Extremophiles (2012) 16:255-265
DOI 10.1007/s00792-011-0426-8

ORIGINAL PAPER

Prokaryotic diversity in sediments beneath two polar glaciers
with contrasting organic carbon substrates

Marek Stibal - Fariha Hasan - Jemma L. Wadham -
Martin J. Sharp - Alexandre M. Anesio

Received: 21 October 2011/ Accepted: 13 December 2011/ Published online: 13 January 2012

© Springer 2012

Abstract Microbial ecosystems beneath glaciers and ice
sheets are thought to play an active role in regional and
global carbon cycling. Subglacial sediments are assumed to
be largely anoxic, and thus various pathways of organic
carbon metabolism may occur here. We examine the
abundance and diversity of prokaryotes in sediment
beneath two glaciers (Lower Wright Glacier in Antarctica
and Russell Glacier in Greenland) with different glaciation
histories and thus with different organic carbon substrates.
The total microbial abundance in the Lower Wright Glacier
sediment, originating from young lacustrine sediment, was
an order of magnitude higher (~8 x 10° cells per gram of
wet sediment) than in Russell Glacier sediment (~9 x 10°
cells g~") that is of Holocene-aged soil origin. 4% of
the microbes from the Russell Glacier sediment and
0.04-0.35% from Lower Wright Glacier were culturable at

Communicated by A. Oren.

M. Stibal - F. Hasan - J. L. Wadham - A. M. Anesio
Bristol Glaciology Centre, School of Geographical Sciences,
University of Bristol, Bristol BS8 1SS, UK

Present Address:

M. Stibal (X))

Department of Geochemistry, Geological Survey of Denmark
and Greenland, @ster Voldgade 10,

1350 Copenhagen K, Denmark

e-mail: msti@geus.dk

Present Address:

F. Hasan

Department of Microbiology, Quaid-i-Azam University,
Islamabad 45320, Pakistan

M. J. Sharp
Department of Earth and Atmospheric Sciences,
University of Alberta, Edmonton, AB T6G 2E3, Canada

10°C. The Lower Wright Glacier subglacial community
was dominated by Proteobacteria, followed by Firmicutes.
The Russell Glacier library was much less diverse and also
dominated by Proteobacteria. Low numbers and diversity
of both Euryarchaeota and Crenarchaeota were found in
both sediments. The identified clones were related to bac-
teria with both aerobic and anaerobic metabolisms, indi-
cating the presence of both oxic and anoxic conditions in
the sediments.
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Introduction

Microbial ecosystems beneath glaciers and ice sheets have
recently attracted significant attention due to their meta-
bolic potential and possible role in regional and global
carbon cycling and climate change (Sharp et al. 1999;
Wadham et al. 2008). Distinct microbial communities have
been found beneath numerous glaciers (e.g. Foght et al.
2004; Skidmore et al. 2005; Lanoil et al. 2009; Yde et al.
2010), feeding on organic carbon overridden by glaciers
during period of ice advance or supplied from the glacier
surface in melt water (Bhatia et al. 2006; Stibal et al. 2008;
Wadham et al. 2008). Betaproteobacteria are the dominant
bacteria in most of these communities, but species of
other Proteobacteria classes, Bacteroidetes, Acidobacteria,
Actinobacteria and other bacterial phyla have also been
detected in subglacial sediments (Foght et al. 2004; Skid-
more et al. 2005; Lanoil et al. 2009; Yde et al. 2010).
Recent work also provides evidence of the presence of
archaea in subglacial environments (Boyd et al. 2010;
Stibal et al. 2012).
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Subglacial sediments are assumed to be largely anoxic
due to the removal of dissolved oxygen during the
microbial oxidation of organic carbon and sulphide min-
erals (Bottrell and Tranter 2002; Wadham et al. 2004),
and thus various anaerobic pathways of organic carbon
metabolism may occur. Production of methane by meth-
anogenic archaea has been suggested to be the last step of
carbon metabolism in subglacial ecosystems, with poten-
tially significant effects on global climate due to the
release of methane during deglaciation (Wadham et al.
2008; Boyd et al. 2010; Wadham et al. 2012). In addition,
the quality of the organic carbon substrate has been
shown to affect the abundance and activity of methano-
genic archaea in subglacial environments (Stibal et al.
2012).

There is very little information available on microbial
diversity and metabolic potential beneath remote ice sheets
and glaciers. Here we examine the diversity of all pro-
karyotic microbes in subglacial sediments from Lower
Wright Glacier, Antarctica, and Russell Glacier, part of the
Greenland ice sheet, two polar glaciers with contrasting
carbon sources recently shown to harbour populations of
active methanogenic archaea (Stibal et al. 2012; Wadham
et al. 2012). The origin of the Lower Wright Glacier sub-
glacial material is reworked lake sediment and it contains
relatively labile organic matter, while the Russell Glacier
sediment is overridden soil of Holocene age, with a higher
proportion of recalcitrant organic carbon (Stibal et al.
2012). We used both universal bacterial and universal ar-
chaeal primers in order to reveal the prokaryotic diversity
in these two distinct subglacial environments. We discuss
the effect of the different organic carbon sources beneath
these glaciers on the genetic and potential metabolic
diversity of the present microbes.

