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Organic Carbon Utilization by Resting Cells of Thiosulfate-
Oxidizing Marine Heterotrophs

JON H. TUTTLE
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Two thiosulfate-oxidizing marine heterotrophs, strains 12W and 16B, were
tested for utilization of ['4C]glucose and [14C]acetate, respectively, in the presence
or absence of thiosulfate. Thiosulfate oxidation caused an increase in organic
carbon incorporation and a corresponding decrease in respiration at pH 6.5, near
the optimum pH for thiosulfate oxidation and thiosulfate-stimulated growth in
these bacteria. The amount of glucose or acetate metabolized remained virtually
unaffected by thiosulfate oxidation. The metabolic shift in carbon utilization was
diminished by increasing the initial pH to 8.0. The results indicate that marine
heterotrophs 12W and 16B exhibit a type of mixotrophic metabolism which differs
from that observed in the thiobacilli.

The microbial oxidation of reduced sulfur
compounds in aerobic environments is usually
attributed to the activities of chemolithotrophic
bacteria whose metabolism of both sulfur and
carbon is typified by species of the genus Thio-
bacillus (3, 7, 10, 13, 14, 21, 29). It has long been
recognized, however, that a variety of hetero-
trophic bacteria also oxidize reduced, inorganic
sulfur compounds (15, 16, 19), but thiosulfate is
the usual substrate for an incomplete oxidation
of inorganic sulfur. The heterotrophic thiosul-
fate-oxidizing bacteria appear to be a diverse
taxonomic group and have been recovered from
a wide variety of habitats, including soils (5, 15-
17, 20), freshwater (1, 19, 28), and both inshore
and offshore marine environments (23, 24), in-
cluding the Galopagos Islands rift-vent upwell-
ings (J. H. Tuttle, H. W. Jannasch, and C. 0.
Wirsen, unpublished data). Activities of these
bacteria have been demonstrated in meromictic
lakes (28), soils (2, 18), anoxic marine basins (24,
27a), inshore marine waters (27), and even at
high pressures and low temperatures in the deep
sea (26), but their ecological role with respect to
other aerobic, thiosulfate-oxidizing bacteria is
still unclear.
The metabolism of heterotrophic thiosulfate-

oxidizing bacteria distinguishes them from the
thiobacilli and other chemolithotrophs in that
(i) thiosulfate is never completely oxidized to
sulfate, but to tetrathionate or other polythio-
nates with a corresponding increase in the pH of
the medium, (ii) growth is never wholly depend-
ent upon the oxidation of thiosulfate or other
reduced sulfur compounds, and (iii) organic car-
bon is always required for growth under any
culture conditions. Early investigations on thio-
sulfate oxidation and growth in batch cultures
of thiosulfate-oxidizing heterotrophs failed to
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demonstrate increased growth rates or cell yields
in the presence of thiosulfate (15, 16, 20). These
results led to the conclusion that incomplete,
heterotrophic thiosulfate oxidation is an.inciden-
tal reaction serving no useful function in bacte-
rial growth. It was later demonstrated, however,
that the growth rates of three marine hetero-
trophs in pH-controlled batch cultures are stim-
ulated by the oxidation of thiosulfate to tetra-
thionate (22). Failure of previous workers to find
thiosulfate-stimulated growth was suggested to
be due to the high ratio of organic carbon/thio-
sulfate in the various employed media, which
would cause masking of the stimulatory effect.

Despite the demonstration of carbon dioxide
assimilation coupled with thiosulfate oxidation
in resting cells of marine pseudomonad 16B (27)
and of simultaneous, additive oxygen uptake by
three marine heterotrophs in the presence of
thiosulfate and organic compounds (22), the
physiological basis for thiosulfate-stimulated
growth of heterotrophic bacteria has remained
unclear. This investigation was undertaken to
determine the influence of thiosulfate oxidation
on the utilization of "C-labeled organic carbon
in resting cells of two unrelated strains of thio-
sulfate-oxidizing marine heterotrophs.

