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The Lost Hammer (LH) Spring is the coldest and saltiest terrestrial spring discovered to date and is characterized by perennial
discharges at subzero temperatures (—5°C), hypersalinity (salinity, 24%), and reducing (=—165 mV), microoxic, and oligotro-
phic conditions. It is rich in sulfates (10.0%, wt/wt), dissolved H,S/sulfides (up to 25 ppm), ammonia (=381 M), and methane
(11.1 gday"). To determine its total functional and genetic potential and to identify its active microbial components, we per-
formed metagenomic analyses of the LH Spring outlet microbial community and pyrosequencing analyses of the cDNA of its 16S
rRNA genes. Reads related to Cyanobacteria (19.7%), Bacteroidetes (13.3%), and Proteobacteria (6.6%) represented the domi-
nant phyla identified among the classified sequences. Reconstruction of the enzyme pathways responsible for bacterial nitrifica-
tion/denitrification/ammonification and sulfate reduction appeared nearly complete in the metagenomic data set. In the cDNA
profile of the LH Spring active community, ammonia oxidizers (Thaumarchaeota), denitrifiers (Pseudomonas spp.), sulfate re-
ducers (Desulfobulbus spp.), and other sulfur oxidizers (Thermoprotei) were present, highlighting their involvement in nitrogen
and sulfur cycling. Stress response genes for adapting to cold, osmotic stress, and oxidative stress were also abundant in the met-

agenome. Comparison of the composition of the functional community of the LH Spring to metagenomes from other saline/
subzero environments revealed a close association between the LH Spring and another Canadian high-Arctic permafrost envi-
ronment, particularly in genes related to sulfur metabolism and dormancy. Overall, this study provides insights into the
metabolic potential and the active microbial populations that exist in this hypersaline cryoenvironment and contributes to our

understanding of microbial ecology in extreme environments.

ryoenvironments are defined as permanently subzero or fro-

zen environments, such as permafrost, glaciers, ice sheets,
multiyear sea ice, high-elevation Antarctic dry valleys, and some
cold saline springs (1-6). Microorganisms inhabiting cryoenvi-
ronments must face the challenges of subzero temperatures, low
water activity, and, often, high solute concentrations to sustain
their viability. The cold saline springs on Axel Heiberg Island
(AHI) in the Canadian high Arctic discharge through 500 to 600 m
of thick permafrost, maintain a liquid state at subzero tempera-
tures, and offer a unique opportunity to assess microbial adapta-
tions to extremes of both high salinity and subzero temperatures
(3,4, 7-9). These springs occur in an area with an average annual
air temperature of —15°C, reaching below —40°C during the win-
ter months, and probably originate from subpermafrost ground-
water flow through carboniferous evaporites in areas of diapiric
uplift on AHI (10, 11). Other Arctic cold springs, on Ellesmere
Island in the Canadian high Arctic and on the Norwegian high-
Arctic Svalbard archipelago, have been reported (12-14), al-
though the discharges from these springs are not subzero. Viable
microbial communities have been described for all of these Arctic
springs (3, 4,7, 8, 13-15).

The Lost Hammer (LH) Spring, located in the central west
region of AHI (79°7'N, 90°21'W) is the coldest and saltiest of all
Arctic springs described to date. LH is characterized by a perennial
hypersaline (24%) discharge at subzero temperatures (~—5°C)
flowing to the surface through a hollow, 2-m-high cone-shaped
salt tufa structure. The discharge waters are microoxic (dissolved
oxygen, 0.1 to 1 ppm), highly reducing (=—165 mV), and neutral
(pH ~7) and contain ammonia (6.87 mg kg~ ') and high concen-
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trations of sulfate (10.0%, wt/wt). During the summer months,
the spring waters empty from the dome structure, partially expos-
ing the spring sediments to ambient conditions; however, the sed-
iments remain anoxic and highly reducing. Continuous gas emis-
sions from the spring indicate a thermogenic methane source
underlying LH (3, 4). On the basis of these properties, this spring
is considered a significant astrobiology analogue site (15, 16) for
possible habitats currently present on Mars and the cold moons
Europa and Enceladus. For example, the widespread distribution
of chloride and sulfate minerals on Mars (16, 17), reports of
spring-like structures on the Martian surface (18, 19), recent im-
ages indicating that liquid brines flowed on Mars during the past
decade under mean surface temperatures of —60°C and extensive
permafrost (20, 21), and the potential detection of atmospheric
methane on Mars (22-24) highlight the importance of cold hyper-
saline terrestrial environments, such as the LH Spring, as analogue
sites for Mars as well as for the icy Saturnian moon Enceladus,
where methane, ammonia, and simple organics have been de-
tected in the saline plume features erupting from the surface (25).
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In our initial studies of the sediments of the LH Spring outlet
(15) and outflow channels (3), microbial activity was detected by
using mineralization assays. We also isolated halophilic and cryo-
philic microbial strains from the sediments of both the spring
outlet and outflow channels. Profiling of the microbial commu-
nity (16S rRNA clone libraries) of LH revealed phylotypes related
to halophilic bacteria/archaea, sulfate-reducing archaea/bacteria,
methylotrophic/methanotrophic bacteria, and methanogenic ar-
chaea (3, 4). The anaerobic methane-oxidizing archaeal group 1
(ANME-1), a clade of anaerobic methane-oxidizing archaea,
dominated the archaeal community in the spring outlet sediments
(4), while sequences related to Thaumarchaeota dominated the
spring channel sediments (3).

Metagenomic analyses of other extremely cold or saline envi-
ronments have revealed the importance of genes involved in car-
bon cycling operating in permafrost (26, 27), genes related to
stress responses of microorganisms colonizing ice shelves (1), ev-
idence of lateral gene transfer in deep-sea hydrothermal vent bio-
films (28-30), and the microbial ecology of an Antarctic mer-
omictic lake (31, 32). Surveys of cDNA of 16S rRNA are currently
used to identify potentially active microorganisms in diverse en-
vironments (33-36), including a subzero, briny, ice-sealed lake in
the Antarctic (36). In the present study, we combined a metag-
enomic approach with pyrosequencing analyses of cDNA of bac-
terial and archaeal 16S rRNA genes to assess the functional poten-
tial of the LH microbial community and to identify the active
community members in the LH Spring and consequently infer
their possible ecological functions.