Materials and methods
Field sites and sampling

Subglacial sediment was collected from the margins of
Lower Wright Glacier in Antarctica and Russell Glacier in
Greenland via a combination of ice-cored thrust moraines
and pressure ridges. Both sites were described in detail
previously (Stibal et al. 2012). Briefly, the origin of the
Lower Wright Glacier subglacial sediment is relatively
young (~200-300 years) reworked lake sediment. The
total OC content in the sediment is low (<0.1% dw), but
with a relatively high proportion of modern microbial OC,
as indicated by biomarker analysis (Stibal et al. 2012).
The bed of Lower Wright Glacier thus represents a very
distinct ‘end-member’ type of subglacial environment,
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with a relatively high proportion of labile OC. The Russell
Glacier sediment mostly originates from overridden soil of
Holocene age, and its total OC content is ~0.4% dw.
However, it contains a relatively higher proportion of
less bioavailable recalcitrant organic carbon, mostly
derived from old microbial and plant material (Stibal et al.
2012). The bed of Russell Glacier thus represents another
‘end-member’ subglacial environment, with older soil-
derived OC as the principal substrate for microbial
metabolism.

The sampling at Lower Wright Glacier was conducted
from large blocks of frozen sediments intercalated with
layers of pure glacier ice and basal ice exposed at the crest
of the moraine along the interface between the glacier and
the perennially ice-covered Lake Brownworth. At Russell
Glacier, samples containing subglacial sediment, sediment-
laden basal ice and clean glacial ice were collected from
glacier termini and pressure ridges containing subglacial
sediment bands thrust to the glacier surface in the terminal
zone. All the collected samples were transported frozen to
the Low Temperature Experimental Facility (LOWTEX) at
Bristol and stored at —30°C. Prior to analysis, the samples
were placed in a laminar flow cabinet to prevent contam-
ination and the outer layer (10-30 mm) of each sample was
removed by washing with sterile deionised water. The ice
samples were then placed in a pre-furnaced glass bowl and
allowed to thaw. The liberated subglacial sediment was
used for further analysis.

Microbial abundance determination

For total microbial counts, 100 mg of freshly melted wet
sediment and 1 ml of pre-sterilised deionised water were
placed in a sterile Eppendorf tube and mixed by vortexing
for 30 s. 0.2 pm filter-sterilised 37% formaldehyde (final
concentration 1%) was added to the tube to fix the sample.
The suspension was filtered onto a sterile 0.2 pm Anodisc
filter (Whatman, Maidstone, UK). Dried filters were
placed onto 100 pl drops of 2x SYBR Gold (Invitrogen,
Eugene, OR, USA) for 15 min, dried and mounted on
microscopic slides with the anti-fade agent Citifluor AF2
(Citifluor, Leicester, UK). More than 300 SYBR Gold
stained cells were enumerated on each slide with an
Olympus BX41 epifluorescence microscope (Olympus
Optical, Tokyo, Japan) using the filter block U-N31001
(excitation 480 nm, emission 535 nm; Chroma Technol-
ogy, Rockingham, VT, USA). Two slides per sample were
counted. For viable counts, 0.1 ml of tenfold serial dilu-
tions of a sediment slurry (1:10 w/v initial dilution) was
plated onto R2A media and incubated at 10°C under
aerobic and anaerobic conditions for 31 and 47 days,
respectively. Viable counts were determined as the mean
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of all plates showing between 5 and 200 colonies and
normalised to a gram of sediment.

DNA extraction, amplification and purification

Extraction of DNA from the subglacial sediment samples
was performed using the PowerSoil DNA Isolation Kit
(MO BIO Laboratories, Carlsbad, CA, USA) according to
the manufacturer’s instructions. Approximately 300 mg
(wet weight) of subglacial sediment was used for each
extraction, and a blank containing no sediment was
extracted in parallel. Bacterial 16S rRNA genes were
amplified using the primers 27F (AGA GTT TGA TCC
TGG CTC AG) and 1492R (GGT TAC CTT GTT ACG
ACT T) (Tavormina et al. 2008). Archaeal 16S rRNA
genes were amplified using the universal archaeal primers
A109F (ACK GCT CAG TAA CAC GT) and A934R
(GTG CTC CCC CGC CAA TTC CT) (GroBkopf et al.
1998). 2 pl of the template was used for each PCR reac-
tion. The reaction mixture of 50 ul contained 3 ul of
MgCl, (final concentration 1.5 mM), 1 pl of each primer
(200 nM), 1 ul of dNTPs (200 uM), 5 ul of PCR buffer
(1x) and 0.25 pl of Taq polymerase (1.25 U). The fol-
lowing protocol was used for DNA amplification: initial
melting step at 94°C for 3 min, 32 cycles of 94°C for 45 s,
52°C for 1 min and 72°C for 1 min, and a final extension
step at 72°C for 7 min. Negative controls with no template
were run in parallel. PCR products were analysed by
electrophoresis in a 2% agarose gel stained with SYBR
Gold. Amplified DNA was purified using the QiaQuick
purification kit (Qiagen, Hilden, Germany).

