Applied and Environmental Microbiology -- About the Cover (August 2007, 73, (15)) Page 1 of 1

Applied and
AEM Environmental %
Microbiology

(o J ete friconacx RsunscaiptionsJ arcuive scancrlrasie or contenrs

Institution: MONTANA STATE UNIV AT BOZEMAN Sign In as Member

About the Cover

Cover photograph (Copyright © 2007, American Society for Microbiology. All Rights Reserved.):
Subglacial outflow from the Taylor Glacier in the McMurdo Dry Valleys, Antarctica. Iron and salt
precipitates form where subglacial brine flows from the Taylor Glacier, lending a bright red color to the
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Blood Falls is the surface manifestation of brine released from below the Taylor Glacier, McMurdo Dry
Valleys, Antarctica. Geochemical analyses of Blood Falls show that this brine is of a marine origin. The
discovery that 74% of clones and isolates from Blood Falls share high 16S rRNA gene sequence homology with
phylotypes from marine systems supports this contention. The bacterial 16S rRNA gene clone library was
dominated by a phylotype that had 99% sequence identity with Thiomicrospira arctica (46% of the library), a
psychrophilic marine autotrophic sulfur oxidizer. The remainder of the library contained phylotypes related to
the classes Betaproteobacteria, Deltaproteobacteria, and Gammaproteobacteria and the division Bacteroidetes and
included clones whose closest cultured relatives metabolize iron and sulfur compounds. These findings are
consistent with the high iron and sulfate concentrations detected in Blood Falls, which are likely due to the
interactions of the subglacial brine with the underlying iron-rich bedrock. Our results, together with previous
reports, suggest that the brine below the Taylor Glacier hosts a viable ecosystem with microorganisms capable
of growth, supported by chemical energy present in reduced iron and sulfur compounds. The metabolic and
phylogenetic structure of this subglacial microbial assemblage appears to be controlled by glacier hydrology,

bedrock lithology, and the preglacial ecosystem.

Recent changes in our understanding of subglacial environ-
ments have led scientists to investigate the role of microorgan-
isms in subglacial processes (65). Though these processes were
once thought to be devoid of microbially mediated reactions
(51), it is now clear that microorganisms contribute to subgla-
cial weathering and carbon cycling (e.g., references 24, 47, 58,
60, 61, and 68). A growing consensus among these studies is
that there is a strong link between geochemical signatures in
subglacial materials and the metabolic processes present. The
physical isolation, constant low temperatures, and permanent
darkness of the subglacial environment make subglacial sys-
tems ideal sites for studying the relationship between microbial
diversity and ecosystem function.

Measurements of diversity in a particular habitat establish
the community structure in which the functional or ecological
niches of the system are filled (5). Emerging themes in the
ecology of the subglacial ecosystem are that glacier hydrology
and bedrock lithology control microbial community structure
(60, 65). The niche space generated by these controlling factors
would clearly affect metabolic community structure by influ-
encing electron acceptor and donor availability in the subgla-
cial setting. Our study of the Taylor Glacier demonstrates that
the preglacial ecosystem is an additional factor controlling
subglacial microbial community structure.

Here, we present data on the microbial diversity associated
with the subglacial discharge from the Taylor Glacier in the
McMurdo Dry Valleys, Antarctica. Hypersaline, iron-rich, lig-
uid brine episodically drains from Taylor Glacier at Blood
Falls, which is the end of a conduit where this subglacial brine
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emerges to meet the atmosphere. The ionic compositions and
6l values for outflow at Blood Falls are consistent with those
for marine waters that have experienced cryogenic concentra-
tion (41, 43). The subglacial brine is thought to be a remnant
of seawater originating from the last marine incursion into the
McMurdo Dry Valley network during the Pliocene Epoch (~5
million years ago), when the Dry Valleys were fjord lands (17).
Although geochemical studies of the subglacial outflow have
been conducted sporadically since the early 1960s (4, 6, 35, 43),
our study is the first to investigate the microbial diversity as-
sociated with Blood Falls.

MATERIALS AND METHODS

Site description. The McMurdo Dry Valleys (Fig. 1) form the largest ice-free
region in Antarctica (~4,000 km?) and are characterized by strong winds, low
precipitation (<6-mm water equivalents), and an average annual air temperature
near —20°C (50). Dry polar desert conditions are believed to have persisted in
the region for the past 15 million years (62, 63). This polar desert contains a
mosaic of permanently ice-covered lakes, ephemeral streams, arid soils, exposed
bedrock, and both alpine and outlet glaciers. Taylor Glacier, located in the
Taylor Valley, is an outlet glacier that drains the Polar Plateau (23). The Taylor
Glacier is unique among the Dry Valley glaciers in that the presence of subglacial
brine near its terminus results in geomorphic behavior more like that of a
temperate or polythermal glacier (54). Ice-penetrating-radar data indicate water
or slush below the glacier corresponding to an 80-m depression in the bedrock
topology at ~4 km up-glacier from the terminus (28). This depression is below
sea level and forms what is believed to have been a third lobe of Lake Bonney
(43). When the chemically reduced subglacial brine flows from below the glacier
and is exposed to the atmosphere, it becomes oxidized and a red salt cone, known
as Blood Falls, precipitates at the northern end of the glacier terminus (Fig. 1)
(6, 35).

