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iments and anoxic portions of the water column, with concentrations increasing with depth to more than 1 mM near the
sediments (13).
The gradients of oxygen and sulfide in Lake Fryxell should
provide an ideal environment for development of SOB (20).
With this in mind, we report here on the vertical distribution of
cultivable strains of SOB in this lake. Three strains of SOB
resembling Thiobacillus thioparus were isolated from different
depths of Lake Fryxell, and relative numbers of SOB were
quantified using extinction dilution methods. Our results support the hypothesis that biological sulfur cycling is occurring in
this polar lake.

The role of sulfur-oxidizing bacteria (SOB) in carbon and
sulfur cycling has been well studied in both temperate and
geothermal aquatic environments (1, 17, 29). Many metabolically and phylogenetically diverse organisms involved in sulfur
cycling have been isolated in pure culture from these environments and characterized in detail (6, 10, 32, 36). However, the
same cannot be said for sulfur-oxidizing chemolithotrophs in
permanently cold environments.
Although SOB have been identified in cold environments
(25, 37), well-characterized pure cultures of these organisms
are rare. One exception is in the work of Knittel et al. (19), in
which two psychrophilic Thiomicrospira species, T. arctica and
T. psychrophila, from sediments off the coast of Svalbard were
described. These organisms were the first psychrophilic, chemolithoautotrophic, sulfur-oxidizing bacteria isolated in pure culture. In contrast to those studies, which focused on new species
of SOB from marine sediments, our work describes planktonic
SOB from the water column of the permanently ice-covered
Lake Fryxell, Antarctica.
Lake Fryxell is one of the most productive of several lakes in
the McMurdo Dry Valleys of southern Victoria Land, Antarctica (41). The lake is just over 18 m deep and has a length of
about 5.5 km, a width of 2 km, and a surface area of approximately 7 km2 (21). A salinity gradient ranging from freshwater
to about 0.8% NaCl near the sediments is also present in the
lake (21). In addition to the increasing density of the water
with depth, a thick ice cover that is currently just over 6 m
contributes to a highly stratified and amictic water column (27,
41). Water directly beneath the ice cover is supersaturated with
dissolved gases, including oxygen and carbon dioxide (31).
However, dissolved oxygen levels decrease dramatically below
8 m, and the water column becomes anoxic below 10 m, soon
after the appearance of sulfide at 9.5 m (15). The sulfide, a
product of sulfate-reducing bacteria, diffuses up from the sed-

MATERIALS AND METHODS
Sample collection and water analyses. Water samples were collected from
Lake Fryxell during November 2001 and November 2003 at global positioning
system coordinates 77°36.570⬘S, 163°8.969⬘E and 77°36.604⬘S, 163°8.853⬘E, respectively, as previously described (14, 15). Briefly, a sampling hole about 0.6 m
wide was drilled and melted into the ice cover of the lake by using a Jiffy auger
and Hotsy furnace, respectively. Niskin bottles (2.5 and 5 liters) were used to
retrieve samples from the water column in 0.5-m intervals from 8 to 13 m and in
1-m intervals elsewhere. All samples were dispensed into completely filled Nalgene polyvinyl chloride bottles and transported at approximately 4°C in darkness
to Crary Laboratory in McMurdo for processing. Lake water temperature and
dissolved oxygen concentrations were determined using a Yellow Springs Instrument Company model 57 precalibrated probe. Sulfide and sulfate concentrations
were determined as previously described (14, 15), using colorimetric or turbidimetric chemical assays, respectively.