Clone library construction

Clone libraries were constructed from the DNA extracts.
Purified PCR products were ligated into pPGEM Easy vector
plasmids at 4°C overnight, transformed into Escherichia
coli IM109 (>10® cfu ug™") competent cells (Promega,
Madison, WI, USA) and grown overnight at 37°C on LB/
ampicillin/IPTG plates spread with 20 pl 2% w/v X-Gal.
Plasmid DNA was extracted from up to 60 white colonies
using the Wizard Plus SV miniprep kit (Promega, Madison,
WI, USA), and sequenced using the MI3R primer by
Geneservice at the University of Oxford, UK.

Phylogenetic analysis

The obtained bacterial and archaeal 16S rRNA gene
sequences from each site were checked for chimeras using
Bellerophon (Huber et al. 2004) and grouped into opera-
tional taxonomic units (OTUs) according to their similar-
ity. The OTUs were then used for diversity and
phylogenetic analysis. 16S rRNA gene sequences of closest

relatives were searched for using BLAST at the National
Center for Biotechnology Information, and additional
sequences potentially related to the obtained ones were also
retrieved. All sequences of ~700 bp were aligned using
the CLUSTAL W package (Thompson et al. 1994) and
edited manually in JalView (Waterhouse et al. 2009).
Phylogenetic analyses were restricted to nucleotide posi-
tions that were unambiguously aligned in all sequences.
The phylogenetic tree was constructed using the maximum
likelihood method using the PHYLIP software package,
version 3.68 (Felsenstein 2005). The order in which the
sequences were added was jumbled in order to avoid
potential bias introduced by the order of sequence addition.
Bootstrap analysis (1000 replications) was used to pro-
vide confidence estimates for phylogenetic tree topologies.
The coverage of the clone libraries in % was calculated as
(1 — (n/N)) x 100, where n is the number of unique clones
detected in the library of size and N the total number of
clones. The Berger—Parker index was used to determine the
dominance, and the Shannon—Wiener index was calculated
to show the diversity.

Nucleotide sequence accession numbers

Sequences have been deposited in GenBank under acces-
sion numbers JF273561-JF273599 and HQ214465-
HQ214473.

Results and discussion
Microbial abundance

Table 1 shows the total and viable microbial counts in the
subglacial sediment samples. The total microbial abundance
in the Lower Wright Glacier sediment was ~8 x 10° cells
per gram of wet sediment, which is similar to that in nearby
deglaciated soil (Ayton et al. 2010) and Antarctic lake
sediments (Mancuso et al. 1990), and an order of magni-
tude higher than in Russell Glacier sediment (~9 x 10°
cells g~'). The abundance of microbes in Russell Glacier
material is more typical of other subglacial sediments from
Antarctica (Lanoil et al. 2009), Svalbard (Kastovska et al.
2007) and New Zealand (Foght et al. 2004). It is likely that
the origin of the sediment and the organic carbon present is a
major factor affecting the abundance of microbes in sub-
glacial environments, with younger sediments containing
more labile organic substrate and thus being more conducive
to microbial survival and growth.

Approximately 4% of the microbes from the Russell
Glacier sediment and 0.04-0.35% from Lower Wright were
culturable at 10°C on R2A media (Table 1). The fraction of
culturable bacteria from Lower Wright is similar to that
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Table 1 Total and viable microbial counts in the two subglacial sediment samples

Total cells (x10° cells gfl)

Aerobic viable counts

Anaerobic viable counts

x10® cfu g % culturable x10? cfu g % culturable
Lower Wright Glacier, Antarctica 79 4+ 2.7 28 + 15 0.35 29+ 0.14 0.037
Russell Glacier, Greenland 0.87 £+ 0.39 34 + 12 3.9 33 +£93 3.8
Table.2 C}.IaraCterlsncs.Of Clones  Unique Coverage  Dominance Diversity
clone libraries of the universal
. . OTUs (%) (Berger— (Shannon—
bacterial- and archaeal primer- Parker index)  Wiener index)
amplified 16S rRNA genes from
the two subglacial sediment Bacteria
samples . . .
Lower Wright Glacier, Antarctica 58 32 45 0.22 3.26
Russell Glacier, Greenland 20 7 65 0.71 1.86
Archaea
Lower Wright Glacier, Antarctica 39 6 85 0.21 1.69
Russell Glacier, Greenland 18 3 83 0.72 0.73
from subglacial sediment beneath West Antarctica Lower Wright Glacier