Total direct bacterial counts. Environmental samples (10 ml) were fixed with
prefiltered (0.2 pwm) formalin to a final concentration of 2% (vol/vol). The
samples were filtered onto polycarbonate filters (0.2-pwm pore size) and stained
with SYBR gold DNA stain (Molecular Probes) as described by Lisle and Priscu
(39). More than 300 bacteria per sample were counted in randomly selected
fields with a Zeiss Axioskop 50 epifluorescence microscope.

Microbial cultivation. We used a matrix of heterotrophic and autotrophic
media designed to selectively enrich organisms from the subglacial brine. En-
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FIG. 1. Location of Blood Falls. The McMurdo Dry Valleys are located in East Antarctica (A) west of the McMurdo Sound (B). The Taylor
Glacier is located in the western end of the Taylor Valley (C). In the map of the Taylor Valley, lakes appear black and glaciers are gray. A
photograph shows the subglacial outflow at Blood Falls, which occurs at the northern end of the Taylor Glacier terminus (D).

richment strategies changed with each sampling season as we learned more about
the geochemistry of undiluted outflow. It is currently unknown what triggers
release of subglacial brine from the Taylor Glacier; therefore, it was not possible
to predict the extent of outflow that would be present each season. Commercially
available media, R2A agar (Difco) (53) and marine agar (Bacto), were used to
assess heterotrophic growth from outflow samples. Chemoautotrophic growth
was tested for by using a medium made with CO, as the carbon source, Fe(IIT)
or O, as the electron acceptor, and H, or thiosulfate as the electron donor. These
media were based on the known geochemical composition of outflow and are
described in detail below. Samples of outflow for culture work were collected
directly into autoclaved 74-ml serum vials by submerging the vials in the flow and
crimp sealing them with sterile butyl rubber stoppers with no headspace. The
serum vials were kept in the dark below 4°C until the return to McMurdo Station
for incubation in selective media (approximately 5 to 10 d). Research efforts were
focused on those enrichments in which colonies appeared after several months of
incubation. Outflow samples (100 wl; ~500 cells) were streaked onto prechilled
plates and incubated at 2 to 4°C until colonies appeared (about 3 to 4 weeks).
Supraglacial melt was tested for growth on Marine agar plates as a control;
samples (200 pl; ~75 cells) were streaked onto prechilled plates and incubated
at 2 to 4°C. No growth was observed in supraglacial melt marine agar plates after
4 weeks of incubation.

Thiosulfate-oxidizer (S-Ox) agar plates were prepared for enrichment of or-
ganisms that use thiosulfate as an electron donor. It should be noted that
organisms capable of using agar for growth could also be enriched with these

plates. S-Ox medium ingredients were added per liter of distilled water as
follows: ammonium chloride (0.2 g), potassium dibasic phosphate trihydrate (0.4
g), potassium dihydrogen phosphate (0.1 g), magnesium chloride hexahydrate
(0.2 g), calcium chloride dehydrate (0.04 g), and agar (15 g). One milliliter each
of vitamin solution (ATCC catalog no. MD-VS) and trace minerals (ATCC
catalog no. MD-TMS) was added after the autoclaving. Thiosulfate (3 mM final
concentration) was added (10 ml) from a 300 mM stock solution. The pH of the
medium was adjusted to 7 with NaOH (0.5 M), autoclaved, and aseptically
transferred into sterile petri dishes.

The iron-reducing (Fe-Rd) medium was adapted from a mineral salts medium
(called MS) described in Boone et al. (7) with the addition of Fe-OOH sludge (2
ml). Amorphous iron(III) oxide was prepared by neutralizing a 0.4 M solution of
FeCl; - 6H,O with 1 M NaOH and washing it with distilled water (40). The
Fe(IIT) gel was stored cold (4°C) and added to the bulk medium by use of a
sterile pipette. The sodium hydroxide was dissolved and equilibrated with CO,
gas. Media were dispensed anaerobically (31) into CO,-sparged serum vials,
crimp sealed with butyl rubber stoppers, and autoclaved (30 min). Enrichments
for iron reduction were prepared by inoculating 0.5 ml (~2,500 cells) of outflow,
collected as described above, into 4.5 ml Fe-Rd medium and then serially diluting
the enrichment 1:100 (or ~25 cells). The headspace was then pressurized with H,
gas (30 Ib/in?).

All media were prechilled (2°C) before inoculation, and all enrichments were
incubated at 1 to 4°C. Most marine and R2A agar plates showed signs of growth
within 2 to 4 weeks, while autotrophic enrichments required longer incubations
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TABLE 1. Summary of geochemical parameters, types of flow, and medium strategies for samples collected at Blood Falls®

] Isolation sample Concn Avg value (mM) for: Blood Falls )
Sample group Collection date identification (no. of pH How t Medium strategy
code cells mi— ") Cl- SO2~  DOC DIC ow type

Clone library 18 January 2000 NA 6.4 1,420 49.0 0.45 NA Active outflow None

Culture 11 November 2001 DV-X NA 6.0 1,070 44.0 NA NA Diluted flow R2A agar (heterotroph)

Culture 19 November 2002 S-X 1.0 x 10* 6.2 22 8.30 NA NA Diluted flow Marine agar; FeRd
(chemoautotroph and
heterotroph)

Culture 17 November 2003 ThoX 7.6 X 10° 8.9 2 0.26 0.08 0.9 Diluted flow S-Ox (chemoautotroph)

Culture 14 November 2004 BF05_X 5.0 X 10* 6.2 1,430 50.7 042 55 Active outflow Marine agar (heterotroph)

Taylor Glacier 9 December 2006 23x10° 86 1.6x1073 92x107* 006 NA

ice

“ The isolation sample identification code refers to strain designations for isolates obtained from the listed sample. X represents the strain number. The Cl™ and
SO,*~ values for Taylor Glacier ice are from Lyons et al. (42). DOC, dissolved organic carbon; DIC, dissolved inorganic carbon; NA, not available.