The specific objectives for analyzing the LH metagenomic and
cDNA data sets of the spring outlet sediment were (i) to map the
microbial metabolic pathways driving biogeochemical cycles, fo-
cusing on methane, ammonia, and sulfur cycling, which were ex-
pected to play key roles in shaping LH communities based on
previous investigations of the LH system (3, 4); (ii) to identify the
dominant genes involved in adaptations to cold and high salt con-
centrations that would allow autochthonous populations to cope
with the extreme natural conditions of the site; (iii) to compare the
functional potential of the LH metagenome to metagenomes from
other cold or saline environments; and (iv) to identify the bacte-
rial and archaeal taxa that may be active in situ.

MATERIALS AND METHODS

Study site and sample collection. The LH Spring (79°7'N, 90°21'W) is
located on Axel Heiberg Island in a valley off the south shore of Strand
Fiord. An ~1.7-m-high dome-like structure composed of precipitated
mineral salts surrounds the spring outlet.

Our in situ analyses of geochemical/physical parameters, recorded
from 2005 to 2012, indicate that the LH Spring outlet sediment and water
environment have remained very consistent (temperature, —5°C; salinity,
~25%; oxidation-reduction potential [ORP], —160 mV; dissolved oxy-
gen concentration [DOC], 0.1 to 1 ppm) at both the late winter (April/
May) and midsummer (July) sampling points. Therefore, we considered
that LH samples collected in different years are comparable.

To extract total environmental DNA, about 250 g of sediment was
collected (July 2009) approximately 50 mm below the surface by using an
ethanol-sterilized Scoopula and was placed in a sterile plastic sampling
bottle. LH sediments (15 g) designated for RNA analysis were collected
(July 2010) by using an ethanol-sterilized spatula and were stored in sterile
50-ml conical tubes filled with LifeGuard soil preservation solution (Mo
Bio Laboratories, Inc., Carlsbad, CA, USA) to a final volume of 50 ml.
Both DNA and RNA samples were transported to Montreal, Canada, at
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temperatures below 5°C, where they were stored at —20°C until further
analyses.

Extraction and sequencing of metagenomic DNA. DNA was ex-
tracted from 5 g of LH sediment by using the PowerMax soil DNA isola-
tion kit (Mo Bio Laboratories, Inc., Carlsbad, CA, USA) according to the
manufacturer’s instructions. To obtain sufficient DNA (a minimum of
500 ng DNA) for metagenomic pyrosequencing, the purified metag-
enomic DNA was amplified via multiple displacement amplification
(MDA) by using a GenomiPhi V2 DNA amplification kit (GE Healthcare,
Piscataway, NJ, USA) according to the manufacturer’s instructions. One
microliter of DNA (concentration, less than 10 ng/pl) was used as the
template and was mixed with 9 wl of buffer. The mixed DNA was heated at
95°C for 3 min, cooled to 4°C, and incubated at 30°C for 90 min with 1 pl
of enzyme mixture and 9 pl of reaction buffer. To terminate the reaction,
the sample was heated at 65°C for 10 min. Control reactions were also
performed in parallel by using the positive control provided in the kit and
sterile double-distilled H,O (ddH,0) as a negative control. No DNA band
was detected in the negative-control sample following MDA. The ampli-
fied samples were pooled and were purified using Amicon Ultra 0.5-ml
centrifugal filters (Millipore Corporation, Billerica, MA, USA) to a final
volume of 21 pl of solution containing 253.4 ng DNA wl™'. The purified
sample was sequenced by using a Roche 454 GS FLX Titanium sequencer
(454 Life Sciences, Branford, CT, USA), located at the Centre for Applied
Genomics, Hospital for Sick Children, Toronto, ON, Canada.

Metagenomic DNA analyses. To analyze and annotate the metag-
enomic data, all LH reads were uploaded onto the online metagenomic
annotation server MG-RAST (MetaGenome Rapid Annotation with Sub-
system Technology) (37). Based on the BLAST-like alignment tool (BLAT
algorithm) (38), metagenomic sequences were compared to those of gene
and protein-coding databases; the GenBank (http://www.ncbi.nlm.nih
.gov/GenBank/) taxonomic database was used for the LH metagenome,
while the SEED protein-coding gene database (http://www.theseed.org
/wiki/index.php/Home_of_the_SEED) was used for comparison with the
putative proteins encoded in the metagenome. Metabolic pathways were
mapped using the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(http://www.genome.jp/kegg/) database. For all databases used, only
matches of >50 nucleotides and 50% similarity with an E value of <107>
were included for both taxonomy and function analyses. The stringency
cutoff was tested with different E values (down to 10~ '°) at the phylum
and subsystem levels for taxonomy and functional classifications, respec-
tively (see Fig. S1 in the supplemental material). The correlations between
different E values were tested by the Pearson product-moment correlation
coefficient (see Table S1 in the supplemental material).

In addition to automated annotations by MG-RAST, the complete LH
metagenome was subjected to additional screenings targeting marker
genes of (reverse) methanogenesis (i.e., mcrA, encoding the alpha subunit
of the methyl coenzyme M reductase) and methane oxidation (i.e., pmoA
and mmoX, encoding the alpha subunits of the particulate and soluble
forms of methane monooxygenase). The amino acid sequences of MCRA,
PMOA, and MMOX were recovered from the NCBI protein database (on
16 February 2013) and were used as target databases for alignments with
the LH metagenome. BLASTX alignments were performed using the
BLAST command line application (version 2.2.27+) with default algo-
rithm parameters and an E value cutoff of 107°. The results were then
visualized and proofread in MEGAN (version 4.70.4), and hits with bit
scores higher than 50 were considered significant (39). Reads of signifi-
cant hits were then extracted, subjected to a second set of BLASTX align-
ments against the complete GenBank nonredundant (nr) database to as-
certain their function, and finally reannotated in MEGAN.