Growth media and culture incubation. Enrichment cultures and most-probable-number (MPN) dilution sets were established under aerobic conditions in a
10 mM MOPS-buffered medium (pH 7.2) containing the following mineral salts
(amounts are per liter of deionized water): NaCl, 2.0 g; MgSO4 · 7H2O, 0.1 g;
CaCl2 · 2H2O, 0.05 g; NH4Cl, 0.5 g; KCl, 0.5 g; KH2PO4, 0.5 g; and trace
elements (EDTA, 5.2 g; FeCl2 · 4H2O, 1.5 g, CoCl2 · 6H2O, 0.19 g; MnCl2 ·
4H2O, 0.1 g; CuCl2 · 2H2O, 0.017 g; ZnSO4 · 7H2O, 0.15 g; H3BO3, 0.006 g;
Na2MoO4 · 2H2O, 0.188 g; NiCl2 · 6H2O, 0.025 g; VOSO4 · 2H2O, 0.03 g;
Na2WO4 · 2H2O, 0.002 g; and NaHSeO3, 0.002 g), 1.0 ml. Enrichment and MPN
cultures were incubated in the dark in loosely capped, one-third-filled 10- to
40-ml screw cap tubes containing sodium thiosulfate (20 mM) as an electron
donor. For comparative purposes, the type strain of Thiobacillus thioparus, obtained from the American Type Culture Collection as ATCC 8158, was cultured
in the same thiosulfate-mineral salts medium as the Lake Fryxell strains.
Other electron donors used to test substrate utilization in pure cultures in-
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Novel strains of obligately chemolithoautotrophic, sulfur-oxidizing bacteria have been isolated from various
depths of Lake Fryxell, Antarctica. Physiological, morphological, and phylogenetic analyses showed these
strains to be related to mesophilic Thiobacillus species, such as T. thioparus. However, the psychrotolerant
Antarctic isolates showed an adaptation to cold temperatures and thus should be active in the nearly freezing
waters of the lake. Enumeration by most-probable-number analysis in an oxic, thiosulfate-containing medium
revealed that the sulfur-oxidizing chemolithotroph population peaks precisely at the oxycline (9.5 m), although
viable cells exist well into the anoxic, sulfidic waters of the lake. The sulfur-oxidizing bacteria described here
likely play a key role in the biogeochemical cycling of carbon and sulfur in Lake Fryxell.
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cluded elemental sulfur treated at 100°C for 15 min on 3 successive days (0.2%
[wt/vol] in shaken 125-ml Erlenmeyer flasks), sodium thiocyanate (10 mM), sodium
sulfite (20 mM), and sodium sulfide. Cultures containing sulfide as an electron donor
were grown in three different ways: (i) in tubes having 4 ml of a 4 mM sulfide agar
(agar at 1.5%; Becton, Dickinson and Co., Sparks, MD) plug underneath 8 ml of a
mineral salts thin agar (0.7%) overlay, (ii) on petri plates containing 12 ml of 10 mM
sulfide agar underneath 12 ml of a mineral salts thin agar (0.7%) overlay, or (iii) in
tubes of liquid (5 ml) or plates of mineral salts medium placed in sealed jars
containing a sulfide-evolving solution (11). Agar used in solid growth media was
washed three times in distilled water before use to remove residual organic materials. Incubations of primary enrichment cultures and subcultures were established
aerobically at 4, 10, or 18°C; isolated strains were routinely maintained at 4 or 10°C.
Anaerobic growth using nitrate as electron acceptor was tested in crimp-top
butyl rubber-stoppered tubes of 0.5 mM sulfide-reduced liquid thiosulfate medium containing 10 mM KNO3. Manipulations of anoxic media were carried out

in an anoxic glove bag, giving the tubes a headspace of N2-H2 (95:5); the addition
of resazurin to the medium confirmed anoxic conditions. Heterotrophic growth
was tested in both complex media (tryptic soy and nutrient broths) and the
defined mineral salts medium (without thiosulfate) supplemented with the organic substrates glucose (5 mM), fructose (5 mM), galactose (5 mM), lactose (3
mM), pyruvate (10 mM), lactate (10 mM), acetate (10 mM), succinate (10 mM),
ethanol (10 mM), and propanol (10 mM).