(>2 months). When colonies appeared, a single colony was selected and re-
streaked on a fresh agar plate to ensure purity. One enrichment from Blood Falls
outflow showed reduction of the iron in the Fe-Rd broth after ~9 months of
incubation. Aliquots of this enrichment broth were transferred to marine agar
plates, streaked for isolation, and restreaked for purity. No contaminants ap-
peared after microscopic observation of pure colonies, and no contaminants
appeared in the uninoculated medium.

DNA extraction. Samples for environmental DNA extraction were collected
directly from Blood Falls outflow during the 1999-2000 austral summer (Table
1). Samples (1 liter) were maintained between 0 and 4°C and filtered within ~4
h. Cells were concentrated onto a 90-mm-diameter polyethersulfone membrane
filter (0.2-um pore size), placed in a sterile plastic bag, heat sealed, and stored at
—20°C until extraction. DNA was extracted from environmental samples and
pure cultures using an UltraClean soil DNA isolation kit (Mo Bio Laboratories,
Inc.) according to the manufacturer’s protocol. The alternative protocol for
maximum yields was followed. The filter containing the environmental sample
was cut into pieces by using flame sterilized scissors and tweezers and then
processed with the Mo Bio kit. DNA from each isolate was collected by picking
a single colony from pure culture streak plates with a sterile pipette tip, which
was then processed with the Mo Bio kit.

16S rRNA gene clone library construction. The microbial 16S rRNA genes
were amplified from extracted DNA by using oligonucleotide primers 4F and 9F
with 1492R (Table 2). Primers were purchased from Macromolecular Resources
(Colorado State University). Each 50-pl PCR mixture contained 5 wl DNA
template, deoxynucleoside triphosphate nucleotide mix (200 wM final concen-
tration; Fisher Scientific), bovine serum albumin (0.5 pg/ul), 0.5 pM (final
concentration) of each primer, 10X Tag buffer (1.5 mM Mg?*), 5X TagMaster
(a proprietary PCR enhancer; Eppendorf), and 1.25 units of Tag DNA polymer-
ase (Eppendorf MasterTaq kit). The reaction mixture was PCR amplified in an
Eppendorf Mastercycler gradient thermal cycler under conditions that included
15 s of denaturation at 95°C, 45 s of annealing at 55°C, and 1.5 min of primer
extension at 72°C. These steps were repeated for 30 cycles. PCR products were
purified using a QIAquick PCR purification kit (QIAGEN) to remove primers,

TABLE 2. Oligonucleotide primers used for PCR amplification and
sequencing reactions of 16S rRNA gene from Blood Falls
genomic DNA, clones, and isolates

Primer use(s) and name® Sequence (5'—3")

PCR and sequencing

TCCGGTTGATCCTGCCRG
...GAGTTTGATCTGGCTCAG
..GGTTACCTTGTTACGACTT
ATTACCGCGGCTGCTGG

...AGAGTTTGATCCTGGCTCAG
...GTGCCAGCMGCCGCGGTAA
...ACCGCTTGTGCGGGCCC
..GCATGGCYGYCGTCAG
GACGGGCGGTGTGTRCA

¢ F, forward primer; R, reverse primer.

nucleotides, polymerases, and salts. Purified PCR products were cloned using a
pGEM-T Easy Vector System cloning kit with the pGEM-T Easy vector (Pro-
mega) according to the manufacturer’s protocol.

16S rRNA gene screening and sequencing. The clone library constructed from
an environmental sample was screened by restriction fragment length polymor-
phism (RFLP) analysis with restriction enzymes HinPI and Mspl (New England
Biolabs). Each 10-pl RFLP reaction mixture contained 2 pl of a supplied enzyme
buffer (New England Biolabs) with two units of each enzyme and 8.7 l of a PCR
product amplified directly from an individual clone colony as described above
and incubated at 37°C for 2 h. Representatives (two or three clones) for each
unique RFLP pattern were selected for sequencing. Plasmid DNA was prepared
for sequencing from clones by using a QIAprep mini prep kit (QIAGEN) ac-
cording the manufacturer’s protocol. The PCR product from the pure cultures
was precipitated prior to sequencing by using ethanol as described by Shapiro
(57). DNA and primers (Table 2) were sent to the Translational Genomics
Research Institute (TGen) (www.tgen.org) for sequencing. Sequences of the
DNA of each clone and isolate were obtained in the forward and reverse direc-
tions with a minimum twofold coverage of the 16S rRNA gene. TGen uses
Applied Biosystems automated sequencers.