(0.1-0.2% at 4°C; Lanoil et al. 2009), while the culturable
fraction from Russell Glacier is at the lower end of the
range reported from two New Zealand subglacial sedi-
ments (3—12 and 18-82%, respectively; Foght et al. 2004).
Similar numbers of colonies (~3 x 10* cfu g_l) were
obtained when incubating the Russell Glacier sediment
under aerobic and anaerobic conditions and the Lower
Wright Glacier sediment aerobically, whereas anaerobic
cultivation (~3 x 10° cfu g7') of the Lower Wright
Glacier material yielded significantly lower numbers of
colonies. This contrasts with previous work in West Ant-
arctic subglacial sediment, where no anaerobic microbes
were isolated (Lanoil et al. 2009). This result is consistent
with the presence of both oxic and anoxic environments
beneath these glaciers, containing viable aerobic and
anaerobic microbes.

Bacterial diversity

Table 2 and Fig. 1 show the characteristics of the bacterial
clone libraries of 16S rRNA genes from the two subglacial
sediments. The bacterial library from the Lower Wright
Glacier sediment, containing more labile organic carbon,
showed a higher diversity of bacteria and a lower domi-
nance (expressed as Berger—Parker index) than the Russell
Glacier library (Table 2; Fig. 1). It was dominated by
Proteobacteria (22 OTUs, 66% of clones), followed by
Firmicutes (5 OTUs, 24% of clones). Acidobacteria, Cya-
nobacteria, Bacteroidetes, Planctomycetes and the candi-
date division OP10 were represented by one OTU each. The
Russell Glacier library was much less diverse, with three
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E I Alphaproteobacteria

Betaproteobacteria
B Gammaproteobacteria
sy Deltaproteobacteria
B Acidobacteria

mm Actinobacteria

B Cyanobacteria

g Planctomycetes
SN Bacteroidetes

E— Firmicutes

I OP10

Russell Glacier

Fig. 1 Distribution of 16S rRNA gene clones between major
bacterial groups in the Lower Wright Glacier and Russell Glacier
subglacial sediment clone libraries

OTUs of Proteobacteria (50% of clones) and one of Fir-
micutes, Acidobacteria, Actinobacteria and OP10 (Fig. 1).
The dominance of Proteobacteria in both investigated
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0.1

Alphaproteobacteria (L\/-b18, 24, 29, 32, 37)
Deltaproteobacteria (L\V-b5, 8)

Betaproteobacteria (L\/-b1, 10,12, 19, 25, 26, 33, 43, 53; RU-b25)
Gammaproteobacteria (L\/-b2, 11, 38, 39, 48, 59; RU-b2, 24)

Chitinophaga sp. RUGL6-61 Himalayan glacier soil (GQ366423)
500M1 H6 deglaciated soil Andes (DQ514136)

50

0| LUMAB-¢1-22 Antaretic soil (FN§11206) Bacteroidetes

l" Chitinophaga pinensis (NR0O28720)
Bas-7-55 volcanic rock Iceland (GQ495413)

ol s00m1 63 deglaciated soil Andes (DQ514160)

354C Antarctic hydrocarbon-contaminated soil (AY571797)
so— Acidobacterium sp. 64 Tibetan soil (EU223942)
I.ETUMAB%I—S Antarctic soil (FN811189)

Acidobacteria

"‘7’»'L AK1DE1 02D deglaciated soil Alaska (GQ396963)

LC33 earthworm intestine (FJ715996)
Cellulomonas sp. F11 (EU697083)
Leifsonia xyli (FJ189782)
inobacterium SOC A20 subglacial sedi
s;— FCPT757 grassland soil (EF516140)

Actinobacteria

t (DQ628959)

500M1 D2 deglaciated soil Andes (DQ514163)

AKA4DE1 06C deglaciated soil Alaska (GQ397039)

WCHA1-78 contaminated aquifer (AF050579) OP10
MAT-CR-M1-D05 hypersaline microbial mat (EU245416)

ODP1251B3.24 methane hydrate subseafloor sediment (AB177336)
D15 28 contaminated aquifer (EU266867)

Q[ ANTLVZ FO8 Antarctic lake ice (DQ521522)

Synedra fragilarioides chloroplast (FJ002234)
sor EpiUMBG61 Arctic stream epilithon (FJ849316)
Chamaesiphon subglobosus (AY170472)

LB3-47 Antarctic lake ice (AF076163)

Cyanobacteria

< Firmicutes (LW 14, 46, 58, 60; RU-b21)

RUGL6-465 Himalayan glacier soil (3Q366683)
JEG.d8 subglacial sediment Canada (DQ228400)
LB3-13 Antarctic lake ice (AF173818) Planctomycetes
csbio160255 drinking water biofilm (AY187356)
Isosphaera sp. 666 (X81958)

Methanopyrus kandleri (M59932)

Fig. 2 Phylogenetic analysis of all bacterial clones from Lower
Wright Glacier (LW) and Russell Glacier (RU) subglacial sediments
(bold grey). The maximum likelihood tree was constructed based on
659-base-pair-long 16S rRNA gene sequences, and is rooted with the
archaeon Methanopyrus kandleri. Two sequences from each of the

sediment samples is consistent with the results of diversity
studies of other subglacial environments (Foght et al. 2004;
Skidmore et al. 2005; Lanoil et al. 2009; Yde et al. 2010)
and Antarctic lake sediments (Sjoling and Cowan 2003),
while Actinobacteria, Acidobacteria, Bacteroidetes and
Cyanobacteria were shown to play a significant role in
Antarctic soil communities (Aislabie et al. 2006; Smith
et al. 2000).