Statistical analyses. We selected 6 other metagenomes publicly avail-
able in MG-RAST, generated from the following habitats: the Markham
Ice Shelf, the Ward Hunt Ice Shelf, an estuary of the Bay of Fundy, the Lost
City hydrothermal system, a hypersaline lagoon in the Galapagos Islands,
a microbial mat from the McMurdo Ice Shelf in the Ross Sea sector of
Antarctica, an Antarctic saline lake (Ace Lake), and high-Arctic per-
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mafrost and active-layer soils from Eureka, Ellesmere Island (MG-
RAST identification numbers [ID], 4445126.3, 4445129.3, 4441582.3,
4461585.3, 4441599.3, 4445845.3, 4443684.3, 4443232.3, and
4443231.3, respectively). We also reannotated the assembled Alaskan
permafrost metagenome (Integrated Microbial Genomes database
[IMG] ID 1618) from Mackelprang and colleagues (27) in MG-RAST
to make it comparable in the MG-RAST subsystem. The relative abun-
dance at the “function” level of the SEED hierarchy was used to calcu-
late Bray-Curtis distances between sample pairs using the “vegdist”
function of the “vegan” package (http://vegan.r-forge.r-project.org/)
in R (version 2.9.0; The R Foundation for Statistical Computing).
Principal coordinate analyses (PCoA) were then performed using the
“cmdscale” function. Arrows representing the relative abundance at
“level 1”7 of the SEED hierarchy were then superimposed on the ordi-
nation as supplementary variables, not involved in the calculation of
the ordination (26).

RNA extraction and cDNA analyses. To obtain total RNA, sediment
samples (2 g) from the LH Spring were processed with an RNA PowerSoil
total-RNA isolation kit (Mo Bio Laboratories, Inc., Carlsbad, CA, USA)
according to the manufacturer’s instructions with minor modifications as
follows: (i) an additional 1.0 g of 0.1-mm glass beads (Mo Bio Laborato-
ries, Inc., Carlsbad, CA, USA) was added to each reaction tube; (ii)
bead-beating time was doubled; and (iii) nucleotide precipitation was
performed overnight. The extracted RNA was then treated with amplifi-
cation-grade DNase I (Invitrogen, Carlsbad, CA, USA) at room temper-
ature for 15 min according to the manufacturer’s instructions and was
then inactivated by the addition of EDTA at 65°C for 20 min. The treated
sample was concentrated and purified using Amicon Ultra 0.5-ml centrif-
ugal filters (Millipore Corporation, Billerica, MA, USA). For the synthesis
of cDNA, we used an iScript Select cDNA synthesis kit (Bio-Rad, Hercu-
les, CA, USA) to process the purified RNA samples, using random primers
provided in the kit. The cDNA of the 16S rRNA genes was sequenced at the
Research and Testing Laboratory (Lubbock, TX, USA) using a Roche 454
GS FLX Titanium sequencer (454 Life Sciences, Branford, CT, USA) sys-
tem with bacterial (28F, 5’ GAGTTTGATCNTGGCTCAG3'; 519R, 5'GT
NTTACNGCGGCKGCTG3') (40) and archaeal (ARCH571F, 5'GCYTA
AAGSRNCCGTAGC3' [41]; ARCH909R [also called 890aR], 5'TTTCA
GYCTTGCGRCCGTACS3' [42]) primers. Tag-encoded pyrosequencing
was performed by following established protocols (43).

The cDNA sequences were trimmed, aligned, and dereplicated using
the RDP pyrosequencing pipeline (44). The minimum quality score was
set to 20, and sequences shorter than 150 bp were excluded from down-
stream analyses. The trimmed sequences were aligned with the pyrose-
quencing aligner using the Bacteria/Archaea model. The aligned se-
quences were then clustered using the complete-linkage clustering
method with a maximum distance of 15% and a step size of 1.0. Derepli-
cated sequences were generated using the representative sequence method
with 98% similarity and were then analyzed via the BLASTn algorithm
against the online GenBank nr database (45). Neighbor-joining phyloge-
netic trees of selected sequences were generated with MEGA, version 5
(46), by using a bootstrap method with 1,000 replications and a Jukes-
Cantor model.

Nucleotide and metagenome sequence accession numbers. The se-
quences of the cDNA of the 16S rRNA genes obtained in this study have
been deposited in the GenBank database under accession numbers
KC470367 to KC470541. The ID of the LH metagenome deposited in
MG-RAST is 4478244.3.

RESULTS AND DISCUSSION

Metagenomic sequencing statistics. In total, sequencing resulted
in 1,032,783 reads containing 341,472,858 bases, with an average
length of 330 bp (Table 1). Among all sequences, 751,870 reads
(72.8%) passed the quality control (QC) criteria. The numbers of
reads representing predicted protein and rRNA features were
403,739 (39.1%) and 50,589 (4.9%), respectively. Of these puta-
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TABLE 1 Statistical analyses of the LH metagenome

Parameter Value
Total no. of sequences 1,032,783
Total sequence size (bp) 341,472,858

Shortest sequence length (bp) 40

Longest sequence length (bp) 918

Avg sequence length (bp) 330

No. of sequences that passed QC 751,870

No. of predicted/identified protein features 403,739/187,609
No. of predicted/identified rRNA features 50,589/220

GC content (%) 45

tive protein- and rRNA-related reads, 187,609 (18.2%) and 220
(2.1%) matched known protein and rRNA sequences, respec-
tively. However, 434,847 (42.1%) reads remained unidentified
due to a lack of comparable reference sequences, highlighting the
need to further isolate, characterize, and sequence the genomes of
new strains from extreme environments such as the LH Spring to
complement existing databases, making the annotation of reads
from extreme environments more reliable and informative. The
average GC content was 45% for the sequences that passed quality
control. The total DRISEE (duplicate read inferred sequencing
error estimation) error was 0.7% (47), which was deemed accept-
able for proceeding to further analyses. The Pearson product-mo-
ment correlation coefficients of the cutoff E value (=10~°) with
lower E values (107 '°, 10~ ', and 10 2°) showed that the correla-
tions were highly significant down to 10™"> and 10~*° for taxo-
nomic and functional classifications at the phylum and subsystem
levels, respectively (see Table S1 in the supplemental material).
Thus, these calculations proved that the E value cutoff we set was
appropriate for applying to this metagenome study.

