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ABSTRACT

Microorganisms in subglacial environments drive the chemical weathering of bedrock; however, the
infl uence of bedrock mineralogy on the composition and activity of microbial assemblages in such
environments is poorly understood. Here, using a combination of in situ mineral incubation and DNA fi
ngerprinting techniques, we demonstrate that pyrite is the dominant mineralogical control on subglacial
bacterial community structure and composi-tion. In addition, we show that the abundance of Fe in the
incubated minerals influences the development of mineral-associated biomass. The ubiquitous nature of
pyrite in many common bedrock types and high SO 2 concentrations in most glacial meltwaters
suggest that pyrite may be a dominant lithogenic control on microbial communities in many subglacial
systems. Mineral-based energy may therefore serve a fundamental role in sustaining subglacial micro-

bial populations and enabling their persistence over glacial-interglacial time scales.

INTRODUCTION

Terrestrial ice masses currently cover ~15 x
106 km2, ~10% of Earth’s land surface. The
presence of viable microbes in terrestrial ice,
subglacial sediments, and  proglacial
meltwaters has been demonstrated (Christner,
2002; Sharp et al., 1999; Skidmore et al., 2000,
2005) and ex situ (Boyd et al., 2011; Christner,
2002) and in situ (Boyd et al., 2010; Hamilton
et al., 2013) evidence of microbial activities has
been pre-sented. The lack of light energy
capable of driv-ing photosynthesis in subglacial
environments suggests that energy for cellular
synthesis and the maintenance of
microorganisms is supplied from chemical
energy (chemosynthesis), likely derived from
weathering of the local bedrock (e.g., minerals)
(Luttge et al., 2005; Shock, 2009). Numerous
lines of evidence suggest that many
geochemical processes, including mineral
weathering and redox transformations in sub-
glacial environments, are driven by
microorgan-isms (Boyd et al., 2011; Hamilton
et al., 2013; Montross et al., 2013; Skidmore et
al.,, 2005; Wadham et al., 2004; Wynn et al,,
2007). Hydro-logical regimes (Tranter et al.,
2005), nutrient availability, and redox
conditions (Wadham et al., 2004; Wynn et al.,
2007) have been shown to affect the function of
microorganisms in sub-glacial environments.
However, the influence of bedrock mineralogy
on the structure, composi-tion, and activity of
microbial assemblages in subglacial systems
remains poorly understood despite its potential
importance over a signifi -cant portion of
Earth’s surface both today and on glacial-
interglacial time scales.

The importance of pyrite (FeS;) oxidation
as a dominant geochemical process in
subglacial environments has been
documented (Bottrell

and Tranter, 2002; Brown, 2002; Tranter et al.,
2002), and evidence suggests that this process is
microbially mediated (Montross et al.,, 2013;
Skidmore et al., 2005; Wadham et al., 2004).
Sulfate is the second-most dominant anion
(after bicarbonate) in most proglacial and
subglacial meltwaters from alpine, arctic, and
antarctic environments (Brown, 2002), and
concentra-tions of SO42_ are always signifi
cantly enriched relative to possible input
waters (e.g., icemelt or snowmelt), indicating a
lithogenic source. In addition to SO42_, other
products of pyrite weath-ering are often
ubiquitous in glacial meltwaters and sediments
(Mitchell et al., 2001), including nanoparticles
of Fe-oxyhydroxides (Raiswell et al., 2009).
Surveys of subglacial microbial com-munity
16S rRNA transcripts (Hamilton et al., 2013)
and genes (Lanoil et al., 2009; Skidmore et al.,
2005) often yield sequences that are closely affi
liated with organisms that actively metabo-lize
Fe, S, and/or FeS minerals. Therefore, while
geochemical and microbiological evidence sug-
gests that Fe and S cycling are important in
subglacial systems, the extent to which lithol-
ogy and mineralogy shape community
structure, composition, and activity is
unknown. Here we employ a method to isolate
the influence of mineralogy on the composition
and structure of microbial communities in the
subglacial envi-ronment at Robertson Glacier
(RG), Alberta, Canada (115°20'W, 50°44'N;
Item DR1 and Fig. DR1a in the GSA Data
Repositoryl). This approach employs coupon
samplers composed of capped stainless-steel
mesh cylinders (Item DRI1; Fig. DR1b) that
compartmentalize differ-ent minerals during in
situ incubation (Boyd et al., 2007) in the glacial
outfl ow channel of RG ~10 m downstream of
the glacier terminus, in order to assess the infl
uence of mineralogy on the structure,
composition, and abundance of the microbial
community.