Figure 2 shows the distribution of the bacterial 16S
rRNA gene clones detected across the major bacterial
groups, and the most represented groups are shown in
detail in Fig. 3a—e. Most clones isolated from Lower
Wright sediment, and some from Russell Glacier, were
related to clones from low-temperature environments, such
as soils, subglacial sediments and lake ice from both polar
and alpine settings.

most represented group (Alpha-, Beta-, Gamma- and Deltaproteo-
bacteria, and Firmicutes) were used to indicate their position.
Bootstrap values (1000 replications) >50 are shown. Scale bar
represents 10% sequence divergence. Sequences marked in bold
originate from cold environments

Five OTUs from Lower Wright Glacier clustered
within Alphaproteobacteria, specifically within Rhodo-
bacterales (2 OTUs), Sphingomonadales, possibly related
to Kaistobacter (1 OTU), and Rhizobiales, probably within
the genus Devosia (2 OTUs) (Fig. 3a), all of which are
likely aerobic heterotrophs (Nakagawa et al. 1996; White
et al. 1996).

Betaproteobacteria was the most represented class of
Proteobacteria in the Lower Wright Glacier library, with
9 unique OTUs. Eight of these clustered within the
order Burkholderiales and one within Nitrosomonadales
(Fig. 3b). All the putative Burkholderiales were closely
related to clones detected in similar environments,
including subglacial sediment from Canada (Skidmore
et al. 2005; Cheng and Foght 2007), permanent lake ice in
Antarctica (Mosier et al. 2007) and recently deglaciated
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o JH 20 UNI river biofilm (AB473935)

L04 Antarctic glacier (EU636059)
Rhodobacter sp. Cr5-50 (GU441680)
ANTLV2 EO6 Antarctic lake ice (DQ521519)
! :

Rhodobacterales

L 2
RD18DO07 river plankton (AY947933)
Rhodobacteraceae sp. TONP Bbc97 (FJ516785)
Rhodobacter ovatus (AME90348)

- Kaistobacter terrae (AB258386)
Ka:sfobacfer sp. 21-2H01 (EU193099)

01

LW Sphingomonadales

Sphmgcmonas sp. BR5-22 (EU423303)
Sphingomonas sp. PCMO1 (GU213163)
500M1 E10 deglaciated soil Andes (DQ514117)
Devosia riboflavina (AJ549086)

LW-b18

Devosia sp. G-He1 (EF554909)

Devosia sp. 4-C16-46 (EF540511)

Pseudodevosia sp. AMMH (AM934851)

;1 AK1AB2 11C deglaciated soil Alaska (GQ396880)
AKYG1666 farm soil (AY921786)

Clostridium frigoriphilum (EF570920)

Rhizobiales

c7 alpine lake (AJ867919)
LW-b26

g ANTL\H B06 Antarctic lake ice (DQ521474)
A" OM2 B1 deglaciated soil Andes (DQ513939)

LV 3

JEG.g5 subglacial sediment Canada (DQ228409)
Comamonadaceae sp. BF M20(8) subglacial sediment (DQ628936)
%L Polaromonas sp. Cr4-12 cryoconite Austrian Alps (HM583568)
Polaromonas rhizosphaerae (EF127651)

Rhodoferax sp. AsdM2A1 Svalbard glacier stream (FM955857)
Variovorax paradoxus (AY169432)

JEG cB suhglaclal sediment Canada (DQ228397)

Comamonadaoeae sp. ED16 (FJ755908)

AK1DE1 01H deglaciated soil Alaska (GQ396961)

Vanovorax sp. 44/31 (AY571831)

JFJ ICE-Bact 13 ice Swiss Alps (AJBBT754)
Comamonas testosteroni (EU8BBT829)

AKMB‘! 10E deglaciated soil Alaska (GQ396910)
UMAB-cl-25 Antarctic soil (FN811209)

T1-24 polluted soil (GQ487901)

RU-b25

Burkholderiales sp. ANA-RAS-6 (HM769659)
Burkholderia cepacia (EU024172)

cand. Nitrofoga arctica (DQ839562)

Gallionella capsiferriformans (DQ386262) Nitrosomonadales
Sideroxydans lithotrophicus (DQ386264)

BG.h6 subglacial sediment Alaska (DQ228385)