MATERIALS AND METHODS
Bacteria. The microorganisms chosen for this

study were facultatively anaerobic pseudomonads
12W and 16B, isolated from Eel Pond (Woods Hole,
Mass.) and the oxygen-sulfide interface of the Black
Sea, respectively, as previously described (23). Growth
of both strains in organic carbon-containing media has
been shown to be stimulated by thiosulfate oxidation
(22). Detailed descriptions of strains 12W and 16B
appear elsewhere (22, 25). Stock cultures were main-
tained on TB agar (23).
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Media and culture conditions. Both strains were
cultured in thiosulfate-basal salts medium containing
the following: Na2S2S203.5H20, 2.5 g; KH2PO4, 0.5 g;
K2HPO4, 0.5 g; MgSO4*7H20, 0.25 g; (NH4)2S04, 3.0 g;
FeSO4 *7H20, 0.01 g; NaCl, 20 g; and distilled water, 1
liter. Organic carbon consisted of0.1% (wt/vol) glucose
(strain 12W) or 0.1% (wt/vol) sodium acetate (strain
16B). Strain 16B is unable to utilize glucose as a sole
carbon and energy source (22). The pH ofthe complete
medium was adjusted to 7.5 with NaOH, followed by
filter sterilization with 0.22-jLm membrane filters (Mil-
lipore Corp., Bedford, Mass.).
The cultures (1-liter volume) were grown in 1-liter

reaction kettles, mixed by a magnetic stirring bar, and
aerated with sterile air passed through gas dispersion
tubes. The pH was maintained at 7.5 throughout
growth by the automatic addition of 0.5 N HCI con-
trolled by a Radiometer TTT-2 titrator (The London
Co., Cleveland, Ohio). Inocula were 10-ml portions of
precultures grown in the appropriate medium for 24 h.
All cultures were incubated at ambient temperature
(25 ± 20C).
The cultures were harvested after 24 to 28 h of

growth by centrifugation at 10,000 x g and 50C. The
cell pellets were washed twice with and then sus-
pended in sterile pH 8.0 artificial seawater (Seven Seas
Marine Mix; Utility Chemical Co., New York) to a
concentration of 0.04 g (wet weight) of cells per ml of
suspension. The cell suspensions were stored asepti-
cally at 40C until used for experiments, but never for
longer than 6 days. The rate of thiosulfate oxidation
remained unaffected by storage.

Chemicals and chemical determinations. All
chemicals used were of reagent quality or better. Ra-
diolabeled glucose and sodium acetate were purchased
from New England Nuclear Corp., Boston, Mass. Tet-
rathionate was determined by the method of Kelly et
al. (6), protein was estimated by the method of Lowry
et al. (9) with bovine serum albumin as the standard,
and pH was measured with a Metrohm expanded-scale
pH meter (Brinkmann Instruments, Inc., Westbury,
N.Y.).
Measurement of glucose and acetate utiliza-

tion. Incorporation and respiration of [U-'4C]glucose
(strain 12W) and sodium [2-'4C]acetate (strain 16B)
by appropriately diluted resting cell suspensions were
determined at pH 6.5 and 8.0. Reaction mixtures con-
tained 250 Amol of K2HPO4, 250 iumol of KH2PO4, and
12.5 1imol of either glucose (0.023 ILCi/4tmol) or sodium
acetate (0.023 MCi/tumol). The above were added to 25-
ml Erlenmeyer flasks as 4.0-ml portions of a common,
sterile solution prepared in 2% (wt/vol) NaCl and
adjusted to the appropriate pH with NaOH or HCI.
Identical reaction mixtures were used for the measure-
ment of tetrathionate formation, except that only un-
labeled carrier glucose or acetate replaced radiolabeled
carbon. Thiosulfate was added, when appropriate, as
a 0.5-ml portion of 100 mm Na2S2O3-5H20 in artificial
seawater. When thiosulfate was omitted, it was re-
placed by 0.5 ml of artificial seawater. Noncell controls
were prepared as above, except that they contained an
additional 0.5 ml of artificial seawater in place of the
cell suspension.