Metagenomic microbial community composition. Among
the total 751,870 sequences that passed the QC criteria, 50.8%,
5.1%, and 0.8% were identified as fragments originating from
Bacteria, Eukaryota, and Archaea, respectively. A total of 719,330
sequences (95.7% of the total sequences that passed QC) could be
classified and assigned to different phyla by MG-RAST. Sequences
related to Cyanobacteria (19.7%), Bacteroidetes (13.3%), and Pro-
teobacteria (6.6%) were the dominant phyla among the sequences
classified (Table 2). More than 90% of Cyanobacteria hits be-
longed to the orders Nostocales (35.5%), Oscillatoriales (23.0%),
and Chlorococcales (38.4%). The abundance of sequences related
to Cyanobacteria suggests that these microorganisms could poten-
tially carry out photosynthesis, carbon fixation, and nitrogen fix-
ation metabolism at LH. All five classes of Proteobacteria were also
detected in the LH metagenome; the major groups present were
Gammaproteobacteria (47.6%), Betaproteobacteria (30.7%), and
Alphaproteobacteria (12.4%). Methylophilic and methanotrophic
genera were detected in both the Gammaproteobacteria and the
Betaproteobacteria. Gene fragments related to the ammonia-oxi-
dizing order Nitrosomonadales were identified in the metag-
enome, which may provide evidence for bacterial ammonia-oxi-
dizing activity at LH, in accordance with the presence of
ammonia. In terms of sulfur metabolism, clades related to bacte-
rial sulfate reducers, such as Desulfuromonadales, Desulfovibrion-
ales, and Desulfobacterales, whose metabolic activity would be fa-
vorable with the high abundance of sulfate and sulfide as well as
the reducing conditions detected at the site, were detected within
the Deltaproteobacteria and Betaproteobacteria.
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TABLE 2 Composition of organisms detected in the LH metagenome

Phylum No. of hits % of metagenome
Unclassified reads 322,498 429
Archaea 6,020 0.8
Euryarchaeota 4,037 0.5
Crenarchaeota 351 <0.1
Thaumarchaeota 75 <0.1
Other archaea 1,557 0.2
Bacteria 382,205 50.8
Cyanobacteria 148,325 19.7
Bacteroidetes 99,693 13.3
Proteobacteria 49,803 6.6
Firmicutes 4,803 0.6
Actinobacteria 3,469 0.5
Verrucomicrobia 1,615 0.2
Other bacteria 74,470 9.9
Eukaryota 38,233 5.1
Others 2,914 0.4
Total 751,870

The small proportion of total archaeal reads within the meta-
genome included Euryarchaeota (0.5%; 4,037 hits), Crenarchaeota
(0.05%; 351 hits), and Thaumarchaeota (0.01%; 75 hits) (Table 2).
Among the Crenarchaeota, only Thermoprotei (343 hits) and un-
classified Crenarchaeota (8 hits) were detected, while for Thau-
marchaeota, sequences related to unclassified Thaumarchaeota (75
hits) were found. These hits for Crenarchaeota and Thaumar-
chaeota were related primarily to genes involved in DNA duplica-
tion, transcription, translation, and electron transport. The hits
for Euryarchaeota were more varied; Archaeoglobi (213 hits), Ha-
lobacteria (481 hits), Methanomicrobia (1,878 hits), Methanobac-
teria (420 hits), Thermococci (323 hits), Methanococci (381 hits),
Methanopyri (14 hits), Thermoplasmata (85 hits), and unclassified
Euryarchaeota (242 hits) were identified. As well, the functional
gene categories associated with these hits were more diverse; the
most abundant genes were related to potassium channel proteins
(potassium metabolism) (145 hits), cold shock DEAD box protein
A (RNA metabolism) (84 hits), O-phosphoseryl-tRNA:cysteinyl-
tRNA synthase (protein metabolism) (76 hits), and lysyl-tRNA
synthetase (protein metabolism) (41 hits).

Diverse methanogenic genera were present within the Euryar-
chaeota data set, including Methanobrevibacter (29 hits), Metha-
nothermobacter (342 hits), Methanothermus (21 hits), Methano-
coccus (226 hits), and Methanocorpusculum (39 hits). The
detection of these methanogen-related sequences support the idea
that at least a small portion of the methane exsolving from the LH
Spring may be partly biogenic, although previous carbon and hy-
drogen isotope analyses indicated that the LH methane is thermo-
genic in origin (4). The presence of Methanobrevibacter was also
reported in the LH Spring outflow channel area by using a 16S
rRNA clone library (3). Methanogenic populations have also been
found in other cold extreme environments, e.g., Canadian high-
Arctic and Alaskan permafrost, melting glaciers, and other AHI
saline springs (7, 26, 48), and have been shown to remain active
down to —16.5°C in Siberian permafrost (49). Although hypersa-
line conditions are known to inhibit acetoclastic and hydrog-
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enotrophic methanogenesis above ~12% NaCl, methanogens re-
lying on “noncompetitive” substrates (i.e., methylated amines,
methanol, or dimethyl sulfide) can withstand higher salt concen-
trations; there have been reports of methanogenesis at salinities of
30% in endoevaporite communities (50, 51). Methanogenesis
typically requires a lower redox potential than most other anaer-
obic bioreactions; considering the anoxic and highly reducing
conditions in the LH Spring sediments, methanogens can be ex-
pected to be present and active in this ecosystem.