Methylobacillus pratensis (AY298905)

Clostridium frigoriphilum (EF570920)

Burkholderiales

Fig. 3 Phylogenetic analyses (maximum likelihood) of bacterial
clones of the dominant groups from Lower Wright Glacier (LW) and
Russell Glacier (RU) subglacial sediments (bold grey). a Alphapro-
teobacteria, based on 660-base-pair-long 16S rRNA gene sequences.
b Betaproteobacteria, 660 bp. ¢ Gammaproteobacteria, 652 bp.

soil in the Peruvian Andes (Nemergut et al. 2007). One
OTU in the Russell Glacier library (RU-b25) also clustered
within Burkholderiales, although it was not closely related
to any low-temperature environmental clones (Fig. 3b).
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d Deltaproteobacteria, 754 bp; all Proteobacteria rooted with Clos-
tridium frigoriphilum. e Firmicutes, 640 bp; rooted with Escherichia
coli. Bootstrap values (1000 replications) >50 are shown. Scale bars
represent 10% sequence divergence. Sequences marked in bold
originate from cold environments

The dominance of Betaproteobacteria, especially the fam-
ily Comamonadaceae (Burkholderiales) containing aerobic
and facultatively anaerobic chemoorganotrophs and
chemolithotrophs (Willems et al. 1991), in subglacial and
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Fig. 3 continued
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LW-b38
Thermomonas sp. EHFS1 515a (EU0T1527)
100M2 B8 deglaciated soil Andes (DQ514109)
Thermomonas brevis (AB355702)
Pseudoxanthomonas sp. M1-2 (AB038329)
asr BG.a10 subglacial sediment Alaska (DQ228359)
LW-b59
B8 Dokdonella koreensis (EF589679)

Dokdonella sp. LM2-5 (FJ455531)

Fulvimonas soli (NRO25465)
__ [ £5B-G11-6 gold mine microbial mat (GU205700)
““i-Fulvimonas sp. RUGL1-18 Himalayan glacier soil (GQ420863)
‘i:OMZ B7 deglaciated soil Andes (DQ513925)

Acinetobacter baumannii (EUOTE177)
Moraxella sp. Everest-gws-63 (EU584525)
Methylobacter psychrophilus (NR025016)
Clostridium frigoriphilum (EF570920)

A07 SB4A mountain wetland soil (FJ592579)
Sylt 5 intertidal sediment (AM040101)

LW-b8

525 1212 tropical seawater (EF574868)
Z273MBM21 phreatic sinkhole (FJ485348) Syntrophobacterales
Z195MB42 phreatic sinkhole (FJ484758)
Syntrophus aciditrophicus (GU993263)
Desulforhabdus amnigena (NR029289)
Desulformonile limimaris (AF230531)

Myxococcus xanthus (AF506736)

Myxococcales plot18-F09 arid soil (FJ889281)
LW-b5

HF C31 boreal soil (FJ624904)

Geobacter sulfurreducens (NR029179)

Desulfobacter halotolerans (NR026439)

Clostridium frigoriphilum (EF570920)

Myxococcales

RUGL1-68 Himalayan glacier soil (GQ420888)
LW-bd6

FirmAl-2M Antarctic soil (EF219754)
Clostridium frigoriphilum (EF570920)

0.1

LW-b14
AK1DE2 12B deglaciated soil Alaska (GQ397026)
100) LW-b4
ANTLV1 C11 Antarctic lake ice (DQ521480)
B05-Capima Alpine wetland biofilm (AB479046)
o7; Clostridium sp. P350(3) (GU370098)
LW-b60
Clostridium mesophilum (EU037903)
Clostridium cadaveris (AB542932)
Clostridium fervidus (L09187)

;s RUGL6-14 Himalayan glacier soil (GQ366386)
RU-b21
LD RB 73 Siberian permafrost (EU644118)
Clostridium sp. VanCtr97 (HQ222293)
ANTXXIIl 706-4-Bac5 Antarctic sea cold seep (FN429795)
081203-0OL-PVP22 borehole groundwater (FJ823224)
LW-b58
Desulfosporosinus sp. paper pulp (EF565948)
Desulfosporosinus lacus (AJ58275T7)
OMHA B11 deglaciated soil Andes (GQ306098)
Moorella thermoacetica (AB572912)
— Acetobacterium submarinus (AY485791)
— Clostridium lavalense (EF564278)
— Escherichia coli (X80732)

S5)

Xanthomonadales

Clostridia
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similar cold environments has been documented in previ-
ous papers (Foght et al. 2004; Skidmore et al. 2005; Yde
et al. 2010), and attributed to some possible adaptations to
the physical environment of glacier beds (Skidmore et al.
2005). The ability of some Comamonadaceae to switch
between oxygen and nitrate or ferric iron as electron
acceptor (Willems et al. 1991) could be advantageous in an
environment where both oxic and anoxic conditions occur.
This is also supported by the detection of the facultatively
anaerobic iron reducer Rhodoferax (Comamonadaceae) in
basal ice from Russell Glacier (Yde et al. 2010).