After the above conditions, the flasks were tightly
stoppered with rubber serum caps fitted with 0.5-ml

polypropylene cups which were suspended through
the flask neck. The cups contained 0.2 ml of Hyamine
hydroxide (New England Nuclear Corp.) and a strip
(3 by 0.3 cm) of filter paper.

Experiments were initiated by injecting 0.5 ml of an
appropriately diluted resting cell suspension (usually
1:5 for isolate 12W and 1:10 for isolate 16B) through
the serum stopper. The flasks were shaken throughout
the duration of the experiments and the C02-trapping
procedure at 150 rpm on a rotary shaker at room
temperature (25 ± 2°C). Experiments were terminated
by the injection of 0.07 ml (pH 6.5 experiments) or
0.14 ml (pH 8.0 experiments) of 4 N H2SO4 into the
reaction mixtures. These volumes of acid were suffi-
cient to decrease the pH of the reaction mixtures to
approximately 2.5 and to stabilize tetrathionate
formed during thiosulfate oxidation.

Flasks were shaken for an additional 15 min to
permit trapping of 14CO2 into the Hyamine hydroxide-
soaked filter paper. The stoppers were then removed,
and the contents of the polypropylene cup were rinsed
into a scintillation vial with 10 ml of Bray solution.
The C02-trapping procedure was found to be 98 to
101% effective based upon the recovery of 1.5 x 105
dpm of NaH'4CO3 added to the various reaction mix-
tures in place of ['4C]glucose or ["4C]acetate, followed
by the injection of the appropriate volume of 4 N
H2504.

'4C-labeled cells were removed by filtering 2.5 ml of
the acidified reaction mixtures through 0.22-,um mem-
brane filters (Millipore Corp.) prewetted with artificial
seawater. The filters were washed twice with 10-ml
portions of artificial seawater, placed into scintillation
vials, and dissolved in 10 ml of Bray solution.

All samples were allowed to stand for at least 24 h
and were then counted to, at least a 2% or 2a error
(10,000 counts) with an SL-20 liquid scintillation spec-
trometer (Teledyne Analytical Instruments Div., Te-
ledyne, Inc., San Gabriel, Calif.). The results were
corrected for background, for counting efficiency by
the channels ratio method, for counts adhering to the
filters by the subtraction of counts on time zero control
filters, and for volatilization of [ 4C]acetate into Hy-
amine hydroxide by the subtraction of values obtained
for noncell controls. The data are expressed as total
micrograms of glucose or acetate, based upon the
average of triplicate determinations of disintegrations
per minute, added to the reaction mixtures in each
experiment.

Radioactivity collected on the filters and corrected
to the total volume of the reaction mixture is hereafter
referred to as incorporation. Radioactivity absorbed
into Hyamine hydroxide is termed respiration. The
sum of incorporation and respiration is referred to as
metabolism. The metabolic ratio is defined as metab-
olism/incorporation.

RESULTS
Effect of acid treatment on glucose and

acetate incorporation. Acidification of sam-
ples to stop organic carbon uptake and to collect
respired C02 in heterotrophic organic carbon
uptake experiments with natural bacterial pop-
ulations has been found to decrease filter-
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trapped radioactivity compared with unacidified
and filtered samples (4, 11). This loss has been
attributed to the release of unmodified radiola-
beled substrate pools (4). This possibility was
examined by exposing the bacterial suspensions
to [14C]glucose or ['4C]acetate for 2 h, followed
by immediate filtration or acidification and ad-
ditional incubation for time intervals of up to 20
min before filtration. Compared with unacidi-
fied, immediately filtered reaction mixtures, the
acid-treated samples exhibited a rapid loss of
radioactivity within 30 s of acid addition. Incor-
porated radioactivity then remained constant at
52% (strain 12W, glucose) and 63% (strain 16B,
acetate) of unacidified incorporation values
throughout the remainder of the incubation pe-
riod and independent of the presence or absence
of thiosulfate in the reaction mixtures. This find-
ing suggests that the reported incorporation val-
ues represent true incorporation rather than an
accumulation of radiolabeled substrate into glu-
cose or acetate pools. Microscopic examination
of acid-treated cells confirmed the absence of
obvious cellular disruption.
Acetate utilization by strain 16B. In the