MPN experiments were performed in precooled (10°C) thiosulfate-mineral
salts medium with undiluted, 10⫺1-diluted, and 10⫺2-diluted Lake Fryxell water
from depths of 8, 8.5, 9, 9.5, 10, 10.5, 11, 11.5, 12, and 13 m as inocula. Inocula
from each dilution from each depth were maintained at 4°C and added to
triplicate tubes of media in 10-, 1-, and 0.1-ml aliquots (a total of 27 tubes per
depth). Cultures were then incubated at 18°C in darkness. Scoring of positive
tubes was determined visually with the development of turbidity over a 16-day
incubation period, and MPN values were obtained using standard tables.
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FIG. 1. Cell morphology of Thiobacillus strain FTL9 versus that of T. thioparus ATCC 8158T. (A) Phase-contrast photomicrograph of strain
FTL9. (B) Phase-contrast photomicrograph of T. thioparus ATCC 8158T, shown for comparison. Note the elemental sulfur globules (arrows) that
accumulate in the growth media of both organisms as thiosulfate is oxidized. (C) Scanning electron micrograph of strain FTL9, showing different
stages of dividing cells. (D) Transmission electron micrograph of strain FTL9, showing longitudinal and cross-sectioned cells. Arrows indicate
polyhedral carboxysomes within cells of strain FTL9, shown at higher magnification in the inset.
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Microscopy. Photomicrographs were taken with an Olympus B-Max 60 photomicroscope by using the method of Pfennig and Wagener (24). Cell counts for
growth of isolates in response to temperature were determined microscopically
using a Petroff-Hausser counting chamber. Electron micrographs of mid-exponential-phase cells were obtained by the method described by Kimble et al. (18),
in which cells were fixed first in 2% glutaraldehyde and then in OsO4 (transmission electron microscopy), or via dehydration by ethanol washing followed by
critical-point drying (scanning electron microscopy).
Molecular analyses. Extractions of genomic DNA from liquid cultures were
performed using the Puregene DNA purification system according to the manufacturer’s instructions (Gentra Systems, Minneapolis, MN). PCR amplification
of small-subunit (SSU) rRNA genes was performed as previously described (15),
using bacterial primers 8F (5⬘-AGAGTTTGATCCTGGCTCAG-3⬘) and 1525R
(5⬘-AAGGAGGTGATCCAGCC-3⬘) and the following cycling parameters: an
initial denaturation at 94°C for 30 s; then 30 cycles of 30 s at 94°C, 30 s at 54°C,
and 60 s at 72°C; and then a 10-min extension at 72°C. PCR products were
purified using the QIAquick PCR purification kit according to the manufacturer’s
instructions (QIAGEN Sciences, Germantown, MD). Gene products of SSU
rRNA were sequenced either manually using the ThermoSequenase cycle sequencing kit (U.S. Biochemicals, Cleveland, OH) or with an automated DNA
sequencer. Sequence fragments of the SSU rRNA genes of cultured strains were
assembled using either SeqApp (7) or the CAP3 sequence assembly program (9).
Assembled sequences were aligned, and a phylogenetic tree was constructed
using MacVector (version 7.2.3). Details of the tree construction are described in
the legend to Fig. 2. Accession numbers for all organisms used in the phylogenetic analysis are indicated in Fig. 2.
Nucleotide sequence accession numbers. Sequences of the SSU rRNA genes
from strains FTL9 (ATCC, BAA-1341) to -11 were deposited in GenBank under
accession numbers DQ451825 to DQ451827, respectively.

RESULTS
Enrichment and isolation. Liquid thiosulfate mineral salts
media were inoculated with Lake Fryxell water from depths of
9, 10, and 11 m and incubated aerobically at 4, 10, and 18°C.

Positive cultures for SOB became turbid after 1 to 3 weeks,
depending upon incubation temperature, and were streaked
for isolation on 1.5% washed agar plates of the same medium.
Pinpoint, yellowish colonies were picked and restreaked repeatedly until pure cultures of three strains were obtained.
Microscopic observation, colony characteristics, and the lack of
growth in complex media verified that cultures of the FTL
strains were axenic.