Gammaproteobacteria were represented by 6 unique
OTUs in the Lower Wright library and two in the Russell
Glacier library. The two OTUs from Russell Glacier were
not included in the analysis due to their sequences being
too short. All the Lower Wright clones clustered within
Xanthomonadales (Fig. 3c) and were related to the mostly
chemoorganotrophic genera Xanthomonas, Thermomonas,
Fulvimonas and Dokdonella (Mergaert et al. 2002, 2003).
Most of the clones were similar to other cold environment
clones, including subglacial sediment from an Alaskan
glacier (Skidmore et al. 2005) and deglaciated soil in the
Andes (Nemergut et al. 2007) and the Himalayas (Pradhan
et al. 2010). Two OTUs of Deltaproteobacteria were also
detected in the Lower Wright Glacier sample, one clus-
tering within Myxococcales and one within Syntropho-
bacterales (Fig. 3d).

Five OTUs of Firmicutes from Lower Wright Glacier
and one from Russell Glacier were detected (Fig. 3e). One
of them (LW-b58) clustered within sulphate-reducing
species of Desulfosporosinus, while the others formed
clusters with various Clostridium species and environ-
mental clones, including those from polar and alpine soils,
permafrost and Antarctic lake ice (Mosier et al. 2007;
Liebner et al. 2008; Sattin et al. 2009; Pradhan et al. 2010).
The occurrence of anaerobic Clostridia indicates anoxic
conditions in the sediment, although some of them may
survive oxic conditions (Wiegel et al. 2006).

Archaeal diversity

Table 2 shows the characteristics of the clone libraries of the
universal archaeal primer-amplified 16S rRNA genes from
the two glaciers. The Lower Wright Glacier subglacial
sediment library had a higher archaeal diversity and lower
dominance of OTUs (Table 2), similar to those from pro-
glacial and coastal soils in the vicinity of Lower Wright
Glacier (Ayton et al. 2010). The Russell Glacier library
showed a very low diversity of archaea, and a higher dom-
inance, similar to that of bacteria in the same community.
Four unique Euryarchaeotal clones were found in the
Lower Wright Glacier library and one in the Russell
Glacier library (Fig. 4). Two of them clustered within Rice
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cluster V and were closely related to a clone from a High
Arctic lake (Pouliot et al. 2009) and to a clone from
Svalbard permafrost peat (Hgj et al. 2008), respectively.
Three putative methanogenic clones were also identified in
the samples, two in the Lower Wright Glacier sediment
sample, clustering with Methanomicrobiales and Meth-
anosarcinales, respectively, and one in the Russell Glacier
sample, clustering with Methanomicrobiales (Stibal et al.
2012; Fig. 4).

Two Crenarchaeotal clones were identified in the Lower
Wright Glacier sediment and two in the Russell Glacier
sediment, clustering into group 1.1b and closest to a saline
soil clone from the former lake Texcoco in Mexico
(Valenzuela-Encinas et al. 2008), a biological soil crust
clone from North American arid soils (Soule et al. 2009)
and clones from subglacial sediments from Svalbard and
Norway (M. Stibal, F. Hasan, J. L. Wadham, unpublished
data) (Fig. 4). Similar clones have also been found in
proglacial soil in the Austrian Alps (Nicol et al. 2006).

The lower diversity of archaea in the investigated sub-
glacial sediments when compared to bacteria is consistent
with other similar environments including Antarctic soils
(Ayton et al. 2010), lake sediments (Sjoling and Cowan
2003) and microbial mats (Brambilla et al. 2001). The
difference in diversity and dominance of archaea between
Lower Wright Glacier and Russell Glacier was very similar
to that of bacteria (Table 2), and it is therefore likely that
the different glaciation histories and the consequent dif-
ferences in the amount and quality of organic carbon
substrates exert a control on the whole prokaryotic
community.

Implications for subglacial metabolism and carbon
cycling

Overridden organic matter of various age and bioavailability
is the principal source of organic carbon for heterotrophic
metabolism beneath ice sheets and glaciers worldwide
(Skidmore et al. 2000; Wadham et al. 2008; Stibal et al.
2012). Therefore, complex microbial communities are
assumed to take part in metabolising the overridden organic
carbon to end products—methane and carbon dioxide—
depending on the prevailing redox conditions.