MATERIALS AND METHODS

Combustion-sterilized rocks and minerals
(1.4-1.7 mm diameter) were incubated in the
glacial meltwater stream at RG (western drain-
age) for 7 months over winter in order to
promote colonization of mineral substrata
contained in presterilized coupon samplers by
microorgan-isms that originated from the
subglacial system (Item DR1; Fig. DR1b). The
close proximity of the coupons to the glacier
and the subgla-cial source for the waters
passing through the coupons provide confi
dence that the microbial colonization that
occurred refl ects subglacial microbial
diversity. The selection of minerals, derived
from mineral collections and chemically
characterized by energy-dispersive X-ray spec-
troscopy (EDS) and X-ray diffraction (XRD)
(Item DR1), included those that could serve as

electron donors or acceptors [pyrite, (Fe2+,
S7), hematite and magnetite (Fe3+), and olivine
(Fe2+) (90% forsterite + lg‘_’{o fayalite;

= i . = +
1482 p%; T DR Tabfé DR1p. Minerais
that offered no obvious metabolic substrate
[quartz (SiO3), cal-cite (CaCO3)] but were
abundant in catchment bedrock (Table DRI1;
Sharp et al., 2002) were also included. In
addition, we included repre-sentative rock
from the RG catchment (dark shale containing
quartz, microcline, calcite, and pyrite) that was
prepared in the same way as the pure mineral
phases. RG rock contained 9800 = 764 ppm
Fe2" and 3000 + 360 ppm S, and assuming all
S came from pyrite, an estimated pyrite
content of 0.56 wt% (Table DR1). Sub-glacial
(RG water) and supraglacial meltwaters were
collected aseptically and fi Itered through
sterilized fi Iter apparatus with 0.22 pm pore
size polyvinylidene difl uoride membrane at the
time of coupon deployment to compare the
native

1GSA Data Repository item 2013238, Item DR1

(supplemental methods), and Item DR2 (extended
results, including Figure DR1 and Tables DR1-

DRS), is available online at www.geosociety.org/
pubs/ft2013.htm, or  on request  from
editing@geosociety.org or Documents Secretary,
GSA, P.O. Box 9140, Boulder, CO 80301, USA.



community with that that developed on the cou-
pon minerals. Fine-grained subglacial sediment
was also collected aseptically (RG sediment)
from the site of coupon deployment at the time
the coupon was retrieved. All mineral and sedi-
ment samples were immediately flash frozen on
site using dry ice (Item DR1).

Coupon minerals, subglacial sediments (RG
sediment), and filters with subglacial suspended
sediments and planktonic (e.g., suspended) cells
(RG water) were subjected to community DNA
extraction, polymerase chain reaction amplifi-
cation of bacterial 165 fRNA genes and termi-
nal restriction fragment length polymorphism
(TRFLP) (Item DR1). Distinct TRFs were con-
sidered to be unique operational taxonomic units
and were the units by which individual phylo-
types were demarcated. Comparison of TRFLP
profiles was performed using the Bray-Curtis
index, which represents an abundance weighted
metric describing the similarty of communities
(Ttem DR1). Clone library construction was also
performed on pyrite- and RG sediment—associ-
ated communities following Boyd et al. (2007)
to determine similarity with known microorgan-
isms (Item DR.1). Filtered waters (0.22 pm) were
immediately measured for pH and electrical con-
ductivity in the field, and were analyzed for major
anions, cations, #3-50 *, §%0-30 >, and §°0-
HO (Ttem DR1).