Phylogenetic analysis. Nucleotide sequences were assembled with BioEdit
(26). Any ambiguous or incorrectly aligned positions were checked and aligned
manually on the basis of the conserved primary sequence and secondary struc-
tures. Sequences were aligned using the ClustalX function in BioEdit and then
further aligned manually to related sequences obtained from GenBank by using
BLAST version 2.0 (3). The nearest neighbors for which full-length 16S rRNA
gene data were available in GenBank and cultured isolates and clones with
available ecological data were selected for analysis. All assembled sequences
were checked for chimeras by using the Ribosomal Database Project II chimera
check program (14) and the Bellerophon Sever run with two different correction
models (Kimura and Jukes-Cantor) and with no correction model (29). No
chimeras were detected by these methods. Aligned sequences were imported into
the Mega 2.1 program (38) or BioEdit for phylogenetic analysis. A neighbor-
joining phylogenetic tree was constructed using a Kimura two-parameter model
for estimating evolutionary distances between sequences without a mask. A
maximum likelihood phylogenetic tree was estimated from the nucleotide se-
quences by using fastDNAml version 3.3 (20, 49). Neighbor-joining bootstrap
tests of phylogeny were run with 100 replicates.

Estimations of richness and diversity. The richness and diversity of 16S rRNA
genes were estimated from the clone library data. Numbers and proportional
abundances of unique phylotypes were calculated based on the occurrence of
unique RFLP patterns. Two or more representatives for each unique RFLP
pattern were selected for sequence analysis. Sequence results were used to
confirm RFLP pattern assignments as unique phylotypes. Unique phylotypes
were defined as having a final 16S rRNA gene sequence similarity of 97% or
greater compared to the other sequences in the clone library. Similarity between
related sequences was determined using the software program DNADist (version
3.5¢) (19). The relative abundances of these unique phylotypes were determined
based on matching of RFLP patterns to the sequenced clone(s). Phylotype
richness () and abundance (N) values were determined from clone library data.
These measurements (S and N) were used for subsequent Shannon diversity (H')
calculation. A log series alpha value () was calculated for the clone library data
and used to predict expected log abundance values for each phylotype (44).
Chaol estimates were calculated using the web interface provided by Kemp and
Aller (34) (www.asol.org/lomethods/free/2004/0114a.html).
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Nucleotide sequence accession numbers. Sequences were deposited in GenBank
under accession numbers DQ677840 through DQ677876.

RESULTS

The results presented in this study are based on samples
collected during the austral summers (October to January)
between 1999 and 2004. Blood Falls is a hydrologically dy-
namic feature that is subject to potential sample bias depend-
ing upon the date, time of day, and specific area of sample
collection. Geochemical analysis of samples collected at Blood
Falls allows us to infer the “purity” of our samples from the
subglacial source. The chemistry of subglacial brine released at
Blood Falls is markedly different from the chemistry of Taylor
Glacier ice and the other streams that derive from supraglacial
melt during the austral summer (42, 43). The chemistry of
Blood Falls can vary with the rate of subglacial discharge, with
low-discharge waters being diluted with contemporary glacial
surface melt. Chloride and sulfate concentrations (Table 1)
from Blood Falls, for example, are consistently high during
periods of active subglacial outflow (November 2004 outflow
concentrations: for Cl1~, 1,440 mM; for SO,*~, 50 mM) versus
those during periods of diluted flow (November 2003 concen-
trations: for C1~, 2 mM; for SO,>~, 0.26 mM). Regardless of
the fractional dilution of the outflow, measurements at Blood
Falls are clearly distinct from those for supraglacial melt from
Taylor Glacier surface ice, which contained concentrations of
Cl~ and SO,*~ measured at 1.6 uM and 0.92 uM, respectively
(42). Blood Falls discharge is also iron rich (total iron concen-
tration = 3.8 mM) and anoxic (no oxygen detected by Winkler
titration) at its source, whereas melt from the Taylor Glacier is
highly oxygenated (~0.5 mM O,) (J. Mikucki, unpublished
data). Bacterial cell numbers were lower in Taylor Glacier ice
(2.3 X 10°> ml™!) than in samples of diluted or concentrated
subglacial outflow (range = 1 X 10* to 7.6 X 10° cells ml~1).

The clone library was constructed from a single sample col-
lected in January 2000 when Blood Falls outflow was active
based on geochemical data and did not appear to be diluted
with supraglacial melt. Isolates were obtained from samples
collected over 4 years (2001 to 2005), representing years of
active subglacial outflow (2004 to 2005) as well as years in
which outflow appears to have been diluted to some extent
with supraglacial melt (2001 to 2004). Here, we present all the
available diversity data to provide a more accurate description
of the microbial community structure of the dynamic Blood
Falls system. We focus our discussion on results obtained from
the two samples collected during undiluted or concentrated
outflow (18 January 2000 and 14 November 2005).

Cultured isolates. The cultivation of microorganisms from
natural systems is subject to bias from the moment a sample is
removed from the environment. Our culture efforts were de-
signed to survey organisms that could be readily cultured on
synthetic media as well as media designed to reflect in situ
conditions. This effort was by no means exhaustive, but the iso-
lates obtained by our methods do provide insight into the ecology
of the Blood Falls system.