In our previous study of the LH Spring (4), the anaerobic
methane-oxidizing archaeal group 1 (ANME-1) was the domi-
nant archaeal clade (46.8%) detected, based on archaeal 16S rRNA
clone library results. Although we detected archaeal 16S rRNA
sequences identical to the previously identified LH ANME-1 se-
quences in the MDA-amplified LH DNA prior to metagenome
pyrosequencing, no ANME-1 16S rRNA was detected after the
metagenomic analysis, due, we suspect, to the low abundance of
this population. ANME-1-related DNA fragments were searched
by BLAST analysis, using unordered contigs of an ANME-1 ge-
nome (GenBank nucleotide database, accession no. FP565147).
(52). BLAST analyses in MG-RAST (version 2.0) resulted in 1,000
hits within the LH metagenome with sequence similarities of 80%
to 97% to ANME-1-related sequences. Functional annotation by
BLASTx against the NCBI nr database classified these ANME-1-
related hits as genes encoding the integrase core domain, FAD
(flavin adenine dinucleotide)-containing dehydrogenase, Fe-S
oxidoreductase related to leucyl-tRNA synthetase, and hypothet-
ical proteins. However, only one gene probably involved in central
carbon metabolism in ANME organisms, a putative carbon mon-
oxide dehydrogenase/acetyl coenzyme A (acetyl-CoA) synthase
(EC2.3.1.169) (2 hits; 85% identity), was detected in the LH met-
agenome. Since the identity of the matches between the LH met-
agenome sequences and the ANME-1 genome (accession no.
FP565147) was generally low, LH ANME-1 organisms most likely
belong to a subgroup different from that for the published genome
(FP565147). However, we still need more evidence to support this
assumption and to better understand the ANME-1 previously de-
tected in the LH Spring sediments.

Functional gene profiles of the LH metagenome. The func-
tional gene profile revealed that among the 259,557 annotated
protein sequences (25.1% of the total reads), the most abundant
functional groups were related to housekeeping functions, such as
carbohydrate metabolism (10.1%), amino acid biosynthesis
(10.0%), and vitamin and pigment metabolism (6.6%). Stress re-
sponse-related sequences constituted 2.3% of all annotated reads
and included a high proportion of oxidative stress (53.1%)- and
osmotic stress (11.9%)-related sequences. The abundance of these
genes may reflect adaptations to the high salinity and, possibly, the
high-salinity-induced oxidative stress at LH, indicating that the
LH microorganisms have the potential to survive and remain vi-
able under the prevailing conditions. Descriptions of genes in-
volved in methane, nitrogen, and sulfur metabolism, as well as
stress responses, are discussed in the following paragraphs.

Methane metabolism. Several functional genes directly related
to methanogenesis were detected (Table 3). These include genes
encoding an F420-dependent methylene-H4 MPT reductase (EC
1.5.99.11) (1 hit), formylmethanofuran dehydrogenases (fmd)
(EC 1.2.99.5) (2 hits), CoB-CoM heterodisulfide reductases (EC
1.8.98.1) (2 hits), F420-reducing hydrogenases (EC 1.12.98.1) (30
hits), and methylenetetrahydromethanopterin dehydrogenases
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TABLE 3 Numbers of different gene variants retrieved in the LH
metagenomic data sets for different functions

Function No. of hits
Methane
F420-dependent methylene-H4 MPT reductase 1
(EC 1.5.99.11)
F420-reducing hydrogenase (EC 1.12.98.1) 30
CoB-CoM heterodisulfide reductase (EC 1.8.98.1) 2
Formylmethanofuran dehydrogenase (EC 1.2.99.5) 2
Methylenetetrahydromethanopterin dehydrogenase 2
(EC 1.5.99.9)
Nitrogen
Nitrogenase (EC 1.18.6.1) 2
Copper-containing nitrite reductase (EC 1.7.2.1) 45
Nitric oxide reductase (EC 1.7.99.7) 14
Nitrite reductase [NAD(P)H] (EC 1.7.1.4) 48
Nitrous oxide reductase (EC 1.7.99.6) 16
Respiratory nitrate reductase (EC 1.7.99.4) 4
Sulfur
Phosphoadenylyl-sulfate reductase (EC 1.8.4.8) 29
Sulfite reductase (ferredoxin) (EC 1.8.7.1) 49
Sulfate adenylyltransferase (EC 2.7.7.4) 222
Adenylyl-sulfate kinase (EC 2.7.1.25) 172
Sulfur oxidation genes (soxBDHR) 302

(mer) (EC 1.5.99.9) (2 hits). It should be noted, however, that the
presence of the gene encoding the enzyme of the last step of
methanogenesis, methyl-coenzyme M reductase (MCR), was not
confirmed in the LH metagenome. An additional screening of the
metagenome against an MCR target database did identify poten-
tial (MCR) homologs, but these sequences most closely matched
ABC transporters/ATP-binding proteins when compared to the
GenBank nr database. Considering the low frequency of other
methanogenesis genes recovered, the absence of mcr sequences in
the annotated LH data set may result from insufficient sequencing
coverage. Similar results have also been found in other metag-
enomic studies of deep subsurface marine sediments where genes
involved in methanogenesis were found but no mcr sequences
were recovered (53).

Despite the presence of several reads related to known bacterial
clades containing methanotrophic members (i.e., Gammaproteo-
bacteria and Betaproteobacteria), no gene hits relating to the key
enzyme in aerobic methanotrophy, the particulate or soluble
methane monooxygenase (i.e., PMO or MMO), were obtained by
either MG-RAST or MEGAN annotation.