RESULTS AND DISCUSSION

Geochemical Evidence of Mineral Weathering
Enrichment of sulfate (S0,*) in subglacial
waters, relative to supraglacial waters, indicates
pyrite weathering in the subglacial environment
of RG (Table DR2; Item DR2). The &43-50*
and 8%0-30* values in meltwaters also indi-
cate pyrite oxidation (Table DR2; Item DR2).
Our results are consistent with previous geo-
chemical (Sharp et al., 1999; Tranter et al., 2002)
and isotopic studies (Bottrell and Tranter, 2002;
Wadham et al., 2004) of other glacial catchments
that indicate a role for pyrite weathering in sol-
ute liberation, which has been argued to be the
result of microbial activity. If microorganisms
are driving pyrite weathering in RG subglacial
sediments, then the microbial community would
be expected to harbor 165 rRNA genes affiliated
with organisms capable of this physiological
activity. Indeed, examination of microbial com-
munities from RG (Hamilton et al.. 2013) and
from glacial catchments with geology similar to
that of RG (Skidmore et al., 2005) reveals the
presence of sequences affiliated with several
organisms capable of oxidizing Fe and/or 5.

RG Subglacial Sediment Microbial
Community Composition

The majorty of 165 RNA genes recovered
from sediments sampled adjacent to the min-
eral coupon incubation site (Fig. 1; Table DR3,
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Figure 1. Phylogenetic aff liation of bacterial 165 rEMA genes in clone libraries. A: Generated
from DNA exiracted from pyrite. B: Generated from DMA exiracted from Robertson Glacier

sediment.

RG sediment), exhibited close affiliation with
B- and y-Protecbacteria (e.g., Thiobacilfus spp.
[=94% identity], Acidithiobacillus ferrooxddans
[90% identity], and Siderooddans fthoauto-
trophicus [9%6% identity]). These organisms
have been demonstrated to catalyze the oxida-
tion of soluble and/or solid phase ferrous iron
and sulfur in pure cultures (Karavaiko et al.,
2003; Okereke and Stevens, 1991; Suruki et
al., 1990; Item DR2). B- and ¥-Proteobacteria
are the dominant phylogenetic groups in nearly
all subglacial systems investigated from alpine
and polar environments (e.g., Foght et al., 2004;
Skidmore et al., 2005), and all of these glaciers
are underlain by bedrock that contains pyrite,
similar to the bedrock at RG. Collectively, these
observations suggest that pyrite weathering is
an important process and is likely an important
determinant in structuring the composition of
microbial communities in this and other subgla-
cial systems.

Mineralogical Controls on Community
Structure and Composition

In order to further examine the role of pyrite
and other minerals in structuring the composi-
tion of bacterial communities in the subglacial
system, we compared 165 fRNA gene TRFLP
profiles (each TRF considered a unigue taxo-
nomic unit) of bacterial communities associated
with the coupon-incubated mineral surfaces
to those associated with native sediments (RG
sediment) using the Bray-Curtis (BC) similar-
ity index. Such in-situ experiments represent a
discrete colonization interval (7 months), and
observations from such minerals may be con-
founded by differences in microbial coloniza-
tion and successional dynamics. Notwithstand-
ing, the bacterial community associated with the
RG subglacial sediment is most similar to that
associated with pyrite (BC index = 0.40) (Fig. 2;
Tables DR4 and DRS5). This provides further
evidence that pyrite has a strong influence on
the composition and structure of bacterial com-
munities in the subglacial environment at RG.
The RG sediment bacterial community was also