Some of the bacterial clones detected in the Lower
Wright Glacier and Russell Glacier subglacial sediment
samples clustered within Bacteroidetes, Acidobacteria and
Actinobacteria (Fig. 2) that are often involved in the deg-
radation of large C compounds such as chitin and cellulose
(Sangkhobol and Skerman 1981; Goodfellow and Williams
1983; Ward et al. 2009). It is possible that some of these
bacteria can break up plant-derived and other more recal-
citrant organic material and so provide more labile organic
substrate for other microbes, especially in the Russell
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The identified clones in Russell Glacier and Lower
Wright Glacier subglacial sediment were related to bacteria
with both aerobic and anaerobic metabolisms. This may
indicate the presence of both oxic and anoxic conditions in
the sediment, possibly as oxic microenvironments within
mostly anoxic sediment, as suggested in previous geo-
chemical and microbiological studies (Bottrell and Tranter
2002; Wadham et al. 2004; Raiswell et al. 2009; Yde et al.
2010). Various types of heterotrophic metabolism are thus
likely to occur, including aerobic respiration, anaerobic
respiration with nitrate or ferric iron as electron acceptors
and fermentation.

The assumed prevalence of anoxia (Bottrell and Tranter
2002; Wadham et al. 2004) is supported by the presence
and activity of strictly anaerobic methanogenic archaea

EN-1 Norway subglacial sediment (HQ214476)
15| FW-2 Svalbard subglacial sediment (HQ214474)

LW-a2
TX1C04 Mexican saline alkaline soil (FJ784302)

VA-35 Tibetan tuff chasmolithic (FJ790518)
Musk-A-10 Arctic muskox rumen (EU883729)
DOS 04 Alpine dolomite endolithic (AB257675)
LI'."\WI'\
GB-A1 US arid soil crust (EU423021)

FW-T7 Svalbard subglacial sediment (HQ214475)

5

-

cand. Nitrososphaera gargensis (EU281336)
Austria glacier soil (DQ278124)

Nitrosopumilus maritimus (DQ085087)
Cenarchaeum symbiosum (U51469)

Desulfurococcus kamchatkensis (EU167539)
Sulfolobus islandicus (AY247894)

lum pendens (X14835)
jannaschii (LT7117)

beneath glaciers (Skidmore et al. 2000; Boyd et al. 2010;
Stibal et al. 2012). Some Clostridia are also capable of
acetogenic fermentation (Wiegel et al. 2006), which might
provide the link between more complex organic substrates
and acetoclastic methanogenesis, detected in the Lower
Wright Glacier sediment (Stibal et al. 2012; Wadham et al.
2012). However, most of the detected clones of Clostridia
were related to uncultured organisms (Fig. 3e) with unclear
metabolisms, and it is therefore extremely difficult to infer
their metabolic potential.

Subglacial archaea may play significant roles in carbon
and nitrogen cycling in Arctic and Antarctic terrestrial
ecosystems. The potential role of methanogenic Eur-
yarchaeota beneath glaciers and ice sheets as an important
component of the carbon cycle on Earth has been suggested
in recent papers (Boyd et al. 2010; Stibal et al. 2012;
Wadham et al. 2012). Crenarchaeota from group 1.1b,
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detected in both investigated subglacial sediments, may
also be metabolically important in these environments,
possibly as nitrifiers, since they are usually more abundant
in soils and sediments than ammonia-oxidising bacteria
(Leininger et al. 2006; Francis et al. 2007). They may
oxidise ammonia that was overridden during glacier
advance or deposited on glacier surfaces and washed to
subglacial environments by melt water. This is supported
by field observations from Svalbard where the NH,t/NO5~
ratio in subglacial runoff was much lower than that in the
original atmospheric deposition, suggesting significant
subglacial nitrification (Hodson et al. 2010).

Conclusions

Diversity and abundance of prokaryotes was investigated in
subglacial sediment from two glaciers from Greenland and
Antarctica with different glaciation histories and organic
carbon substrates. The Lower Wright Glacier subglacial
sediment originates from relatively young (~200-300
years) reworked lake sediment and it contains relatively
labile, and thus readily available, organic matter. The
Russell Glacier sediment mostly originates from overridden
soil of Holocene age, with a relatively higher proportion of
less bioavailable recalcitrant organic carbon. The total
microbial abundance in the Lower Wright Glacier sediment
was ~8 x 10° cells per gram of wet sediment, an order
of magnitude higher than in Russell Glacier sediment
(~9 x 10° cells g~"). 4% of the microbes from the Russell
Glacier sediment and 0.04-0.35% from Lower Wright were
culturable at 10°C. The Lower Wright Glacier subglacial
bacterial community was dominated by Proteobacteria,
mostly from the Betaproteobacteria class, followed by
Firmicutes. Acidobacteria, Cyanobacteria, Bacteroidetes,
Planctomycetes and the candidate division OP10 were also
represented. The Russell Glacier library was much less
diverse and also dominated by Proteobacteria. The identi-
fied clones were related to bacteria with both aerobic and
anaerobic metabolisms, indicating the presence of both oxic
and anoxic conditions in the sediment. The majority of the
detected clones were also related to clones from similar
low-temperature environments. It is likely that the amount
and quality of organic carbon beneath glaciers and ice
sheets exert a control on the present community of bacteria
and archaea. Younger sediments with more labile organic
carbon available are likely to support a higher diversity of
microbes and, potentially, of metabolic pathways and car-
bon cycling-related processes.
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