Nitrogen metabolism. Most genes involved in nitrogen-cy-
cling pathways were detected and were related mainly to Cyano-
bacteria (Fig. 1A; see also Table S2 in the supplemental material).
The nifH gene, which encodes a nitrogenase (EC 1.18.6.1) that
converts nitrogen gas to ammonia, was detected and matched
cyanobacterial sequences from Cyanothece and Nostoc species. Se-
quences related to Burkholderia spp., typical denitrifiers in saline
environments (54, 55), were detected for two enzymes, NarG (EC
1.7.99.4) and NirS (EC 1.7.2.1). Denitrifiers usually found in sa-
line and freshwater environments, including Kangiella spp. and
Flavobacterium spp. (56, 57), respectively, were also detected in
the LH metagenome, encoded by genes involved in denitrification
pathways. Two enzymes (EC 1.7.1.4 and 1.7.7.1) involved in the
reduction of nitrite to ammonia were matched to members of the
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Cyanobacteria, such as Synechocystis spp., Cyanothece spp., and
Nostoc spp. Synechocystis and Cyanothece spp. have been reported
to undergo heterotrophic metabolism during the dark phase of their
life cycle (58, 59), which may be advantageous for maintaining activ-
ity during the long-term darkness of the Arctic winter. Three enzymes
that play key roles in nitrogen cycling, nitric oxide reductase (EC
1.7.99.7), ammonia monooxygenase (EC 1.13.12.4), and hydroxyl-
amine oxidase (EC 1.7.3.4), were absent from the LH metagenome.
As has been observed in other environments, the function of nitric
oxide reductase may be replaced by abiotic processes (60). Although
16S rRNA phylogenetic evidence of Thaumarchaea has been detected
previously (3) and in the cDNA of the 16S rRNA genes (see below),
the absence of ammonia monooxygenase and hydroxylamine oxi-
dase indicates that the complete ammonia oxidation pathway could
not be reconstructed from the LH metagenome, and our analyses
cannot yet confirm any metabolic activity of ammonia-oxidizing ar-
chaea or bacteria (AOA or AOB) within the LH Spring sediments. We
have not been able to detect ammonia oxidation in flask enrichments
of LH outlet and channel sediments, either, but we have cloned thau-
marchaeal amoA genes from the LH Spring channel sediments (un-
published data). Thus, the occurrence of in situ ammonia oxidation
at LH has not yet been experimentally confirmed.

Sulfur metabolism. A complete sulfur cycle through reduction
and oxidation between sulfur end members and intermediates was
identified in the LH metagenome over a high diversity of taxa (Fig.
1B; see also Table S3 in the supplemental material). The enzymes
driving sulfate reduction, including sulfate adenylyltransferase
(EC2.7.7.4) (222 hits), adenylyl-sulfate kinase (EC 2.7.1.25) (172
hits), phosphoadenylyl-sulfate reductase (EC 1.8.4.8) (41 hits),
and sulfite reductase (EC 1.8.7.1) (112 hits), were all detected;
however, pathways were not completely reconstructed for all of
the species identified (Fig. 1B). A large number of sulfur oxidation
genes (soxB, soxD, soxH, and soxR genes) were recovered (302
hits), with dominant taxa including Thiomicrospira (20% of all sox
reads), Thiobacillus, Nitrosococcus, and Roseiflexus. The enzymes
for both assimilatory (EC 1.8.99.1) and dissimilatory (EC
1.8.99.3) sulfate reduction were also found, with assimilatory
pathways appearing more abundant. The role of anoxygenic pho-
tosynthetic green and purple sulfur bacteria was prominent, with
an abundance of hits to Chlorobium spp., typical anoxygenic pho-
totrophic sulfide oxidizers, Roseiflexus spp., filamentous low-con-
centration sulfide oxidizers, and Chloroflexus spp., species con-
taining metabolic features of both purple and green sulfur
bacteria, all of which have been found in spring, hypersaline, or
sulfur-rich ecosystems (61, 62). Several potential metabolic link-
ages between the LH nitrogen and sulfur cycles are plausible, with
an abundance of hits to species including Thiobacillus denitrificans
(54 hits) and Alkalilimnicola (9 hits), and Nitrosococcus (7 hits)
species. Thiobacillus denitrificans couples the oxidation of inor-
ganic sulfur compounds to the reduction of oxidized nitrogen
compounds (such as nitrate and nitrite) to dinitrogen (63). An
Alkalilimnicola sp., an anaerobic, facultatively autotrophic arsen-
ite-oxidizing bacterium, respires nitrate or nitrite or, alternatively,
uses sulfide or thiosulfate as the electron donor. Nitrosococcus is a
genus of ammonium-oxidizing purple sulfur bacteria (see Table
S3 in the supplemental material) that oxidize ammonia to nitrite
and reduce sulfate to sulfide (64). The detection of these genes and
species involved in both nitrogen and sulfur cycles provides evidence
that these two cycles may be synergistically linked by similar species in
the LH system.
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Stress response. The presence of stress response-related gene
fragments (5,690 hits), all of which were associated with bacterial
taxa, likely reflected the potential of LH bacteria to deal with or
adapt to stressors in this hypersaline and subzero habitat. Given
the stable LH Spring-sediment environment, these genes may be
adaptive rather than typical “stress response” genes (i.e., genes
responding to cold or heat shock). For example, many cold shock
proteins can also be characterized as cold acclimation proteins,
i.e., proteins that are present at relatively high levels during growth
at constant cold temperatures (65).

The three most abundant groups corresponded to oxidative
stress (2,255 hits), heat shock (1,491 hits), and osmotic stress (987
hits) response genes, all possibly linked to natural stressors at the
LH Spring. LH outlet sediments are highly reducing and mi-
crooxic but are periodically exposed to the air during the summer
months. The genes related to oxidative stress in the LH metag-
enome were associated mainly with Bacteroidetes, Proteobacteria,
and Cyanobacteria (see Table S4 in the supplemental material).
Anti-oxidative-stress genes may also help in responding to sud-
den changes in oxygen concentrations under predominantly an-
oxic conditions (66—69). Many of the genera identified as encod-
ing these enzymes were aerobes, indicating that they may be
dormant, or periodically active, in the LH Spring. The presence of
genes related to anti—oxidative-stress functions may also be attrib-
uted to salinity-induced antioxidant defense responses, since high
salinity may also provoke the formation of reactive oxygen species
(ROS) as by-products of energy metabolism processes, including
photosynthesis (70). For example, the expression of antioxidant
enzymes in response to salinity has been observed among Cyano-
bacteria in Nostoc and Synechocystis species (70, 71), and ROS
genes related to these two genera were indeed present in the LH
metagenome. Lastly, antioxidant defense against ROS is a require-
ment for the growth of some species at low temperatures due to a
decrease in the requirement for ATP, which results in electron
accumulation in the respiratory chain and therefore in an increase
in ROS at cold temperatures (72).