presence of thiosulfate at pH 6.5, acetate incor-
poration increased and acetate respiration de-
creased compared with the cells given acetate
alone (Fig. la and b), whereas the total amount
of acetate utilized remained virtually unchanged
(Fig. lc). The changes in acetate utilization
throughout the experiment are illustrated by a
comparison of the metabolic ratio values (Fig.
ld). The initially starved cells (held in refriger-
ated seawater) had a relatively high metabolic
ratio which had begun to decrease at the first
sampling interval. The metabolic ratio in the
thiosulfate-supplemented cell suspension had
already decreased below the lowest value for the
acetate-alone suspension which was reached by
1 h and remained constant throughout the ex-
periment. Rates of acetate incorporation and
respiration in the absence of thiosulfate also
remained unchanged (Fig. la and b). In the
presence of thiosulfate, however, the metabolic
ratio began to increase as thiosulfate oxidation
decreased (Fig. ld), the ratio change resulting
from a decreased incorporation rate and an in-
creased respiration rate (Fig. la and b). These
data, and the observations that strain 16B oxi-
dizes thiosulfate stoichiometrically to tetrathio-
nate but does not metabolize the latter, suggest
that thiosulfate oxidation and not the mere pres-
ence of thiosulfate or tetrathionate accounted
for the observed changes in acetate utilization.
This conclusion is supported by the constant
rates of acetate incorporation and respiration
which were found at pH 8.0 at a nearly un-
changed rate of thiosulfate oxidation throughout
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FIG. 1. Acetate incorporation (a), respiration (b),

metabolism (c), and metabolic ratio (d) in strain 16B
(0.18 mg of cell protein) at an initialpH of 6.5. Cells
were stored for 1 day. The final pH was 6.5 in thio-
sulfate-containing reaction mixtures and 6.4 with
thiosulfate absent. Symbols: 0, 2.5mM acetate; 0, 2.5
mM acetate plus 10mM thiosulfate; A, tetrathionate
concentration.

the experiment (Fig. 2a through d).
The decreased effect of thiosulfate oxidation

on acetate utilization at pH 8.0 compared with
that at pH 6.5 and the increased metabolism of
acetate at pH 8.0 in the presence or absence of
thiosulfate are consistent with previously deter-
mined pH optima for acetate utilization, thio-
sulfate oxidation, and thiosulfate-stimulated
growth in strain 16B (22). Acetate metabolism
at pH 8.0 was not greatly increased by thiosul-
fate oxidation (Fig. 2c). Metabolic ratios at 0.5
h and pH 8.0 higher than those at pH 6.5 at the
same time interval probably reflect cell storage
for an extra day in the pH 8.0 experiment. The
increased, constant metabolic ratio in the pres-
ence of thiosulfate at pH 8.0 compared with that
a pH 6.5 suggests that thiosulfate-mediated dif-
ferences in acetate utilization are dependent
upon the rate of thiosulfate oxidation. At pH 8.0,
the phosphate buffer was not as effective at
maintaining the initial pH as it was at pH 6.5,
particularly in the absence of thiosulfate. How-
ever, constant rates of acetate incorporation and
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160 a b tion but only a 10% increase in acetate metabo-
lized when compared with acetate utilization in

140 the absence of thiosulfate. At pH 8.0, compara-
tive values were 67.2 ± 8,umol of thiosulfate

12 oxidized per h per mg of cell protein (95% con-
fidence limit, four experiments), a 15% increase

100 in acetate incorporation, but no change in ace-
tate metabolized.

