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Dissolved oxygen at approximately four times normal saturation (42 mg liter-')
inhibited the growth and metabolism of summer planktonic bacteria in the surface
water of alpine oligotrophic Mountain Lake (Giles County, Va.). Data were

derived from growth of CFU on membrane filters, D-[U-14C]glucose incorpo-
ration into the extractable lipid of these CFU, and respiration and assimilation of
D-[U-14C]glucose by lake water samples. Statistically significant (a < 0.05)
differences were not detected in either CFU or 14C incorporation in lipid when
superoxide dismutase (30 U ml-) or catalase (130 U ml-') was added to the
medium. Thus, exogenous oxygen by-products apparently are not responsible for
the observed inhibition of growth and metabolism.

Oxygen, which is essential to life for all aero-
bic organisms, is also a very reactive molecule,
often becoming toxic at concentrations exceed-
ing atmospheric levels. The mechanisms for
oxygen toxicity are not readily understood, but
apparently they involve the reactivity of oxygen
and its radical by-products at a variety of molec-
ular sites within the cell (12). Most investiga-
tions of oxygen toxicity mechanisms concern
organisms (anaerobes and microaerophiles) with
high sensitivities to oxygen at or below the
levels in normal atmospheres. In contrast, pub-
lished studies involving community responses to
naturally high dissolved oxygen (HDO) concen-
trations are lacking, apparently because of the
rarity or ephemeral nature of such environ-
ments. For example, HDO concentrations occur
ephemerally in cyanobacterial blooms with pho-
tosynthetic oxygen production, resulting in dis-
solved oxygen concentrations of 200 to 300o
saturation (2). Prolonged existence of these
HDO concentrations usually would induce pho-
tooxidative death, but they are normally brief.
Among the relatively few known natural aquatic
environments in which prolonged or permanent
HDO conditions occur are certain oligotrophic,
perennially ice-covered lakes in dry valleys of
southern Victoria Land, Antarctica (9-11). To
develop techniques for studying those Antarctic
lakes and to obtain base-line data for compari-
son, we undertook this investigation of the
planktonic microbial community in Mountain
Lake, Giles County, Va. during the summer of
1982. Mountain Lake is a natural alpine oligo-
trophic lake with perennially oxygen-saturated
surface waters, about which considerable infor-
mation is known (1, 6, 8, 13).

MATERIALS AND METHODS

CFU were determined by filtering measured vol-
umes of freshly collected lake water through 0.22-p.m
Millipore filters (47-mm diameter) at <26 cm of Hg
(vacuum). Filters were placed onto Gelman absorbant
pads saturated with medium. Medium consisted of
autoclaved-sterilized Mountain Lake water with addi-
tions of 12.5 pCi of D-[U-14C]glucose per liter (274 ,uCi
p.mol-'), 0.02% Trypticase soy broth (BBL Microbiol-
ogy Systems), and 0.002% yeast extract. These con-
centrations of nutrients gave the maximal CFU within
2 weeks of incubation. After preparation, one set of
plates was incubated in a pressure cooker with oxygen
added to give a final concentration of 42 mg liter-' (11
lb/in2) (HDO plates). A second set of plates was
incubated in the dark at ambient atmospheric pressure
with normal atmospheric dissolved oxygen (ADO
plates). All plates were incubated at 12°C for 7 to 10
days.

After the CFU were counted, total lipids were
extracted in scintillation vials by the method of Mc-
Kinley et al. (5). The chloroform fraction was evapo-
rated to dryness, Aquasol 2 was added, and the
[14C]lipid was counted by liquid scintillation.

Total assimilated and respired carbon was deter-
mined by using lake water (50 ml) dispensed into 125-
ml serum bottles stoppered with butyl rubber serum
stoppers with inserted glass center wells and paper
wicks (Bellco Glass, Inc.). A minimum of 10 bottles
per treatment was used in each experiment. HDO
bottles were then pressurized with oxygen (11 lb/in2).
Both HDO and ADO bottles were agitated at 12°C for
2 h, which had been predetermined to be an adequate
time to achieve equilibrium of the dissolved oxygen.
Controls were fixed with glutaraldehyde (2% final
concentration, vol/vol). All HDO and ADO bottles
received 20 ,uCi of D-[U-14C]glucose per liter (274 ,uCi
p.mol-1). The bottles were incubated for 4 to 6 h at
12°C. After incubation, unfixed ADO and HDO treat-
ments were fixed with glutaraldehyde. Phenethyl-
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FIG. 1. Photograph of representative membrane filters after development ofCFU with ADO (A) or HDO (B).

amine (150 ,ul) was added to the paper wick in each
center well, after which all bottles were acidified with
200 p.l of 2 N H2SO4. The bottles were slowly agitated
for 2 h to enhance both release of CO2 from the
acidified water and trapping by the phenethylamine.
Water from each bottle was filtered through 0.2-pum
Nuclepore filters and then rinsed with an equal volume
of autoclaved lake water. Aquasol 2 was added to the
filters for liquid scintillation counting. Center wells
and paper wicks were placed into Aquasol 2, and the
total assimilated and respirated carbon was counted by
liquid scintillation. Fixed control values were subtract-
ed, and all counts were corrected to disintegrations per
minute by the channels ratio method.
The total lipid fraction of the 14C assimilated by lake

water was determined by filtering (0.2-p.m Nuclepore
filter, <26 cm of Hg [vacuum]) one-half the volume of
each bottle and rinsing with an equal volume of
autoclaved lake water. Total lipid was extracted from
filters by the previously described technique (5).