Seven distinct phylotypes were detected by culturing. The
majority of bacterial isolates obtained from Blood Falls envi-
ronmental samples were related to members of the Proteobac-
teria and Bacteroidetes divisions (Fig. 2). The most common
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FIG. 2. Distribution of represented bacterial divisions detected in
the Blood Falls clone library and cultures. Clones that were not se-
quenced were identified based on RFLP pattern. A total of 111 phy-
lotypes were identified. CFB, Cytophaga-Flavobacteria-Bacteroides
phylum; GNS, green nonsulfur.

isolates were from the genera Flavobacterium (represented by
isolates DV3, S2, S13, S15, Thol, Tho3, Tho8, BF05_1,
BF05_2, and BF05_16), Psychrobacter (represented by isolates
DVS8, DV13, S5, S6, S8, S9, S11, S12, and S16), and Marinobacter
(represented by isolates BF05-4, BF05_5, and BF05_16). Culture
work on samples collected during diluted outflow events revealed
several organisms not detected in the clone library, including
isolate S10, which was closely related to an Arthrobacter isolate
from sea ice (33), and an Alphaproteobacteria isolate (Tho7) that
clustered within the genus Caulobacter (1). We were most inter-
ested in isolates BFO5_4, 5, and 16, which were obtained during
active subglacial flow (November 2004) and showed high se-
quence similarity to clones for our clone library. Isolate BF05_4
had 99.35% sequence similarity (based on 1,402 bp) to clone BF
Clone_65 (which clusters with the Marinobacter). Phylotypes sim-
ilar to BF05_4 have been previously isolated from both lobes of
Lake Bonney. Strain ELB-17 (99.28% sequence similarity to
BFO05_4) was isolated from a 17-m depth in the east lobe (Gen-
Bank accession number AY518678) (69). Strain WLB16-007
(99.86% sequence similarity to BFO5_4) was isolated from a 16-m
depth in the west lobe of Lake Bonney (GenBank accession
number DQ015849) (295).

Autotrophic enrichments yielded no strict chemolitho-
trophs; however, the ferrihydrite level in the Fe-Rd enrichment
medium was reduced after approximately 9 months of incuba-
tion. When an aliquot of enrichment culture was transferred to
marine agar for isolation, colonies appeared within 3 days.
Phylogenetic analysis of the isolate (named BF_FeRd-1) con-
firmed a close relation to Shewanella frigidimarina (strain
ACAM 591) (99% sequence similarity based on 1,400 bp) (9).

Clone library. Our clone library was constructed from a
sample collected during concentrated subglacial outflow (18
January 2000). Clones (81 total) were screened by RFLP anal-
ysis, and 40 were selected for complete sequencing. Unique
phylotypes were distinguished based on a conservative defini-
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FIG. 3. Neighbor-joining phylogenetic tree of Proteobacteria 16S rRNA gene sequences constructed with a Kimura two-parameter model.
Selected sequences from the major bacterial lineages were used to the root the tree. Results of bootstrap analysis with 100 replications are noted.
The scale bar represents 0.05 nucleotide substitutions per sequence position. Isolates and clones from Blood Falls are in bold. GenBank accession

numbers are listed in parentheses.

tion (clones with 97% and greater sequence similarity were
considered to be the same phylotype). Based on this definition,
16 distinct phylotypes were detected. The Blood Falls clone
library was dominated by representatives of the phylum Pro-
teobacteria (67 clones, or 83% of the library) (Fig. 2). The
Gamma-, Delta- and Betaproteobacteria classes were repre-
sented by 52, 12, and 3 clones, respectively. Phylogenetic anal-
ysis using both neighbor-joining and maximum likelihood anal-
ysis of the 16S rRNA gene sequences yielded similar tree
topologies; the neighbor-joining trees generated from the se-
quence data are presented (Fig. 3 and 4).

The most abundant clone in our library (BF Clone_55) was

100y |solate ARKSST1 from Arctic sea ice (AF468404)
221 Blood Falls Clone_59
Fseudomonas cedrella (AF064461)
Clone KF/GS-Gitt2-53 from uranium waste (AJ295645)
9B

closely related (99% sequence similarity based on 1,420 bp) to
an obligate chemolithoautotrophic sulfur-oxidizing bacterium,
Thiomicrospira arctica, which was originally isolated from Arc-
tic marine sediments (37). T. arctica is a true psychrophile and
is capable of growth under high Na™ concentrations (as high as
1,240 mM). These values are consistent with in situ Na™ con-
centrations in Blood Falls. Clones belonging to the class
Deltaproteobacteria constituted 15% of the library (12 clones).
The closest sequence match (98% identity; 1,402 bp) for nine
of these clones (BF Clone_24 and 31) was Geopsychrobacter
electrodiphilus, a psychrotolerant bacterium capable of growth
using Fe(III), Mn(IV), and elemental sulfur as electron accep-
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FIG. 4. Neighbor-joining phylogenetic tree of 16S rRNA gene sequences from selected isolates and clones constructed with a Kimura
two-parameter model. Results of bootstrap analysis with 100 replications are noted. The scale bar represents 0.05 nucleotide substitutions per
sequence position. Isolates and clones from Blood Falls are in bold. GenBank accession numbers are listed in parentheses.

tors (27). The remaining Deltaproteobacteria phylotype (BF
Clone_161) was more distantly related to its nearest relatives
in the GenBank database. This phylotype had 93.2% sequence
similarity (based on 1,412 bp) to an isolate (strain STP 23)
from anaerobic lake sediments that can disproportionate sul-
fite, ferment lactose, and use sulfite and thiosulfate as electron
donors and acceptors (56) and 92.2% similarity (based on
1,412 bp) to Desulfocapsa sulfoexigens, an anaerobe isolated
from marine surface sediments that disproportionates elemen-
tal sulfur and thiosulfate (21). Thirteen of the 81 clones were
grouped in the Bacteroidetes division (sometimes referred to as
the Cytophaga-Flavobacteria-Bacteroides or CFB division in the
literature). CFB-type isolates obtained on S-Ox agar were re-
lated (95.1% sequence similarity) to deep sea isolates that are
capable of oxidizing thiosulfate (64), suggesting that other phy-
lotypes in Blood Falls may be involved in sulfur oxidation. A

single sequence that was distantly related to other uncultured
clones in the Chloroflexi (green nonsulfur) division, including
an “uncultured Chloroflexi” from pasture soil (~29%; 100 bp)
and OPB 11 and OPB 12 (~34%; 1,000 bp) from Obsidian
Pool in Yellowstone (30), was detected. No Archaeal DNA was
amplified using primers 4F and 1492R.