Morphology. Strains FTL9, FTL10, and FTL11 (FTL, Fryxell Thiobacillus-like) were isolated from 9, 10, and 11 m, respectively. All strains showed similar morphological characteristics. Therefore, strain FTL9 was chosen as a representative
strain for detailed studies. Cells of strain FTL9 were small
cocci to short rods measuring 0.6 to 0.9 m by 0.7 to 1.9 m
(Fig. 1A, C, and D). Like Thiobacillus thioparus (Fig. 1 B),
strain FTL9 was motile, stained gram negatively, and existed as
single cells or cell pairs. As is typical of sulfur-oxidizing Thiobacillus species grown on thiosulfate as an electron donor,
cultures of strain FTL9 showed a milky turbidity, largely due to
accumulation of elemental sulfur in the medium (Fig. 1A) (20).
In older cultures, this turbidity disappeared as elemental sulfur
was oxidized to sulfate and cells began to settle and form a
white sediment. A sharp drop in pH of approximately 1.8 units
accompanied this disappearance of sulfur, and cell viability was
greatly diminished when cultures reached this stage of growth.
Scanning and transmission electron microscopy of cells of
strain FTL9 revealed an undulating outer membrane (Fig. 1C
and D), with thin sections of cells showing polyhedral inclusion
bodies that appear to be carboxysomes (Fig. 1D). These struc-
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FIG. 2. Phylogenetic tree generated from 1,419 nucleotide positions of the 16S rRNA gene by using the Kimura two-parameter distance
algorithm in a heuristic search. Only cultured strains were included in the analysis. GenBank accession numbers are shown in parentheses.
Organisms shown are members of the Betaproteobacteria, with the exception of the outgroup organism, Starkeya novella (formerly Thiobacillus
novellus), a member of the Alphaproteobacteria. Tree topology was maintained with all analyses, and high bootstrap values (⬎70%) based on 1,000
replicates are represented.
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FIG. 3. Temperature relationships of strain FTL9 and T. thioparus
ATCC 8158T. (A) Graph showing cold adaptation of strain FTL9
compared to that of the mesophilic T. thioparus ATCC 8158T.
(B) Graph showing growth temperature ranges and optima for strain
FTL9 (closed circles) and T. thioparus ATCC 8158T (open circles)
after 8 days of incubation.

(iii) Temperature. The temperature range supporting growth
showed a clear distinction between the Antarctic Thiobacillus
strains and T. thioparus ATCC 8158T. Strain FTL9 showed a
clear adaptation to cold and an intolerance of warmer temperatures in comparison to T. thioparus ATCC 8158T when cultures of each were incubated at 4°C and 35°C. Strain FTL9
grew at 4°C but not at 35°C, while the opposite was true for
strain ATCC 8158T (Fig. 3A). In addition, the FTL strains
were capable of growth to ⫺2°C and exhibited a temperature
range and a temperature optimum approximately 10°C cooler
than those of strain ATCC 8158T (Fig. 3B). The FTL strains
grew optimally at 18°C, with an upper limit of 31°C (Fig. 3B).
By contrast, T. thioparus ATCC 8158T showed no growth at
8°C, grew optimally at 30°C, and had an upper limit of nearly
40°C (Fig. 3B). The FTL Thiobacillus strains are thus best
described as psychrotolerant.
With each organism incubated at its respective optimum
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tures, found in cyanobacteria and many chemolithotrophic
prokaryotes, contain ribulose 1,5-bisphosphate carboxylase, a
key enzyme of the Calvin cycle (3).