RESULTS AND DISCUSSION

CFU were significantly (ot < 0.05) reduced
with HDO as compared with ADO (Fig. 1 and
Table 1). CFU differences do not necessarily
indicate relative differences in biomass, because
an equal number of small and large colonies on

HDO and ADO plates may occur regardless of
differences in colony size. Relative differences
in biomass and metabolic activity can be deter-
mined by extracting the total lipid incorporated
in cells on the same filters after counting CFU.
Table 1 presents a comparison of CFU develop-
ment and total lipid incorporation.

It is generally recognized that pressure effects
begin to be of physiological significance at 100
atm (1,500 lb/in2) (4). The pressure applied

TABLE 1. Comparison of ADO and HDO conditions on development of CFU and D-[U-14C]glucose
incorporation into lipid

Date Treatment CFU dp%Date Treatment liter-' Reductiona dpm Reduction'

6/28/82 ADO 4.9 x 104 10,393
6/28/82 HDO 2.2 x 104 54 1,191 88

8/10/82 ADO 1.4 x 105 8,206
8/10/82 HDO 2.5 x 104 82 2,120 74

9/22/82 ADO 4.2 x i05 8,873
9/22/82 HDO 2.1 x iOs 50 1,302 85

a Percent reduction = (1 - (HDO/ADO)] x 100.
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TABLE 2. Comparison of the effects of ADO and HDO on total carbon (T) and total lipid (L) assimilated
Total carbon % Total lipid L/T

Date Treatment assimilated Reduction fraction Reduction' (%)
(dpm) (dpm)

7/6/82b ADO 35,350 6,102 17
7/6/82 HDO 7,709 78 1,109 82 14

7/12/82C ADO 3,437 735 21
7/12/82 HDO 1,041 70 232 68 22

7/22/82C ADO 3,884 774 20
7/22/82 HDO 1,532 61 345 55 23

a See Table 1, footnote a, for definition.
b 6-h incubation.
c 4-h incubation.

(HDO conditions) did not exceed 12 lb/in2 (=83
kPa), which is less than that encountered in 28
feet (8.53 m) of fresh water. Nevertheless, 50
lb/in2 of helium was applied and compared with
ADO in one experiment. No significant differ-
ence (a > 0.05) between these treatments exist-
ed as measured by CFU development and total
lipid incorporated into CFU.
The influence of HDO on lipid incorporation

need not necessarily reflect an influence on the
total carbon assimilated. Whereas total carbon
assimilation cannot be measured accurately with
CFU owing to high levels of abiotic absorption,
the total carbon assimilated by lake water can be
measured by standard procedures which also
allow a portion to be fractionated for the deter-
mination of total lipid incorporation. The results
of three such experiments (Table 2) indicated
that 42 mg of dissolved oxygen per liter was
inhibitory to both carbon and lipid assimilation
(a < 0.05). However, the percent lipid to total
carbon assimilated was not significantly differ-
ent (a > 0.05) within each treatment (HDO
versus ADO).

Respiration of D-[U-14C]glucose was also in-
hibited in two experiments (Table 3). It cannot
be determined whether respiration was more or
less inhibited than carbon assimilation on the

basis of these experiments.
Superoxide dismutase and catalase were add-

ed to the standard medium in one experiment to
determine whether superoxide or hydrogen per-
oxide was being generated exogenously to cells
in inhibitory concentrations. Whereas positive
evidence for such exogenous generation exists
for the microaerophiles Spirillum volutans and
Campylobacter fetus (3, 7), the same enzyme
concentrations had no effect (a > 0.05) on the
Mountain Lake community treated with or with-
out the enzymes, as measured by CFU develop-
ment and 14C incorporation into total lipid (Ta-
ble 4). Endogenous generation and activity of
superoxide and hydrogen peroxide remains a
possibility.
On the basis of several criteria (CFU develop-

ment, total lipid incorporated into CFU, and
total carbon assimilated and respired), 42 mg of
dissolved oxygen per liter (HDO) appeared to
inhibit the growth and metabolism of hetero-
trophic microorganisms in this alpine oligotro-
phic lake. This constitutes the first investigation
of the effects of HDO on natural heterotrophic
plankton communities and has laid the basis for
comparative studies with the naturally perennial
HDO concentrations in lakes of the dry valleys
of Antarctica.

TABLE 3. Comparison of the effects of ADO and HDO on total carbon assimilated and respired
Total carbon Total carbon

Date Treatment assimilated Reuto'respired Rdcin(dpm) Reduction" (dpm) Reduction"

9/3/82b ADO 10,724 5,145
9/3/82 HDO 6,652 38 2,612 49
9/21/82C ADO 7,228 7,884
9/21/82 HDO 3,277 55 4,480 43

a See Table 1, footnote a, for definition.
b6-h incubation.
c 10-h incubation.
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TABLE 4. Comparison of the effects of ADO and
HDO with or without enzymes on CFU development
and D-[U-14C]glucose incorporation into total lipid

Treatmenta CFU % b dpm %
liter-' Reduction Reduction'

ADO (N) 1.4 x 105 8,206
HDO (N) 2.5 x 104 82 2,120 74

ADO (C) 1.3 x 105 7,256
HDO (C) 3.0 x 104 77 2,456 66

ADO (S) 1.5 x 105 8,041
HDO (S) 2.6 x 104 83 3,062 62

ADO (CS) 1.3 x 105 7,986
HDO (CS) 2.3 x 104 82 1,940 76

a N, No enzyme added; C, plus 130 U of catalase
per ml; S, plus 30 U of superoxide dismutase per ml;
CS, plus 60 U of catalase and 15 U of superoxide
dismutase per ml.

b See Table 1, footnote a, for definition.
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