similar to the communities associated with the
native rock from the RG catchment that was also
incubated in the subglacial coupons, RG rock
(BC index = 0.37). For example, the RG sedi-
ment-associated bacterial community shared
seven dominant phylotypes with the RG rock-
and pyrite-associated communities. Together
these phylotypes accounted for 37.6% of the
RG sediment-associated community, 70.9% of
RG rock-associated community, and 53.4% of
the pyrite-associated community (Table DR4).
It is interesting that the communities associ-
ated with pyrite, RG rock, and RG sediment
formed a cluster along with the community
from RG water (subglacial meltwater contain-
ing suspended sediment and planktonic cells)
(Fig. 2), further evincing the compositional
similarity of these communities. These results,
which demonstrate the similarity of communi-
ties on pyrite with those associated with native
sediments, rocks, and water, are supported by
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Figure 2. Hierarchical agglomerative clus-
tering dendogram depicting Bray-Curtis
similarity of bacterial 165 rENA gene as-
semblages (Table DR4; see foolnote 1) as-
sociated with mineral subsirata, Robertson
Glacier (RG) sediments, or RG melwater.
Data transformed to dendogram using Ward
distance method. P-values supporting clus-
tering at each node are depicted.
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sequence-based comparisons of community
165 RNA genes that also reveal significant

overlap in the phylogenetic composition of
pyrite- and RG sediment—associated communi-
ties (Table DR3). Because pyrite is a constituent
of RG rock (.56 wi%), RG sediment (1.2 wif:
Table DR1), and thus the suspended sediment
in the RG water, these collective observations
strongly suggest that pyrite, even in low concen-
trations, is a key control on the subglacial sedi-
ment-associated bacterial communities, perhaps
due to a selective advantage to organisms that
actively metabolize Fe and 5 in this mineral.
The other Fe-bearing minerals, hematite
and magnetite, harbored microbial communi-
ties similar in structure and composition to
each other (BC index = 0.42); this would be
expected, considering that they are both Fe-
oxides. It is important that the bacterial commu-
nities associated with hematite and magnetite
were also similar to the communities associ-
ated with the RG sediment (BC index = 0.26
and 0.34, respectively), though less than when
compared with the pyrite-associated community
(BC index = 0.40) (Fig. Z; Table DR35). While
XRD was unable to detect Fe-oxides in the
RG bedrock (Table DR2), Fe-oxyhydroxides,
which are derived from the oxidation of pyrite
{e.g., Tranter et al., 2002), are likely to be pres-
ent in the subglacial RG sediments. Moreover,
direct measurements in other glacial environ-
ments indicate that Fe-oxyhydroxides exist as
single grain or aggregate nanoparticles and/or as
labile surface coatings of other mainly silicate
sediments (Mitchell et al., 2001; Raiswell et al.,
2009). Thus Fe-oxyhydroxides in RG sediments
may also influence microbial communities in
subglacial environments, and account for the
high similarity of hematite and magnetite com-
munities to RG sediment communities. This
hypothesis is further supported by the recov-
ery of 165 rRNA gene clones from the RG
sediment-associated library that are affiliated
with Rhodoferax fermireducens (Table DR3),
an iron-reducing chemotroph (Finneran et al.,
2003). Olivine, while containing Fe+ at 7.5 wit%

Figure 3. A: Biomass (ex-

B

{Table DR2), harbored communities that shared
little resemblance to RG rock and RG sediment
communities, presumably because it was not
detected in the catchment bedrock.
Communities associated with gquartz and
calcite exhibited low similarity to, and were
distinct from, those communities associated
with RG sediment, RG water, and RG rock
(Fig. 2), despite their abundance in the catch-
ment bedrock (Table DR1). This is presum-
ably due to a lack of any potential metabolic
substrate associated with the calcite or guartz
mineral phases, aside from the potential use of
calcite-derived carbonate as a source of car-
bon. Therefore TRFLP adds further evidence
suggesting that Fe- and S-containing miner-
als, particularly pyrite, have a strong influence
on the structure and composition of subgla-
cial bacterial communities, presumably due
the selective advantage afforded to those that
metabolize these available substrates.