Phylogeny. Phylogenetic analyses were performed on all
three strains of Lake Fryxell SOB. Distance analysis placed the
strains within the Betaproteobacteria, specifically, within a clade
containing strains of Thiobacillus thioparus (Fig. 2). The three
Antarctic strains showed ⬎99.9% identical rRNA gene sequence homology among themselves over the 1,419 bases included in the analysis. T. thioparus strains 5Z-C1 and TBW3
were most closely related to the FTL strains, at 99.0 and
98.6%, respectively. These organisms were isolated from microcosms prepared from rice field soils of northern Italy and
are both described as obligately chemolithoautotrophic SOB
(34). The FTL strains showed 98.4% rRNA sequence homology to T. thioparus ATCC 8158T and 97.8% homology to T.
thioparus strain LV43, an organism isolated from a groundwater cave ecosystem in Romania (42). The topology of the
neighbor-joining distance tree was robust and remained unchanged whether left uncorrected or corrected using the JukesCantor or Kimura two-parameter method. High bootstrap values (ⱖ72%) from 1,000 replicates provided strong support of
the clade positions (Fig. 2).
Physiology. (i) Electron donors and acceptors. Like for T.
thioparus, heterotrophic growth was not observed among the
FTL strains on either complex media or defined media containing any of 10 different carbon sources; thus, they are likely
obligate chemolithoautotrophs. Electron donors that supported chemolithotrophic growth of strain FTL9 included thiosulfate, sulfide, elemental sulfur, and thiocyanate; sulfite did
not support growth. Growth was observed in cultures containing up to 0.2 M thiosulfate (data not shown). Cultures grown
using elemental sulfur required shaking and a longer incubation time to show turbidity, and growth was confirmed by a
microscopic count. Like their closest relatives, T. thioparus
strains 5Z-C1 and TBW3, none of the FTL strains were able to
grow anaerobically with nitrate as an electron acceptor. This is
in contrast to the case for T. thioparus ATCC 8158T, however,
which has been shown to respire nitrate to nitrite during anaerobic growth (20).
(ii) pH and salt. T. thioparus is capable of growth within a
broad pH range, with an optimum near pH 7 (20, 34, 42). The
pH ranges supporting growth of the FTL strains were similarly
broad, but the midpoint of their pH ranges was shifted slightly
to the alkaline side in comparison to that of T. thioparus (data
not shown). While T. thioparus ATCC 8158T grew between pH
5 and 9, strain FTL9 grew at pH 6.5 to 9.5, and strains FTL10
and FTL11 grew at pH 6.25 to 9.5. The pH optimum for growth
of the FTL strains was between pH 7.75 and 8.0.
Neither T. thioparus ATCC 8158T nor the Lake Fryxell
strains showed a salt requirement. All strains grew in medium
lacking NaCl, but the addition of 0.05% (wt/vol) NaCl stimulated growth among the FTL strains (data not shown). The
Antarctic strains showed a higher salt tolerance than the type
strain. While growth of T. thioparus ATCC 8158T was completely inhibited in media containing more than 1.3% NaCl,
strain FTL9 grew well in media containing up to 2.4% NaCl,
and strains FTL10 and FTL11 grew in media containing up to
2.6% NaCl.
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temperature and all other factors being the same, T. thioparus
ATCC 8158T demonstrated a higher growth rate than strain
FTL9. Cells of strain ATCC 8158T displayed a doubling time of
approximately 12 h when incubated at 30°C, while cells of
strain FTL9 showed a doubling time of about 20 h when incubated at 18°C (data not shown).
Distribution of SOB in Lake Fryxell. The distribution of
viable SOB in the Lake Fryxell water column was explored by
MPN culture analyses in thiosulfate-containing autotrophic
media. Cell numbers of SOB peaked at 9.5 m, precisely within
the narrow zone where both dissolved oxygen and sulfide coexist in the water column (Fig. 4). Numbers of SOB appeared
to be more limited by a lack of sulfide than by a lack of
dissolved oxygen. For example, above 9 m, where sulfide was
not present, SOB were virtually undetectable using MPN
methods. By contrast, below peak numbers at 9.5 m, numbers
of cultivable SOB dropped quickly between 10 and 11 m,
coinciding with the disappearance of dissolved oxygen. However, populations of SOB were still detectable to a depth of
13 m, well within the anoxic zone (Fig. 4). Absolute numbers of
SOB were low at all depths tested, with a maximum number
of slightly less than 2 ⫻ 102 cells/ml recorded at the chemocline
of 9.5 m (Fig. 4).