Diversity. The use of 16S rRNA gene analysis for determin-
ing microbial diversity includes bias from DNA extraction,
PCR, cloning, and gene copy number (18). Given these poten-
tial problems, the frequency of the 16S rRNA gene is not
necessarily a reflection of the true in situ microbial community
structure (67). Although sequenced microbial genomes of
Blood Falls phylotypes currently do not exist, several phyloge-
netically related organisms have been analyzed (http://img.jgi
.doe.gov and reference 36). Genomes available for the Pseudo-
monas and Acinetobacter genera, for example, have high rRNA
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TABLE 3. Shannon diversity values for Blood Falls and other ecological systems®
Habitat sampled N H Latitude Phylotype detection method Source or reference
Blood Falls 81 1.75 RFLP and cloning This study

WLB (13 m) 28 2.1 77°S RFLP and cloning 25
WLB (16 m) 57 2.4 77°S RFLP and cloning 25
Antarctic pack ice 95 0.81 70°S RFLP and cloning 13
103 0.84 70°S RFLP and cloning 13
Arctic pack ice 86 1.06 75°N RFLP and cloning 13
106 1.09 80°N RFLP and cloning 13
Glacier terminus 25k 2.31° 46°N DGGE 59
11¢ 2.83¢ 46°N DGGE 59
150 m from glacier 15° 1.97° 46°N DGGE 59
9¢ 2.25¢ 46°N DGGE 59
Arizona arid soils 190 6.6-7.1 36°N RFLP and cloning 16

“Two glaciers were studied in the Sigler and Zeyer report (59), Damma Glacier and Rotfirn Glacier. N, abundance; WLB, west lobe of Lake Bonney.

? Result for Damma Glacier.
¢ Result for Rotfirn Glacier.

gene copy numbers, but these phylotypes were not among the
abundant clones retrieved from the Blood Falls library. There
appears to be no correlation between the 16S rRNA gene copy
number for the nearest relative with a genome sequence and
the frequency of our environmental phylotypes detected (r =
—0.24; P = 0.42), implying that copy number is not a factor in
the frequency of clones from Blood Falls.

The use of several different microbial diversity measure-
ments allows us to explore the physical and biological factors
that may regulate community structure. The Shannon index is
a frequently used measure of diversity and therefore provides
a relative statistic for comparing studies of different environ-
mental systems. H' is not without biases, as it assumes that all
species are represented in an infinitely large sample. Since
there is no estimate of error for this statistic, the error in-
creases as the proportion of species represented in the sample
declines (44). Despite this potential for bias, diversity descrip-
tions based on 16S rRNA genes provide a useful means of
comparison with other systems and this approach has been
used in many recent microbial diversity studies (e.g., references
16, 32, 48, and 55).

The bacterial 16S rRNA gene Shannon diversity value cal-
culated for Blood Falls (H" = 1.75) is comparable to measure-
ments from other icy and glaciated environments (Table 3),
including that of its proglacial lake, Lake Bonney. H' was
calculated for clone libraries from the west lobe of Lake Bon-
ney at 13-m (H' = 2.1) and 16-m (H' = 2.4) depths (25). A
microbial diversity study of the forefields of two receding gla-
ciers (59) reported decreased Shannon diversities with increas-
ing distances from both glaciers (from 2.31 and 2.83 at the
glacier termini to 1.97 and 2.25 at 150-m distances from the
termini). Both forefields showed higher diversities (~24%;
standard deviation = *11%) than Blood Falls. However,
Blood Falls has twice the diversity found in Antarctic pack ice
(H' = 0.81 to 0.84) and ~60% greater diversity than that of the
Artic pack ice (H' = 1.06 to 1.09), despite the similarity in

phylotype composition found in these locations. The similar
phylotypes detected in both Blood Falls and polar pack ice
included Shewanella fridigimarina and members of the genera
Psychrobacter, Marinobacter, Pseudomonas, and Acinetobacter
(13). Blood Falls is a hypersaline system, yet it shows diversity
values lower than those reported for other hypersaline brines,
for example, the deep hypersaline anoxic brines in the Medi-
terranean Sea (H' = 2.17 to 3.88) (66).