Most hits related to osmotic stress involved compatible-solute
adaptations, typical in halophilic bacteria. Most hits (767 out of
978 hits) were related to the synthesis of the osmoregulated
periplasmic glucan; the gene related to this synthesis may respond
to sudden changes in salinity (73), and 131 hits were affiliated with
choline and betaine biosynthesis (see Table S5 in the supplemental
material). Two enzymes involved in betaine synthesis, choline de-
hydrogenase (from Cyanobacteria, Actinobacteria, and Gamma-
proteobacteria) and betaine-aldehyde dehydrogenase (from fungi
and Gammaproteobacteria), were detected, suggesting that betaine
might be the main osmolyte used by the LH microbial commu-
nity. Betaine is a well-known osmolyte that plays an important
role in balancing the high osmotic pressure exerted on microbial
cells in hypersaline environments (74). Other typical adaptive re-
sponses to osmotic stress, such as sodium transporters, which are
usually used by halophilic archaea to balance the osmotic pressure
inside and outside the cells, were not detected.

The heat shock protein genes present in the metagenomic
data set probably do not reflect heat shock responses in the
permanently cold LH Spring, since these genes were more re-
lated to the general chaperone protein DnaK (640 hits) and its
interacting protein, DnaJ (31 hits); these proteins are prevalent
in microorganisms in cold environments and assist with pro-
tein folding (75, 76).
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Microorganisms that sustain metabolic processes at cold tem-
peratures produce cold acclimation and cold shock proteins in-
volved in DNA replication (GyrA, RecA, and DnaA) (77-79),
transcription (NusA), RNA unwinding (cold shock DEAD box
protein A [CsdA] and cold shock protein A [CspA]) (80-84), pro-
tein folding (prolyl isomerase) (79, 85-87), pyruvate metabolism
(AceE and AceF) (88, 89), and unsaturated fatty acid metabolism
(fatty acid desaturases; DnaJ) (1, 90-92). Genes encoding such
proteins were identified as containing cold adaptation features
within the LH metagenome and originated mostly from Proteo-
bacteria, Bacteroidetes, and Cyanobacteria (see Table S6 in the sup-
plemental material). These genes were also detected in these three
phyla in both Antarctic and Arctic metagenomic samples from the
McMurdo Ice Shelf, the Ward Hunt Ice Shelf, and the Markham
Ice Shelf (1). The ubiquity of these genes among similar taxa in
other polar habitat metagenomes strongly suggests that such
adaptive genetic systems are a global feature in cryoenvironments.

Comparison with other metagenomes. Based on the relative
abundance of functional genes in different MG-RAST subsystems,
we created an ordination of the LH metagenome together with
other metagenomes of cold and salty environments. The ordina-
tion produced by PCoA (Fig. 2) shows the similarity between sam-
ples (the closer the samples, the more functionally similar they
are). The arrows point toward the samples that have the highest
relative abundance of a particular subsystem. The PCoA revealed
that the LH metagenome clustered with the metagenomes from
permafrost and active-layer samples from the Canadian high Arc-
tic and was clearly distinct from the other samples. These patterns
can perhaps be explained by higher relative abundances of genes
related to dormancy and sporulation, reflecting possible adapta-
tions to the extreme conditions of the LH Spring and Arctic per-
mafrost environments at Eureka (93, 94), which are from the same
geological region, about 70 to 80 km away from each other. A total
of 82,711 genetic hits (Cyanobacteria [66.3%], Bacteroidetes
[30.0%], Proteobacteria [3.5%], Firmicutes [0.2%]) related to dor-
mancy and sporulation were present in the LH metagenome. In
addition, the LH Spring water flows through permafrost before
reaching the surface, which would result in the transfer of perma-
frost microbial communities to the LH Spring outlet sediments.
Although the Markham Ice Shelf and the Ward Hunt Ice Shelf are
also located in the same geographical region, the biomat metag-
enomes from these two ice shelves were not closely related to the
LH metagenome, probably due to the difference in habitat condi-
tions between the ice shelf mat habitats (freshwater, oxic) and the
LH Spring system. The metagenome originating from the biofilm
of the deep-sea hydrothermal field Lost City was also associated
relatively closely with the LH metagenome, perhaps reflecting
similarities with respect to methane and oxygen concentrations, as
well as sulfur metabolism (4, 30, 95).

Active profiling of the LH microbial community based on
pyrosequencing of the cDNA of the 16S rRNA genes. In an at-
tempt to reveal which microorganisms are active at the LH Spring,
we pyrosequenced the reverse-transcribed bacterial and archaeal
16S rRNA genes from extracted sediment RNA and compared the
cDNA profile obtained with the LH metagenomic data set. Com-
parison of the two data sets revealed similar trends for bacterial
and archaeal abundances at the phylum and class levels (Fig. 3; see
also Fig. S4 and S5 in the supplemental material). With regard to
bacterial abundance, Bacteroidetes, Proteobacteria, Firmicutes, Ac-
tinobacteria, and Verrucomicrobia were the most abundant phylo-
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types detected in the cDNA data set (Fig. 3A; see also Fig. S4).
Whereas the Gammaproteobacteria, Actinobacteria, and Verruco-
microbia were overrepresented by a >50% increase in relative
abundance in the cDNA data set compared to the metagenome,
the Bacteroidetes and Firmicutes showed a relative decrease (Fig.
3A). The Gammaproteobacteria consisted of four genera (Marino-
bacter, Stenotrophomonas, Pseudomonas, and Enterobacter) in the
cDNA library (see Table S7 in the supplemental material). The
reads belonging to the same orders as these four genera (i.e.,
the orders Alteromonadales, Pseudomonadales, Xanthomonadales,
and Enterobacteriales) made up 60.0% of the total gammaproteo-
bacterial reads in the LH metagenome. The high proportion of
gammaproteobacterial reads present in the cDNA library, and the
taxonomic similarities between those reads and those present in
the metagenome, suggest that the LH Gammaproteobacteria may
be adapted to the hypersaline and cold conditions of the site and,
as such, active in situ. It should be pointed out that Marinobacter
and Pseudomonas species have also been detected and isolated at
other perennial cold saline springs on AHI (4, 7, 8).

