) were deter-
mined by using a Hitachi Perkin-Elmer model
356 spectrophotometer, and the cytochrome
concentrations were estimated.
The difference spectrum at ambient temper-

ature seen in Fig. 2 shows the bands that are
characteristic for cytochromes a + a3, b, and c
in cells grown at 60 C. The alpha peaks at 603
nm and 555 nm represent cytochromes a + a.
and probably a combination of b- and c-type
cytochromes. The Soret peak at 430 nm with a
shoulder at 445 denotes the cytochromes b and
a -a3. Low temperature spectra were measured
at liquid nitrogen temperatures by using a
Johnson Research Foundation split-beam spec-
trophotometer. These low temperature spectra
revealed separate peaks for cytochromes b and
c at 556 and 548 nm. The apparent failure to
resolve separate bands for cytochromes b and c
at ambient temperature may be explained by
peak shift. Analysis of cells that were grown at
50, 60, and 70 C confirmed the presence of
cytochromes a -a3, and b and c throughout the
20-degree growth temperature range of this
bacterium. These data reflect similarities be-
tween the cytochromes present in this thermo-
phile and Bacillus stearothermophilus in that
the predominant respiratory pigments of both
bacteria are the same (4). The concentration of
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FIG. 1. Effect of temperature on oxygen uptake in
a defined medium. At 30 min, 0.2% (firil concentra-
tion) glutamate (0), glucose (A), and citrate (@)
were added to separate flasks, and the oxygen up-
take in the presence of these substrates was com-

pared with a control culture in the defined medium
(-). The 50 C curve was offset at 30 min. 7he values
indicated on the ordinate scale have been multiplied
by 100.
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FIG. 2. Oxidized versus dithionite-reduced differ-
ence spectrum done at room temperature. Cells
grown at 60 C were suspended [1.25 mg (dry
weight)/mll in. 0.01 Mphosphate buffer, pH 7.6.

these cytochromes was estimated from the dif-
ference spectra recorded at ambient tempera-
ture with the appropriate extinction coeffi-
cients: (a 6 r4eo30 = 24, a3 C445-460 = 164, b
(563-575 = 22, c c550e°dox= 19) (7, 8). The concen-
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FIG. 3. Effect of growth temperature on cyto-
chrome concentration and oxygen solubility. Cyto-
chrome concentrations are expressed as peak height
[absorbancyig (dry weight)] of the appropriate dif-
ference spectrum bands. The wavelength intervals
that were used for the various cytochromes were: a =

604-630, a, = 445-460, and b + c = 455-475. The
cells were grown at the temperatures indicated prior
to analysis at ambient temperature. The dissolved
oxygen was calculated by correcting the oxygen solu-
bility in water at each temperature to the appro-
priate atmospheric pressure and is expressed as mil-
ligrams of 02 per liter.

tration of the cytochromes in this thermophile
is not unlike that of many microbial systems
(5, 6). Cells that were grown at 60 C contained
the following concentrations of cytochromes
expressed as nanomoles of cytochrome per
milligram (dry weight): a = 0.02, a3 = 0.06,
b 0.29, and c 0.26. The values for b- and c-type
cytochromes are only approximate, since sep-
arate absorption peaks were not resolved at
ambient temperature.
The effect of growth at 50, 60, and 70 C on

the cytochrome concentrations was only slight,
as seen in Fig. 3. After comparison with the
decrease in available oxygen as the tempera-
ture is increased, it was concluded that neither
the composition nor the concentration of the
respiratory enzymes of this bacterium becomes
significantly altered in response to the lowered
oxygen concentrations. In this connection, it is
of interest to note that, when B. stearother-
mophilus was grown anaerobically, cytochrome
a. was not detected (3). The increased respira-
tory activity described here for this obligately
aerobic thermophile at 70 C may be due to one
or more of the following factors at that tem-
perature: the increased availability of reduced
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cofactors as a reflection of overall metabolic
activity; increased dehydrogenase activity or

the resistance to heat inactivation of the respi-
ratory enzymes found in this thermophilic bac-
terium, or both.

The authors are grateful to the National Park Service for
its cooperation and to David F. Wilson and the Johnson
Research Foundation for the difference spectra.

This work was supported by National Institutes of Health
training grant 5 TO1 A 100131-10.

LITERATURE CITED
1. Brock, T. D., and H. Freeze. 1969. Thermus aquaticus

gen. n. and sp. n., a nonsporulating extreme thermo-
phile. J. Bacteriol. 98:289-297.

2. Chance, B., and G. R. Williams. 1955. Respiratory en-

zymes in oxidative phosphorylation. II. Difference
spectra. J. Biol. Chem. 217:395-407.

3. Downey, R. J. 1966. Nitrate reductase and respiratory
adaptation in Bacillus stearothermophilus. J. Bacteriol.
91:634-641.

4. Downey, R. J., C. E. Georgi, and W. E. Militzer. 1962.
Electron transport particles from Bacillus stearother-
mophilus. J. Bacteriol. 83:1140-1146.

5. Gel'man, N. S., M. A. Lukoyanova, and D. N. Ostrouskii.
1967. Respiration and phosphorylation of bacteria.
Plenum Press, Inc., New York.

6. Smith, L. 1961. p. 365-423. In I. C. Gunsalus and R. Y.
Stanier (ed.), The bacteria, vol. 2. Academic Press Inc.,
New York.

7. Van Gelder, B. F. 1966. On cytochrome c oxidase. I. The
extinction coefficients of cytochrome a and a,.

Biochem. Biophys. Acta 118:36-46.
8. Wilson, D. F., and D. Eppel. 196b. The cytochrome

system of sea urchin sperm. Arch. Biochem. Biophys.
126:83-90.

NOTES 779