A phylotype distribution curve (i.e., a relative abundance
curve) for Blood Falls (Fig. 5) revealed a few abundant clones
(represented by BF Clone_55, 24, 31, 17, 35, 44, 27, 37, 41, and

40 6
1= BF Clone_55
2= BF Clone_24 and 31
3= BF Clone_17, 35 and 44
4= BF Clone_27, 37 and 41
30 5= BF Clone_97
&= BF Clone_161 44
7= BF Clone_85 and 90
a= BF Clone_146
9= BF Clone_59
20 10= BF Clone_71
11 = BF Clone_154
12 = BF Clone_14
13= BF Clone_101 -2
14 = BF Clone_53
10 15= BF Clone_186
18 = BF Clone_105
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FIG. 5. Phylotype distribution curve based on bacterial 16S rRNA
gene clone library data from an environmental sample of Blood Falls
outflow. Phylotypes were determined based on RFLP pattern and
confirmed with sequence analysis, and the log series curve is fitted to
the distribution curve. The clone identification is listed for each phy-
lotype and corresponds to the clones presented in the phylogenetic
trees (Fig. 3 and 4).
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TABLE 4. Description of cultivated relatives nearest to selected Blood Falls clones and isolates obtained from concentrated subglacial
outflow samples during December 1999 and December 2004¢

Putative ecological Blood Falls clone

% % of

. Closest cultivated relative P . Comments Reference
role or isolate Similarity  library
Primary producer  C55 Thiomicrospira arctica 98.8 45.7  Chemoautotrophic sulfur oxidizer; 37
psychrophilic arctic marine
sediments
Sulfur and iron C24, C31 Geopsychrobacter electrodiphilus 98.0 11.1  Anaerobic, psychrotolerant, from 27
reducer marine sediments;
chemoorganotroph using Fe(III),
S% Mn(IV), or AQDS as the
electron acceptor
Clel Desulfocapsa sulfoexigens 92.7 3.7  Anaerobic, psychrotolerant, from 21
marine sediments;
disproportionates elemental
sulfur, sulfite, and thiosulfate
using Fe(III) as a scavenging
agent
Heterotroph C65, C90, isolate  Marinobacter lipolyticus 96.1 3.7 Moderate halophile with lipolytic 46
BF05_4a activity
C154 Antarctic soil isolate 98.3 1.2 Protease-producing isolate 70
C105 Psychroflexus tropicus 95.5 1.2 Hypersaline lake isolate 15
Isolates BF05-1 Abyssal strain AII3 Cytophaga- 95.1 NA  Thiosulfate-oxidizing strain isolated 64
and -2 Flavobacterium from marine sediments from a

4,500-m depth

“ AQDS, anthraquinone-2,6-disulfonate; NA, not applicable.

97), with most sequences being rare and generating a long
right-handed tail. The clone library data fit a log series distri-
bution (Fig. 5). Log series a (5.97) was calculated from the
clone library data and superimposed on the phylotype distri-
bution curve (44). The log series describes the species abun-
dance found in the Blood Falls clone library (P was >95%
based on the goodness of fit test, where x> was 6.14, with 15
degrees of freedom).

The Shannon diversity (H") value, which takes both evenness
and abundance into account, was 1.75 for the Blood Falls clone
library. Values for Shannon diversity typically range between
1.5 and 3.5 and rarely surpass 4.5 (44, 45). However, complex
systems, such as soils, tend to have high phylotype diversity; for
example, Arizona soil samples had reported Shannon diversity
values between 6.6 and 7.1 (16). Phylotype richness generally
decreases when one or a few populations attain a high density,
signifying successful dominance by a single population (5),
which may explain the low diversity observed in Blood Falls.
Chaol uses the number of singletons (phylotypes that appear
once) and doubletons (phylotypes that appear twice) to esti-
mate the diversity found in a given sample. Observed/predicted
values for Chaol indicated that only 53% of the total diversity
in Blood Falls was sampled, implying that the measurements
presented here may be conservative estimates of the bacterial
diversity present in Blood Falls.

DISCUSSION

Microbial diversity in Blood Falls outflow. (i) Microbial
diversity in subglacial environments. Although diversity mea-
surements can provide information on the richness of a par-
ticular system, these metrics do not provide specific informa-
tion on the genetic diversity present. The phylotype diversity

reported for subglacial systems from temperate latitudes dif-
fers considerably from that for Blood Falls. This difference is
likely due to the physical hydrology of the glacier as well as the
preglacial ecosystem. In temperate glaciers, there is direct
communication between supraglacial melt and the subglacial
bed, providing oxygen and the class Betaproteobacteria has
been found to dominate alpine snowpack (2) and is the most
abundant bacterial class reported for temperate subglacial sys-
tems. No Betaproteobacteria were detected in Blood Falls.
Foght et al. (22) used cultivation to examine the diversity of
basal sediments from the Franz Josef and Fox Glaciers, New
Zealand. The majority of isolates detected using cultivation
were members of the class Betaproteobacteria. A molecular
survey based on sequencing of denaturing gradient gel electro-
phoresis (DGGE) fragments from samples collected from a
subglacial volcanic crater lake in Iceland also revealed a system
dominated by members of the Betaproteobacteria (24). A com-
parative study of the 16S rRNA gene diversity from the John
Evens Glacier in Canada and the Bench Glacier in Alaska was
dominated by sequences from the Betaproteobacteria as well
(60). The New Zealand, Alaskan, and Canadian glaciers men-
tioned above are wet-based glaciers with meltwater from gla-
cier ice reaching the basal environment. Despite the similar
physical setting and potential metabolic niches of subglacial
systems, the 16S rRNA gene diversity detected in Blood Falls
is unique among reported subglacial systems. The majority of
the phylotypes described for Blood Falls samples were related
to other previously described marine organisms (10, 11, 52),
reflecting its marine preglacial heritage. Below, we describe the
distinct microbial niches implied by our data (Table 4).