I- / L/Glucose utilizaton by strain 12W. Glucose
w utilization by strain 12W at an initial pH of 6.5

in the presence or absence of thiosulfate (Fig. 3a
LLI 60o 1 / ~ //through d) agrees qualitatively with acetate uti-ii 1/ //lization by strain 16B at the same pH values.

40- / ~ §/Increasing rates of glucose incorporation and
respiration are due to an increase in cell protein

20- during the experiment, an increase which was
not observed with strain 16B. The effect of thi-

o osulfate on glucose respiration decreased greatly
as thiosulfate oxidation decreased. The increase

280- C 6 d

240- ~~~~~~~~ab

80-
200- 3

0~~~~~~~~0
160- 4~

~120-23:*|X; *|030
U

U
o--

- 2-I
48- L- 0-

0 0~~~~~~~

FIG. 2. Acetate incorporation (a), respiration (b), 140 c d
metabolism (c), and metabolic ratio (d) in strain 16B
(0.18 mg of cell protein) at an initial pH of 8.0. Cells 120/
were stored for 2 days. The final pH was 7.7 in
thiosulfate-containing reaction mixtures and 7.3 with Iw- 3 5
thiosulfate absent. Symbols: *, 2.5 mM acetate; 0, 2.5 o, -

mM acetate plus 10mM thiosulfate; A, tetrathionate ' 80 / 4
concentration. ./

0

respiration, consistent differences in the meta- ' 2
bolic ratios between thiosulfate-supplemented2,/ E
and unsupplemented cell suspensions, and the 4a 2
fact that acetate utilization rates determined -1/
from oxygen uptake experiments are hardly af-
fected by pH changes within the pH range of.
this experiment (22) indicate that the pH differ- 0 1 2 3 4 0 1 2 3 4
ences cannot account for the observed changes HOURS

in acetate utaic ntion r FIG. 3. Glucose incorporation (a), respiration (b),
The average rate of thiosulfate oxidation at metabolism (c), and metabolic ratio (d) in strain 12WTHe65 avernge ratemf thiosulfate oxidationat (0.30 mg of cell protein) at an initialpH of 6.5. Cells

pH 6.5 during maximum thiosulfate oxidation were stored for 2 days. The final pH was 6.5 in
(1- to 2-h time intervals) was 112.5 ± 7.7 umol Of thiosulfate-containing reaction mixtures and 6.3 with
thiosulfate oxidized per h per mg of cell protein thiosulfate absent. Symbols: *, 2.5mMglucose; 0, 2.5
(95% confidence limit, five experiments), which mM glucose plus 10mM thiosulfate; A, tetrathionate
resulted in a 33% increase in acetate incorpora- concentration.
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in the metabolic ratio clearly indicates a return
to thiosulfate-absent glucose utilization (Fig.
3d). The effect of thiosulfate on glucose metab-
olized was variable (Fig. 3c). On the basis of six
similar experiments in which different cell
batches were used, there was no more than a
10% increase in glucose metabolized during max-
imal thiosulfate oxidation. The average maxi-
mum thiosulfate oxidation at pH 6.5 was 78.5 ±
15.4 ,imol/h per mg of cell protein (95% confi-
dence limit). The corresponding average in-
crease in glucose incorporation was about 30%,
similar to the thiosulfate-mediated increase of
acetate incorporation by strain 16B at pH 6.5.
These data are also in agreement with the pre-
viously observed growth rate stimulation of
strain 12W by thiosulfate at pH 6.5 and the pH
optimum for thiosulfate oxidation in this bacte-
rium determined from oxygen uptake experi-
ments (22).
At an initial pH of 8.0, there appeared to be a

slight increase in both glucose incorporation and
glucose respiration (Fig. 4a and b), which led to
an average (three experiments) increase of 12%
in glucose metabolized in the presence of thio-
sulfate, but given the variability in rates of glu-
cose utilization with time, this difference may
not be significant in the experiments reported
here. Except at the 4-h time interval, there was
little difference in the metabolic ratios between
thiosulfate-supplemented and unsupplemented
cell suspensions (Fig. 4d). Metabolic ratio values
calculated from three similar experiments were
not significantly different at a 95% confidence
limit. However, the rate of thiosulfate oxidation
at pH 8.0 (15.5 ± 1.1 ,imol of thiosulfate per h
per mg of cell protein, 95% confidence limit,
three experiments) was only 20% of the maxi-
mum rate at pH 6.5. This oxidation rate may
simply have been too low to observe a significant
change in glucose metabolism in strain 12W at
pH 8.0.