DISCUSSION
Sulfur-oxidizing chemolithotrophic bacteria play a prominent role in biogeochemical sulfur cycling (2, 28). These organisms are a phylogenetically and metabolically diverse group
that are capable of using a wide variety of compounds as
carbon and energy sources (28). They are typically found in
habitats where both oxygen and reduced inorganic sulfur compounds, such as sulfide, are present (2). To position themselves
optimally within these microenvironments, many of these organisms exhibit chemotactic motility (4, 20, 38, 39).
Lake Fryxell provides a rare opportunity for the study of
SOB and sulfur cycling in general in a permanently cold environment. A large volume of the Lake Fryxell basin is anoxic
due to the production of sulfide by sulfate-reducing bacteria,
which have been shown to occupy both the sediments and the
water column of the lake (15). By contrast, the mixolimnion of
Lake Fryxell is supersaturated with oxygen due to the activities
of phytoplankton and the permanent ice cover; the latter inhibits diffusion of dissolved gases to the atmosphere (43). Considering this chemical profile, as well as the observation that
sulfate concentrations peak just below the oxycline (Fig. 4), we
suspected the presence of SOB in the water column of the lake.
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FIG. 4. Lake diagram showing relevant physiochemical parameters and cell numbers of thiosulfate-oxidizing bacteria based on MPN analyses.
The expanded scale (inset) shows concentrations of sulfide and dissolved oxygen at the chemocline (oxycline).
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The distribution of cultivable SOB in Lake Fryxell was investigated by using MPN dilution cultures. Lake water used for
these inoculations ranged from depths of 8 to 13 m. The choice
of these depths reflected the range of physiochemical parameters of the water column that are critical for growth of SOB,
that is, where SOB were expected to proliferate. As expected,
maximum numbers of SOB occurred at 9.5 m, the midpoint of
the narrow zone containing both oxygen and sulfide. The presence of SOB at between 10.5 and 13 m is intriguing, considering that at these depths conditions are anoxic (Fig. 4), mixing
occurs only by molecular diffusion, and alternative electron
acceptors, such as nitrate and ferric iron, are virtually undetectable (8, 44). It is therefore unclear whether these cells are
maintaining active metabolism at these depths or are existing
in a dormant state until conditions become more favorable.
We acknowledge that the cell numbers of Lake Fryxell SOB
reported here are likely underestimates. This may be due to
culture biases introduced by the composition of the growth
medium and the incubation conditions. The medium used in
our MPN analyses discriminates against SOB that are unable
to use thiosulfate as an electron donor, for example. Although
absolute numbers of SOB in Lake Fryxell were low at all
depths tested, Vlasceanu et al. (42) reported similarly low cell
numbers of approximately 102 to 103 cells/ml in surface and
groundwater springs near the Black Sea in a study that used a
fluorescent antibody specific for T. thioparus. Therefore, our
estimates of cell numbers may not be that far from actual
numbers. Regardless, we believe that our MPN study provides
an accurate profile of cultivable, thiosulfate-oxidizing, chemolithoautotrophic bacteria in relevant depths of Lake Fryxell.
Sulfur-chemolithotrophy is one of several autotrophic metabolisms that are active in Lake Fryxell. These include oxygenic photosynthesis (41), anoxygenic photosynthesis (12, 14,
23), methanogenesis (13), and homoacetogenesis (W. M. Sattley and M. T. Madigan, unpublished results). Sulfur-oxidizing
chemolithotrophs, such as the FTL strains described here,
function to both close the sulfur cycle (by producing substrate
for sulfate-reducing bacteria) and supply organic carbon to the
Lake Fryxell ecosystem. Since Lake Fryxell is a totally microbial ecosystem (35), it is likely that even these small inputs of
organic carbon are important for supporting heterotrophic
processes throughout the water column and sediments of this
constantly cold polar lake.
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