(ii) Sulfur oxidation and autotrophy. There is growing evi-
dence that biological sulfur oxidation is an important subgla-
cial process. Significant biological sulfate production has been
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measured in subglacial sediment and water samples by incu-
bation experiments (58) and stable isotopic measurements (8).
Bottrell and Tranter (8) found that biological sulfur oxidation
occurred under partially anoxic conditions, with Fe(III) de-
rived from Fe-OH minerals as the oxidant. Our phylogenetic
data support these previous studies and lead us to contend that
Fe and S have an important role in the metabolism of the
Taylor Glacier subglacial system. The majority of clones in the
Blood Falls library (46%; 37 clones) were related to an obligate
chemoautotroph (Thiomicrospira arctica), implying the capac-
ity for subglacial chemosynthetic primary production. This no-
tion is further supported by the dark CO, fixation that we
measured in Blood Falls concentrated outflow samples (J.
Mikucki, unpublished data). The rates calculated for Blood
Falls (1.2 nmol C liter ! d™') were statistically similar (P =
0.11) to rates measured in samples from a subglacial volcanic
lake (3.3 nmol C liter—* d ') (24). The genus Thiomicrospira is
an important group in hydrothermal vent communities and is
widely distributed in marine environments, suggesting that this
genus may play an important role in global carbon and sulfur
cycles (12). It is possible that in situ primary production by
chemoautotrophs like Thiomicrospira may provide new organic
carbon to the subglacial environment below the Taylor Glacier
in the total absence of sunlight and at permanently low tem-
peratures.

(iii) Iron and sulfur reduction. Several lines of evidence
suggest that microbially mediated iron and sulfur reduction
occurs in Blood Falls. The medium containing oxidized iron as
the sole electron acceptor was reduced when inoculated with
Blood Falls outflow (and H, gas) after several months of in-
cubation. From this enrichment, a close relative to Shewanella
frigidimarina, a known iron-reducing organotroph, was iso-
lated. Nine clones from the Blood Falls clone library clustered
with members of the sulfur- and iron-reducing Geobacteraceae
family with high 16S rRNA gene homology (98% similarity).
Our findings are also consistent with geomicrobial studies from
other subglacial environments. Sulfate reduction was mea-
sured in the subglacial environments of two Arctic glaciers by
sulfate loss in incubations of basal ice from the John Evans
Glacier in Canada (61) and stable-isotope analyses of subgla-
cial outflow from Finsterwalderbreen in Svalbard (68).

(iv) Organic matter degradation. Heterotrophic activity has
been measured in Blood Falls outflow by labeled thymidine
incorporation and extracellular enzyme activity assays (47).
The isolates in the present study were not tested for their
carbon utilization abilities, but the existing literature on the
cultivated organisms nearest to the clones and isolates from
Blood Falls implies the ability to degrade an array of carbon
compounds. Members of the division Bacteroidetes were well
represented in our clone library (13 clones; 16% of the library),
and its members were readily cultivated from Blood Falls sam-
ples (12 isolates).

The ecology of the Taylor Glacier subglacial habitat. The
phylotype abundance data for Blood Falls fit a log series dis-
tribution (Fig. 5) which describes a habitat where the biological
assemblage is composed of a small number of abundant phy-
lotypes and a larger proportion of rare phylotypes that are
present in relatively low numbers. This is typical of biological
communities where a few dominant species account for the
majority of energy inputs while the less abundant species de-
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termine the overall diversity of the system (5). A log series
distribution typically occurs where one or only a few factors
control the ecology of the community (for example, the avail-
ability of oxygen or sunlight). Glacier hydrology imparts strong
feedbacks on the availability of oxygen as an electron acceptor
and may be a robust regulator in subglacial community struc-
ture. The ability to gain energy efficiently at low temperatures
from iron and sulfur minerals or available organic carbon
would be a selective advantage below the Taylor Glacier and in
other subglacial environments. The phylotypes in Blood Falls
that were related to organisms that metabolize iron and sulfur
compounds were the most abundant in the Blood Falls log
series curve. The low diversity (based on the Shannon index)
coupled with a log series distribution of phylotypes indicates
that Blood Falls is a physically controlled ecosystem where
adaptations to the physiochemical stress of subglacial condi-
tions contribute to community structure control. Collectively,
these data indicate that the environmental factors creating the
subglacial environment (the preglacial ecosystem, the glacier
bed substratum, and glacier hydrology) all influence the ge-
netic structure of subglacial microbial diversity.

Conclusions. Microbial growth in the subglacial setting must
be able to proceed in the absence of sunlight and under per-
manently cold conditions. In the hydrologic regime of the Tay-
lor Glacier, anoxia also is likely to be an important regulator of
microbial energetics. Organisms below the Taylor Glacier must
contend with elevated salinities and high iron concentrations.
The biogeochemical data presented here imply that the bacte-
rial assemblage below the Taylor Glacier can grow chemoau-
totrophically or chemoorganotrophically by harvesting energy
from bedrock minerals or the assemblage may grow hetero-
trophically on ancient marine organics by respiring Fe(III) or
SO,?". Given the length of time that this marine system has
been isolated from phototrophic production (~2 million
years), the ability to degrade and consume increasingly recal-
citrant organic carbon would also be important. The detection
of putatively chemoautotrophic phylotypes suggests that sub-
glacial systems can be sustained independent of new carbon
fluxes by in situ CO, fixation. Collectively, our data indicate
that the subglacial community structure is constrained by a
combination of bedrock lithology, glacier hydrology, and the
preglacial history of the covered terrain.
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