DISCUSSION
Thiosulfate-stimulated growth of the marine

heterotrophs 16B and 12W (22) appears to be
based upon an increased efficiency in the utili-
zation of organic carbon and energy sources
which permits these bacteria to commit a greater
portion of available organic carbon for biosyn-
thesis rather than for respiration. This effect is
greatest near the pH optimum for thiosulfate
oxidation (Fig. 1 and 3), but also occurs to a
lesser degree at pH values more representative
of the natural seawater habitat (23, 25) of these
bacteria (Fig. 2 and 4). It should be emphasized
that organic carbon and thiosulfate concentra-
tions used in experiments reported here were
chosen to be similar to those used previously in

batch culture growth experiments (22). It is
likely that increased carbon utilization efficiency
is even more important to bacterial survival and
growth at the lower organic carbon concentra-
tions found in natural marine environments (12).
This discovery is supported by the results of
carbon-limited continuous culture experiments
in which the addition of 1 mM thiosulfate to
strain 12W growing on 10 mg of glucose per liter
at pH 7.3 resulted in a 10-fold increase in the
steady-state population density (J. H. Tuttle, P.
E. Holmes, and H. W. Jannasch, Abstr. Annu.
Meet. Am. Soc. Microbiol. 1974, 9238, p. 59).
The finding that thiosulfate oxidation in

strains 12W and 16B causes increased organic
carbon incorporation with simultaneously de-
creased organic carbon respiration (Fig. 1 and 3)
suggests that the oxidation of thiosulfate to tet-
rathionate is an energy-yielding reaction. It has
recently been observed that starved suspensions
of pyruvate-thiosulfate-grown 16B cells directly
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FIG. 4. Glucose incorporation (a), respiration (b),
metabolism (c), and metabolic ratio (d) in strain 12W
(0.29 mg of cell protein) at an initialpH of 8.0. Cells
were stored for 3 days. The final pH was 7.7 in
thiosulfate-containing reaction mixtures and 7.6 with
thiosulfate absent. Symbols: 0, 2.5 mM glucose; 0, 2.5
mM glucose plus 10 mM thiosulfate.
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produce adenosine triphosphate in the presence
of thiosulfate but not in its absence (unpublished
data). Thiosulfate-oxidizing bacteria, such as
strains 12W and 16B, could be characterized as
chemolithotrophic heterotrophs similar to
Thiobacillus perometabolis, which is not capa-
ble of autotrophic growth (8, 10), except that the
former are never metabolically dependent upon
reduced sulfur compounds for growth and are
incapable of complete thiosulfate oxidation.
Thus, these strains should be termed thiosulfate-
oxidizing heterotrophs.
The observed shift in carbon metabolism of

strains 12W and 16B during thiosulfate oxida-
tion appears to be much different from carbon
utilization by thiobacilli under mixotrophic
growth conditions (10). At relatively high con-
centrations of utilizable organic carbon, there is
an antagonistic effect between organic carbon
and inorganic sulfur metabolism in both Thio-
bacillus intermedius and Thiobacillus novellus
(10). No effect has been found in the thiosulfate-
oxidizing heterotrophs. However, T. novellus ex-
hibits a twofold increase in steady-state biomass
during mixotrophic growth in thiosulfate-limited
chemostats when compared with glucose limi-
tation alone (10). In agreement with Matin (10),
experiments on the growth of various metabolic
types of sulfur-oxidizing bacteria under condi-
tions of nutrient limitation deserve further
study.
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