Mineralogical Controls on Biomass

We compared the quantity of genomic DNA
extracted from the mineral phases as a proxy
for assessing the amount of biomass that accu-
mulated on the mineral surfaces, with the prem-
ise that higher biomass loadings might indicate
that the populations are using the minerals as
a substrate to support their metabolism. We
hypothesized that minerals containing Fe and
5, which can support the metabolism of a wide
variety of microbial populations (Luttge et al.,
2005; Shock, 2009), would harbor a higher
biomass. Surface-associated biomass was par-
ticularly pronounced on Fe-bearing oxides and
sulfides (hematite, magnetite, and pyrite; 204,
190, and 83 ng DNA/g mineral, respectively),
but much lower on pyrite-containing RG rock
and Fe-bearing olivine (Fo_ Fa ) (25 and 17 ng
DNA/g mineral, respectively) (Fig. 3). These
differences are correlated with the abundance
of Fe in the minerals and rocks, which was
greatest in hematite (70 wt%), magnetite (84
wi%), and pyrite (47 wt®), compared to only
7.5 wt% in olivine and 1.6 wit% in RG rock.

tractable DMA as proxy)
assoclated with mineral
substrata following 7
menth colonization in
subglacial stream. Error
bars ref ect standard de-
viation of three replicate
determinations of DMNA
concentration from pool
of three replicate mineral
extractions. B: Correla-
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The lowest surface-associated biomass was
recovered from calcite and quartz (17 and 16
ng DMNA/g mineral, respectively); this may
reflect the lack of any Fe or other abundant
metabolic substrate in these carbonate and sili-
cate minerals (Fig. 3).

These data demonstrate that the abundance
of Fe in subglacial minerals influences the
respective surface-associated biomass, suggest-
ing that these populations are using Fe in the
minerals to support their metabolism. Impor-
tantly, the valence state of Fe in these minerals
is different (pyrite 2+, hematite 3+, magnetite
243*), consistent with community 165 fRNA
gene compositions, which indicate the pres-
ence of populations putatively involved in Fe
oxidation or reduction in the RG sediments
(Table DR3). Similarly, the metabolism of § in
pyrite is also likely to have a strong influence
on surface-associated biomass, as evinced by
pyrite-associated 165 fRNA gene sequences
with a high similarity to microorganisms
known to metabolize sulfur (Table DE3), but
this cannot be comparatively quantified in the
minerals used. Together with molecular-based
data that indicate that pyrite and Fe-oxides har-
bor communities that are most similar to the
RG sediments, this strongly suggests that (1)
pyrite and its weathering products (i.e., Fe-oxy-
hydroxides, thiosulfate) strongly influence sub-
glacial microbial communities due to their abil-
ity to transform and utilize the mineral phase
through redox reactions, and (2) the Fe concen-
tration of Fe-bearing minerals and rocks has a
direct influence on surface-associated biomass
in subglacial environments. Microbial interac-
tion with mineral surfaces and the metabolism
of key species such as Fe and § may therefore
be critical mechanisms for sustaining life in
subglacial systems at present, and over glacial-
interglacial time scales. This is of global sig-
nificance given that ice sheets covered 30% of
Earth's continental land surface during Quater-
nary glaciations, and as much as 1004 during
pervasive low-latitude glaciations in the Neo-
proterozoic (Kirschvink, 1992).
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CONCLUSION

Previous studies have demonstrated the
importance of particulate-associated microbes
in subglacial environments and have indicated
that this biomass represents a larger fraction of
the community when compared with planktonic
populations (e.g., Sharp et al., 1999; Skidmore et
al., 2005). Our results indicate that mineralogy,
due to the influence on community composition,
structure, and abundance, may help to explain
these previous observations. Specifically, pyrite
is the dominant mineralogical control on subgla-
cial community structure at Robertson Glacier,
and mineral-associated biomass was proportional
to the abundance of Fe in the incubated minerals.
This suggests the importance of Fe and S metab-
olism at the mineral surface, as supported by the
recovery of 168 rRNA gene sequences that were
closely affiliated with organisms that are known
to metabolize these species. Solid-phase mineral
utilization by microbial populations is likely a
critical, life-sustaining strategy that has enabled
subglacial ecosystems to persist during extended
glacial-interglacial time scales, when ice masses
covered between 30% and 100% of Earth’s con-
tinental land surface.
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