A striking difference between the two data sets, however, was
that no Cyanobacteria reads were detected by cDNA pyrosequenc-
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extremely cold or saline environments, based on principal coordinate analysis
the Markham and Ward Hunt Ice Shelves (Arctic) and the McMurdo Ice Shelf
ydrothermal system, a hypersaline lagoon in the Galapagos Islands, the Bay of

ing, while this was the most abundant phylum in the LH meta-
genome. This difference might have been caused by amplification
biases, since the primer pair used for cDNA pyrosequencing
matched only 61% of the Cyanobacteria sequences present in the
RDP database used for annotation. Yet since this primer pair can
amplify Synechococcus, Cyanothece, and Trichodesmium reads
(which accounted for 41.3% of the total cyanobacterial reads in
the LH metagenome), the results obtained in the cDNA library
suggest that Cyanobacteria were probably dormant at the LH
Spring, a possibility supported by the finding that up to 66.3% of
the genes related to dormancy found in the LH metagenome were
of cyanobacterial origin.

The data set for the cDNA of the bacterial 16S rRNA genes also
contained microorganisms involved in nitrogen cycling. For ex-
ample, the detection of Pseudomonas- and Stenotrophomonas-re-
lated sequences in the cDNA data set suggests that denitrification
may be driven by these microorganisms (see Fig. S2 in the supple-
mental material). The presence of sequences associated with Des-
ulfobulbus suggests that active sulfate reduction occurs within the
LH outlet sediments (see Fig. S2 in the supplemental material).

Verrucomicrobia sequences were also detected in both data sets
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(Fig. 3; see also Fig. S2 in the supplemental material) and occupied
an important/large proportion (16.8%) of the bacterial cDNA li-
brary (see Fig. S4 in the supplemental material). However, their
potential function could not determined; no sequence of the ver-
rucomicrobial pmoA gene was present in the LH metagenome, nor
did the verrucomicrobial sequences from the cDNA library cluster
with any known culture representatives (see Fig. S6 in the supple-
mental material). Therefore, the ecological status of the LH Ver-
rucomicrobia is unknown.

With regard to archaeal abundance, the metagenome data set
included all five known archaeal phyla, including Korarchaeota
and Nanoarchaeota. On the other hand, the data set for the cDNA
of the 16S rRNA genes comprised only sequences related to Eur-
yarchaeota (20.1%), Crenarchaeota (42.4%), and Thaumarchaeota
(37.5%) (Fig. 3B; see also Fig. S5 and Table S8 in the supplemental
material). Although Euryarchaeota sequences were the most
abundant ones in the archaeal metagenome data set, Crenar-
chaeota- and Thaumarchaeota-related sequences dominated the
archaeal cDNA library, supporting some metagenomic interpre-
tations of active S, N, and C biogeochemical cycles in situ. The
detection of methanogenic archaea in both the metagenomic and
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cDNA archaeal data sets suggests that at least some of the methane
exsolving from the LH outlet is biogenic (see Table S8 in the sup-
plemental material).

The high proportion of Crenarchaoeta in the cDNA library was
unexpected, considering that they usually represent hyperther-
mophilicarchaea. These sequences had greater sequence identities
to the thermophilic crenarchaea than to the “mesophilic crenar-
chaea,” which were reclassified as Thaumarchaeota after 2008
(96). Thus, the detection of these thermophilic crenarchaea at the
LH Spring provides evidence of cold-adapted crenarchaea at LH.
The crenarchaeal phylotypes recovered from the cDNA of the 16S
rRNA genes were most closely related to Thermoprotei species (a
Vulcanisaeta sp. [97% identity], a Thermoproteus sp. [98% iden-
tity], and a Pyrobaculum sp. [99% identity]) (see Table S8 and Fig.
S5 in the supplemental material). All of these genera are anaerobic
sulfur/sulfide-oxidizing microorganisms and may participate in
sulfur cycling at LH (97-99). Among these, the Thermoproteus sp.,
a sulfide oxidizer, may also be involved in inorganic carbon fixa-
tion; the Pyrobaculum sp., a sulfur oxidizer and denitrifier, may
utilize sulfur as an electron acceptor anaerobically (98, 99). In
addition, it was surprising that no halophilic archaea were de-
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tected in the active-community profile, considering the hypersa-
linity in situ and the fact that they were detected previously (3, 4).
This result perhaps reflects extraction and/or amplification biases.
On the other hand, halophilic archaea are mostly aerobic micro-
organisms and might not be suitable for inhabiting the microoxic
sediments of the LH outlet, indicating that the halophilic archaea
were inactive in the LH sediments.

Conclusion. Here we report the first metagenomic and cDNA
pyrosequencing study of the unique hypersaline subzero Lost
Hammer Spring. Metagenomic data combined with analyses of
the cDNA of the 16S rRNA genes provides insight into the com-
plex metabolic and functional genes present in this extreme hy-
persaline cryoenvironment, where active C, N, and S cycling ap-
pears to be functioning in situ and probably synergistically. The
metagenomic data set also contains a large diversity of genes be-
longing to taxa not known to inhabit cryoenvironments and may
reflect a large pool of dormant microorganisms or novel cold-
adapted representatives of these taxa, such as the Crenarchaeota,
capable of surviving in halophilic cryoenvironments. An abun-
dance of active aerobic taxa also provides evidence that seasonal or
microoxic environments may support the activity of allochtho-
nous bacteria and archaea that are deposited in the anoxic LH
Spring sediments. Genes involved in oxidative and osmotic stress,
present in greater abundance than other stress-related genes,
probably represent adaptations to the multiple stressors intrinsic
to the subzero temperatures and high salinity in this habitat. Over-
all, investigations of the hypersaline subzero LH Spring system
expand our knowledge of microbial life in extreme cryoenviron-
ments on earth (3, 4) and provide evidence of how microbial life
could inhabit the subzero briny environments thought to exist on
Mars (21) and Enceladus (25).
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